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Misdirected attentional focus in functional tremor

Anne-Catherine M. L. Huys,' Patrick Haggard,? Kailash P. Bhatia' and Mark J. Edwards?

Abstract

A characteristic and intriguing feature of functional neurological disorder is that symptoms
typically manifest with attention and improve or disappear with distraction. Attentional
phenomena are therefore likely to be important in functional neurological disorder, but
exactly how this manifests is unknown. The aim of the study was to establish whether in
functional tremor the attentional focus is misdirected, and if this misdirection is detrimental

to the movement, or rather reflects a beneficial compensatory strategy.

Patients with a functional action tremor, between the ages of 21-75, were compared to two
age and gender matched control groups: healthy controls and patients with an organic action
tremor. The groups included between 17 and 28 participants. First, we compared the natural
attentional focus on different aspects of a reaching movement (target, ongoing visual
feedback, proprioceptive-motor aspect). This revealed that the attentional focus in the
functional tremor group, in contrast to both control groups, was directed to ongoing visual
feedback from the movement. Next, we established that all groups were able to shift their
attentional focus to different aspects of the reaching movement when instructed.
Subsequently, the impact of attentional focus on the ongoing visual feedback on movement
performance was evaluated under several conditions: the reaching movement was performed
with direct, or indirect visual feedback, without any visual feedback, under three different

instruction conditions (as accurately as possible / very slowly / very quickly), and finally as a
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preparatory movement that was supposedly of no importance. Low trajectory length and low

movement duration were taken as measures of good motor performance.

For all three groups, motor performance deteriorated with attention to indirect visual
feedback, to accuracy, and when instructed to move slowly. It improved without visual
feedback and when instructed to move fast. Motor performance improved, in participants
with functional tremor only, when the movement was performed as a preparatory movement

without any apparent importance.

In addition to providing experimental evidence for improvement with distraction, we found
that the normal allocation of attention during aimed movement is altered in functional tremor.
Attention is disproportionately directed towards the ongoing visual feedback from the
moving hand. This altered attentional focus may be partly responsible for the tremor, since it
also worsens motor performance in healthy controls and patients with an organic action
tremor. It may have its detrimental impact through interference with automatic movement

processes, due to a maladaptive shift from lower- to higher-level motor control circuitry.
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Introduction

Functional neurological disorders are the second most common diagnosis (16%) in new
patients attending neurology outpatient clinics.! They lead to as severe an impairment in
quality of life as the equivalent organic diseases and overall carry a poor prognosis.”= Yet, as
opposed to the majority of other neurological disorders, long term improvement or resolution

of symptoms can occur, providing an extra impetus to improving treatments.
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A characteristic and intriguing feature of functional movement disorders is that they typically
manifest with attention to the affected body part or symptom and improve or even disappear
with distraction, i.e. when performed automatically.® In functional paralysis for example,
voluntarily movement is impaired, but normal movements occur during automatic
movements; e.g. during posture readjustment, or gesturing while talking. In functional
dysarthria, speech is typically normal in semi-automatic utterances. Functional tremor
improves or disappears with distraction. Distractibility is therefore the hallmark diagnostic

feature of functional movement disorders.

Attention clearly plays a crucial role in the expression of the abnormal movement patterns in
functional movement disorders, raising the intriguing possibility that misdirection of attention
may play some part in the pathogenesis. However, the concept of distractibility in functional
movement disorders is based only on shifting the patients’ attention by engaging them in
some additional task. Here we use the more granular concept of focus of attention. Skilled
movement involves successfully allocating attention among different relevant signals, that
are spatially distinct, including the target, and the moving limb.” There is no experimental
evidence as to where the spontaneous focus of attention typically lies in functional movement
disorders. There is some evidence of increased gaze towards the affected limb during clinical
examination.! It remains unclear which attentional foci are beneficial, and which
detrimental. In order to improve treatment options, it is crucial to clarify (a) if the attentional
focus is misdirected in functional movement disorders compared to controls, (b) if such a
misdirected attentional focus is detrimental to the movement and partly causative of the
abnormal movement or in fact a beneficial strategy which helps minimise the abnormal
movement, (¢) which attentional foci improve symptoms. We set out to comprehensively
assess attentional focus and its effect on movement performance in a functional movement

disorder. Clinical experience suggest that attention plays a role in all functional movement
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disorders, and likely in functional neurological disorder in general. However, we focussed
our investigations on people with functional action tremor because a tremor can change
rapidly, can be accurately measured and even can occasionally manifest in healthy

individuals.

In the first part of this study we aimed to assess if there is a specific aspect of the movement
towards which attention is abnormally directed in people with functional tremor. Given the
absence of experimental evidence as to which aspect of a movement, if any, attention is
primarily focused on in functional tremor or indeed any functional movement disorder, we
tested all major possibilities: the proprioceptive aspect of the movement, the ongoing visual
feedback of the movement, the target, or a movement-unrelated aspect. Based on our clinical
experience and on beneficial and detrimental attentional foci in the context of sports!!~13, we
hypothesised that the attentional focus in functional tremor would be misdirected either on

proprioceptive-motor information or on the ongoing visual feedback.

In order to distinguish the influence of the functional aspect from the mere influence of a
tremor, people with functional tremor were compared not only to healthy controls but also to
people with an organic tremor. We subsequently evaluated if people with functional tremor
are able to shift their attentional focus to different aspects of a reaching movement. In the
second part we set out to systematically evaluate whether the detected natural attentional
focus in functional tremor improves or worsens performance. Thus, if it is a beneficial
compensatory mechanism that has been adopted in the face of the abnormal movement, so as
to minimise its severity; if it has no influence on performance; or if it has a detrimental effect

on movement, and can hence be presumed to be partly causative.
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Materials and methods

Part I: Natural attentional focus

Participants

The participants were patients with a functional action tremor and two age and gender
matched control groups: patients with an organic action tremor (dystonic tremor, essential
tremor, Wilson’s disease) and healthy controls. Almost all patients were recruited from the
clinical practice of two functional/movement disorders specialists (KPB and MJE). Two
functional tremor participants took part after finding the study on ClinicalTrials.gov.
Exclusion criteria comprised cognitive impairment, parkinsonism, inability to perform the
experiment, age under 18 or over 80. Further exclusion criteria for the organic tremor
subjects were a concomitant functional neurological disorder; and for the functional tremor
patients the presence of any additional neurological condition other than headache disorders.
All participants” diagnoses were confirmed by a further neurologist (ACH). Functional
tremor was confirmed if there was clear distractibility with or without entrainability. We also
excluded undiagnosed movement disorders in the healthy controls. The latter were patients”
relatives, acquaintances, and healthy volunteers recruited from University College London’s
registries. The study was approved by the local ethics committee (London-Bromley Research
Ethics Committee, reference: 16/L0O/1463), registered on ClinicalTrials.gov (reference:
NCT02905877), and carried out in accordance with the Declaration of Helsinki.'*

Participants gave their written, informed consent.
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One patient with an organic tremor was excluded because cognitive impairment became
apparent during testing. The numbers and characteristics of the remaining study participants
(age, gender, visual acuity measured by a hand-held Snellen chart and Raven’s progressive
matrices scores measuring non-verbal 1Q) are summarised in Supplementary Table 1 (Table 4

also provides the number of participants).

Procedure

Participants were seated at a table in a quiet room. They performed reaching movements of
their index finger on a touchpad (Wacom® Intuos Pro L) from a starting position to a visual
target 24cm straight ahead. The hand and arm were hidden underneath a horizontal screen
(20-inch computer screen, 60Hz refresh rate) onto which the starting point, the target and the
finger position were projected in real time, and at real distances (Fig. 1A). Subjects were
instructed to perform the movement at a comfortable speed, in one continuous straight
movement, without interruption and without lifting the finger off the touchpad. The display
was presented, and responses recorded using MATLAB® R2015b (MathWorks®, Natick,

MA, USA) in conjunction with the Cogent 2000 toolbox (www.vislab.ucl.ac.uk/cogent.php).

The natural focus of attention was quantified through the measurement of detection
thresholds of changes involving different aspect of the reaching movement, using the logic
that detection of a change in an attended signal occurs more readily than detection of a
change in the same signal when unattended.!> By measuring the threshold for detection of
change of three different key aspects of movement, namely the motor-proprioceptive signal,
the visual finger position signal (“cursor”) and the visual target signal, we quantified the
groups’ attention at these loci. The control groups, particularly the healthy controls, were

expected to primarily focus on the target’°. During movement execution, attentional focus
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frequently shifts from one aspect of the movement to another, predicting mostly small

differences between the groups. Table 1 indicates the logic underlying possible effects.

In order to detect if attention in functional tremor was naturally focused on the target, we
measured their threshold for detecting a change in target position (Table 1). In the target jump
condition, the target dot jumped to either side once during the reaching movement (Fig. 1B).
The jump amplitude was increased by one pixel from trial to trial, until it was detected. As in
all subsequent conditions, after each trial, participants were asked if they had any comments
to make. They were instructed to make a comment if anything unusual happened, e.g. if they
did not perform the movement in one smooth movement, overshot the target, or if anything
else unusual happened. When participants detected the change, they were asked on how
many trials they had noticed it without making any comments, thereby giving the
spontaneous detection threshold. The first change was always preceded by three baseline

trials without change.

In the target and cursor luminance change conditions, the luminance of the target, or the
cursor respectively, decreased from trial to trial until the change was spontaneously detected
(Fig. 1D, 1E). It did so linearly from full luminance (white [1,1,1]) to minimum luminance
(black [0,0,0]) in 20 equal steps (steps of [0.05,0.05,0.05] in a [Red Green Blue] scale). The
detection threshold for the cursor luminance change quantified the attentional focus on the

ongoing visual feedback of the movement (Table 1).

Hiding the moving arm and giving indirect visual feedback via a visual cursor allows
experimental manipulations that can dissociate visual feedback from proprioceptive-motor
information about hand position. Thus, in our added deviation condition, a fixed angular
deviation to either side was added to the cursor movement (Fig. 1C).!¢ The added deviation

amplitude increased by 1° on each successive trial, until it was spontaneously detected. Note
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that when the visual feedback is distorted by an added deviation, healthy volunteers are
known to automatically, without being aware of doing so, adjust their trajectory up to about
14°, so that the resulting visual feedback is a straight line.!” A natural attentional focus on
internal, proprioceptive information would lead to improved detection of the added deviation.
A strong attentional focus on visual feedback would predict a worse performance on the
detection of an added deviation, because the proprioceptive information, being unattended,
would need to be highly discrepant before its mismatch with the visual feedback was
detected. (Table 1) The order of the conditions was randomised so as to counterbalance the
fact that changes tend to be detected more rapidly on later conditions, as participants look out

for them.

We subsequently evaluated whether participants could shift their attentional focus to different
aspects of the movement. Following the spontaneous detection of the change, the same
experiment was repeated twice, but participants were instructed to detect the change in

question. The lowest detection threshold was taken as the attended detection threshold.

Part II: Attention to visual feedback alters movement
performance

Part I demonstrated that the natural attentional focus of patients with functional tremor lies
predominantly on the ongoing visual feedback of their movement. The central question for
the second part of the study is whether this attentional focus is beneficial or detrimental to

successful movement. We hypothesised that it is detrimental.

In part II, participants’ attentional focus was manipulated onto or away from its visual
feedback during a reaching movement, and the effect on movement performance was
measured. Since manipulating the attentional focus is not straightforward, it was attempted in

several ways, by changing (a) the presence and nature of visual feedback of the moving hand,
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(b) the instructions given to the participants about how to move and (c) participants’
spontaneous changes in visual attention due to the level of apparent importance of their
movements. Observing systematic change in functional tremor symptoms under all three
types of attention manipulation would potentially add generality to the findings. Table 2
summarises the predictions of the different conditions/instructions on movement
performance, if attention to the ongoing visual feedback is indeed detrimental to functional

tremor.

Participants

All subjects who performed part I, performed parts of part II. Two to three sessions were
required to perform all conditions. Many individuals only attended one session. Between 20

and 23 participants were recruited for the different experimental conditions.

Exclusion and omissions: Four patients with a functional tremor were excluded because their
tremor was severe at the beginning of the session and improved over time in a linear fashion,
thus making any effects linked to the attentional manipulations uninterpretable. One patient
with an organic tremor was excluded due to cognitive impairment. Several patients
completed only parts of the experiment because of time constraints, fatigue, or discomfort,
thus leading to unequal numbers of participants in the different conditions. The

characteristics of the included participants per condition are detailed in Table 3.

Procedure
The identical reaching movement from a starting point to a target as in part [ was performed.
The attention to the visual feedback was manipulated by performing the same reaching

movement in the following ways:

- Baseline with direct visual feedback: with direct vision of their hand and the

touchpad.
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Baseline with indirect visual feedback: with the hand hidden underneath a horizontal
screen, on which the start, the target and the current fingertip position on the touchpad
were projected in real time (setup as in part [, Fig. 1A until the target was reached).
Absent visual feedback: as in Fig. 1A with the starting point and the target shown on
the screen but with the cursor dot disappearing as soon as it moved from the starting
point.

Accuracy: with direct visual feedback with the instruction to try hard to make the
entire reaching movement as accurate, i.e. as straight as possible.

Fast: with the instruction to perform the reaching movement very quickly, intended to
remove any tendency to focus on the visual feedback during the movement.

Slow: with the instruction to perform the reaching movement very slowly, intended to
force the participants to monitor the visual feedback and consciously slow down the

movement.

In two further conditions, attention was distracted away from the movement and its visual

feedback, by making participants think that the movement was of no importance, but simply a

preparatory movement before the actual task.

To the start condition: participants were asked to move their finger to the starting
point, just in order to get ready for a downward reaching movement that followed.
Unbeknownst to them, the reaching movement to the start position was analysed.

Beyond the movement condition: when the target was reached, it flashed up as a large
disk for 50ms. The task was to estimate the time interval between having reached the
target (flash) and a tone that was played shortly after. Participants were told that it
would vary between 1 and 1000ms, in reality the interval was either 300ms, 600ms or

900ms. Thus, the reach to the target was a preliminary to this time estimation task.
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In all these attentional manipulation conditions, the requirement to reach from the start to the
target was identical. Thus, the only aspect that varied, was the attentional focus, or the

instructions about how to move.

The order of the conditions was randomised, except for one of the baseline conditions
(baseline with direct or indirect visual feedback), which was always performed first and
averaged with repetitions at the very end of the session. The number of trials per condition

are detailed in Table 3.

Movement performance / tremor was measured in terms of trajectory length (shorter path
lengths indicating straighter lines) and movement duration (faster movements indicating
better performance). The finger position on the touchpad was recorded every 16ms. The
direct trajectory between the starting point and the target was 792 pixels for the baseline with
indirect visual feedback, the “beyond the movement” and the “to the start” conditions. For
technical reasons it was 760 pixels for all other conditions. Thus, when comparing the
baseline with direct visual feedback to the baseline with indirect visual feedback, 760 pixels

was used as the cut-off for both. Ten pixels correspond to 3mm.

Statistical analysis

The absence of previous studies of this type and the presence of multiple conditions
precluded meaningful sample size calculations. Instead, sample sizes of at least 20
participants per group were aimed for, based on a conservative estimate given the sample
sizes of previous movement studies in functional tremor, which included nine, 11 and 13
patients respectively, and the added deviation study, on which one of the conditions was

based, which included 15 neurological patients.!%:17-19

In part I, the data was analysed by means of one-way ANOVAs, or its non-parametric

equivalent the Kruskal-Wallis test (with ties) if the assumption of homogeneity of variance
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was not met (Levene’s test). In case of a significant result, two sample t-tests or its non-
parametric equivalent in case of non-normal distributions (Shapiro-Wilk normality test)
compared the functional tremor group to either control group. Sidak-Holm corrections

adjusted for multiple comparisons.

In part II, trials whose path lengths were outliers (1.5 times the interquartile range above the
31 quartile of that condition and participant) were inspected and excluded if they had the
appearance of a clearly abnormal movement compared to the individual’s other trials, e.g.
large, unusual sideways or back and forth movements, which were not attributable to the
participant’s tremor. On average, two to three trials were excluded per subject. Not all
participants performed all conditions and participants performed conditions on different days.
In view of symptom variability over time, only conditions performed by the same individual
on the same day were compared to each other. Unless otherwise stated, within each group,
each condition was compared to its appropriate baseline condition, either with direct or
indirect visual feedback respectively, by means of paired t-tests or its non-parametric
equivalent the Wilcoxon signed-rank test in case of non-normal distributions (Shapiro-Wilk

normality test).

The significance level for all tests was set at 0.05, two-tailed. Effect size estimates were
based on eta squared (1), Cohen’s d and Pearson’s r. The 95% confidence interval of the
effect sizes are provided. MATLAB® R2015b (MathWorks®, Natick, MA, USA), STATA®
(StataCorp. 2013. Stata Statistical Software: Release 13. TX: StataCorp LP) and SPSS®

(Version 27.0, Armonk, NY: IBM Corp) were used for data analysis.

Data availability
Our ethics agreement prevents data being openly available, but individual researchers may

request deidentified participant data from the corresponding author. The Matlab® and
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STATA® scripts used for the study and its analysis are available upon request from the

corresponding author.

Results

Part I: Natural attentional focus
There was no significant difference between the three groups with regards to the spontaneous

detection threshold of the target jump nor the target luminance change (Table 4).

However, the spontaneous detection threshold for the cursor changing in luminance was
significantly different between the three groups with a moderate to large effect size (Table 4).
The functional tremor patients were significantly better at detecting a change in the cursor
luminance than the organic tremor patients, with a large effect size. They were also

significantly better than the healthy controls with a moderate to large effect size. (Table 4)

The spontaneous detection of an added cursor deviation also differed significantly between
the three groups with a moderate effect size. The functional tremor group demonstrated
significantly worse detection thresholds compared to the healthy controls with a large effect
size, but the numerically worse performance in the functional tremor group compared to the
organic tremor group was not statistically significant. There was no significant difference
between the organic tremor group and the healthy controls indicating that worse performance

was not simply linked to the presence of a tremor, rendering the task more difficult. (Table 4)

Performing analyses of covariance (ANCOVA), covarying for age, Raven’s score and visual

acuity, made no difference to the key inferences (see Supplementary Table 2 for full details).
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The attended detection thresholds for each of the four signals did not differ between the
functional tremor group and the control groups (Table 4, Supplementary Table 2). There was
a trend for a difference in the attended detection threshold for the target luminance. However,
this trend could not be unequivocally ascribed to functional tremor, since the functional
tremor group was only significantly worse than the healthy controls, but not than the organic

tremor controls (Table 4).

Patients with functional tremor showed improved detection of a change in luminance of
visual feedback, compared to both patients with an organic tremor and healthy controls. The
worsened spontaneous detection of an added deviation in the functional tremor group,
compared to healthy controls, and numerically, though not statistically significantly
compared to the organic tremor group, partly reinforces the finding of an increased
attentional focus on the ongoing visual feedback of the movement (Table 1). Thus, the natural
attentional focus of patients with functional tremor appears to lie on the ongoing visual
feedback of their own movement. The central question for part II of the study is whether this

attentional focus is beneficial or detrimental to functional tremor.

Part II: Attention to visual feedback alters movement
performance

The baseline trajectory path lengths and durations in all three groups individually were
significantly prolonged with indirect compared to direct visual feedback, with large effect

sizes (Table 5, Fig. 2A, Supplementary Fig. 1).

The trajectory path lengths in all three groups were improved without any visual feedback
compared to the baseline with indirect visual feedback, with large effect sizes in both tremor
groups and a medium effect size in the healthy controls (Table 5, Fig. 2B, Supplementary

Fig. 2). The durations were not significantly different in either group (Table 5, Fig. 2B).
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Focusing on the accuracy of the movement compared to the baseline condition, both with
direct visual feedback, significantly prolonged the path lengths in all three groups, with large
effect sizes in both tremor groups and a medium effect size in healthy controls. It
significantly slowed down the movement in all three groups and did so with large effect sizes.

(Table 5)

Performing the movement very slowly, significantly lengthened the path lengths in all three
groups with large effect sizes compared to the baseline condition (both performed with
indirect visual feedback) (Table 5, Fig. 3A, Supplementary Fig. 3-5). The significantly

prolonged durations confirmed that the instructions were followed (Table 5, Fig. 3A).

Performing the movement very quickly and ignoring the final precision of reaching the target
without overshooting, made the trajectory significantly straighter in all three groups
compared to the baseline condition (both performed with indirect visual feedback), and it did
so with a large effect size in all groups (Table 5, Fig. 3A, Supplementary Fig. 3-5). The
significantly faster durations confirmed that the task was performed correctly (Table 5, Fig.

3A).

Paying attention to something occurring after the end of the reaching movement (“beyond the
movement” condition) compared to the baseline condition (both performed with indirect
visual feedback), significantly shortened the path length in the functional tremor group with a
large effect size, but had no effect in either control group (Table 5, Fig. 3B, Supplementary
Fig. 6A & 7). It led to significantly faster movements in all three groups with a medium to
large effect size in the functional tremor group and large effect sizes in both control groups

(Table 5, Fig. 3B, Supplementary Fig. 6A).

Performing the same reaching movement as a preparatory movement (moving to the starting

point) compared to moving to the target in the baseline condition (both performed with
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indirect visual feedback) led to significantly shorter path lengths in the functional tremor
group but had no effect on either control group (Table 5, Fig 3C, Supplementary Fig. 6B &
8). It significantly shortened the movement durations in all three groups with large effect

sizes (Table 5, Fig 3C, Supplementary Fig. 6B).

There was no strong relation between age and movement speed (all attentional manipulation
conditions (excluding slow and fast conditions): #°=0.02). Thus, age had virtually no effect

on the approach to speed-accuracy trade-offs.

Discussion

Our findings provide experimental evidence for the long-known characteristic of improved
performance in a functional movement disorder with distraction. Yet they go further. It is the
first study that tested the more granular concept of focus of attention during movement
execution in a functional movement disorder. Accordingly, we used spontaneous change
detection of relevant movement-related signals during a reaching task to identify where
patients and controls attend during reaching (part I), and signal-related or strategic, instructed
changes in attention to investigate the effects of this attentional focus on reaching movement

kinematics (part II).

We found better spontaneous detection of a luminance change in visual feedback by patients
with a functional tremor compared to both patients with an organic tremor and healthy
controls. This suggests that the natural attentional focus of people with functional tremor lies
on the ongoing visual feedback of their movement, to a greater extent than the other groups.
The better performance compared to either control group excludes an attentional focus on a

movement unrelated aspect, or a global impairment of attention. Furthermore, detection
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thresholds when instructed what to look out for did not significantly differ between the three
groups for either condition. This further points to the absence of a global impairment and
importantly shows patients’ ability to shift their attentional focus. The second part of the
study manipulated the attentional focus onto and away from the ongoing visual feedback so

as to clarify its effect on movement performance.

In the “moving to the start” and the “beyond the movement” conditions, the experimental
paradigm was designed to cause participants to believe that the movement was a simple
preparatory movement of no importance. All groups performed it faster, as unimportant
movements tend to be performed carelessly and quicker. As opposed to either control group,
patients with a functional tremor performed the movement under those circumstances better,
straighter, than when they did the same movement knowing that it was of some importance.
We have made the assumption that these movements were performed in a fairly “attention-
free” manner. Thus, not giving the movement and its outcome much importance, and by
implication not paying attention to it, appears beneficial in functional tremor. This provides
experimental evidence for the known clinical characteristic of improvement with distraction.
The fact that there is no clear difference between the attention-free and the “attentionful”
conditions in either control group seems to indicate that it is not the absence of attention that
leads to improvement, but rather that in patients with functional tremor there is something
detrimental about the attentional focus during “attentionful” movements. Our results from the
other experimental conditions indicate that this disadvantageous attentional focus seems to be

attention to visual feedback.
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Having an unnatural, indirect visual feedback, increases attention to the visual feedback and
in our study worsened performance. Similarly, focusing on the accuracy of the movement and
hence on its visual feedback led to worsening. Not having any visual feedback led to
improved performance. The findings of the visual feedback and accuracy conditions can be
interpreted as indicating that paying attention to the ongoing visual feedback of the
movement, particularly in terms of its quality is detrimental. This is in keeping with findings
from previous studies which showed worsened physiological tremor with enhanced
(magnified) visual feedback and worsened essential tremor with visual feedback with or

without an additional attempt to minimise tremor.20-22

Performing the movement very slowly led to worsening and performing it very quickly to
improvement in all three groups. Part of the reason for both tremor groups is that longer
durations allow a larger number of tremor oscillations to occur. In most conditions, prolonged
path lengths were accompanied by slower execution. However, in the absent visual feedback
condition, the durations were not dissimilar to the those in the baseline condition, yet the path
lengths were shortened. Thus, improvement or worsening of the trajectory’s straightness is
not necessarily linked to speed of movement. Furthermore, there is more to a slow or a fast
movement than its speed. Performing a movement at an unnaturally slow pace requires
attention to the actual movement and probably also its visual feedback, so as to slow it down
but at the same time prevent it from stopping. During a quick movement, ongoing visual
feedback becomes fairly irrelevant, there is no time for any movement interference and so the
movement is executed unperturbed. Thus, part of the worsening in the slow condition might
be due to the effect of attention to the visual feedback and part of the improvement in the fast

condition due to its absence.
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Limitations of this study are that the groups” memory abilities or readiness to spontaneously
report could have confounded the results. However, such a confounder would have been
present across all conditions. Higher and lower detection thresholds in different conditions
between the groups excludes such a confounder. Not all subjects performed all attentional
manipulation conditions, and those who did, did so on different days. It would have been too
onerous to perform all conditions in a single session. This limitation was mitigated by
randomising who performed which conditions, by repeating the baseline condition during
each session and by only comparing conditions performed on the same day. Nevertheless,
this precluded more complex analyses, comparing multiple conditions at once. A further
limitation is tremor measurement in only two dimensions and without accelerometery. Both
were considered initially but would have necessitated attachment of measuring devices onto
the finger. Given this might have directly impacted the movement or drawn attention onto
the attachment site, we decided against these additional measures. Since the use of a touchpad
constrained movements to two dimensions in any case, the absence of the third dimension
may be less important. Additional measures might, however, give additional valuable
information and could be reconsidered in future studies. Another possible limitation is that
some patients, particularly organic tremor patients, only had a mild tremor, making the
attentional manipulation effects rather small. However, changes could even be detected in
healthy controls. Attentional focus keeps shifting to different aspects of a reaching movement
during its execution and it is not the only pathophysiological driver of functional tremor. This
helps explain, why the attentional foci effects on the trajectory length are numerically
relatively small. Nevertheless, they play an important contributing role, that makes a
clinically relevant difference. Functional tremor may be diagnosed on grounds other than
distractibility, such as entrainment or pauses with ballistic movements. Nevertheless,

distractibility, its hallmark feature, was deemed an essential inclusion criteria, so as to avoid
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potentially including patients without functional tremor or with only functional overlay. In
clinical practice, distractibility is sometimes hard to demonstrate, as patients perform the
distraction tasks inadequately, likely because of attentional focus onto the tremor. Yet outside
of the formal clinical examination, distractibility can still be observed in the majority of such

patients, so we postulate that our results apply to functional tremor in general.

Thus, our findings indicate that attention in patients with functional tremor as opposed to
healthy controls and patients with an organic action tremor, is misdirected onto the ongoing
visual feedback of their movement. In accordance with previous studies mentioned above,
our results indicate that rather than being a simple epiphenomenon or beneficial
compensatory strategy, this misdirected attentional focus on the visual feedback is
detrimental; since such an attentional focus led to worsening of the movement in the two
control groups, it can be presumed to be at least partly involved in impairment of movement
control in those with functional tremor. Our results raise the interesting possibility that
functional movement disorders might be considered, at least in part, pathologies of the

attention system rather than pathologies of the motor system.

The likely mechanism by which attention to the visual feedback leads to impaired movement
is by interfering in the automatic, implicit execution of the movement and replacing it with
explicit control of movement. This is in accordance with previous findings of normal reaction
times in functional movement disorders when a movement cannot be prepared in advance and
impaired performance when the movement can be prepared in advance, thus enabling explicit
control.'>? When learning a new motor skill, conscious, explicit control is required, but once

the skill is mastered, implicit control mechanisms take over. Implicit movement control is by
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definition automatic, hence not utilising attentional resources. Compared to explicit control of
movement, it leads to smoother and better performance.'!?* Stated differently, explicit,
attentionful control of movement interferes with automatic movement control, making
movement slower, less smooth and ultimately less well performed. Multiple studies in the
context of sports have shown that an internal, body oriented focus of attention (closely linked
to explicit control of movement), as opposed to an external, goal oriented focus of attention

(closely linked to implicit control of movement), is detrimental to performance.!?1325

Most healthy individuals have experienced situations during which they paid particular
attention to the outcome of their movements and tried hard to make them “natural” or perfect
but instead provoked unnatural, awkward movements or behaviours. Common examples are
public speaking, exams, acting, music performances, sports competitions, or simply trying to
impress. In sports, the term “choking under pressure” is applied to this phenomenon. It is
likely that in these situations, abnormal attentional focus onto the process of movement
production (e.g. immediate visual feedback from the moving body) deployed as a strategy to
make sure movement is correct, interferes with implicit execution of movement and

ultimately impairs performance.?

Sports related studies furthermore demonstrate increased muscular activation with an
internal, body oriented focus of attention, as opposed to an external, goal oriented focus of
attention.'>!325  Similarly, augmented visual feedback not only increases physiological
tremor, it also leads to increased muscular activity.?* Physiological tremor increases with
agonist-antagonist co-contraction or contraction strength.?’8 Co-contraction is a known sign
of functional tremor.® We therefore hypothesise that attention focused on the visual feedback
while the movement is still ongoing, in addition to interfering in implicit movement control,
also leads to increased muscular activity and that this directly contributes to the generation of

the functional tremor. This is likely to be of particular relevance in patients who exhibit co-
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contraction on clinical examination. Future studies could test this hypothesis, by
electromyographic measures of identical movements under different attentional foci
conditions. In view of co-contraction, ideally an agonist-antagonist pair should be measured,
with a further distinction between patients with and without a pre-existing co-contraction

sign.

Functional imaging in functional movement disorders frequently shows an increased
prefrontal cortical activation (particularly ventromedial prefrontal cortex, anterior cingulate
cortex and dorsolateral prefrontal cortex), which has frequently been interpreted as indicating
its inhibition of the motor system or of an abnormally activated limbic system.?*33 An
alternative explanation is that it is due to increased self-monitoring.’® Similar patterns of
prefrontal cortical activity are observed when healthy subjects pay attention to the individual
components of an automatic movement sequence.** A functional imaging study with
attentional manipulations onto and away from the movement and its visual feedback as
described here, could directly test these differing hypotheses. We postulate that attention to
the ongoing visual feedback would recreate this abnormal prefrontal cortical activation in
control subjects; and conversely, that attention away from the movement and its ongoing

visual feedback would normalise this abnormal activation in people with functional tremor.

Neurobiological and psychological pathophysiological theories of functional neurological
disorder typically include an important role for abnormal attention towards the body/self. For
example, in predictive coding models, attention operates as a gain or “volume” function,
increasing the precision or strength of abnormal prior predictions.?3 Physical triggering events

(injuries, acute illnesses) are common in people with functional movement disorders.36-7
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Abnormal attentional focus onto physical symptoms occurring in these events may be an
important factor. Similarly, 12% of those with neurological illness also develop functional

neurological disorder, possibly involving similar attentional mechanism.38-40

Changing from an automatic, implicit way of moving to an explicit, more conscious way of
moving, leads to several additional secondary consequences: Since explicit control of
movement is slower than implicit movement control, actions necessarily become slow, and
since they are no longer performed automatically, they become effortful. Explicit control of
movement, through utilisation of attentional resources can furthermore help explain the
commonly observed interference of voluntary actions with functional movement disorders.*!
Utilising attentional resources for movements that are generally performed implicitly, places
a strain on the limited cognitive resources, leading to likely secondary executive difficulties

with subsequent cognitive complaints and fatigue.4>*

This study did not elucidate whether increased attention to the ongoing visual feedback is a
predisposing risk factor, or a maladaptive compensatory strategy. At first sight it might
appear that the presence of a movement disorder would lead to checking behaviours, with
attempted increased visual control of the movement. However, the presence of an organic
tremor would predict a similar shift in attentional focus. Another intriguing possibility might
be an unusual degree of visual dominance in functional tremor. Vision is a dominant
modality in many multisensory scenarios, including the added deviation manipulation in this
study, the rubber hand illusion and the McGurk effect.*»*> People vary in the degree of
expressed visual dominance.** Could high visual dominance represent a predisposing factor

for the development of functional movement disorders? One study reported rubber hand
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illusions in functional movement disorders, and found no difference from a control group.4¢
We suggest that a direct comparison of visual dominance measures for affected and

unaffected limb in functional tremor patients would be a valuable line of future research.

The present findings have treatment implications. Performing a movement excessively slowly
worsens it. Patients should be advised to avoid moving their affected limb slowly, but instead
perform the movement at normal, or even better, at fast speed. Furthermore, the study showed
that patients with functional tremor are able to shift their attentional focus to different aspects
of their movement, thus providing an essential prerequisite for treatments involving
distraction and shifting the attentional focus. Indeed, specific physiotherapy approaches to
functional movement disorders that utilise, in part, distraction/training attention away from
movement have been found to be effective.#” Some psychological techniques, such as
grounding and mindfulness, which can be effective in people with functional neurological
disorder are also based on attentional diversion/direction. Biofeedback techniques using eye
tracking coupled to tremor severity or other movement performance measures could be used

as treatment modalities, helping retrain attentional focus away from visual feedback.

Acknowledgements

The authors thank all study participants and Mr Simon Langer for his assistance in the early

stages of data acquisition.

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

1 Z0Z @unp gZ Uo Jasn uopuoT Jo AusisAlun s,061099) 15 Aq £2850£9/0EZqeMe/UIRIq/S60 ] 0 | /10P/a[o1e-80UBAPE/UIRIC/WO02 dNo dlwapede//:sdjjy Woll papeojuMO(]



Brain Page 26 of 52

Funding

The study was funded by Dr Anne-Catherine Huys’ Guarantors of Brain Entry Scholarship
and her Association of British Neurologists Clinical Research Training Fellowship, Patrick

Berthoud Charitable Trust. The funders had no involvement in any part of the study.

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary material is available at Brain online.

References

1. Stone J, Carson A, Duncan R, et al. Who is referred to neurology clinics?--the
diagnoses made in 3781 new patients. Clin Neurol Neurosurg. 2010;112(9):747-751.
doi:10.1016/j.clineuro.2010.05.011

2. Carson A, Stone J, Hibberd C, et al. Disability, distress and unemployment in
neurology outpatients with symptoms “unexplained by organic disease”. J Neurol
Neurosurg Psychiatry. 2011;82(7):810-813. doi:10.1136/jnnp.2010.220640

3. Gelauff J, Stone J, Edwards M, Carson A. The prognosis of functional (psychogenic)
motor symptoms: a systematic review. J Neurol Neurosurg Psychiatry. 2014;85:220-
226. doi:10.1136/jnnp-2013-305321

4. Stone J, Sharpe M, Rothwell PM, Warlow CP. The 12 year prognosis of unilateral
functional weakness and sensory disturbance. J Neurol Neurosurg Psychiatry.
2003;74:591-596. doi:10.1136/jnnp.74.5.591

5. Gelauff JM, Carson A, Ludwig L, Tijssen MAJ, Stone J. The prognosis of functional
limb weakness: a 14-year case-control study. Brain. 2019;142(7):2137-2148.
doi:10.1093/brain/awz138

1 Z0Z @unp gZ Uo Jasn uopuoT Jo AusisAlun s,061099) 15 Aq £2850£9/0EZqeMe/UIRIq/S60 ] 0 | /10P/a[o1e-80UBAPE/UIRIC/WO02 dNo dlwapede//:sdjjy Woll papeojuMO(]

6. Espay AJ, Lang AE. Phenotype-specific diagnosis of functional (psychogenic)

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100



Page 27 of 52

10.

11.

12.

13.

14.

15.

16.

17.

18.

Brain

movement disorders. Curr Neurol Neurosci Rep. 2015;15(6):32. doi:10.1007/s11910-
015-0556-y

Baldauf D, Wolf M, Deubel H. Deployment of visual attention before sequences of
goal-directed  hand  movements. Vision  Res. 2006;46(26):4355-4374.
doi:10.1016/j.visres.2006.08.021

Baldauf D, Deubel H. Attentional selection of multiple goal positions before rapid
hand movement sequences: an event-related potential study. J Cogn Neurosci.
2009;21(1):18-29. doi:10.1162/jocn.2008.21021

Johansson RS, Westling G, Bickstrom A, Flanagan JR. Eye-hand coordination in
object manipulation. J Neurosci. 2001;21(17):6917-6932.
doi:10.1523/JNEUROSCI.21-17-06917.2001

Van Poppelen D, Saifee TA, Schwingenschuh P, et al. Attention to self in psychogenic
tremor. Mov Disord. 2011;26(14):2575-2576. doi:10.1002/mds.23911

Wulf G. Attentional focus and motor learning: a review of 10 years of research.
Bewegung und Train. 2007;1:4-14.

Zachry T, Wulf G, Mercer J, Bezodis N. Increased movement accuracy and reduced
EMG activity as the result of adopting an external focus of attention. Brain Res Bull.
2005;67(4):304-309. doi:10.1016/j.brainresbull.2005.06.035

Lohse KR, Sherwood DE, Healy AF. How changing the focus of attention affects
performance, kinematics, and electromyography in dart throwing. Hum Mov Sci.
2010;29(4):542-555. doi:10.1016/j.humov.2010.05.001

World Medical Association Declaration of Helsinki: ethical principles for medical
research  involving  human  subjects. JAMA.  2013;310(20):2191-2194.
doi:10.1001/jama.2013.281053

Carrasco M, Ling S, Read S. Attention alters appearance. Nat Neurosci.
2004;7(3):308-313. doi:10.1038/nn1194

Fourneret P, Jeannerod M. Limited conscious monitoring of motor performance in
normal subjects. Neuropsychologia. 1998;36(11):1133-1140. doi:10.1016/S0028-
3932(98)00006-2

Slachevsky A, Pillon B, Fourneret P, Pradat-Diehl P, Jeannerod M, Dubois B.
Preserved adjustment but impaired awareness in a sensory-motor conflict following
prefrontal lesions. J Cogn Neurosci. 2001;13(3):332-340.
doi:10.1162/08989290151137386

Edwards MJ, Moretto G, Schwingenschuh P, Katschnig P, Bhatia KP, Haggard P.

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

1 Z0Z @unp gZ Uo Jasn uopuoT Jo AusisAlun s,061099) 15 Aq £2850£9/0EZqeMe/UIRIq/S60 ] 0 | /10P/a[o1e-80UBAPE/UIRIC/WO02 dNo dlwapede//:sdjjy Woll papeojuMO(]



19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

Brain

Abnormal sense of intention preceding voluntary movement in patients with
psychogenic tremor. Neuropsychologia. 2011;49(9):2791-2793.
doi:10.1016/j.neuropsychologia.2011.05.021

Pareés I, Kassavetis P, Saifee T a, et al. Failure of explicit movement control in
patients with functional motor symptoms. Mov Disord. 2013;28(4):517-523.
doi:10.1002/mds.25287

Keogh J, Morrison S, Barrett R. Augmented visual feedback increases finger tremor
during postural pointing. Exp Brain Res. 2004;159(4):467-477. do0i:10.1007/s00221-
004-1968-0

Gironell A, Ribosa-Nogué¢ R, Pagonabarraga J. Withdrawal of visual feedback in
essential tremor. Park Relat Disord. 2012;18(4):402-404.

Archer DB, Coombes SA, Chu WT, et al. A widespread visually-sensitive functional
network relates to symptoms in essential tremor. Brain. 2018;141(2):472-485.
doi:10.1093/brain/awx338

Huys A-CML, Edwards MJ, Bhatia KP, Haggard P. Modulation of Reaction Times
and Sense of Agency via Subliminal Priming in Functional Movement Disorders.
2020;11(September):1-8. doi:10.3389/tneur.2020.00989

Kahneman D. Thinking, Fast and Slow. Farrar, Straus and Giroux; 2011.

Vance J, Wulf G, Tollner T, McNevin N, Mercer J. EMG activity as a function of the
performer’s  focus of attention. J Mot Behav. 2004;36(4):450-459.
doi:10.3200/JMBR.36.4.450-459

Gallwey T. The Inner Game of Tennis.; 1974.

Stephens JA, Taylor A. The effect of visual feedback on physiological muscle tremor.
Electroencephalogr Clin Neurophysiol. 1974;36:457-464.
doi:https://doi.org/10.1016/0013-4694(74)90202-8

Carignan B, Daneault J-F, Duval C. The amplitude of physiological tremor can be
voluntarily modulated. Exp Brain Res. 2009;194(2):309-316. doi:10.1007/s00221-008-
1694-0

Marshall JC, Halligan PW, Fink GR, Wade DT, Frackowiak RS. The functional
anatomy of a hysterical paralysis. Cognition. 1997;64(1):B1-8.

De Lange FP, Roelofs K, Toni I. Increased self-monitoring during imagined
movements in conversion paralysis. Neuropsychologia. 2007;45(9):2051-2058.
doi:10.1016/j.neuropsychologia.2007.02.002

Cojan Y, Waber L, Carruzzo A, Vuilleumier P. Motor inhibition in hysterical

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 28 of 52

1 Z0Z @unp gZ Uo Jasn uopuoT Jo AusisAlun s,061099) 15 Aq £2850£9/0EZqeMe/UIRIq/S60 ] 0 | /10P/a[o1e-80UBAPE/UIRIC/WO02 dNo dlwapede//:sdjjy Woll papeojuMO(]



Page 29 of 52

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Brain

conversion paralysis. Neuroimage. 2009;47(3):1026-1037.
doi:10.1016/j.neuroimage.2009.05.023

Dogonowski A-M, Andersen KW, Sellebjerg F, Schreiber K, Madsen KH, Siebner
HR. Functional neuroimaging of recovery from motor conversion disorder: A case
report. Neuroimage. 2019;190:269-274. doi:10.1016/j.neuroimage.2018.03.061

Schrag AE, Mehta AR, Bhatia KP, et al. The functional neuroimaging correlates of
psychogenic Versus organic dystonia. Brain. 2013;136(3):770-781.
doi:10.1093/brain/awt008

Jueptner M, Stephan KM, Frith CD, Brooks DJ, Frackowiak RSJ, Passingham RE.
Anatomy of motor learning. I. Frontal cortex and attention to action. J Neurophysiol.
1997;77(3):1313-1324.

Edwards MJ, Adams RA, Brown H, Parees I, Friston KJ. A Bayesian account of
“hysteria.” Brain. 2012;135(11):3495-3512. do0i:10.1093/brain/aws129

Stone J, Carson A, Aditya H, et al. The role of physical injury in motor and sensory
conversion symptoms: A systematic and narrative review. J Psychosom Res.
2009;66(5):383-390. doi:10.1016/j.jpsychores.2008.07.010

Pareés I, Kojovic M, Pires C, et al. Physical precipitating factors in functional
movement disorders. J Neurol Sci. 2014;338(1-2):174-1717.
doi:10.1016/j.jns.2013.12.046

Huys A-CML, Bhatia KP, Haggard P, Edwards MJ. Symptom-Triggered Attention to
Self as a Possible Trigger of Functional Comorbidity. Mov Disord Clin Pract.
2021;8(1):159-161. doi:https://doi.org/10.1002/mdc3.13120

Parees 1, Saifee TA, Edwards MJ. Functional motor or somatoform disorders in PD.
Mov Disord. 2013;28(13):1907. doi:10.1002/mds.25712

Stone J, Carson A, Duncan R, et al. Which neurological diseases are most likely to be
associated with “symptoms unexplained by organic disease”. J Neurol.
2012;259(1):33-38. doi:10.1007/s00415-011-6111-0

Schwingenschuh P, Katschnig P, Seiler S, et al. Moving toward “laboratory-
supported” criteria for psychogenic tremor. Mov Disord. 2011;26(14):2509-2515.
doi:10.1002/mds.23922

Huys A-CML, Bhatia KP, Edwards MJ, Haggard P. The Flip Side of Distractibility —
Executive Dysfunction in Functional Movement Disorders. Front Neurol.
2020;11(September):1-8. doi:10.3389/fneur.2020.00969

Teodoro T, Edwards MJ, Isaacs JD. A unifying theory for cognitive abnormalities in

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

1 Z0Z @unp gZ Uo Jasn uopuoT Jo AusisAlun s,061099) 15 Aq £2850£9/0EZqeMe/UIRIq/S60 ] 0 | /10P/a[o1e-80UBAPE/UIRIC/WO02 dNo dlwapede//:sdjjy Woll papeojuMO(]



Brain

functional neurological disorders, fibromyalgia and chronic fatigue syndrome:
systematic review. J Neurol Neurosurg Psychiatry. 2018;89(12):1308-1319.
doi:10.1136/jnnp-2017-317823

44.  Longo MR, Schiiiir F, Kammers MPM, Tsakiris M, Haggard P. What is embodiment?
A psychometric approach. Cognition. 2008;107(3):978-998.
doi:https://doi.org/10.1016/j.cognition.2007.12.004

45. McGurk H, MacDonald J. Hearing lips and seeing voices. Nature.
1976;264(5588):746-748. doi:10.1038/264746a0

46. Demartini B, Ricciardi L, Crucianelli L, Fotopoulou A, Edwards MJ. Sense of body
ownership in patients affected by functional motor symptoms (conversion disorder).
Conscious Cogn. 2016;39:70-76. doi:10.1016/j.concog.2015.11.005

47. Nielsen G, Ricciardi L, Demartini B, Hunter R, Joyce E, Edwards MJ. Outcomes of a
5-day physiotherapy programme for functional (psychogenic) motor disorders. J

Neurol. 2015;262(3):674-681. doi:10.1007/s00415-014-7631-1

Figure legends

Fig. 1: Natural attentional focus experimental setup

A) Target jump: the target jumped to either side once when the cursor had passed one of five
random thresholds between 19% and 69% of the direct trajectory. B) Added deviation: an
angular deviation to the left or the right of a fixed amplitude was added to the position of the
cursor. The amplitude increased by 1° from trial to trial. The deviation was randomly added
from one of five points between 19% and 44% of the direct trajectory onwards and persisted
until the target was reached. C) Experimental setup and screen display: after a countdown
from 3 the target appeared at the top of the screen and the cursor was free to move from the
starting position. When the target was reached it turned purple [1,0,1]. Start and target dot: 15
pixels (4.5mm), colour [1,1,1]. Cursor in A and B: 10 pixels (3mm) [1,0,1]. For the target (D)
and cursor (E) luminance changes, the cursor was initially white [1,1,1] and of the same size
as the target (15 pixels). The luminance change occurred randomly at one of 5 points along
25% to 50% of the direct trajectory and reverted back to white [1,1,1] when a further 25% of
the direct trajectory had been passed.
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Fig. 2: Typical trajectories and group durations for A the direct versus indirect visual
feedback conditions and for B the absent visual feedback versus baseline conditions

For each comparison, for which there was a statistically significant difference in path length,
a typical trajectory for each condition is plotted, together with the group average durations.
Note that 100 pixels correspond to 3cm. The direct path between the start and target is 760
pixels, which corresponds to 22.8 cm. The change in tremulousness is difficult to appreciate
in these small figures. Real size trajectories of the functional tremor group are provided in the
supplementary material (Supplementary Fig.1-2). For the durations, statistically significant
differences are marked by asterisks: * P < 0.05, ** P < 0.001. The box-and-whisker plots

indicate the median, 25th and 75th percentile, upper and lower adjacent values and outliers.

Fig. 3: Typical trajectories and group durations for A the slow and fast versus baseline
conditions, B the attention beyond the movement versus baseline conditions and C the
movement to the start versus the baseline movement to the target conditions

For each comparison, for which there was a statistically significant difference in path length,
a typical trajectory for each condition is plotted, together with the group average durations.
Note that 100 pixels correspond to 3cm. The direct path between the start and target in A is
760 pixels, in B and C it is 792 pixels. The change in tremulousness is difficult to appreciate
in these small figures. Real size trajectories are provided in the supplementary material
(Supplementary Fig.3-5,7-8). For the durations, statistically significant differences are
marked by asterisks: * P < 0.05, ** P < 0.001. The box-and-whisker plots indicate the
median, 25th and 75th percentile, upper and lower adjacent values and outliers.
Supplementary Fig. 6 additionally shows typical trajectories for the beyond the movement
and to the start conditions for the control groups, for which there is no statistically significant

difference in the path lengths between the two conditions.
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Table 1 Predicted performances on the different change detection tasks according to different natural attentional foci in

functional tremor

Hypothesised Natural Attentional Focus in functional tremor Impaired
Attend to Motor  Attend to Visual Attend to Attending ability to
execution feedback from Target away from attend
movement task
Target jump / Slightly worse Slightly worse Same Worse Worse
Target luminance than controls than controls as controls than controls than controls
Cursor luminance Slightly worse Better Same Worse Worse
than controls than controls as controls than controls than controls
Added cursor Better Worse Same Worse Worse
deviation than controls than controls as controls than controls than controls

Hypotheses about precisely where the attentional focus predominantly lies in functional tremor, make different predictions
about their performance on the different spontaneous detection tasks. The control groups, particularly the healthy controls,

are expected to primarily focus on the target.
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Table 2 Predicted effects on movement performance in the different conditions, if attentional focus on the ongoing visual

Brain

feedback is detrimental to movement

Attentional manipulation
conditions / instructions

Movement performance predicted
if attentional focus on ongoing
visual feedback is detrimental to
movement

Rationale for the prediction

Absent versus indirect visual
feedback

Indirect versus direct visual
feedback

Accuracy

Slow

Fast

Movement of no apparent
importance
Beyond the movement
To the start

Improved performance without
visual feedback relative to indirect
visual feedback

Worse performance for indirect
relative to direct visual feedback

Worse performance when trying
to make the movement as
accurate as possible compared to
baseline

Worse performance with slow
relative to normal speed
movement

Improved performance with fast
relative to normal speed
movement

Improved performance with
movement of no importance
relative to relevant movement

Unable to focus on ongoing visual feedback

When feedback is indirect and unnatural,
patients rely on it even more than their
normal (high) reliance. Since any reliance on
visual feedback is detrimental, increased
reliance will impair performance more.

Increased focus on visual feedback, so as to
make the movement as accurate as possible

Increased focus on ongoing visual feedback,
so as to make the movement very slow, and
at the same time prevent it from stopping

Movement too fast for focus on ongoing
visual feedback

Movements are supposedly of no
importance, hence performed in a fairly
“attention-free” manner. If attention to
movement is detrimental, then performing
the movement in an “attention-free” manner
should improve performance. Includes, but is
not exclusive for decreased focus on visual
feedback.

The left column indicates the range of conditions/instructions investigated in Part II. If attending to the ongoing visual
feedback is detrimental to movement, then motor performance, in terms of the straightness of the trajectories, should vary
systematically according to the conditions/instructions given for each movement. The predictions are the opposite in case

attentional focus on the ongoing visual feedback is presumed to be beneficial to movement performance.
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Table 3 Attentional manipulation conditions: trial numbers and participant numbers & characteristics

Action tremor Age Raven’s matrix M:F
Type Severity? Duration Mean (SD) [range] Mean (SD)
Mean (SD)
Direct versus Indirect visual feedback and versus Accuracy (direct: 50, indirect: 50, accuracy: 15 trials)
HC (n =20) - - - 440 (16.0) [21-68] 101 (1.7) 9:11
OT (n =19) 14 DT Very mild: 4 23.6y (17.1) 53.3(17.7) [21-78] 9.7 (29 10:9
4ET Mild: 12
1 WD Moderate: 3
FT (n =17) 17 FT Very mild: 1 6.7y (5.1) 53.1 (74.8) [23-75] 8138 8:9
Mild: 7
Moderate: 7
Severe: 2
Statistics Chi-square t-test ANOVA Kruskal-Wallis Chi-square
x2(3) = 6.83 #(34) = -3.92 A2,53) = 2.06 ¥4(2) = 2.85 (2 =0.24
p =15 p =.0004 p=.14 p=.24 p=.88
Absent versus Baselineb (absent: 15, baseline 50 trials)
HC (n =23) - - - 41.7 (159 [21-79] 105 (1.6 11:12
OT (n =18) 15 DT Very mild: 4 21.8y (17.7) 51.6 (16.6) [22-77] 103 (2.8 10:8
2ET Mild: 10
1 WD Moderate: 4
FT (n =22) 22 FT Very mild: 1 6.6y (6.9 50.0 (Z5.1) [21-70] 8.9 (25 10:12
Mild: 15
Moderate: 5
Severe: 1
Statistics Fisher's exact Rank-sum test ANOVA Kruskal-Wallis Chi-square
test Z=1349 F(2,60) = 2.45 X°(2) = 6.0, p=.0498 X’(2) =043
p =36 p =.0005 p=.095 Rank-sum test: p =281
FT versus HC p = .040
FT versus OT p = .080
Fast and Slow versus Baseling® (fast: 10, slow: 10, baseline: 50 trials)
HC (n =19) - - - 448 (16.0) [21-68] 10.0 (2.7 9:10
OT (n =20) 15DT Very mild: 4 24.3y (16.9 52.8 (17.4) [21-78] 9.8 (2.3 11:9
4 ET Mild: 12
1 WD Moderate: 4
FT (n =19) 19FT Very mild: 2 6.3y (5.0 52.2 (14.3) [(23-75] 82 (36 811
Mild: 7
Moderate: 9
Severe: 1
Statistics Chi-square ttest ANOVA Kruskal-Wallis Chi-square
x2(3) =543 #37) =—-4.43 A2,55) = 1.47 X2(2) = 3.08 X2(2) = 66
p =237 p < .0001 p=.24 p=21 o =72
To the Start versus Baseline® (start: 24, baseline: 50 trials)
HC (n =23) - - - 427 (15.3) [21-68] 103 (1.7 9:14
OT (n =20) 15 DT Very mild: 2 242y (17.0) 52.5(17.0) [21-78] 9.9 (249 10:10
4 ET Mild: 12
1 WD Moderate: 5
Severe: 1
FT (n =19) 19 FT Very mild: 2 6.1y (4.7) 49.7 (15.5 [21-75] 8.2 (3.6 8:11
Mild: 8
Moderate: 8
Severe: 1
Statistics Chi-square t-test ANOVA Kruskal-Wallis Chi-square
X2(3) = 1.59 #37) = —4.48 A2,59) =217 ¥%(2) = 5.55 X2(2) = 0.54
p =281 p < .0001 p=.12 p=.062 p=.76
Beyond the movement versus Baseline® (beyond: 40, baseline: 50 trials)
HC (n =23) - - - 427 (15.3) [21-68] 103 (1.7 9:14
OT (n =20) 15 DT Very mild: 4 227y (17.2) 541 (17.7) [21-78] 9.8 (2.3 10:10
4 ET Mild: 12
1 WD Moderate: 4
FT (n =19) 19 FT Mild: 12 6.8y (4.9 51.8 (5.9 [21-75] 83 (36 9:10
Moderate: 6
Severe: 1
Statistics Chi-square t-test ANOVA Kruskal-Wallis Chi-square
x2(3) = 5.38 #37) = —3.89 A2,59) = 3.0 ¥(2) = 4.34 x2(2) = 0.56
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0 =25 o = 0004 p =057 o= 11 o =75

Statistically significant results are highlighted in bold. The only characteristic that significantly differed between the groups was tremor duration,
which was significantly longer in the organic tremor group in all conditions.

M:F = male to female ratio, HC = Healthy Controls, OT = Organic Tremor, FT = Functional Tremor, 7 = number of participants, DT = Dystonic
Tremor, ET = Essential Tremor, WD = Wilson Disease. Chi-square = Chi-square goodness of fit, t-test = two-sample #tests, rank-sum test =
Wilcoxon rank-sum test, ANOVA = one-way ANOVA, Kruskal-Wallis = Kruskal-Wallis with ties.

3Based on clinical impression, the tremor severity was classified into very mild, mild, moderate or severe.

°The baseline condition was performed with indirect visual feedback.
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Table 4 Spontaneous and Attended detection threshold group means (standard deviation) with their statistical analyses

FT ot HC One-way Post hoc analyses:
ANOVA / Two-sample t-test /
Kruskal-Wallis Wilcoxon rank sum test
95% Cl of the effect size
Target Jump?
n 25 21 24
Spontaneous threshold 11.9 (5.6 7.7 (6.5 109 (6.3 ANOVA
A2,67) = 2.87
p =.064
n?=.079
Attended threshold 24 (1.9 2.2 (089 19 (2.0 Kruskal-Wallis
x2(2) = 3.15
p =21
n’=.017
Target Luminance®
n 28 22 27
Spontaneous threshold 0.50 (0.26) 0.58 (032 0.50 (0.34) ANOVA
A2,74) = 0.55
p =.58
n? =.087
Attended threshold 0.11 (0.040) 0.091 (0037  0.083 (0.03/) Kruskal-Wallis FT versus HC:
X2(2) = 5.98 Z=-235, Py =037, r=-024
p =.0502 95% CI [-0.05, 0]
n?=.054 FT versus OT:
Z=-167, Peorr =.094, r=-032
95% CI: -0.05, 0
Cursor Luminance®
n 28 22 27
Spontaneous threshold ~ 0.52 (0.24) 0.74 (0.25) 0.68 (0.27) ANOVA FT versus HC:
A2,74) = 5.39 #53) = 2.35, Peorr =023, d= 0.63
p =.0066 95% C1[0.023, 0.30]
n?=.127 FT versus OT:
48) = 3.25, Peor = 0042, d'= 0.92
95% CI: 0.085, 0.36
Attended threshold 0.14 (0.045) 0.15 (0.063) 0.18 (0.085) Kruskal-Wallis
XQ) =177
p =41
n? =-.003
Added Deviation©
n 25 21 24
Spontaneous threshold 148 (5.6) 12.7 (520 11.2 (3.6 Kruskal-Wallis FT versus HC:
X(2) =6.77 #47) = =2.69, Peorr = 030, unequal
p =.034 variance, d= -0.76
n?=.071 95% CI: 0.90, 6.3
FT versus OT:
#44) = =1.30, Peorr = .36, d=—0.39
95% Cl: =53, 1.1
QOT versus HC:
#43) = =115, porr = .36, d = -0.34
95% Cl. 4.1, 1.1
Attended threshold 44 (22 43(29 48 (2.6 ANOVA
A2,67) =021
p=.82
n’? = .006

Group averages and standard deviations for the spontaneous and attended detection thresholds for the conditions of part I: target jump, target
and cursor luminance change and added angular deviation to the visual feedback. 7 = number of participants, FT = Functional Tremor, OT =
Organic Tremor, HC = Healthy Controls. 95% CI = difference between the means or medians 95% confidence intervals. Oy = Sidak-Holm
corrected p-value for multiple comparisons. Statistically significant results are highlighted in bold.
2 The target jump amplitude is measured in pixels. Mean (SD)
® The luminance change is indicated by the change in the RGB colour code [x,x,x]). Mean (SD)
¢ The added deviation amplitude is measured in degrees. Mean (SD)
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Downloaded from https://academic.oup.com/brain/advance-article/doi/10.1093/brain/awab230/6305827 by St George's University of London user on 29 June 2021
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Table 5 Path length and duration group averages for the different attentional manipulation conditions, and statistical analyses

Direct versus indirect
visual feedback

Absent visual feedback
versus baseline

Accuracy

versus baselineb

Slow / Fast versus baseline?

Beyond the movement
versus baseline?

To the start
versus baseline?

n Direct Indirect n Absent Baseline n Accuracy Baseline n Slow Baseline Fast n Beyond Baseline n Start Baseline
Functional tremor
Path 17 777 808 22 787 798 17 780 777 19 830 805 777 19 818 828 19 822 850
length (304 (105.6) (55.6) (93.3) (388 (304 (1185 (99.9 (52.7) (99 (24.9 (239 (1194
[766] [778] [774] [776] [768] [766] [795] [778] [765] [819] [822] [816] [820]
7=253, Z=-235, Z =2.06, 7 =3.086, Z=-37, Z7=-213, Z==25,
p=2011 r=061 p=.019, r=-50 p =040, r=.50 p =002 r=.70 p =.0002, r=-.285 p =033, r=-49 p =013, r==-57
CL: 89,252 CL 10,76 CL: 04,76 C:9.0,419 CL: 120,237 Cl:0.7,15.2 CL: 15,113
Duration 1605 3204 3362 3239 3201 1605 12188 3240 1475 3072 3820 2388 3668
(897) (1433) (2280) (1778 (3019 (897) (7695) (1403 (1100 (1348 (1497) (1461) (1483
[1513] [3005] [2374] [3213] [2168] [1513] [8205] [3005] [1187] [3105] [3316] [1955] [3092]
#16) = 5.11, Z=-034, Z7=291, Z =382, Z=-31, #(18) = -2.81, Z=-=274,
p =.0001, 0 =124 p=73r=-07 p =.0036, r =71 p=.0001, =8 p=.0019 r =71 p=.012, o =-65 p =.006, r =-.63
Cl: 936, 2262 Cl: =611, 707 CI: 378, 2513 Cl: 5429, 10864 Cl: 1021, 2670 Cl: 189, 1307 Cl: 499, 2248
Organic tremor
Path 19 764 779 18 769 773 19 770 764 20 828 778 766 20 819 824 20 825 823
length (75 (4.1) (70 (59 (9.0 (75 (95.4) (17.3) (7.7) (14.9) (23.9 (22.6) (239
[764] [773] [768] [772] [767] [764] [795] [773] [766] [817] [819] [820] [818]
7=1382, #17) = =3.56, Z =3.30, Z =392, Z=-358, Z7=-164, Z =071,
p =.0001, r = .88 p=.002 d=-084 p=.001 =76 p =.0001, r=88 p=.0003 r=-380 p=10,r=-37 p =248 r=.16
(L. 89 163 CL 16,61 CL: 25,82 CL. 16.6, 74.8 C:59,13.0 CL.-06,63 Cl. =49, 37
Duration 1031 2593 2362 2108 2385 1031 11765 2572 1178 2398 3232 2599 3189
(506) (1302) 2291) (1169 (2037 (506) (7026) (1271 (569 (695) (1196 (1120 (1208
[798] [2283] [1814] [1676] [1863] [798] [9546] [2257] [966] [2229] [2857] [2167] [2822]
7 =382, Z=-0.07, Z=370 7 =392, Z=-3.88, Z=-377, Z=-261,
p =.0001, r=.88 p =95 r=-02 p =.0002, r =.85 p=.0001 =88 p=.0001 r=-387 p =.0002 r=-384 p =.009, r=-58
CI: 1027, 1895 CI: =538, 479 CI: 400, 1946 CI: 5554, 12256 CI: 717, 1829 Cl: 473, 1081 CI: 122, 1005
Healthy controls
Path 20 761 770 23 765 768 20 765 761 19 79 770 760 23 815 813 23 817 813
length (4.1) (59 (/7 (5 (6.6) (4.1) (134 (53 (4.9 (94 (7.9 (15.6) (7.9
[762] [770] [765] [769] [765] [762] [791] [771] [762] [813] [811] [813] [811]
#19) = 8.61, #22) = =2.29, #19)=3.09, #(18) = 7.74, Z=-378, Z =046, Z=0091,
p<.0001, @ =193 p=.032 d=-048 p =.006, d=0.69 p<.0001, o p =.0002, r=-387 p =65 r=.10 p=.36,r=.19
CL68 111 C.03,5.0 Cl: 10,54 =178 C.7.7,133 CL-43,21 Cl-62,138
CL: 175,305
Duration 1085 2679 2082 2121 2221 1085 14636 2693 902 2179 2845 2374 2845
(711 (2246) (2698 (2030) (2132 (711) (6528 (2307 (229 (523) (1142 (619 (1142
[1088] [2120] [1362] [1398] [1609] [1088] [14718] [2044] [945] [2134] [2851] [2389] [2851]
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7=388 Z=-055, Z=347, 7=382 Z=-37, 7=-322, Z=-259,
p =.0001, r = .87 p =58 r=-11 p =.0005, 7 = .78 p =000 =88 p=.0002 r=-285 p =.0013, r =-67 p=0L r=-54
CI. 783, 2110 CI. =253, 499 CI 357, 1524 CL 9061, 14031 CL: 743, 2182 CL 214, 921 CI 98, 741

The mean, standard deviation and median path lengths (in pixels) and durations (in milliseconds) are given for each group and condition, in addition to the pairwise comparisons between the two conditions (paired t-test or
Wilcoxon signed-rank test) and the 95% confidence interval (CI) of each comparison’s effect size (95% Cl for the difference in means, or medians in case of non-normal distributions). Values are presented as mean (SD)
[median] followed below by #test / signed-rank test and effect size 95% CI. Statistically significant results are highlighted in bold. 7 = number of participants.

2both conditions performed with indirect visual feedback. P both conditions performed with direct visual feedback
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