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Abstract
Objective
To test the hypothesis – post-stroke fatigue, a chronic, pathological fatigue condition, is

D

driven by altered effort perception.
Participants

completed the study.
Main outcome measures

TE

Fifty-eight non-depressed, mildly impaired stroke survivors with varying severity of fatigue

C
EP

Self-reported fatigue (trait and state), perceived effort - PE (explicit and implicit) and motor
performance was measured in a handgrip task. Trait fatigue was measured using Fatigue
Severity Scale-7 and Neurological Fatigue Index. State fatigue was measured using a visual
analogue scale (VAS). Length of hold at target force, overshoot above target force and force
variability in handgrip task were measures of motor performance. PE was measured using a

A

Results

C

VAS (explicit PE) and line length estimation, a novel implicit measure of PE.

Regression analysis showed 11.6% of variance in trait fatigue was explained by implicit PE
(R=0.34; P=0.012). Greater fatigue related to longer length of hold at target force (R=0.421;
P<0.001). A backward regression showed length of hold explained explicit PE in the 20%
force condition (R=0.306; P=0.021) and length of hold and overshoot above target force,
explained explicit PE in the 40% (R=0.399; P=0.014 & 0.004) force condition. In the 60%
force condition, greater explicit PE was explained by higher force variability (R=0.315;
P=0.017). None of the correlations were significant for state fatigue.
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Conclusion
Trait fatigue, but not state fatigue, correlating with measures of perceived effort and motor
performance may suggest that altered perception may lead to high fatigue mediated by
changes in motor performance. This novel finding furthers our mechanistic understanding of

A

C

C
EP

TE

D

post-stroke fatigue.
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Glossary
ARAT = Action Research Arm Test; CST = corticospinal tract; FSS-7 = Fatigue Severity
Scale 7; HADS = Hospital Anxiety and Depression Scale; MT = length of hold; MVF =
maximum voluntary force; NFI = neurological fatigue index; NHPT = nine-hole peg test; PE

D

= perceived effort; PSF = Post-Stroke Fatigue; SL = number of lines reported as long; T =
force variability; TO = target overshoot; VAS = visual analogue scale; VAS20 = explicit

TE

perceived effort in 20% maximum voluntary force condition; VAS40 = explicit perceived

effort in 40% maximum voluntary force condition; VAS60 = explicit perceived effort in 60%

Introduction

C
EP

maximum voluntary force condition.

Fatigue after stroke, sometimes years after stroke, is prevalent, yet little is known about its
underlying mechanisms1. We proposed a sensory attenuation model of post-stroke fatigue
(PSF), where poor sensory attenuation leads to heightened perception of effort resulting in

C

high fatigue2.

Perceived effort (PE) is believed to arise from a combination of top-down (expected) and

A

bottom-up (actual) sensory inputs that encode muscle contraction. The jury is still out
regarding the extent of relative ‘top-down’ and ‘bottom-up’ contributions to the experienced
PE3–10. The active inference framework of PE assumes that both top-down and bottom-up
processes are gain modulated and PE is a psychophysical output of the gain function11,12. We
proposed that in PSF, heightened PE is driven by altered efferent (top-down) gain2. There is
no experimental evidence of altered PE in post-stroke fatigue. In this study we provide
evidence of heightened PE in PSF and put forward a rationale for how altered PE could result
in PSF.
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Reports of perception are subject to response bias arising from a number of sources 13,14. In a
highly stigmatised and under recognised15,16 condition such as PSF, response bias is tackled
by introducing a novel implicit measure of perceived effort. Visual perception is influenced
by effort and line length perception17,18, a visual perceptual task is used as an implicit
measure of PE.

D

Therefore, in this investigation we show a) higher PE could result in high PSF b) higher PE
influences motor performance c) visual perceptual tasks can be used as a measure of PE.

TE

Methods

Standard Protocol Approvals, Registrations, and Patient Consents

C
EP

The study was approved by London Bromley Research Ethics Committee (REC reference
number: 16/LO/0714). Written informed consent was obtained from all patients in
accordance with the Declaration of Helsinki.
Participants

Stroke patients were recruited via the Clinical Research Network from the University College

C

NHS Trust Hospital, departmental Stroke Database and the community. Four hundred and
thirty-six stroke patients were contacted between January 2017 and June 2019. Patients were

A

screened based on the following criteria: (1) first-time ischaemic or haemorrhagic stroke; (2)
stroke at least 3 months prior to the study; (3) no other neurological disorder; (4) not taking
anti-depressants or other centrally acting medication. Patients that met the initial screening
criteria were screened for a second time based on the following: (5) depression scores ≤ 11

assessed using the Hospital Anxiety and Depression Scale (HADS); (6) no sensory
impairment; (7) grip strength and manual dexterity of the affected hand (at least 60% of
unaffected hand) assessed using a hand-held dynamometer and the nine-hole peg test (NHPT)

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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respectively. One hundred and thirty-two patients were interested in taking part in the study
and met the initial screening criteria, of which one hundred and thirteen met all eligibility
criteria. To obtain a medium sized effect (f2 = 0.15) with statistical power of 0.8 at an alpha
level of 0.05 using a single predictor, fifty-four datasets were deemed necessary. Fifty-eight
stroke patients took part in the experiment between January 2018 and June 2019. More

D

patients were recruited than necessary in order have at least fifty-four datasets that were
eligible for final analysis. Self-reported fatigue was captured using the Neurological Fatigue

TE

Index (NFI), a stroke specific index20, and the Fatigue Severity Scale (FSS-7), which has
been widely used and validated across different conditions21.
Procedure

C
EP

In this single session cross-sectional study, patients performed a perceived effort (PE) task on
a desktop computer running Psychtoolbox (psychtoolbox.org) implemented within MATLAB
(2016b, MathWorks). Trait fatigue, a retrospective measure of fatigue based on recall,
measuring the experience and impact of fatigue over 2 weeks leading up to the day of testing,
was measured using two questionnaires (FSS-7 and NFI-Stroke). State fatigue, the

C

momentary state of fatigue at the time and day of testing, was measured using the visual
analogue scale (VAS). PE was measured using a VAS and line length estimation, an explicit

A

and implicit measure of PE respectively. Written instructions were given to each patient prior
to the start of the experiment.
Line length familiarisation
Patients were shown six lines: three belonged to the ‘short’ category (1, 2, and 3 cm) and
three belonged to the ‘long’ category (10, 11, and 12 cm). Following presentation of the six
lines, patients were shown each of the learned lines without information about the category it
belonged to, and were asked to judge the line length. Patients responded using the keyboard,

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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left arrow key for ‘short’ and right arrow key for ‘long’. They were then asked to rate their
confidence in their response using a VAS. If patients’ response was less than 100% correct,
the procedure was repeated until they were able to distinguish between ‘short’ and ‘long’
lines.
Perceived effort paradigm

D

Patients sat facing a monitor (DELL 1909W, 19” LCD Display) and held a handgrip

dynamometer (Biometrics Ltd) with their dominant hand and performed an isometric

TE

handgrip task. Force data from the dynamometer was acquired at 500 Hz via a data

acquisition interface (Power1401, CED) and recorded in MATLAB (2016b, MathWorks).
Each trial was 5 seconds long in which patients were required to sustain a grip force for 3-

C
EP

seconds at three different levels: 20%, 40% or 60% of their maximum voluntary force
(MVF). Immediate force feedback was shown on the monitor as filling of a red bar, which
turned green once the minimal required target force was reached. The minimal target force
for each trial was indicated by a cross on the screen. The grip force-visual feedback
relationship was individually adjusted for every patient to eliminate potential influence on

C

PE. Before the experiment, patients practiced each force level with their dominant hand to
familiarize themselves with the effort required. After each grip, participants performed a line

A

length estimation. The line presented could have a length of 3.5 cm to 8.5cm with a total of
24 different line lengths, 12 short and 12 long. Twenty-four lines presented under the three
force conditions resulted in a total of 72 trials. The order of forces and line lengths was
randomised with equal numbers of the three different force levels in each block. The
experiment consisted of three blocks of 24 trials. Participants reported if the presented line
was ‘short’ or ‘long’ using the left and right arrow key of the keyboard respectively. They
were instructed to base their estimation on the length of lines presented during the
familiarisation phase. If they determined the presented line to be shorter than half the length

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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of the longest line presented during the familiarisation (12 cm), they reported ‘short’,
otherwise reported ‘long’. There was no time limit to their response. They then rated their
confidence using a VAS ranging from ‘Not at all Confident’ to ‘Very Confident’. The intertrial interval was 1.5 seconds. The implicit PE task is shown in Fig. 1a.
After three blocks, participants performed a final block of 9 trials. This block was used as an

D

explicit measure of PE (Fig. 1b). Each trial consisted of a 5-second grip with visual feedback
at the three different force levels, 20%, 40% or 60% of MVF, with three trials for each force

TE

level. This was followed by the question: ‘How Effortful was the Squeeze?’. Patients had to
respond using a VAS ranging from ‘Not at all’ to ‘Very Hard’.
Analysis

C
EP

Data was extracted from MATLAB into SigmaPlot (SigmaPlot Version 13.0) for statistical
analysis.

Fatigue questionnaires

Fatigue questionnaires were scored using the standard procedures where the average of each

C

of the seven statement scores was considered as the participant’s overall fatigue score. FSS-7
is a scale of 1-7 with 7 being the highest fatigue and 1 being no fatigue. NFI is a scale of 0-3

A

with 3 being the highest fatigue and 0, lowest fatigue. FSS-7 was the primary fatigue scale
and therefore for all further analysis, fatigue scores refer to FSS-7 scores. The effect of FSS-7
on the patient demographics was examined using a Fisher’s exact test for categorical data and
a Spearman correlation for continuous data.
Perceived effort – explicit
VAS scores were averaged across the three trials in each force level (20%, 40% and 60%
MVF) for individual participants and were named VAS20, VAS40, and VAS60 respectively.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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Perceived effort – implicit
Two types of measures were extracted from the implicit PE trials. (1) A sum of the number of
lines reported as long (SL) for each individual in each force level (SL20, SL40, SL60 refer to
number of lines in the 20%, 40% and 60% MVF conditions). The total number of lines
presented were 24 at each force level. Participants who reported all 72 lines to be long/short

D

were excluded as this was taken as a failure to understand task instructions. Three
participants were excluded based on this criterion. (2) The proportion of long line responses

TE

categorized as long for each line length presented was calculated separately for each force
condition in each participant. This measure allowed us to fit a psychometric curve for each
participant in each force condition (the 20%, 40% and 60% MVF) determining their

C
EP

sensitivity and bias in line length discrimination. From this fit, the sensory threshold (i.e. the
point of equal proportion of response for each response option) and the sensory slope
(defined as the inverse of the difference in line length observed between the point of 25% and
75% proportions of “long line” responses) was extracted. These measures were then
compared across force conditions using paired t-test (two tailed) and correlated to fatigue

C

score (FSS-7).
Confidence

A

Confidence reports were made on a 0 to 10 VAS. To estimate the precision of confidence
reports, a similar psychometric curve fitting approach to the proportion of response was used.
The 0-10 confidence ratings were transformed according to the response so that a 0 value
would indicate maximal confidence in a “short” response and 1 would indicate a maximal
confidence in a “long” response, 0.5 indicating the lowest confidence in both responses. The
obtained confidence measure was averaged for each force condition, and a psychometric
curve was fitted to the obtained average confidence. As for the previous analysis, the sensory

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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threshold and sensory slope of each participant in each force condition was extracted and
correlated to fatigue scores.
Motor performance and motor control
Three measures of motor performance were extracted from the isometric handgrip task for
each MVF condition (20%, 40% and 60%). (1) Length of hold (MT) – The maximal time, in

TE
D

seconds, spent above target in each trial, averaged across trials in each condition (MT20,

MT40, MT60). (2) Target overshoot (TO) – the mean force exerted in each individual trial for
the length of hold, expressed as a percentage of maximal force and averaged across trials in
each condition (TO20, TO40, TO60). (3) Force variability (T) – The number of transitions in
the force trace during the time above target was counted and taken as the measure of force

C
EP

variability in each condition (T20, T40, T60). TO and MT were taken as motor performance
parameters and T as motor control parameter. A sample force trace of a single trial with the
three measures of motor performance extracted is shown in fig. 1c.
Data Availability

The data are available from the corresponding author (a.kuppuswamy@ucl.ac.uk) upon

A

Results

C

reasonable request.

Fifty-eight stroke patients (18 females; mean (SD) age = 59.93 (12.44); mean (SD) time
post-stroke = 4.23(4.69) years) with mild physical impairment (mean (SD) grip = 91.03
(22.87); mean (SD) NHPT = 87.9 (23.21); mean (SD) ARAT = 99.21 (3.42)) completed the
study. FSS-7 and state fatigue scores ranged from 1 to 7 (total scale range 1-7) and 0 to 8
(total scale range 0-10) respectively. Patient demographics can be found in table 1. There
was no significant difference in FSS-7 score based on gender, hemisphere affected or

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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dominant hand and no significant correlation between FSS-7 and age, time since stroke, grip,
NHPT, ARAT, SDMT and anxiety score. There was a significant correlation between FSS-7
and depression score, NFI and state fatigue (table 1).
Collinearity analysis for perceived effort and motor measures:
A Pearson Product Moment correlation analysis was performed between the explicit

D

measures of perceived effort (VAS20, VAS40, VAS60) and implicit measures of perceived

effort (SL20, SL40, SL60) in the 3 force conditions of 20%, 40% and 60% maximal voluntary

TE

force. There were significant correlations between VAS20 and VAS40 (r(56) = 0.288 p = 0.03,
CI [-0.27, 3.44]), between VAS40 and VAS60 (r(56) = 0.397, p = 0.002, CI [1.74,7.41]), but no
significant correlation between VAS20 and VAS60. When considering the implicit measures of

C
EP

perceived effort, we observed a strong and significant correlations between SL20 and SL40
(r(53) = 0.869, p < 0.0001, CI [3.77, 22.21]), between SL40 and SL60 (r(53) = 0.868, p <
0.0001, CI [6.64, 23.78]) and between SL20 and SL60 (r(53) = 0.909, p < 0.0001, CI [6.46,
24.03]). As the implicit measure of PE in the different force conditions (SL20, SL40, SL60)
were strongly correlated, a combined measure of SLsum was used in the final regression

C

analysis where SLsum was the sum of SL20, SL40 and SL60. Despite significant correlations
between some of the VAS scores, given the weak correlation coefficients, all three VAS

A

measures were used as independent variables in the regression analyses. A Pearson Product
Moment correlation analysis was performed on the measures of target overshoot (TO20, TO40,

TO60,), length of hold (MT20, MT40, MT60) and force variability (T20, T40, T60). There were
strong and significant correlations between the three force levels in each of the measures TO,
MT and T. Table 2 shows the correlation coefficients and significance values of the pairs of
conditions. Given the strong correlations, the three conditions in each motor parameter were
averaged into TOavg, MTavg and Tavg to be entered into the regression analysis for FSS-7.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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Perceived effort, confidence and FSS-7
In order to test the effect of fatigue on perceived effort, a stepwise backward linear regression
analysis was performed with FSS-7 as the dependant variable and SLsum, VAS20, VAS40 and
VAS60 entered into the model as independent variables. Of the four measures of PE, SLsum
explained 11.6% of the variance in FSS score (R = 0.34, p = 0.012, CI [1.69, 7.02], Fig. 2),

D

with the explicit VAS measures not contributing significantly to FSS-7. Fig. 3a-f plots all six
measures of PE (VAS20, VAS40, VAS60 and SL20, SL40, SL60) against FSS scores. Fig. 3g-i

TE

shows the implicit PE measure when the cohort of 58 stroke survivors were divided into high
(FSS-7 > 4) and low (FSS-7 < 4) fatigue. Although there was no significant difference in the
estimated midpoint of the line length between the high and low fatigue groups, there was a

C
EP

consistent 0.5cm leftward shift in all three force levels in the high fatigue group when
compared to the low fatigue group.

Fig. 4a and 4f show the average curve fits for each line length presented and each force
condition for the proportion of “long” response (Fig. 4a) and the associated confidence in a
long line response (Fig. 5f). For each participant, the fitted slope and sensory threshold was

C

extracted and compared across conditions. Sensory threshold was significantly lower than 6
(mid-point) for force conditions above 40% MVF, when considering proportion of response

A

(40% MVF: t(54) = -2.2 p = 0.032, CI [5.45 , 5.97 ]; 60% MVF: t(52) = -2.34 p = 0.023, CI
[5.47 , 5.95]) or confidence (40% MVF: t(54) = -2.15 p = 0.036, CI [5.48 , 5.98]; 60% MVF:
t(52) = -2.18 p = 0.034, CI [5.34 , 5.97]), suggesting that participants were biased towards

perceiving the line as longer than its actual length. However, sensory thresholds were not
significantly different between force conditions when estimating it based on the proportion of
response (all ps > 0. 92) and confidence judgments (all ps > 0.48). Similarly, no significant
difference was found between force conditions when estimating the sensory slope based on
proportion of response (all ps > 0.15) or on confidence report only (all ps > 0.33). We then

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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tested whether the psychometric curve parameters correlated with the individual fatigue
scores, separately for each force condition and when pooling all conditions together. No
significant correlation was found between the sensory slope and fatigue scores for any of the
conditions or when pooling all conditions together, when considering the proportion of
response (all ps > 0.14) or confidence reports (all ps > 0.5367), suggesting that perceptual

D

sensibility was not affected by fatigue. A significant negative correlation was found however
between fatigue and sensory threshold for the intermediate force condition 40% MVF, both

TE

when considering response proportion (r2 = 0.11, F = 6.61, p = 0.01, CI [ -0.32, -0.03]) and
confidence reports (r2 = 0.09, F = 5.51, p = 0.02, CI [ -0.29, -0.02 ]). A similar trend was
observed when considering the proportion of response and pooling all conditions together (r2

C
EP

= 0.05, F = 3.17, p = 0.08, CI [ -0.25, 0.01]). This suggests that higher fatigue scores were
associated with a stronger bias towards perceiving the lines as longer than they are.
Motor performance, control and FSS-7

To test how fatigue impacted motor performance and motor control, a stepwise backward
linear regression analysis was performed with FSS as the dependant variable and TOavg,

C

MTavg and Tavg entered into the model as independent variables. Of the three measures, MTavg
explained 17.8% of the variance in FSS (R = 0.421, p < 0.001, CI [1.4, 7.25], Fig. 5a), with

A

measures of TO and T not significantly adding to the explanatory power of the variables. Fig.
5b & 5c plots TO20, TO40, TO60, and MT20, MT40, MT60 against FSS-7, all of which

significantly correlated with FSS-7 individually. The measure of T20 but not T40 and T60
correlated with FSS-7.
Motor performance, control and perceived effort
Implicit perceived effort (SLsum) was not explained by any of the motor performance and

motor control measures. A stepwise backward linear regression analysis with explicit

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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perceived effort in the 20% force condition (VAS20) as the dependant variable and TOavg,
MTavg and Tavg as independent variables showed a small but significant contribution of MTavg
to VAS20 (R = 0.306, p = 0.021, CI [-0.11, 4.15]) explaining 9.4% of the variance (Fig. 5d).
Similarly, 15.9% of the variance in VAS40 was explained by a combined measure of MTavg
and TOavg (R = 0.399, , p = 0.014 & 0.004, CI [-0.34, 8.24], Fig. 5e) and Tavg explained 9.9%

D

of the variance in VAS60 (R = 0.315, p = 0.017, CI [5.77, 11.61], Fig. 6f).
State fatigue, motor performance, motor control and perceived effort

TE

All the above tests were performed with state fatigue as the dependant variable and none of
the measures of perceived effort and motor measures explained the variance in state fatigue.

C
EP

Discussion

In this cross-sectional, observational study of 58 chronic, first time, non-depressed, mildly
impaired stroke survivors, we show for the first time, a significant relationship between
fatigue and perceived effort (PE). In the absence of prior exertion, higher self-reported trait
fatigue can be explained by a higher level of implicit PE observed during a physical task,
whilst self-efficacy measures accurately reflected perceptual performance irrespective of

C

fatigue levels. We also show that explicit measure of PE fails to explain trait fatigue.

A

Behaviourally, prolonged motor output indexed by longer sustained target forces was
associated with high fatigue levels. Prolonged time above target and greater force than
required, was related to higher explicit PE in the low and medium force conditions. In the
high force condition, greater PE was associated with higher force variability during the task.
The measure of state fatigue was neither explained by altered PE nor altered motor control
and performance.
Fatigue in the chronic phase after stroke, is related to lower motor cortex excitability and
poor attention, and is independent of motor weakness, lesion location or biological markers

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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of fatigue such as inflammation1,22,23. Based on these wide range of findings in post-stroke
fatigue, we proposed a framework wherein sensory information is incorrectly gated, possibly
due to poor sensory predictions, leading to altered perception. Altered perception, specifically
altered perception of effort in the context of motor actions, underpins post-stroke fatigue2.
Here, we show that the greater the fatigue in stroke survivors, the higher the effort in a motor

D

task despite individual calibration of task related force. This suggests, for the same
proportional afferent input from the contracting muscle, there is a greater sensory prediction

TE

error, giving rise to higher sense of effort in the high fatigue individuals. For an explanation
of how PE is the psychophysical output of sensory prediction error, please see2. Inaccurate
sensory predictions and PE has been extensively studied in schizophrenia where a lack of

C
EP

effort in relation to movement, leads patients to attribute movement to external control 24. The
almost complete lack of predictions in schizophrenia has been shown to drive this sense of
external control, by near abolition of PE25,26. A similar fundamental framework of PE and
sensory predictions can explain the result of higher PE. We propose that higher PE is driven
by decreased gain on (less precise) sensory predictions as opposed to a lack of predictions
seen in schizophrenia. Both explicit and implicit measures of PE correlated with trait fatigue

C

in the lowest force level, however, in higher force levels only implicit PE correlated with trait
fatigue. A possible explanation is that explicit PE is not subject to response bias when the

A

task is relatively easy, but with greater difficulty, response bias invalidates the measure of
explicit PE. A second possible explanation is the inability to consciously access accurate
interoceptive information during high effort activity in itself may drive the feeling of fatigue.
An interesting, yet counter-intuitive finding in this study is the significantly higher force
levels and hold times exerted by those with high fatigue during the task. It is unclear why one
must exert higher force when reporting high levels of fatigue. A possible explanation could
be that those with higher fatigue have less precise sensory predictions and hence to ensure

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
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successful task completion, they exert greater than required force. Exerting greater force, and
for longer, results in higher PE as shown here in the low and medium force conditions. A
recent study investigating the relationship between force and PE demonstrate that PE is not
simply a function of metabolic cost. PE is a reflection of several movement related cost
parameters, of which time is a major driver i.e. longer the motor performance, higher the

D

perceived effort 27,28. Therefore, greater PE seen in this study could result from prolonged
grip that is driven by poor sensory predictions. Such altered motor performance in fatigue has

TE

been previously reported in cancer fatigue patients 29. Cancer survivors with high fatigue, not
under medication, tended to opt for more high effort trials in an effort based choice task.
These results taken together with the current study, points to a disease independent motor

C
EP

behaviour trait in high fatigue.

The corticospinal tract (CST) can be directly affected by stroke and a question that arises is,
if changes in output pathways may directly affect perceived effort. First, in this study we
excluded those with moderate to severe muscle weakness, thereby ensuring minimal changes
in CST and any differences were similar across high and low fatigue. Despite this exclusion

C

criteria, there is still a possibility of alterations in CST playing a role in driving greater force
and longer holds in the grip task. Force variability is a measure of motor control and is

A

consistently altered in those with stroke 30. In the current study, force variability does not
explain the difference in perceived effort both in the low and mid force conditions suggesting
that PE cannot be directly attributed to changes in efferent output pathways. However, in the
high force condition, we see that greater force variability explains higher fatigue. This
suggests that perception of effort is possibly informed by different movement parameters in
the low force conditions when compared to the high force conditions.
The results of the current study do not allow for further elaboration, however it would suffice
to say that future studies into perception and post-stroke fatigue must carefully differentiate
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De Doncker, 18

between high and low effort tasks. Establishing direction of causality between PE and fatigue
is paramount if meaningful treatments are to be developed. Like with many chronic
symptoms, it is very difficult to establish the order of appearance of the various changes seen
in performance and perception related to fatigue. A pertinent question that arises is whether
fatigue can result in higher PE. The answer is invariably yes. However, the methodology used

D

to capture fatigue may give us some room for nuanced interpretation of the current results.
Trait and state measures of fatigue capture two very different phenomena. As with all

TE

affective measures, trait measures capture a more stable state of being whilst state measures
capture the momentary state of being. Trait measures may be influenced by state measures
and vice-versa, however, in this study all performance and perceptual measures were

C
EP

performed at a single point in time leading to state fatigue not always reflecting the trait
measure. What this means is, in some patients, despite experiencing high levels of fatigue
over a certain period of time past, the momentary state during performance of the laboratory
tests was different. Here it is a reasonable assumption that immediate perception and
performance is likely to be influenced by the state of the being at that moment, i.e. by the
state measure of fatigue and not the trait measure. The lack of a significant relationship

C

between state fatigue and measures of perception and performance suggests that fatigue may
not be driving perception and performance. However, to definitively establish that altered

A

perception may drive fatigue, one must alter perception to see if a change in fatigue is
observed. Future intervention paradigms must track perception to identify if any change seen
in fatigue is driven by altered perception.
Limitations: The relationship between post-stroke fatigue and perceived effort has been
studied in a well-defined group, which limits its generalisability. However, we would
consider this a strength of the study too, as it gives us a clearer picture of primary fatigue and
its mechanisms. Future studies must include both depressed and non-depressed patients. The
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number of trials in each ‘force-line length’ condition could be viewed as a limitation. Despite
having 24 different line lengths, the ‘estimated line length’ measure required participants to
divide them into 2 categories – ‘short’ or ‘long’. Therefore, there were 12 trials in the short
category and 12 in the long category. As the response required was one of two and not
twelve, for the ‘estimated line length’ measure, effectively there were 12 repetitions in each

D

‘force-line length’ combination. We chose not to have the exact line length for 12 repetitions,
as this could have resulted in a learning effect. Having any more than 12 in each condition

TE

would have considerably lengthened the protocol resulting in fatigability playing a role in the
results. The hand grip task was relatively simple with very little performance variability;
hence 12 trials were deemed sufficient for a representative average for each condition.

C
EP

For the metacognitive measure of ‘confidence’ however, we used a continuous VAS scale of
0 – 10 and there could, in theory, be 24 different confidence levels for the 24 different line
lengths. Hence, we must consider the experimental study design to have only 1 repetition of
each ‘force-line length’ combination for the ‘confidence’ measure. The confidence data
should therefore be interpreted cautiously.

C

To conclude, we show that high implicit PE explains high post-stroke fatigue, possibly
mediated by changes in motor performance. We also show that altered perception is not

A

accompanied by reduction in self-efficacy. These results add strength to the idea that fatigue
is predominantly driven by perceptual changes underpinned by sensory disturbances and that
treatments must focus on modifying sensory processing and perception.
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Tables
Table 1: Demographics

Patients (N = 58)

P-value

Females

18 (31.03%)

Males

40 (68.97%)

Left Hemisphere

30 (51.72%)

Right Hemisphere

28 (48.28%)

P = 0.2366

Dominant Hand
Right Hand

55 (94.83%)

Left Hand

3 (5.17%)

Age (years)

Time Since Stroke (years)

Mean (SD)

Grip (% unaffected hand)

Mean (SD)

P = 0.0511

4.23 (4.69)

P = 0.3458

91.03 (22.87)

P = 0.1815

C
C

NHPT (% unaffected hand)

59.93 (12.44)

EP

Mean (SD)

Mean (SD)

TE

P = 0.9681

Hemisphere Affected

D

P = 0.3207

Gender

87.90 (23.21)

P = 0.2976

99.21 (3.42)

P = 0.1361

1.12 (0.48)

P = 0.9160

5.66 (3.30)

P = 0.0125

6.24 (3.75)

P = 0.1621

1.57 (0.72)

P < 0.0001

3.84 (2.28)

P < 0.0001

ARAT (% unaffected hand)

Mean (SD)
SDMT

A

Mean (SD)

Depression - HADS
Mean (SD)

Anxiety - HADS

Mean (SD)

NFI

Mean (SD)

State Fatigue

Mean (SD)

FSS-7

Mean (SD)

4.15 (1.82)
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A total of 58 stroke survivors participated in the study. Participants were all high functioning
with good physical strength (grip strength), dexterity (NHPT) and functional ability (Action
Research Arm Test - ARAT) in their hemiparetic side when compared to their nonhemiparetic side. Participants cognitively high functioning as evidenced by high information

TE
D

processing speed (Symbol Digit Modalities Test: coding-copy). All patients had a score of ≤
11 on the Depression Scale of the Hospital Anxiety and Depression Scale (HADS). Trait
fatigue was assessed using the Neurological Fatigue Index (NFI) and the Fatigue Severity
Scale (FSS-7). State fatigue was assessed using a visual analogue scale (VAS 0-10). P-values

EP

indicate the effect of fatigue all the demographic data.

Table 2: Motor performance correlations

Correlation

Significance value

Coefficients (CC)

(P-value)

C

Measures

0.819

<0.0001

TO40 and TO60

0.884

<0.0001

TO20 and TO60

0.654

<0.0001

MT20 and MT40

0.839

<0.0001

MT40 and MT60

0.880

<0.0001

MT20 and MT60

0.720

<0.0001

T20 and T40

0.760

<0.0001

T40 and T60

0.926

<0.0001

T20 and T60

0.713

<0.0001

A

C

TO20 and TO40
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Table showing the correlation coefficients (CC) and significance values (P-value) of the three
measures of motor performance across the different force conditions (TO – target overshoot,
MT – length of hold, T – force variability).

Figures legends

D

Figure 1: Task design

TE

Task design for Implicit PE task (A) and Explicit PE task (B). Each trial starts with a cross
showing the target force level (20%, 40% or 60% maximum voluntary contraction - MVF).
Patients performed an isometric handgrip task using a hand held dynamometer and were
instructed to get the bar to the target force level. An example force trace with the three

C
EP

measures of motor performance (TO – target overshoot, MT – length of hold, T – force
variability) is shown in panel (C). After 5 seconds, patients performed a line length
estimation followed by confidence judgement in the Implicit PE trials, or explicitly reported

A

C

how effortful the trial was in the Explicit PE trials.
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Figure 2: Effect of implicit PE on FSS-7
The combined measure of implicit PE SLsum (Y-axis) is plotted against FSS (X-axis). A

A

C

C
EP

TE

D

significant correlation is seen between the two variables.
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Figure 3: Implicit and explicit PE
Measures of Implicit PE (A, B & C) and Explicit PE (D, E & F) are plotted against Fatigue
Severity Scale scores (X-axis). There is a significant positive correlation between SL20, SL40
and SL60 and FSS, with SL20, and SL40 reaching statistical significance. There is also a

D

statistically significant correlation between VAS20 and FSS but not in the higher force

conditions. In this figure the % of participants (Y-Axis) who reported a given line length to

TE

be long is plotted against each line length (X-Axis) presented during the Implicit PE task (GI) in the 3 different force conditions (20%, 40% and 60% MVF). The red line represents the
fatigue group with score > 4 (n=32) and black line represents the fatigue group with score < 4

C
EP

(n=22). The estimated mid-point of a 12cm line is shifted to the left by 0.5cm in all three
force levels in the high fatigue group (red line) when compared to low fatigue group (black

A

C

line).
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Figure 4: Effort perception and confidence
Fitting of the psychometric curve for the line length discrimination task based on response

D

choice (A-E) and confidence ratings (f-j), in each effort condition (dark grey = 20% MVF;
medium grey = 40% MVF; light grey = 60% MVF). (A & F): Average fitted psychometric

TE

curve between presented line length and proportion of “long” responses or rescaled

confidence ratings across participants. Each fit was performed separately for each force
condition and each participant. (B, D, G & I) Violin plot of the obtained fit parameters
corresponding to the sensory threshold (B, G) and sensory slope (D, I) based on proportion of

C
EP

response (B-D) or confidence judgments (G-I) for each condition. Black circle represents the
population mean. (C, E, H & J) Correlation results between Fatigue Scores (FSS) and
psychometric curve parameters based on response choice (C, E) or confidence ratings (H, J)

A

C

for each effort condition. Significant correlations are indicated by a plain line.
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Figure 5: Motor performance and motor control
The combined measure of time (sec) above target MTavg (Y-axis) is plotted against FSS (Xaxis). A small but significant correlation is seen between the two variables. In this figure we

D

plot TO20, TO40, TO60, and MT20, MT40, MT60 in the isometric hold task. Maximum time in

TE

seconds (left graph) and target overshoot as % MVF (right graph) are plotted against fatigue
scores (X-Axis). There is a statistically significant positive correlation between fatigue and
both parameters of motor performance in all three force conditions. The relationship between
explicit PE (VAS20, VAS40 and VAS60) is plotted against parameters of motor performance

C
EP

(MTavg and TOavg) and motor control (Tavg). VAS20 and VAS40 are partially explained by
regressors of motor performance – time above target (MTavg) and target overshoot (TOavg)

A

C

whilst VAS60 is partially explained by measure of motor control – force variability (Tavg).
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