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ABSTRACT: Background: Motor symptoms in func-
tional movement disorders (FMDs) are experienced as
involuntary but share characteristics of voluntary action.
Clinical and experimental evidence indicate alterations in
monitoring, control, and subjective experience of self-
performed movements.

Objective: The objective of this study was to test the
prediction that FMDs are associated with a reduced abil-
ity to make accurate (metacognitive) judgments about
self-performed movements.

Methods: We compared 24 patients with FMD (includ-
ing functional gait disturbance, functional tremor, and
functional tics) with 24 age- and sex-matched healthy
control subjects in a novel visuomotor-metacognitive
paradigm. Participants performed target-directed
movements on a graphics tablet with restricted visual
feedback, decided which of two visually presented
trajectories was closer to their preceding movement,
and reported their confidence in the visuomotor
decision. We quantified individual metacognitive
performance as participants’ ability to assign high
confidence preferentially to correct visuomotor
decisions.

Results: Patients and control subjects showed compara-
ble motor performance, response accuracy, and use of
the confidence scale. However, visuomotor sensitivity in
the trajectory judgment was reduced in patients with
FMD compared with healthy control subjects. Moreover,
metacognitive performance was impaired in patients,
that is, their confidence ratings were less predictive of
the correctness of visuomotor decisions. Exploratory
subgroup analyses suggest metacognitive deficits to be
most pronounced in patients with a functional gait distur-
bance or functional tremor.

Conclusions: Patients with FMD exhibited deficits both
when making visuomotor decisions about their own
movements and in the metacognitive evaluation of these
decisions. Reduced metacognitive insight into voluntary
motor control may play a role in FMD pathophysiology
and could lay the groundwork for new treatment strate-
gies. © 2023 The Authors. Movement Disorders published
by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.
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Introduction

Motor symptoms in functional movement disorders
(FMDs) are experienced as involuntary but exhibit fun-
damental characteristics of voluntary movement: motor
symptoms typically aggravate with attention and
improve with distraction,’ phasic pathological move-
ments have been shown to be preceded by a readiness
potential,” and functional tremor is entrained by con-
current rhythmic movement of another limb.? These
findings set FMD apart from non-FMDs and serve as
positive diagnostic criteria.! They also suggest that the
subjective experience of movement is altered in FMD.
In line with this, experimental signatures of voluntary
motor control, such as action-effect binding® and sen-
sory attenuation of action effects,” have been found to
be reduced in FMD compared with healthy control par-
ticipants (HCs).

Besides changes in subjective experience, exaggerated
self-directed attention and expectation of conscious con-
trol over motor actions are hypothesized to play an
important role in the genesis and maintenance of FMD.*’
In a visuomotor monitoring paradigm, patients with FMD
showed increased sensitivity for task-irrelevant and
reduced sensitivity for task-relevant perturbations com-
pared with HCs; moreover, motor performance improved,
in patients with FMD only, when movements were per-
formed without attention.® Despite the detrimental effect
of self-directed attention, patients with FMD have been
found to show increased gaze toward the affected limb
during clinical examination.’

The clinical and experimental evidence reviewed ear-
lier suggests alterations in control and subjective experi-
ence of movement in patients with FMD, likely affecting
both the ability to make accurate judgments about self-
generated movements and the metacognitive insight into
these judgments. However, to our knowledge, only two
studies have investigated metacognition in patients with
FMD experimentally. Patients with FMD showed lower
performance compared with HC in a visuomotor pertur-
bation detection task, but trial-per-trial confidence rat-
ings did not indicate metacognitive deficits in patients
with FMD,'° possibly because of a lack of statistical
power. A second study used a visual contrast task'' and
demonstrated positive evidence (using Bayesian statistics)
for intact metacognitive ability in patients with FMD.
This speaks against a general metacognitive deficit in
FMD. However, given that metacognitive abilities are, to
some extent, domain-specific,'>'? the question of a
metacognitive deficit related to motor actions remains
open. Addressing this question is important for a better
understanding of FMD and has the potential to inform
novel therapeutic approaches.

In this study, we compared visuomotor sensitivity and
metacognitive ability in self-generated hand movements
between patients with FMD and HCs. We developed a

task combining visuomotor judgments about self-
performed movements with metacognitive ratings: par-
ticipants perform goal-directed movements on a graphics
tablet with restricted visual feedback, then decide which
of two visually presented trajectories is closer to their own
preceding movement, and finally report their confidence
in the preceding visuomotor decision. Metacognitive
insight into the visuomotor decision is assessed using
established measures relating confidence ratings to
response accuracy on a trial-by-trial basis.'* Based on the
clinical and experimental evidence discussed earlier, we
predicted that, relative to HCs, patients with FMD would
exhibit both a reduced visuomotor sensitivity in trajectory
decisions and lower metacognitive performance.

Subjects and Methods

Participants

Twenty-four participants with a diagnosed FMD
(15 female, 39.7 £+ 16.0 years old [mean =+ standard
deviation], range 16-68 years, 2 left-handed) and
24 HCs (15 female, 40.3 &+ 16.3 years old, range 16—
68 years, 2 left-handed) were included in this study.
Participants from the two groups were matched
pairwise with respect to sex and age (+6 years). Data
from one additional patient with FMD and two HCs
were not used for data analysis for these reasons: the
patient with FMD strongly deviated from the target
accuracy level in the trajectory judgment (52%; target
level, 71%; range of other participants, 65.1%-74.5%),
one HC misunderstood the trajectory judgment task,
and one HC took antidepressant medication at the time
of the experiment.

Patients with FMD were recruited from the outpa-
tient clinics of the Departments of Neurology and the
Center for Rare Diseases of the University Hospital
Schleswig-Holstein, Campus Liibeck, and the Depart-
ment of Neurology of the University Hospital
Hamburg-Eppendorf, Hamburg, Germany. The clinical
diagnosis was made according to standard published
criteria.” All patients underwent a detailed video-
recorded clinical assessment and a subsequent video
rating of symptoms by a movement disorders specialist
(A.W.) using the Clinical Global Impression-Severity
scale (CGI-S'; 4.0 4 1.0) and the Simplified-Functional
Movement Disorders Rating Scale (S-FMDRS';
10.0 = 6.5). Age at disease onset (34.7 & 15.6 years)
and disease duration (5.0 & 5.1 years) were noted. In
addition, patients with FMD were categorized
according to their main motor symptoms: functional
gait disturbance (n = 16), functional tremor (n = 9),
functional tics (n = 35), or other functional symptoms
(n = 2). Eight patients had both a functional gait dis-
turbance and functional tremor. Intelligence quotient
(IQ) was estimated using a validated short form of the
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Wechsler Adult Intelligence Scale.'” IQ could not be
assessed in one patient because of severe fine motor
impairment (but no apparent cognitive deficit during
clinical assessment and experiment). At the time of par-
ticipation, none of the patients with FMD had clinically
relevant psychiatric or additional functional symptom-
atology. HCs were recruited through an announcement
at the billboard of the University Clinic of Schleswig
Holstein, Campus Lubeck. See Supporting Information
Tables S1 and S2 for individual characteristics.

Participants took part after written informed con-
sent according to the Declaration of Helsinki. The
study was approved by the local Ethics Committee
(reference: 20-136).

Visuomotor-Metacognitive Paradigm

The experimental paradigm comprised three task com-
ponents on each trial (see Fig. 1). Participants made
center-out movements with a pen on the graphics tablet,
controlling the movement of a cursor on the screen from
a starting area through a target presented at one of eight
possible positions in the upper right quadrant (upper left
for participants using their left hand). The cursor was
shown continuously between trials and during initial
task familiarization. During the main experiment, target
and cursor disappeared immediately after movement
onset. Participants were then shown two candidate tra-
jectories on the screen, and they moved the pen on the
tablet to choose the one closer to their preceding move-
ment. With limited visual feedback during the motor
task, this trajectory judgment had to rely on an internal
visuomotor representation of the preceding movement.
One of the trajectories corresponded to their actual
movement (corrected by the estimated visuomotor bias;
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see Supporting Information, section 2.2); the alternative
trajectory was a left- or right-rotated copy of the actual
trajectory. The direction of the deviation (left/right) was
randomized in subblocks of eight trials, to ensure an
even distribution across the experiment. Task difficulty,
that is, the angular deviation between trajectories, was
adjusted using a two-down one-up adaptive procedure
(step size 2°), targeting 71% response accuracy.'® Two
separate adaptive procedures were used for leftward and
rightward deviations to account for potential visuomotor
bias'? (ie, angular deviation between the actual and the
subjective mapping between tablet and screen). Finally,
participants rated their confidence in the preceding tra-
jectory judgment on a continuous visual analog scale,
again by moving the pen on the tablet.

The three task components were gradually introduced
for familiarization with the experimenter sitting next to
the participant for instruction. The main experiment with
all three components consisted of 192 trials (three blocks
of 64 trials). Details about the stimuli and procedure for
each task component are provided in the Supporting
Information (section 2). The total duration of the experi-
ment, including familiarization, was about 50 minutes.

Data Analysis

Experimental data were processed in Matlab, using
custom-written code and publicly available Matlab
code  (http://www.columbia.edu/~bsm2105/type2sdt/)
for type-2 signal- detection-theoretic analysis.*’

Motor Task

Motor performance was quantified in terms of move-
ment duration and movement error (angular deviation
between target direction and movement direction when
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FIG. 1. Setup and task components. Participants made center-out, target-directed movements on a graphics tablet with limited visual feedback on-
screen, decided which of two trajectories was closer to their actual movement by moving the pen on the tablet, and rated their confidence in the trajec-
tory judgment on a visual analog scale. [Color figure can be viewed at wileyonlinelibrary.com]
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crossing the task radius). Both the average signed (&)
and absolute movement error were used to quantify
movement accuracy.

Trajectory Judgment

Response accuracy was quantified as the percentage
of correct trajectory judgments and the signal-detection
measure d’, which controls for response bias and scal-
ing artefacts (ie, compression near the boundaries of
the 0%-100% scale). With response accuracy stabilized
by the adaptive procedure, the mean task difficulty
(absolute deviation between trajectories) is the main
performance measure at this level. Better performance,
that is, higher visuomotor sensitivity to discriminated
self-generated from alternative trajectories, is indicated
by a smaller angular deviation. The mean absolute
visuomotor bias estimated by the adaptive procedure
provides an additional measure of the accuracy of the
visuomotor representation.

Confidence Ratings

Confidence ratings were not an outcome measure of
interest by themselves. Still, mean and range of reported
confidence were determined to test for extreme response
patterns (outliers) and to assess potential group differ-
ences, which might affect measures of metacognitive
performance.

Metacognitive Performance

Metacognitive sensitivity was quantified by meta-d’
introduced by Maniscalco and Lau,*® using the maxi-
mum likelihood estimator approach. In brief, meta-d' is
estimated by determining the (hypothetical) d' value
that maximizes the likelihood of the observed type-2
(confidence ratings) hit and false alarm rates under a
signal-theoretic model assuming full use of the available
type-1 (trajectory judgment) information.?’ Because this
analysis is based on discrete confidence ratings, the con-
tinuous (0-100) confidence ratings were binned by
dividing each participant’s total confidence range
(minimum-maximum) into four equal-sized intervals.
To control for a potential influence of type-1 accuracy
on metacognitive sensitivity,”” we computed meta-
cognitive efficiency as the ratio (M-ratio) meta-d'/d'. This
was our main measure of metacognitive performance.
An M-ratio of 1.0 indicates that the full information
used for the trajectory judgment is used for the confi-
dence rating. Smaller values indicate that not all
the information is used, whereas larger values indicate
that more information is used for the metacognitive than
for the trajectory judgment. Thus, larger values indicate
better metacognitive performance.

In addition, a nonparametric measure of meta-
cognitive sensitivity, meta-area under the receiver oper-
ating curve (AUROC relating confidence to response

accuracy) was computed.'* Meta-AUROC quantifies to
what extent confidence ratings discriminate between
incorrect and correct responses. Values range between
0 and 1, with larger values indicating better meta-
cognitive performance. Meta-AUROC is known to be
affected by type-1 accuracy'?; however, unlike meta-d’
and the M-ratio, meta-AUROC makes use of the full
confidence scale (no discretization required) and, as a
nonparametric measure, does not rely on model
assumptions being satisfied and also avoids potential
problems with model fitting.

Statistical Analysis

Because this was the first study wusing this
visuomotor-metacognitive paradigm, meaningful sam-
ple size calculations were not possible. Our final sample
size of 24 per group exceeds those of most previous
studies on action control and awareness in FMD.**81°

Statistical analyses were performed in R 4.1.2.%'
Dependent variables were compared between groups by
two-sample Welch ¢ tests (no equal variance assumed).
The nonparametric Mann-Whitney test was used
instead when data from one or both groups deviated
from normal distribution (as assessed by the Shapiro—
Wilk test). Effect sizes are reported using a robust
version of Cohen’s d, denoted dg.** Bayes factors quan-
tifying the evidence in favor of the alternative hypothe-
sis (BF¢) were computed.>®** All statistical tests were
two-sided. The criterion for statistical significance
testing was P < 0.05. A Bayes factor BFo > 3 was inter-
preted as substantial and BFy > 10 as strong evidence
against the null hypothesis.

Associations between individual characteristics (age,
disease onset and duration, clinical scales and symp-
toms) and the main experimental measures (visuomotor
sensitivity and metacognitive efficiency) were assessed
within the group of patients with FMD using Pearson
correlation tests and exploratory subgroup analyses.

Data Sharing

Original data and analysis scripts (Matlab, R) are avail-
able from a public OSF repository (https://osf.io/qc5uf/).

Results

Sample data from two representative participants are
shown in Fig. 2. These participants had comparable
basic performance in the motor and trajectory task, as
well use of the confidence scale. However, the relation
between confidence ratings and response accuracy in
the trajectory task, shown in the right panel of Fig. 2, is
markedly different. In the HC participant (Fig. 2, top
panels), the relation between correct and incorrect
responses changes from low confidence (more incorrect

4 Movement Disorders, 2023

25U60 1 SUOLWLIOD AITERID 3|01 ke U AQ peLLeA0B .6 SOILE VO ‘28N J0 S3N. 10} ARIGIT BUIIUO AB]1 UO (SUONIPUOD-PUE-SLLLIBILI0D A3 1M AReJc]1[pUIIUO//ScY) SUOIPUOD PUE WL | au) 295 *[520Z/T0/9E] Uo AeIqiTauIIuO AB]iM *ALLLBS BUEILD Ad E0E62 SPLU/ZOOT OT/I0p/W0Y" A8 IW AIRIq1 P 1|UO'S BP.0S IDILBLLBAOW//'SAIIY o1} POpEo|umMoq ‘0 */Gz8TEST


https://osf.io/qc5uf/

r METACOGNITION

L IN FUNCTIONAL MOVEMENT DISORDER
MOTOR TRAJECTORY CONFIDENCE
50 50 50
correct
o 40 40 40
S incorrect
b 30 30 30
O 20 20 20
T
10 10 10 .
0 0 0 ---"
-10 0 10 -10 0 10 0 75 100
50 50 50
o 40 40 40
S 30 30 30
g 20 20 20 L
10 10 10 I_ L
L 0 : : : 0 . i . 0 ._IIL - I-__
-10 0 10 -10 0 10 100
Motor error (°) Deviation (°) Confldence

FIG. 2. Sample data from participants (HC009: healthy control; FMDO015: patient with functional movement disorder) with comparable performance in
task components but higher (top) versus lower (bottom) metacognitive performance. Motor: angular movement error. Trajectory: angular deviation
between central and deviant trajectories. Confidence: ratings for trials with correct versus incorrect trajectory judgments. [Color figure can be viewed at

wileyonlinelibrary.com]

responses) to high confidence (more correct responses),
as expected for “well-calibrated” metacognition. In con-
trast, the relation between correct and incorrect
responses remains stable across the entire confidence
range in the patient with FMD (Fig. 2, bottom panels),
suggesting lower metacognitive performance.

Motor Task

No systematic group differences were observed con-
cerning angular movement error or movement duration
(Table 1, Supporting Information Fig. S1).

Trajectory Judgment

For the trajectory judgment, the adaptive procedure
resulted in comparable accuracy levels in both groups
(Fig. 3A), although response accuracy tended to be low
in patients with FMD compared with HCs (see Table 1
for details). Quantified using d' (Fig. 4A), the group dif-
ference was more pronounced, emphasizing the impor-
tance of correcting metacognitive sensitivity (meta-d')
for type-1 performance.

Importantly, the adaptive procedure resulted in larger
deviations between alternative trajectories (Fig. 3B),
that is, lower difficulty levels, in patients with FMD
compared with HCs, indicating a reduced visuomotor
sensitivity in patients with FMD compared with HCs.
This finding is strengthened by the fact that, despite
lower task difficulty, response accuracy was lower in
patients with FMD. The absolute trajectory bias was
larger for patients with FMD as well (Supporting
Information Fig. S2A), providing additional evidence of a
less accurate visuomotor representation of self-performed
movements. Bayes factors >3 indicate substantial evidence
for group differences in these measures, with medium to
large effect sizes.

Confidence Rating

Participants varied substantially in mean and range
of confidence ratings (Supporting Information Fig. S3),
but no significant group differences were observed for
these measures (Table 1).

Metacognitive Performance

A significant group difference was found for meta-d’
(Fig. 4A; see Table 1 for details), with lower meta-
cognitive sensitivity in patients with FMD compared
with HC. This group difference persisted after
correcting for type-1 performance using the M-ratio
(meta-d'/d', Fig. 4B), confirming lower metacognitive
efficiency in patients with FMD compared with HCs. A
significant group difference in the same direction was
found for meta-AUROC (Supporting Information
Fig. S4). This convergent evidence from an independent
nonparametric measure of metacognitive performance,
using the full confidence scale, indicates that the
observed group difference in metacognition is robust
and not due to a particular choice of analysis method
or potential problems with model fitting. Bayes factors
>3 indicate substantial evidence for group differences in
metacognitive measures, with large effect sizes (|dg|
between 0.76 and 0.96).

Control Analyses

Apparent outliers were noted for each of the three task
components (motor, trajectory, confidence; Supporting
Information Results, section 2.2 and Figs. S2-S4).
Repeating the main analyses after excluding these out-
liers (along with their matched participants) in all cases
confirmed the results reported earlier (Supporting Infor-
mation, Tables $3-S5). In fact, group differences in
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TABLE 1 Group comparisons for main dependent measures

Variable

FMD (mean + SD)

HC (mean + SD)

Statistics®

Motor performance

Motor error (°) 2.68 £ 5.80 1.10 £ 3.80

Absolute error (°) 5.77 £ 4.12 4.29 £ 1.87

Duration (s) 0.17 £ 0.05 0.19 £ 0.06
Trajectory judgment

Accuracy (%) 69.60 £ 2.02 70.64 £ 1.39

Accuracy (d') 1.05 £ 0.15 1.14 + 0.10

Deviation (°) 10.48 + 5.94 6.39 £ 3.01

Absolute bias (°) 6.05 + 5.14 3.02 + 2.61
Confidence ratings

Mean confidence 58.24 £ 19.17 53.56 £ 16.26

Confidence range 76.00 £+ 23.31 82.21 £ 19.75
Metacognitive performance

Meta-d' 0.44 £ 0.37 0.78 £+ 0.44

M-ratio 0.42 £ 0.36 0.67 £ 0.36

Meta-AUROC 0.58 &£ 0.05 0.62 £ 0.06

W = 320.0, P = 0.519, dg = 0.20, BF,, = 0.36
W = 378.0, P = 0.065, dg = 0.57, BF;, = 1.14
t(44.4) = —1.47, P = 0.149, dr = —0.36, BF;, = 0.69

£(40.7) = —2.08, P = 0.044, dr = —0.69, BF;, = 1.61
£(39.2) = —2.52, P = 0.016, dr = —0.87, BF;, = 3.49
W = 409.0, P = 0.012, dg = 0.69, BF, = 3.98
W = 416.0, P = 0.008, dg = 0.61, BF,, = 6.57

1(44.8) = 0.91, P = 0.366, dg = 0.24, BF;, = 0.40
W= 2375, P= 0302, dg = —0.31, BF;, = 0.43

1(44.8) = —2.86, P = 0.006, dr = —0.92, BF,, = 6.96
1(46.0) = —2.45, P = 0.018, d = —0.76, BE;, = 3.09
1(45.4) = —2.47, P = 0.017, d = —0.96, BF;, = 3.18

Abbreviations: FMD, functional movement disorder; HC, healthy control; SD, standard deviation; dy, robust version of Cohen’s d; AUROC, area under the receiver operating

curve.

*Two-sample f test or Mann—Whitney test comparing the two groups (FMD and HC). Bayes factor BF,, indicates evidence against the null hypothesis. All tests are two-sided.

Significant effects (P < 0.05) are in boldface.
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FIG. 3. Performance in the trajectory judgment. (A) Response accuracy.
(B) Mean absolute trajectory deviation. Larger deviations indicate lower
performance at a given accuracy level. Individual data and box plots,
showing median, interquartile range (IQR), and whiskers 1.5 IQR beyond
the boxes. FMD, functional movement disorder; HC, healthy control.
[Color figure can be viewed at wileyonlinelibrary.com]

visuomotor sensitivity and metacognitive performance
became numerically more pronounced (larger absolute
effect sizes) when excluding outliers.

Variability in trajectory deviations across the experiment
was larger in patients with FMD compared with HCs
(W = 391, P = 0.034; Supporting Information Fig. S2B).
Because increased type-1 variability has been shown to
result in inflated measures of metacognitive performance,
the effects in metacognitive performance reported earlier
likely underestimate the actual group differences.

Two patients with FMD performed the motor task
with their nondominant left hand, which could affect
their ability to gauge self-performed movements.
Repeating the main analyses after excluding these par-
ticipants, along with their matched HCs, corroborated
the main results, with lower visuomotor sensitivity and
metacognitive performance in patients with FMD com-
pared with HCs (Supporting Information Table S6).

IQ scores tended to be lower in patients with FMD
(97.7+10.2) than in HCs [103.0+7.9; ¢
(41.3) = —1.83; P = 0.074], which may be partially
explained by fine motor impairments. Still, we wanted
to control for a potential confounding effect of
IQ. Including only matched participant pairs with 1Q
between 85 and 115 (n = 19 + 19) successfully equal-
ized IQ between groups (P = 0.48, BF;, = 0.34) but
preserved significant group differences in visuomotor
sensitivity and metacognitive efficiency (Supporting
Information Table S7).

Association with Clinical Characteristics

Individual characteristics and clinical measures (age,
disease onset, disease duration, CGI, S-FMDRS) did
not show significant correlations with visuomotor sensi-
tivity or metacognitive efficiency (Supporting Informa-

tion Table S8).
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FIG. 4. Metacognitive performance. (A) Response accuracy (d’) and metacognitive sensitivity (meta-d') per participant, ordered by meta-d'. (B) Meta-
cognitive efficiency (M-ratio), which normalizes meta-d’ with respect to d’. For each measure, larger values indicate higher performance. FMD, func-
tional movement disorder; HC, healthy control. [Color figure can be viewed at wileyonlinelibrary.com]

Patients with FMD were broadly (and non-
exclusively) categorized as exhibiting functional gait
symptoms (n = 16), functional tremor (n = 9), func-
tional tics (n = 5), or other functional symptoms
(n = 2). Participant numbers, overlap between catego-
ries (n = 8 had both gait symptoms and tremor), and
the imbalance in group sizes precluded a formal statisti-
cal comparison between subgroups. We explored
potential influences of the kind of motor symptoms by
considering the following subgroups (patients with their
matched HCs): gait, tremor, and tics (see Supporting
Information Figures S6 and S7). Restricting the analyses
to patients with FMD with gait disturbance, as well as
their matched HCs (n = 16 + 16), showed qualitatively
similar and numerically more pronounced group differ-
ences in visuomotor sensitivity (P = 0.003; dg = 1.18;
BFio = 15.8) and metacognitive efficiency (P = 0.001;
dr = —1.62; BF oy = 28.69), with very large effect sizes
and strong Bayesian evidence for a group difference
(Supporting Information Table S9). Similarly, restricting
the analysis to patients with functional tremor (n = 9
+ 9) resulted in numerically more pronounced group dif-
ferences in visuomotor sensitivity and metacognitive effi-
ciency (Supporting Information Table $10). Importantly,
these subgroup analyses confirmed the absence of group

differences in basic motor performance (P > 0.3;
|dg| < 0.3; BF1o < 0.5 in all cases).
Discussion

We investigated the ability of patients with FMD to
make accurate visuomotor and metacognitive judg-
ments about self-performed movements. As hypothe-
sized, patients with FMD exhibited lower visuomotor
sensitivity and reduced metacognitive performance
compared with HCs. Exploratory subgroup analyses
suggest metacognitive deficits to be most pronounced in
patients with functional gait disturbance or functional
tremor.

When making visuomotor judgments about their
own preceding hand movements, patients with FMD

needed larger deviations (ie, lower task difficulty)
between alternative trajectories compared with HCs to
reach a comparable response accuracy level. This is in
line with a previous study showing a reduced sensitivity
in patients with FMD compared with HCs to detect
visuomotor perturbations.'® These findings suggest that
visuomotor representations of self-generated move-
ments are less precise in patients with FMD compared
with HCs. Future studies should test whether this is
also the case for other sensory modalities, for example,
the somatosensory or proprioceptive domain.>®
Metacognitive performance was quantified by relating
confidence ratings to response accuracy of visuomotor
decisions on a trial-by-trial basis."* Metacognitive effi-
ciency quantified by the M-ratio,”® which controls for
interindividual variation in response accuracy, was signifi-
cantly reduced in patients with FMD compared with HCs.
This was corroborated by a complementary analysis using
a nonparametric measure of metacognitive sensitivity.
Control analyses ensured group differences in meta-
cognitive performance were not attributable to outliers or
potential confounds. The adaptive procedure resulted in
comparable accuracy levels but increased variability of task
difficulty in the trajectory judgment task in patients with
FMD compared with HCs, which has been shown to
result in inflated measures of metacognitive performance.”
Thus, our results likely underestimate the actual group dif-
ferences in metacognitive performance in this task.
Correlation of experimental measures with clinical
characteristics did not show any significant associa-
tions. This was not unexpected, because clinical mea-
sures assess the severity of motor impairments rather
than potential changes in (meta)cognition associated
with FMD. The absence of significant correlations,
along with the fact that groups did not differ in basic
motor task performance, strongly suggests that the
observed visuomotor and metacognitive deficits in
FMD cannot be explained by motor impairments alone.
Because subgroups of patients with functional gait
disturbance, functional tremor, or functional tics
were unbalanced in size and overlapping, a formal statis-
tical comparison of subgroups was not warranted.
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However, restricting the group comparison to patients
with a functional gait disturbance or functional tremor
(along with their matched HC) resulted in numerically
more pronounced group differences, with very large
effect sizes and strong Bayesian evidence for lower
visuomotor and metacognitive performance in FMD.
Thus, in contrast with motor symptom severity, categori-
cal differences in motor symptomology may be associ-
ated with differences in the ability to make accurate
judgments about one’s own movements. This prelimi-
nary result should be followed up by studies with more
balanced subgroups.

It has been proposed that FMD may be associated
with an “excessive expectation of control,” leading to
“excessive conscious monitoring” of one’s own volun-
tary movements, and ultimately—given that conscious
access to sensory and motoric details of actions remains
limited—resulting in a perceived loss of voluntary con-
trol.” This proposal is motivated by experimental findings
of more accurate perception of action-related sensory
events in patients with FMD compared with HCs. For
instance, patients with FMD showed a significant reduc-
tion of physiological attenuation of self-generated force
stimuli® and a reduced compression of the perceived time
interval (temporal binding) between a motor action and a
resulting sensory consequence.® The results of our study
indicate that, if indeed present in FMD, over-accuracy
with respect to motoric or perceptual details does not ben-
efit visuomotor sensitivity or metacognitive insight related
to self-generated movements. On the contrary, these pro-
cesses may undermine the integration of sensory, motor,
and intentional signals characteristic of voluntary action.
Interestingly, the explicit sense of agency during vol-
untary finger tapping has been found to be intact in
FMD,?” suggesting a dissociation from the visuomotor
and metacognitive processes investigated in the present
study. This is in line with recent evidence that judg-
ments of agency do not rely on the same computa-
tional mechanisms as confidence judgments about
one’s own performance.”®

The generality of our findings concerning deficient
motor metacognition in FMD should be addressed by
future studies. For instance, does it generalize to other
body parts, movement types, and sensory modalities?
Future studies should use (eg, purely visual) control
paradigms to separate expected deficits in motor meta-
cognition in FMD from a more general metacognitive
deficit. Also, it would be valuable to compare patients
with FMD with neurological patients with similar phe-
nomenology but known structural origin of motor
symptoms.” This would allow clarifying whether
observed deficits are specific to FMD or might partly be
explained by the experience of (involuntary) pathologi-
cal movements per se. A recent study including such a
nonfunctional control group indicated that misdirection
of spontaneous attention and effects of an attentional

manipulation on reaching movements are specific
to FMD.*

A more homogeneous patient sample (eg, only gait dis-
turbance or only functional tremor) may have resulted in
more homogeneous experimental outcomes but would
have made our sample less representative of the diversity
of motor symptoms occurring in FMD. Also, it would
have precluded exploratory subgroup analyses. Our
groups of patients with FMD and HCs were carefully
matched with respect to sex and age, and a control anal-
ysis confirmed group differences in visuomotor and
metacognitive performance are not attributable to small
group differences in IQ. Performance accuracy in the tra-
jectory judgment (“type-17) task was standardized by an
adaptive procedure, because metacognitive measures are
affected by type-1 accuracy.'® In addition, our main
measure of metacognitive performance, the “M-ratio,” is
designed to correct for remaining variation in type-1
accuracy.”® This is of critical importance for the interpret-
ability of our results. For instance, a recent meta-analysis
on metacognition in schizophrenia concluded that
reported (and plausibly expected) metacognitive deficits
are inflated by (or even fully attributable to) nonequated
response accuracy in the primary task.?’

FMD is a common condition. Up to 20% of patients
seen in movement disorders clinics have FMD.?*!
However, the pattern of care is highly inconsistent, and
many patients feel dissatisfied with the treatment.’*? If
misdirected attention and exaggerated expectation of
conscious control are “higher-level” pathophysiological
processes in different patients with FMD regardless of
clinical phenomenology, then behavioral approaches
aiming at flexibly refocusing attention and reexamining
potentially harmful metacognitive beliefs might be ben-
eficial.>* A clinical feasibility study using this approach
as an intervention is currently underway.”’

To conclude, a reduction of metacognitive insight
into voluntary motor control appears to play a crucial
role in the pathophysiology of FMS. This finding is a
starting point for the development of novel mechanism-
based behavioral interventions. ®
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