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a b s t r a c t

Functional Motor Disorders are common and disabling. Clinical diagnosis has moved from one of exclu-
sion of other causes for symptoms to one where positive clinical features on history and examination are
used to make a ‘‘rule in” diagnosis wherever possible. Clinical neurophysiological assessments have
developed increasing importance in assisting with this positive diagnosis, not being used simply to
demonstrate normal sensory-motor pathways, but instead to demonstrate specific abnormalities that
help to positively diagnose these disorders. Here we provide a practical review of these techniques, their
application, interpretation and pitfalls. We also highlight particular areas where such tests are currently
lacking in sensitivity and specificity, for example in people with functional dystonia and functional tic-
like movements.
� 2024 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Functional Motor Disorders are a subtype of Functional Neuro-
logical Disorder (FND), a common and disabling condition which
spans motor, seizure-like, sensory and cognitive symptoms
(Espay et al., 2018). In general terms, FND is a disorder where
the primary problem appears to be one of accessing or controlling
the body normally, despite normal motivation and normal basic
function of the nervous system. The term dissociative disorder is
used to describe this phenomenon within some classification sys-
tems, which speaks to this type of ‘‘disconnection” from the body.
FND has occupied a complex position between neurology and psy-
chiatry with explanatory models tending to focus on one aspect of
the other; however more integrated approaches are now develop-
ing traction.

Functional Motor Disorders span a wide range of phenomena
including weakness, tremor, dystonia, jerks (myoclonus, tic-like
movements) and gait disturbance. As well as occurring in isolation,
they can be seen as a prodrome to or overlay on other disorders
such as Parkinson’s disease and Multiple Sclerosis (e.g. Onofrj
et al., 2022, Piliavska et al., 2023).

The twin pillars of clinical diagnosis rely on inconsistency and
incongruence (Espay et al., 2018). Inconsistency refers to variabil-
ity of the observed phenomena over time, for example tremor
which varies in anatomical distribution, frequency or changes with
distraction. Incongruity refers to the way in which a functional dis-
order breaks basic rules of anatomy and physiology or is different
from the pattern seen in disorders known to be due to structural
damage/degeneration of the nervous system. Examples here would
include a tubular visual field defect (which breaks the basic laws of
optics). One can see that diagnosis based on incongruity from what
is seen in typical neurological disease (rather than basic anatomy
or physics) is a rather problematic criteria as it makes an assump-
tion that the patterns of symptoms and signs seen in typical neu-
rological disease are all known, which is untrue.

Neurophysiology has been used for many years as a diagnostic
aid in functional movement disorders, especially for functional tre-
mor and myoclonus. Gupta and Lang proposed a specific category
of diagnostic certainty for functional movement disorders of labo-
ratory supported diagnosis (Gupta and Lang, 2009). This allows in a
formal way the incorporation of laboratory (typically neurophysio-
logical) assessments that allow a positive diagnosis. This, therefore,
is not using investigations such as neurophysiology to demonstrate
normal function of the nervous system. Instead, the concept is that
there are specific techniques that can positively demonstrate
inconsistency and incongruence to complement clinical
examination.

Here we provide a clinically focused review of the neurophysi-
ological techniques that can be useful in positive diagnosis of func-
tional motor disorders.

2. Functional tremor

2.1. Electrophysiological methods in functional tremor

Functional tremor is the most common functional movement
disorder (Carson et al., 2016, Tinazzi et al., 2020). Clinical neuro-
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physiology can support the diagnosis and strengthen the level of
diagnostic certainty in clinically challenging cases (Deuschl et al.,
2022, Hallett, 2016, Schwingenschuh et al., 2016, Vial et al.,
2019). A recent survey-based study found that electrophysiology
was used by 60 % of movement disorder specialists on a regular
basis for a laboratory-supported diagnosis of functional myoclonus
or tremor. About one third of respondents had no access to such
laboratory studies. There were considerable differences between
countries in practice patterns and access to testing (LaFaver
et al., 2020).

The recommended standard equipment includes two
accelerometers, a four-channel electromyography (EMG), a metro-
nome, which is available as free online tool or mobile app, and a
500-gram weight that can be attached to the limb. Tremor record-
ings are most often obtained from both upper limbs and are per-
formed at rest, at posture (with and without weight loading), and
during movement. Recording may be performed over additional
sites based on the presence of tremor in other body parts such as
the lower limbs or the head. Testing usually includes tapping stud-
ies, performance of ballistic movements or other distraction
manoeuvres (Deuschl et al., 2022).

Recorded signals are analyzed in the time and frequency
domains (Schwingenschuh et al., 2016, Vial et al., 2019). In patients
with presumed functional tremor, tremor recordings mainly aim to
identify electrophysiological correlates of the clinical hallmarks of
functional tremor, namely variability, distractibility and entrain-
ment, co-contraction, and synchronicity (Deuschl et al., 2022).
2.2. Electrophysiological features of functional tremor

Clinical neurophysiology is useful to demonstrate the large vari-
ation of tremor amplitude and frequency commonly seen in func-
tional tremor (O’Suilleabhain and Matsumoto, 1998). The
frequency usually ranges between 6 and 11 Hz for functional hand
tremors (Brown and Thompson, 2001).

The normal allocation of attention during aimed movement has
been shown to be altered in functional tremor, where the attention
is disproportionately directed towards the ongoing visual feedback
from the moving hand (Huys et al., 2021). The strongest positive
clinical and also electrophysiological features of functional tremor
are therefore distractibility and entrainment. To investigate if these
are present, sEMG electrodes and accelerometers are mounted on
the tremulous limb and on the corresponding contralateral limb.
Tremor is recorded while voluntary rhythmic repetitive move-
ments at various frequencies given by a metronome and ballistic
movements directed by the examiner are performed with the con-
tralateral limb. The tremor is considered as entrained if it takes up
exactly the frequency of the voluntary tapping, which is defined by
significant coherence between the EMG spectra of the tremulous
and the tapping extremity at the tapping frequency (McAuley
and Rothwell, 2004, Schwingenschuh et al., 2016). The patient
needs to be instructed to tap at a low amplitude. This helps to min-
imize the chance of mechanical transmission between the limbs,
which could be misinterpreted as coherence (Vial et al., 2019). If
the original tremor frequency peak persists and an additional tre-
mor peak emerges at the frequency of the tapping, this finding
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may correspond to a mirror movement and should not be confused
with entrainment (Merchant et al., 2018).

While pure entrainment is seen in only about one third of
patients with functional tremor, significant changes in tremor fre-
quency and marked intraindividual variability during tapping are
by far more common (Schwingenschuh et al., 2011b,
Schwingenschuh et al., 2016, Zeuner et al., 2003). Indeed, entrain-
ment may be relatively infrequent precisely because so many
patients experience complete or near complete suppression of tre-
mor with distraction. Frequency analyses may reveal an incorrect
tapping performance, which is another positive sign for a func-
tional tremor (Schwingenschuh et al., 2011b, Zeuner et al., 2003).

In the ballistic movement test, the patient is asked to perform a
quick movement with one hand while observing for a pause in the
functional tremor of the opposite hand during the quick movement
(Kumru et al., 2004, Schwingenschuh et al., 2011a, 2011b).

The electrophysiological equivalent of the clinical ‘‘coactivation
sign’’ is a short, approximately 300 ms, tonic coactivation phase on
EMG before the onset of tremor bursts (Deuschl et al., 1998). This
arises because coactivation of agonist–antagonist muscles leads to
an isometric-type tremor. There are no tonic-coactivation signs
before tremor onset in other tremor disorders (Chen and Chen,
2020).

Approximately half of the patients with functional tremor show
significant coherence between two tremulous limbs. This is
regarded as another positive sign for functional tremor, as - with
the exception of orthostatic tremor - most patients with bilateral
tremors have independent tremor rhythms in different affected
body parts (Raethjen et al., 2004, Schwingenschuh et al., 2011b).
Standard coherence analyses use a single coherence estimate for
the total time interval under investigation. In contrast, wavelet
coherence analysis enables to detect variations in coherence and
phase difference between two signals over time. Based on the
results of a recent study, the authors concluded that wavelet
coherence analysis could be a useful additional tool to discriminate
functional tremor from other tremors and that wavelet coherence
analysis might be superior to standard coherence analysis (Kramer
et al., 2018).

Functional tremors may show an increase of the tremor ampli-
tude during loading of the limb. The increase of tremor amplitudes
in functional tremor may arise from increased coactivation to
maintain oscillation (Schwingenschuh et al., 2011b). Other charac-
teristic features are absence of finger tremor (Deuschl et al., 1998),
and involvement of fewer limb segments (O’Suilleabhain and
Matsumoto, 1998).

2.3. Performance of electrophysiological test batteries in functional
tremor

The clinical presentation of functional tremor varies widely and
it is therefore not surprising that only some, but not all, of the neu-
rophysiological features described above are observed in individu-
als with functional tremor and therefore a battery of tests is
usually needed for making the diagnosis (Chen and Chen, 2020,
Schwingenschuh et al., 2011b). Such a test battery including
assessment of tonic coactivation at tremor onset, tapping perfor-
mance at three frequencies, frequency shift / suppression/ entrain-
ment with tapping, response to ballistic movements and loading
the limb, and coherence analysis (score of � 3 out of 10 positive
tests suggests functional tremor) has been validated in a large
prospective study including 40 patients with functional upper limb
tremor and 72 patients with tremors of other aetiologies, and
showed good sensitivity (89.5 %), specificity (95.9 %), and inter-
rater reliability (Schwingenschuh et al., 2016). Other neurophysio-
logical criteria for the diagnosis of functional tremor that have
been proposed are frequency change during entrainment tests, fre-
71
quency change during distractibility tests, and frequency variabil-
ity > 1.75 Hz (score of � 2 out of 3 positive tests suggests
functional tremor) (Kramer et al., 2018).

Most neurophysiological studies have been performed in
patients with functional limb tremors. It has also been reported
as an adjunct to the clinical diagnosis of functional palatal tremor
with electromyographic recordings with and without motor dis-
traction with time-locked video recordings (Vial et al., 2019),
although change with distraction is often clinically very clear.

The demonstration of functional tremors does not exclude
another neurological disorder because functional and other neuro-
logical disorders can coexist in the same patient. Most electrophys-
iological studies have only included patients with pure functional
tremor, thus its value for identifying patients with functional over-
lay and for differentiating pure functional tremor from functional
overlay is unknown (Schwingenschuh and Deuschl, 2016). In clin-
ical practice, this is of particular interest in tremor patients, who
are referred for deep brain stimulation (DBS) or ablation proce-
dures (i.e., radiofrequency thalamotomy, magnetic resonance
guided focused ultrasound) because of medication refractory tre-
mor. Functional movement disorders are regarded a contraindica-
tion to performing these procedures, but failure to recognise this
diagnosis has led to unnecessary DBS and other interventions with
no or no lasting benefit (Pauls et al., 2017). In a recent retrospective
study of 87 medication-refractory essential tremor patients
referred for presurgical workup, nine patients were clinically sus-
pected of functional tremor by the DBS neurologist. Electrophysio-
logical criteria used for a diagnosis of functional tremor were
distractibility, entrainment, increased variability of tremor features
spontaneously or with tasks, variability in tremor vector, variabil-
ity of tremor frequency >2 Hz, or high coherence. Electrophysiol-
ogy confirmed functional tremor features in 7/9.
Electrophysiology newly identified 5 additional cases of functional
tremor. There were 12 total confirmed cases of functional tremor,
which was present isolated in 1, and mixed with ET in 11 (Chou
et al., 2022). Presence of a functional movement disorder may also
be considered among the possible reasons for failure of surgical
interventions in patients with tremor and recognizing this entity
is essential to avoid further unnecessary invasive therapies
(Alshimemeri et al., 2022).

Future prospective studies need to evaluate the usefulness of
above-mentioned test batteries in cases with clinically undeter-
mined tremors and in patients with a tremor disorder and func-
tional overlay (Thomsen et al., 2020).
3. Functional weakness (and associated sensory loss)

Functional weakness/paralysis is a common motor presenta-
tion. Classic clinical signs include Hoover’s sign where weakness
of hip extension returns to normal when the movement is trig-
gered by contralateral hip flexion. Most patients with functional
weakness also complain of sensory disturbance – either complete
sensory loss, or more commonly a range of more subtle alterations
in sensory experience from numbness to dysesthesia. Neurophysi-
ological assessments are quite commonly performed to investigate
such symptoms, typically with the expectation that these tests will
be normal, ruling out (in theory) a typical neurological disease pro-
cess, rather than ruling in a functional one. However, more com-
plex tasks have been employed, largely in experimental rather
than clinical settings, to attempt to provide a positive diagnosis
of functional motor/sensory impairment.

In patients with functional weakness (and indeed other move-
ment disorders) the examination of central motor tracts and
peripheral nerves should produce normal results (Cantello et al.,
2001, Jang and Seo, 2019, Janssen et al., 1976, Liepert et al., 2008,
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2009, Valls-Sole, 2016). For example, single pulse Transcranial
Magnetic Stimulation (TMS) can be used to assess motor evoked
potential (MEP) latencies and amplitudes. If these parameters are
outside the normal range, a structural lesion can be assumed which
would not be compatible with a pure Functional Motor Disorder
(FMD).

Typically, FMD patients with weakness, and some other func-
tional movement disorders such as fixed dystonia, report the inabil-
ity to perform voluntary movements without being able to explain
what prevents these movements. This suggests the presence of a
form of motor inhibition. To further explore this hypothesis, motor
excitability has been tested during a motor imagery task. In healthy
subjects, the imagination of a movement results in a considerable,
task specific increase in corticospinal excitability for muscles
involved in the imagined movement (Facchini et al., 2002, Suzuki
et al., 2021). In two studies, FMD patients with a unilateral func-
tional paresis were asked to imagine index finger adductions
(Liepert et al., 2008, 2009). Recordings were taken from the first
dorsal interosseous muscle. Compared to the control condition
(MEPs recorded at rest), patients exhibited a decrease of MEP
amplitudes while imagining an index finger movement with the
affected side. This suggests an ‘‘active‘‘ inhibitory process and was
present in patients with flaccid paresis aswell as patientswith fixed
dystonia. This finding indicates that the clinical presentation is less
relevant for the observed phenomenon. Both, flaccid as well as dys-
tonic movement disorders, seem to share the same type of inhibi-
tion. Moreover, it was demonstrated that, in some patients, the
clinically non-affected side also showed significantly less increase
of motor excitability during motor imagery than the healthy age-
matched control group. This supports the idea of an underlying gen-
eralized inhibition. Of course, TMS results cannot discriminate from
which brain areas this motor inhibition originates. However, neu-
roimaging data support the idea of an involvement of dorsal ante-
rior cingulate, dorsolateral prefrontal, inferior frontal cortices on
cognitive control and motor inhibition and of the supplementary
motor area on motor planning (Perez et al., 2015).

Liepert et al. also studied motor excitability during motor ima-
gery and action observation in FMD patients with a functional
weakness of one or both lower extremities (Liepert et al., 2011).
Similar to results obtained in the upper extremities, motor imagery
of a foot dorsiflexion was associated with a MEP amplitude reduc-
tion as compared to the TMS recording at rest. In contrast, action
observation induced an increase of motor excitability comparable
to healthy subjects. This finding suggests that the perspective
(first-person or third-person) could be relevant for the occurrence
of motor inhibition in FMD patients.

Some other MEP abnormalities have been found in FMD
patients: Changes of MEP amplitudes in response of an auditory
cue signal were examined in FMD patients and healthy controls.
Following the cue, subjects were asked to perform ramp-and-
hold contractions during which TMS was applied. MEP sizes
showed a significantly higher variability in FMD patients. The
authors presented this finding as coefficients of variance and sug-
gested that this variance is a supportive parameter for the diagno-
sis of FMD (Morita et al., 2008). During voluntary contraction, MEP
amplitude increases, MEP latency decreases and MEP duration is
prolonged. An inverse relationship between short-interval intra-
cortical inhibition and MEP duration has been described, suggest-
ing that motor cortical mechanisms contribute to MEP duration
(van den Bos et al., 2017). In a retrospective data analysis, MEP
duration increase during voluntary contraction was studied in 5
FMD patients and was found to be absent (Brum et al., 2015). This
interesting finding deserves further exploration.

Typically, sensory evoked potentials (SEPs) obtained by repeti-
tive electrical stimulation of the median nerve or the tibial nerve
are unremarkable in FMD patients and serve as an indicator of
72
intact somatosensory pathways, thus supporting the assumption
of a non-structural but rather functional impairment in these
patients (Hallett, 2016, Harvey et al., 2006, Kaplan et al., 1985).
However, several publications report transient abnormalities in
the shape or amplitude of cortical SEPs. Levy & Mushin published
SEP recordings in 9 FMD patients and found smaller cortical SEP
amplitudes when stimulating the nerve with near-threshold inten-
sity (Levy and Mushin, 1973). An increase of the stimulus intensity
was associated with a normalization of the SEP amplitude. SEPs
also normalized after recovery. Yazici et al. reported 2 FMD
patients with severe gait disturbances and an almost complete loss
of the cortical SEP. After recovery, cortical SEPs became normal
(Yazici et al., 2004). As a similar case, a 12-year-old FMD patient
was reported to have a transient loss of cortical SEPs which became
normal after remission of symptoms (Yu et al., 2021). Powell et al.
(2019) presented the case of a 22-year-old man with the diagnosis
of FMD and a transient latency delay and amplitude reduction of
the tibial SEP. However, other researchers questioned the pure
functional origin of this finding and argued that FMD is often asso-
ciated with other neurologic disorders which, for example, could
have caused a transient demyelination (Hallett et al., 2020). Gurses
et al. published the case of a FMD patient with normal N20 poten-
tial (median nerve SEP) but enlarged amplitudes of the P25 and
N33 components of the cortical potential (Gurses et al., 2008).

Therefore, although in most FMD patients SEP recordings are
within normal range, several reports suggest subtle abnormalities
of the cortical SEP. In almost all cases, a decrease of the potential
amplitude was found, suggesting an inhibition. The fact that these
abnormalities were reversed within days (following clinical recov-
ery) supports the idea of a functional, not a structural deficit. A
possible explanation for these findings was presented by Vuilleu-
mier et al. who described a contralateral hypoactivation of basal
ganglia and thalamus in FMD patients with a unilateral sensorimo-
tor loss (Vuilleumier et al., 2001). However, the fact that SEPs
amplitude abnormalities can only be found in a minority of FMD
patients might be explained by pathophysiological heterogeneity
in people with FMD.
4. Functional jerks, myoclonus and tics

Clinical diagnosis of functional jerks, myoclonus and tics can be
complex as there is significant clinical overlap between functional
and other causes of jerky movements both in the movement phe-
nomenology and in co-morbidities. For example, patients with
functional jerks may feel an urge preceding their jerks and may
be able to suppress their movement briefly too, but these are also
characteristic features of tics in Tourette’s syndrome (Ganos et al.,
2018). Psychiatric comorbidity such as anxiety disorders, obses-
sive–compulsive disorders and depression are common phenom-
ena in both patients with functional jerks and organic myoclonus
or tics. Clinical neurophysiological testing is therefore often partic-
ularly useful in the positive diagnosis of a functional jerky move-
ment disorder (Zutt et al., 2017).
4.1. Clinical neurophysiology of jerky movement disorders: Jerk-locked
back-averaging and the Bereitschaftspotential

Jerky movement disorders such as myoclonus, tics and func-
tional jerks are best studied using combined surface EMG and
EEG recordings (van der Veen et al., 2021). Although polymyogra-
phy is more easily obtained, and some characteristics such as mus-
cle recruitment pattern and muscle burst duration can be assessed
using EMG only, the co-registration of EEG allows investigation of
cortical transients preceding the jerks, which adds valuable diag-
nostic information (Hallett et al., 2021).



M.J. Edwards, L.H. Koens, J. Liepert et al. Clinical Neurophysiology Practice 9 (2024) 69–77
Analysis of EMG-EEG is performed offline, and the hallmark is
jerk-locked back-averaging. This method increases the signal to
noise ratio spectacularly and time-locks cortical activity to jerky
movements, enabling the detection of cortical transients directly
preceding a jerky movement (van der Veen et al., 2022). In short,
EMG bursts corresponding to jerky movements are identified visu-
ally, and markers are placed at burst onset of the first muscle
involved. A clear onset point needs to be identifiable, which means
the procedure may not be possible in patients with high frequency
jerks. For each burst, an EMG-EEG segment lasting a few seconds
before and after the jerk is selected (e.g., jerk ± 2 s). Next, the signal
is averaged across all segments, decreasing background noise. For
averaging to be effective, at least 100 segments are ideal. After
jerk-locked back-averaging, the neurophysiologist is left with a
visual representation of the association in time between cortical
activity and the jerky movement itself (Fig. 1).

The presence of a Bereitschaftspotential (BP), or readiness
potential, preceding the jerky movement can be verified in this
visual representation. First described in 1965 (Kornhuber and
Deecke, 1965), the BP is generally thought to represent a ramping
up of EEG activation prior to voluntary actions (Shibasaki and
Hallett, 2006). It is characterised by a slowly rising negative deflec-
tion over the vertex, occurring within two seconds before move-
ment onset. The potential consists of an early component,
comprising a slow increase of EEG negativity about 1.5 s before
movement onset, and a late component, comprising a steeper
increase of negativity around 400–500 ms prior to movement
onset. Investigation of the BP can aid the differentiation of jerky
movement disorders, as will be discussed below.
4.2. Differentiating functional jerks from myoclonus

When differentiating between functional jerks and myoclonus,
investigation of the BP is of great diagnostic value (van der Veen
Fig. 1. A) Segment of co-registered EEG (top) and EMG (bottom) traces. A jerk is visible
movement artifact. B) Jerk-locked back-averaging of many segments results in a visual r
and the jerky movement (EMG). In this case, a Bereitschaftspotential is visible, chara
movement onset. C) Visual representation of the negative deflection (in blue) over the ver
this figure legend, the reader is referred to the web version of this article.)
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et al., 2021). In two studies, a BP upon visual inspection was
reported in 47–86 % of patients with functional jerks and none
with myoclonus (Beudel et al., 2018, van der Salm et al., 2012).This
makes the presence of a BP a specific, positive sign for functional
myoclonus when compared against organic myoclonus, but less
so when compared with organic tics. Note however, that the test
does not have a high sensitivity and that the absence of a BP there-
fore does not rule out functional jerks.

A second diagnostic sign, also based on jerk-locked back-
averaging, consists of event related desynchronisation in the broad
beta range (13–45 Hz) before onset of functional jerks. Significant
event-related desynchronisation has been identified in 62–65 %
of patients with functional jerks, but not in patients with organic
myoclonus (Beudel et al., 2018, Meppelink et al., 2016). Adding
investigation of event-related desynchronisation to BP assessment
improves diagnostic sensitivity, without loss of specificity, and
thus improves the ability to discriminate between functional jerks
and myoclonus.

Of course, the presence of electrophysiology findings befitting
cortical myoclonus should be taken as evidence against functional
jerks. For instance, brief EMG discharges with bursts lasting < 50–
100 ms, EEG seizure discharges, and a cortical wave over the con-
tralateral sensorimotor cortex preceding the movement by 10–
40 ms all suggest a non-functional myoclonus. See van der Veen
et al., 2022 for a practical review on the clinical neurophysiology
of myoclonus.

Propriospinal myoclonus deserves special attention in this sec-
tion because it is a specific presentation of jerky movements,
which upon evaluation is considered to be functional in most
patients (van der Salm et al., 2010). Non-functional propriospinal
myoclonus resulting from a spinal lesion is rare (van der Salm
et al., 2014). Propriospinal myoclonus was originally hypothesised
to arise from a spiral generator that transmits activity up and down
the spinal cord via propriospinal pathways (Brown et al., 1991),
as muscle bursts in the EMG traces; the corresponding EEG traces are affected by
epresentation of the association in time between cortical activity at the vertex (Cz)
cterised by a slowly rising negative deflection over the vertex within 2 s before
tex 400 ms before movement onset. (For interpretation of the references to colour in



Table 2
Electrophysiological tests performed in Functional and Idiopathic Dystonia.

Test Idiopathic Dystonia Functional Dystonia

Electrophysiological differences
BR recovery cycle ; ,
S-M plasticity " ,
Pain Tolerance , "
Electrophysiological similarities
SICI ; ;
LlCI ; ;
CSP ; ;
SAI , ; ,
LAI , ; ,
Pain Thresholds , ,
TDT " "

BR = blink reflex; BP = Bereitschaftspotential; LAI = long afferent inhibition;
LICI = long intracortical inhibition; SAI = short afferent inhibition; S-M = sensor-
imotor; SICI = short intracortical inhibition; TDT = tactile temporal discrimination
threshold. Data summarised from: (Avanzino et al., 2008, Espay et al., 2006,
Schwingenschuh et al., 2011a, Quartarone et al., 2003, Morgante et al., 2018,
Morgante et al., 2011).

Table 1
Presence and onset time of the Bereitschaftspotential in functional jerks, myoclonus
and tics (data derived from van der Salm et al., 2012).

Presence of BP
preceding jerky movements

Onset time BP (ms)

Functional jerks 47–86 % 1195 (700–2410)
Myoclonus 0 % –
Motor tics 43 % 915 (510–1700)

Onset time is reported as median (range).
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resulting in axial jerks typically involving flexion of the trunk, hips
and knees. On EMG, the activation pattern of propriospinal myo-
clonus consists of bilateral rostral and caudal recruitment originat-
ing from the spinal cord. A consistent recruitment pattern fits a
diagnosis of propriospinal myoclonus, whereas recruitment vari-
ability is indicative of functional jerks. A BP could be identified in
63–86 % of patients with functional jerks, and none of the patients
with organic myoclonus (Erro et al., 2013, van der Salm et al.,
2014). Therefore, assessment of recruitment variability and BP is
recommended for patients presenting with axial jerks. Clinical
neurophysiological testing can be impactful, because clinical diag-
nosis of propriospinal myoclonus is known to be unreliable (Erro
et al., 2013) and a delay in diagnosis predicts a worse outcome in
patients with functional axial jerks (Erro et al., 2014).

4.3. Differentiating functional jerks from tics

To differentiate functional jerks from motor tics, investigation
of the BP is also the most important test. One study compared
the presence of a BP in functional jerks and tics in Tourette
patients: a BP was found in 86 % of patients with functional jerks
and 43 % of Tourette patients (van der Salm et al., 2012). The onset
of BP was significantly earlier for functional jerks, with a median
onset time of 1.2 s prior to functional jerks versus a median onset
time of 0.9 s prior to motor tics. Note, however, that the range in BP
onset time in functional jerks and motor tics did overlap (Table 1).
Two earlier studies investigating only motor tics reported a BP in 0
out of 6 (Obeso et al., 1981) and 2 out of 5 (Karp et al., 1996) Tour-
ette patients. Other clinical neurophysiological features that have
been investigated in patients with motor tics, such as reduced
motor cortex excitability upon TMS or reduced pre-pulse inhibition
(van der Veen et al., 2022), have not been investigated in functional
jerks and therefore unfortunately do not carry discriminatory
value. Overall, the presence and onset time of the BP may aid in
the differentiation of functional jerks versus motor tics, however,
a clinical neurophysiological test distinguishing these two move-
ment disorders with high sensitivity and specificity is currently
lacking. It is possible that other pre-movement electrophysiologi-
cal potentials such as beta event-related desynchronisation might
provide more discriminatory power between tics and functional
tic-like movements (Hallett M, personal communication).

5. Functional dystonia

Functional dystonia may manifest with paroxysmal or continu-
ous rapid involuntary movements or with painful fixed posturing
of one body part (Ganos et al., 2014). This is the third most com-
mon FMD, it usually affects the lower limbs, but it may also man-
ifest as tonic spasms of one side of the face or the neck muscles.
Functional dystonia poses great diagnostic challenge (Morgante
et al., 2012), as no study has defined the phenomenological fea-
tures which might help to differentiate it from idiopathic, genetic
or other secondary dystonias. Indeed, a minor peripheral injury
might predate both functional dystonia and adult onset idiopathic
dystonia (Macerollo et al., 2019), albeit people with functional dys-
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tonia tend to have sudden onset, evidence of fixed dystonia, and
acute peripheral trauma (Ercoli et al., 2021). Distractibility is extre-
mely difficult to achieve in people with functional dystonia, espe-
cially when they have fixed postures and, when functional
dystonia is mobile, it can be challenging to differentiate it clinically
from genetic dystonia whose phenotype can be complex due to
combination with other movement disorders. Finally, functional
dystonia might occur in the context of idiopathic dystonia syn-
dromes (Tinazzi et al., 2021a, 2021b).

Despite different electrophysiological techniques have been
employed to understand the pathophysiology of functional dysto-
nia, there are no validated electrophysiological measures. Some
studies showed similarities between functional dystonia and idio-
pathic dystonia with decreased cortical and spinal inhibition tested
respectively with TMS (Avanzino et al., 2008, Espay et al., 2006)
and forearm reciprocal inhibition (Espay et al., 2006) (Table 2).
Specifically, functional dystonia and idiopathic dystonia share
decreased short and long intracortical inhibition in both affected
and unaffected body districts decreased cortical silent period and
reduced first phase of reciprocal inhibition (Espay et al., 2006).
Moreover, tactile temporal discrimination threshold, a marker of
somatosensory processing once considered an endophenotype of
genetic and idiopathic dystonic syndromes, is equally increased
in functional dystonia and idiopathic dystonia (Morgante et al.,
2011).

Other studies have found difference a group level between func-
tional dystonia and idiopathic dystonia, but specificity and sensi-
tivity of such tests is unknown. Brainstem excitability assessed
by the blink reflex recovery cycle has been found normal in 9 out
of 10 subjects with functional blepharospasm compared to those
with idiopathic blepharospasm, who exhibited disinhibition of
brainstem interneurons (Schwingenschuh et al., 2011a). Sensori-
motor cortex plasticity probed with the paired associative stimula-
tion protocol is also normal in functional dystonia, opposite from
idiopathic dystonia in which lack of topographical specificity of
the effects of paired TMS + peripheral nerve stimulation is demon-
strated (Quartarone et al., 2003). Interestingly, subjects with com-
plex regional pain syndrome type 1 (CRPS-I) and fixed hand
posture, a nosographic entity that has many clinical similarities
to functional dystonia (Popkirov et al., 2019), also disclose normal
sensorimotor cortex plasticity (Morgante et al., 2017).

Pain is a frequent manifestation of functional dystonia, reported
in 47.4 % of subjects (Tinazzi et al., 2021a, 2021b). The sensory-
discriminative and cognitive-emotional component of pain in
patients can be assessed by testing pain thresholds and pain toler-
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ance, by delivering electrical pulses of increasing intensity. Pain
tolerance is intensity at which painful sensation is reported as
intolerable and it is a measure of the cognitive-emotional compo-
nent of pain. People with functional dystonia with persistent
symptoms have increased pain tolerance compared to those with
paroxysmal functional dystonia and subjects with Cervical Dysto-
nia (Morgante et al., 2018).

All the electrophysiological and psychophysiological measures
above described have been tested in small cohorts and found dif-
ferences at group level. Assessment of sensitivity and specificity
in large cohorts and correlation with specific sub-types of func-
tional dystonia is needed in order to use these measures for diag-
nostic purposes.
6. Functional gait disorders

Gait abnormalities are seen in approximately 40 % of people
with a functional movement disorder. Most commonly, these are
seen in combination with other signs, although 6 %-9% of patients
are reported to have a pure functional gait disorder (Baik and Lang,
2007, Baizabal-Carvallo et al., 2020). Diagnosis of functional gait is
challenging as no single walking pattern is pathognomonic
(Nonnekes et al., 2020). Historically, functional gaits were often
been labelled as ‘bizarre’, but other neurological disorders can also
produce bizarre gait features (i.e. ‘hobby horse gait’ in patients
with dystonia type 4 (DYT4) or choreatic gait in people with Hunt-
ington’s disease) (Wilcox et al., 2011).

In line with other functional movement disorders, diagnosis of
functional gait is based on the presence of inconsistencies and
incongruity (Espay et al., 2018, Nonnekes et al., 2020). Importantly,
the presence of inconsistencies alone is not enough, as these can
also be seen in other neurological gait disorders. For example, as
dystonia is typically task-specific, it may be present during forward
walking, but not when running or walking backwards. This high-
lights the dangers of using incongruity with other neurological dis-
order as a diagnostic criterion rather than incongruity with
anatomy and physiology, as outlined in the introduction.

In the diagnostic process of gait disorders, the presenting signs
should the starting point for a tailored search into the origin
(Nonnekes et al., 2018). Specific gait and balance tests, such as tan-
dem gait, the pull-test or walking backwards, can help to reveal
inconsistencies or incongruencies, supporting a diagnosis of func-
tional gait. For example, persons with a functional gait often have
claims of poor balance, and may walk-broad based and seek sup-
port of walls and doorposts. However, when asked to perform tan-
dem gait, they may be able to do his without sidesteps, or may
display exaggerated performance with prolonged single-leg stance.
Another example of incongruity is an exaggerated postural
response after a light touch or tap on the shoulders (Coebergh
et al., 2021, Geroin et al., 2022). The neurophysiological compli-
mentary tests build out from these clinical observations. For exam-
ple, improvement in gait and posture with distraction can be seen
clinically, but can also be objectively documented (perhaps more
sensitively than clinical examination in some situations) using pos-
turography (Gandolfi et al., 2021, Wolfsegger et al., 2013). Gandolfi
et al. (2023) have recently extended this work, demonstrating that
certain spatio-temporal parameters of gait tend to normalise under
dual-task conditions.

To understand the possible neurophysiological correlates of
functional gait, knowledge of normal gait control is required. This
has largely been derived from animal work and in minor part from
imaged gait (Jahn et al., 2008, Takakusaki et al., 2023), as until
recently, measuring brain activity in humans during actual gait
was not possible. Recent technological advances now allow for
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the study of cortical activity during actual waking, for example
using ambulatory electroencephalography (Tosserams et al., 2022).

Gait depends on a complex locomotor network, involving spinal
central pattern generators, brainstem mesencephalic and cerebel-
lar locomotor regions, and corticostriatal output projecting from
the motor cortices (Takakusaki et al., 2023). In addition, distributed
cortical areas contribute to adjustment and adaptation of walking.
This involves the integration of multisensory feedback and com-
parison with efference copies of the motor command. The pari-
etotemporal cortex is thought to play an important role in
multisensory integration and the comparison between feedfor-
ward models (i.e. efference copy) and feedback models (based on
multisensory feedback) (Barthel et al., 2018, de Haan and
Dijkerman, 2020). The output of the comparison between the feed-
back feedforward model is being used to update future motor pro-
grams, which is thought to take place at the prefrontal cortices and
supplementary and premotor areas. There is evidence, however,
that comparison between the efference copy and sensory feedback
not only occurs at cortical level, but at all levels of the locomotor
network, including the spinal cord and brainstem (Takakusaki
et al., 2023).

Functional gait disorder is hypothesized to result from dysfunc-
tion in the cortical sensorimotor control circuitry comparing feed-
forward and feedback models (Hallett et al., 2022), in which the
feedforward model is overweighed under the influence of previous
expectations, attention and emotion (Edwards et al., 2012). A clas-
sic paradigm to study sensorimotor control is stepping onto a bro-
ken or stationary escalator that had previously been experienced as
moving (Bronstein et al., 2009), and this has also been applied to
people with functional gait (Lin et al., 2020). Stepping onto a sta-
tionary escalator results in subjective and objective instability,
known as the locomotor after-effect, and these disappear with
repeated stepping onto the stationary escalator (Reynolds and
Bronstein, 2003). Translated to gait control; with repeated stepping
onto the stationary escalator, the feedforward program is being
updated using multisensory information. In the study of Lin
et al., 14 people with functional gait and 17 healthy control sub-
jects walked five times onto a stationary sled, then five times onto
a moving sled and then again five times onto a stationary sled (Lin
et al., 2020). Participants were aware of the change in conditions.
Both people with functional gait and controls were able to accom-
modate their gait in response to the moving sled with similar
learning curves, indicating normal motor learning in the context
of a postural challenge requiring an automatic reaction. However,
when the sled was returned to a stationary position, there was a
persistence of the locomotor after-effects (i.e. increased trunk dis-
placement and gait velocity) in people with functional gait com-
pared to the healthy controls. These findings most likely indicate
an abnormal scaling between the predicted and actual movement,
and inadequate updating of future motor programs.
7. Conclusions

Clinical neurophysiological assessment has a direct and impor-
tant contribution to make in the positive diagnosis of functional
movement disorders. As outlined above, this is well beyond the
traditional role of demonstrating normality of specific neural path-
ways in people with presumed functional disorders. Instead, and
building on clinical and pathophysiological advances, it has devel-
oped into a useful tool to provide an additional level of diagnostic
certainty.

There remain specific areas of need, for example in the diagno-
sis of certain forms of functional dystonia, and in the differentia-
tion of functional tics from other causes of tics. There is also an
issue of availability, with many movement disorders specialists



M.J. Edwards, L.H. Koens, J. Liepert et al. Clinical Neurophysiology Practice 9 (2024) 69–77
lacking access to specialised neurophysiological testing. This is an
important issue to resolve given the paramount importance of
making a clear positive diagnosis of a functional movement disor-
der. It is only through this that the patient can access the appropri-
ate treatment and not be exposed to unnecessary medical and
surgical interventions.
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