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Abstract

The effects of mental fatigue have been studied in relation to specific percentages of maxi-
mal aerobic or anaerobic efforts, maximal voluntary contractions or the performance of
sport specific skills. However, its effects on tremor, dexterity and force steadiness have
been only marginally explored. The present work aimed at filling this gap. In twenty-nine
young individuals, measurement of postural, kinetic and isometric tremor, pinch force
steadiness and finger and hand dexterity were performed before and after either 100 min of
mental fatigue or control tasks. During the interventions blood pressure, oxygen saturation
and heart rate and perceived effort in continuing the task were recorded every 10 minutes.
Tremor was analysed in both time (standard deviation) and frequency domain (position,
amplitude and area of the dominant peak) of the acceleration signal. Finger dexterity was
assessed by Purdue pegboard test and hand dexterity in terms of contact time in a buzz
wire exercise. Force steadiness was quantified as coefficient of variation of the force signal.
Postural, kinetic and isometric tremors, force steadiness and dexterity were not affected.
Higher oxygen saturation values and higher variability of heart rate and blood pressure were
found in the intervention group during the mental fatigue protocol (p <.001). The results pro-
vide no evidence that mental fatigue affects the neuromuscular parameters that influence
postural, kinetic or isometric tremor, force steadiness and dexterity when measured in sin-
gle-task conditions. Increased variability in heart rate may suggest that the volunteers in the
intervention group altered their alert/stress state. Therefore, it is possible that the alterations
that are commonly observed during mental fatigue, and that could have affected tremor,
steadiness and dexterity only last for the duration of the cognitive task and are not detect-
able anymore soon after the mental task is terminated.

Introduction

Mental fatigue is a psychobiological state caused by prolonged cognitive efforts, characterised
by altered electroencephalographic activity and subjective feelings of fatigue [1-3]. While it
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has been commonly observed that mental fatigue induces a decline in cognitive performance,
assessed as an increased reaction time to stimuli and as an increased number of errors in sim-
ple mental tasks [4-6], reductions in attention [7, 8] and reductions in task vigilance [9], its
effects on exercise performances are in relation to the type of physical task. According to
recent literature reviews [10-12], endurance, sport motor skills and decision-making perfor-
mances seem to be affected, whilst maximal strength, power, and anaerobic work are usually
not.

Physical tasks, however, are not limited to activities that require to sustain aerobic or anaer-
obic efforts, maximal voluntary contractions or the performance of sport-specific skills, there-
fore, the effects of mental fatigue have also been studied in relation to driving [2, 13], balance
and fall prevention [14-19].

It is similarly meaningful to investigate the possible effects of mental fatigue on different
everyday activities that require manual dexterity and submaximal force output steadiness, with
these being particularly relevant for several professions in which it is required to maintain pro-
longed cognitive efforts as well as high levels of manual dexterity and precision, e.g. during
surgical procedures [20, 21]. The effect of mental fatigue on muscle steadiness has been
explored in several recent studies [22-28] by testing force fluctuations during isometric efforts
performed at a specific percentage of the maximal voluntary contraction during or after a cog-
nitive effort. Isometric contractions though, have a limited ecological relevance, being neither
functional nor dexterity tasks nor fine controlled movements. Indeed, to test these parameters,
specific tools (as for example the Purdue board) as well as specific goal-directed exercises
resembling normal and professional daily actions have been developed [29-31]. In only a few
studies, however, the effects of mental fatigue have been evaluated by adopting testing proce-
dures appropriate to assess goal-directed movements [32] and dexterity [33, 34].

Of these three works, the study by Duncan and colleagues (2015) remains predominantly
oriented towards sports practice, as the authors intended to study the effect of mental fatigue
on a combination of intermittent anaerobic exercises and motor skills, as common features of
some sports. Accordingly, their hand dexterity test consisted in the Minnesota Manual Dexter-
ity Turning Test, which might represent an appropriate assessment for sports requiring good
and fast hand-eye coordination, but not for professions demanding a high degree of accuracy.
Moreover, the sample size was small (n. 8) and the duration of the mental fatigue protocol
adopted was too short (40, minutes) to be comparable with professional requirements that can
last several hours [35]. Similarly, the study by Valenza et al. (2020) was conducted on a small
sample size (n. 7) and the mental fatigue protocol was of short duration (35 minutes). Rozand
et al. (2015) reported that fatigued volunteers performed slower in a speed-accuracy pointing
task, independently on the difficulty of the task. The speed-accuracy task test, as the name sug-
gests, requires the participants to perform as fast and as precise as possible a given goal-
directed movement, finding the best compromise to optimise the performance. Therefore, also
this test does not resemble everyday activities or professional requirements since these activi-
ties would not need to be executed as fast as possible, but precisely and with high degree of
hand dexterity. One element that can compromise precision and hand dexterity is muscle
tremor. To our knowledge, the effects of mental fatigue on tremor was only tested by Budini
and colleagues (2014a) who reported that mental fatigue decreases mechanically amplified
muscle tremor during sustained knee extension anisometric submaximal contractions. How-
ever, the result can represent neither a parameter of accuracy nor a normal physiological con-
dition nor a functional task.

Therefore, overall, the effects of mental fatigue on tremor, force steadiness and functional
tasks involving the upper limb during fine controlled movements remain largely unknown.
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The aim of the present work is hence to study the effect of mental fatigue on manual and
finger dexterity, force steadiness and muscle tremor during upper limb postural and dynamic
goal-directed movements and low-intensity isometric pinch contractions.

Methods

Participants

Twenty-nine recreationally active individuals: 19 males (25.1+5 years, 72.0+5.2 kg, 1.78+0.06
m) and 10 females (26.6+3 years, 62.3+5.9 kg, 1.75+0.07 m) with no history of neurological or
cardiovascular disorders volunteered for the experiment. Volunteers were required to abstain
from any strenuous physical activity on the testing day as well as to refrain from taking caf-
feine-containing substances and smoking within 2 h afore the testing session. Participants
were randomly assigned by drawing lot to either an intervention group (n. 15: 9 males, 6
females, 26.7+5 years, 69.0+6.4 kg, 1.76+0.08 m) or a non-intervention control group (n. 14:
10 males, 4 females, 24.4+3 years, 68.3+8.0 kg, 1.74+0.07 m). The study was approved by the
Review Board of the University of Rome Foro Italico and written informed consent was
obtained from all volunteers before the onset of the experimental procedures. The volunteers
were not informed about the real project objective and were told the study investigated the cor-
relation between the ability of maintaining concentration and the performance of different
manual tasks. At the end of the testing session, participants were debriefed about the purpose
of the study and were asked not to reveal this information to other volunteers.

Study design and procedures

The participants were requested to attend the laboratory for one single experimental session, lasting
about 2 hours and 45 minutes (~25 minutes preparation/familiarisation, ~20 minutes pre-interven-
tion test, 100 minutes intervention, ~20 minutes post-intervention test); during this time the room
temperature was monitored and kept at 23.0 £1.5 degrees C* throughout the experiment.

Protocol timeline is illustrated in Fig 1. Before starting data collection, the volunteers were
prepared for EMG recording and completed five familiarization trials for each of the two Pur-
due tasks and five for the kinetic tremor task (details in the following sections). The experi-
ment consisted in the measurement of postural, isometric and kinetic tremor, pinch force
steadiness, Purdue pegboard test and a modified version of it to be performed with tweezers.
Each assessment was performed in random order twice before and twice after either 100 min-
utes of continuative cognitive task (intervention protocol) or 100 minutes during which the
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Fig 1. Protocol timeline. POMS = Profile of Mood States; VAS = Visual Analogue Scale.
https://doi.org/10.1371/journal.pone.0272033.9001
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volunteers were watching a film (control protocol). For the order of the testing procedures 4
different sequences of trials were used and one of these randomly allocated to each of the vol-
unteers. The sequence itself was previously randomly generated by the experimenters (by
drawing lot) and provided the order of procedures for both the baseline and post intervention
(the sequence of the procedures for the baseline was always different from the post interven-
tion sequence). Before and every ten minutes during the period the participants seated in front
of the computer for either protocol, blood pressure (measured by an electronic blood pressure
cuff positioned on the bare arm, approximately 3 cm above the elbow crease) [36], capillary
oxygen saturation and heart rate (measured by finger pulse oximetry from the left index fin-
ger) were noted. For these measurements the volunteers remained seated with the forearm
resting on the table and continued their assigned tasks. Moreover, a visual analogue scale
(VAS) printed on a sheet was shown to the participants which were asked to quantify in a 0 to
10 scale, with 0 representing “no fatigue” and 10 representing “extreme fatigue”, their per-
ceived effort exerted in performing the task they were assigned to (cognitive or control).
Finally, immediately before and after either protocol, the subjects completed a 32-items Profile
Of Mood States questionnaire (POMS) [37] with eight subscales: tension, depression, anger,
fatigue, vigor, confusion, happiness and calmness (we used Italian terms [38]). Halfway
through the cognitive or control protocol, the volunteers were given 200 ml of water and a
snack (25 gr, 100 Kcal, Proteins 1,8 gr, CHO 20.7 gr, Fats 0.9 gr.) that were consumed during
the performance of the assigned task, to avoid the onset of thirst or hunger during the subse-
quent part of the experiment.

Postural tremor assessment

The volunteers seated on a chair with their forearm supported on the armrest and the wrist
joint aligned to its edge, so that the hand was not supported by the armrest; the volunteer was
instructed to maintain the hand horizontal (palm down) in line with the supported forearm
and the fingers loosely extended and to gaze upon a fix point at 2-m distance. Tremor was
recorded for 20 seconds using a 3-axis accelerometer (MPU- 6050, SparkFun Electronics ®)
fixed to the dorsal aspect of the hand with the y axis aligned with the third metacarpal bone.
Postural recording of tremor was also performed with the arm outstretched at shoulder level.

Kinetic tremor and hand dexterity assessment

Kinetic tremor was recorded with the same accelerometer (MPU- 6050, SparkFun Electronics
®) fixed to the dorsal aspect of the hand during the performance of a buzz wire circuit: the partic-
ipant standing in front of a 0.5 m long wire comprising 5 bends of the same size and shape (half-
circle ~5 cm diameter) while holding a 20 g wand with a 2 cm diameter metal loop at its extremity
(Fig 2A). The volunteers were instructed to follow the bent wire shape with the wand loop
engaged in the circuit and complete the circuit from left to right and return trying not to touch it
while performing movements of prono-supination only. The contact time between the wand and
the circuit was used as index of hand dexterity [39]. For this task, the volunteers had five familiari-
sation trials before the beginning of the testing session. During the familiarisation trials, the volun-
teers were invited to find a comfortable posture and a suitable distance from the circuit that
would have allowed the performance of the task without moving the feet. Familiarisation sessions
were timed and the volunteers were asked to try to complete each trial in about the same time.
During the test no restrictions about the execution speed were given although the volunteers were
invited to complete the task in approximately the same time they completed it during the familiar-
isations. The time required for completing the circuit was measured, however, no feedback about
execution time was provided and the task was always self-paced.
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Fig 2. Testing equipment. A: The circuit for the kinetic tremor assessment; B: Load cell connected to the tweezers for the assessment of pinch force steadiness.

https://doi.org/10.1371/journal.pone.0272033.9002

Purdue Pegboard test (finger dexterity)

A 30 second, single hand, Purdue Pegboard test was performed with the dominant hand fol-
lowing standard guidelines for this assessment (take one pin at the time from the built-in com-
partment of the board and place it into the first pin hole located in the pegboard, proceed
sequentially and as quick as possible aiming to insert a maximum number of pins). The same
test was also repeated in a modified version where the pins needed to be inserted in the holes
by using tweezers. As for all the hand dexterity measurements, also for these tasks the volun-
teers had five familiarisation trials before the beginning of the testing session.

Pinch force steadiness

Participants were seated on a rigid custom-made chair holding a modified tweezer between
their thumb and index fingers at marked points on the tweezer’s arms. A piezoelectric force
transducer (Kistler 9203, Winterthur, Switzerland) replaced one of the two extremities of the
tweezer (Fig 2B). Pinching force output was assessed isometrically at two different absolute
load values (3 and 5 N) sustained for 25 seconds. The force signal was amplified (1K) (Kistler
Charge Amplifier Type 5011, Winterthur, Switzerland) and displayed on an oscilloscope (Tec-
tronix TDS 220, Beaverton, USA) positioned in front of the participants where a horizontal
cursor provided the visual feedback of the target force value.

Electromyography

After appropriate skin preparation, surface electromyography was recorded from the first dor-
sal interosseous (FDI) by concentric detection electrode (CoDe 1.0 B, OT Bioelettronica). A
ground bracelet was placed distally on the forearm at the wrist level.

Cognitive protocol for mental fatigue

The protocol for mental fatigue used in this experiment was based on a switch task paradigm
that has already been described in details elsewhere [4]. Briefly, the participant sat in front of a
computer where a black cross divided the white screen in four squares. The first stimulus
appeared in the top left square and disappeared after either 2500 ms had elapsed or the user
responded. After random intervals (150, 600 or 1500 ms) a new stimulus appeared in the top
right square and so on clockwise continuously for 100 minutes. Stimuli were letters that could
be red or blue and either consonants or vowels. When the stimulus appeared in any of the top
squares, the participant was instructed to respond with a right choice (pressing the enter key
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on the computer keyboard) if it was red and with a left choice (pressing the spacebar on the
computer keyboard) if it was blue. When the stimulus appeared in any of the bottom squares,
the participant was instructed to respond with a right choice if it was a vowel and with a left
choice if it was a consonant.

Data analysis

The acceleration, force and electromyography were synchronized digitized with a sampling
frequency of 2048 Hz, stored on a PC and analysed using custom algorithms developed in
Matlab (7.8.0.347 R2009a).

Postural tremor was quantified by examining the standard deviation of the low passed (30
Hz) filtered acceleration signal averaged for the 3 axes and calculated over the last 15 seconds
of each postural task. The position and amplitude of the dominant peak within the alpha band
in the power spectra of the accelerometer signals, and the area within 0.5 Hz of the peak, were
calculated (2048-point, hamming window fast Fourier transform). The kinetic data were simi-
larly analysed after additional high pass filtering at 2 Hz to eliminate the big fluctuations
related to voluntary prono-supination movements [31].

Pinch force was analysed in term of both isometric tremor and force steadiness of the last
15 seconds of each contraction (Fig 3). Isometric tremor was measured as standard deviation
(STD) of the band pass (3-30 Hz) force signal, and by looking at the position and amplitude of

3 AP e

Pinch Force (N)

b

EMG FDI (V)
(<]

{
N

0 5 10 15 20 25

Time (s)

Fig 3. Pinch force recording sample. Force output (upper) and first dorsal interosseous EMG (lower) raw data from a participant
during the pinch task at 3 N target value. The area under the grey shade is the section of data used for the analysis. As can be seen, during
the first seconds there is a phase of adjustment before the volunteer was able to set the force output at the desired target. For some
volunteers this adjustment phase last longer, consequently we decided to analyse exclusively the last 15 seconds of each isometric
contraction.

https://doi.org/10.1371/journal.pone.0272033.9003
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the dominant peak in the related power spectra. In this way it was possible to isolate the force
fluctuation related exclusively to tremor. Force steadiness was quantified in terms of STD and
coefficient of variation (CoV) of the raw force signal [40] and by looking at the position and
amplitude of the dominant power spectra peak within a low frequency range (0-3 Hz) [41].

The EMG signals was pre-amplified (500) band-pass filtered (3-900 Hz) and A-D con-
verted at a sampling rate of 2048 Hz. The root mean square (RMS) value of the EMG data dur-
ing the last 15 s of the contraction was calculated.

Hand dexterity was assessed as contact time between the wand and the circuit during the
kinetic tremor task (Fig 2A); for this evaluation the task execution time was not taken into con-
sideration since the volunteers were only instructed not to touch the wire by choosing a speed
that would have allowed him/her to avoid/minimise any contact. Finger dexterity as score in
the standard 30 second, single hand, Purdue Pegboard test and as score in the 30 seconds Pur-
due Pegboard test performed with the tweezers.

Statistical analysis

All measurements of tremor and steadiness were repeated twice before and twice after the pro-
tocols, and finally averaged for each individual. In preparing the data for statistical analysis of
these datasets (tremor and steadiness), outliers were excluded using a median absolute devia-
tion of two. As a robustness check, we repeated the analysis based on a less conservative
median absolute deviation of three. However, the relevant significance levels and consequently
their conclusions did not change. As most of these measurements were not normally distrib-
uted, that is, the standard Shapiro-Wilks test rejected the null hypothesis of normality, we
applied the wild bootstrap proposed by Wu [42] for two-way ANOVA hypothesis testing
(here, we use the implementation in the R-package Imboot’). Note that this procedure also
allows accounting for the problem of potential sphericity.

The results of the POMS were normally distributed, therefore the analysis was conducted
with the classical two-way ANOVA (with time, group and interaction effect). For these series
of data, no outliers were excluded.

Type 2 t-test was used for comparing the average values of the measurements collected dur-
ing the 100-minute intervention or control protocol, additionally we made use of the longitu-
dinal structure of the data and estimated a linear mixed-effects model [43]. Thereby, we
regressed the collected values on the group (intervention or control), time (10 or 11 points in
time), and their interaction, including individual-specific intercepts which deviate from a
fixed common intercept. Note that the standard errors have been estimated allowing for a
group-specific constant variance as a Breusch-Pagan test for heteroscedasticity suggested dif-
ferences in variation across groups.

We reported the effect size for all the significant results as Hedges’ ¢ when comparing only
two groups (e.g. between average perceived effort during the mental task, intervention vs con-
trol group), and as partial eta-squared n* for more than two sets of observations (e.g. when an
interaction effect was observed) (for guidelines see [44]).

The statistical analysis was performed using R [45].

Results

All results are presented as average + standard deviation.

The average number of mistakes during the cognitive task was 2.8+1.7 every 100 answers.
The average number of answers provided during the entire mental fatigue task was 1470+202
with an average reaction time of 1126+123 ms.
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Table 1. Group average results for the POMS questionnaire before and after mental fatigue.

Intervention Control Group-Time interaction Effect size

: Pre Post % Change Pre Post % Change
Tension 22427 1.1+1.8 -50.0 : 1.4+2.7 1.1+1.7 214 F=1507p=.230:
Depression : 1.9+3.0 0.9+1.6 -52.6 : 0.7+1.3 0.7+2.1 0.0 F=1570p=.221
Anger * 1.2+1.5 3.242.4 +180.0 ; 1.4+1.9 1.4+1.8 0.0 F=9.897 *p = .004 276
Fatigue * 4.6+3.3 9.243.7 +100.0 ; 3.742.0 4.9+3.1 +324 F=6.389 “p=.018 191
Vigour * 11.0+3.5 6.1+3.4 -44.5 9.1+3.4 7.4%3.8 -18.7 F=7755"p=.010 223
Confusion 2.242.9 2.4+2.4 +9.1: 2.0+2.4 1.5+1.8 -25.0 ; F=0493p=.489
Happiness * 8.9+2.5 5.843.0 -3438 9.7+2.6 9.1+2.6 -6.2 F=15225"p=.001: 361
Calmness 10.6+2.9 8.4%2.2 208 10.322.5 10.543.0 +1.9: F=3.547p=.070 :

* significant group-time interaction effect

Effect size reported as partial eta-squared n* (small effect: n* = 0.01, medium effect: n*> = 0.06, and large effect: n”* = 0.14) [46].

https://doi.org/10.1371/journal.pone.0272033.t001

The results of the POMS questionnaire are presented in Table 1. A group-time interaction
effect was observed for feeling of fatigue, anger, vigour and happiness (details in Table 1). The
results of the mixed-effects model on the VAS assessment revealed statistical differences
between the intervention and the control group starting from the third measurement (30 min-
utes into the intervention) until the last measurement (p < .02 for all comparisons). The esti-
mated group-time interaction coefficient increased from 0.95 at third measurement to 2.56 at
the last measurement (Fig 4A and 4B).

Fine manual dexterity, assessed as contact time between the wand and the circuit during
the kinetic tremor task (Fig 2A) was not affected by the procedure. Average contact time was
1.46+1.23 s before and 1.07+0.92 s after (intervention group) and 1.31£1.25 s before and 0.61
+0.61 s after (control group). The time for completing the circuit (about which neither restric-
tions nor directions were given) was also not influenced by mental fatigue and was 58.7+26.5 s
before and 54.2+19.1 s after (intervention group) and 44.3+20.6 s before and 42.4+17.8 s after
(control group). No correlation was observed between the time employed to complete the
buzzwire and the contact time for both intervention (R* = 0.12 pre, R* = 0.06 post) and control
(R? = 0.03 pre, R? = 0.07 post) groups. For finger dexterity, quantified by the score of the Pur-
due test performed either normally or with the tweezers, no effects for time, group or interac-
tion were observed. Group average number of pins successfully inserted in the holes were: 17
+1.8 pre and 17.1+1.9 post and 6.1+1.5 pre and 6.4%1.3 post for normal and tweezers perfor-
mance respectively, in the intervention group, and 17.4+1.4 pre and 17.4+1.2 post and 6.4+1.2
pre and 6.5+1.2 post for normal and tweezers performance respectively, in the control group.

All the results related to the assessment of tremor during the postural and the goal-directed
task, force steadiness and FDI EMG during the isometric pinch contractions, are presented in
Table 2. None of the tested parameters (standard deviation, frequency, amplitude and area
around the most prominent peak within 7-13 Hz, coefficient of variation and EMG root mean
square) was different between the two groups at baseline and none was affected by the inter-
vention (Table 2).

Cardiovascular results are presented in Fig 4 panels D to O. Although oxygen saturation was
not different between the groups at any specific time point before and during the intervention
task (Fig 4D and 4E), it was on average higher in the intervention group than in the control
group (p =.0002) throughout the intervention (Fig 4F). Heart rate and blood pressure were not
different at baseline or any time point during the interventions (Fig 4G-4H, 4]-4K and 4N-
4M) and also no differences between group averages were detected (Fig 41, 4L and 40).
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Fig 4. Measurements during the intervention. Individual (filled dots) and group average (transparent squares) values monitored in the intervention
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pressure. Right column group average +SD in the intervention (light grey) and control group (dark grey). p < .001 based on Breusch-Pagan test for
heteroscedasticity, between J and K and between M and N. *** p < .001 based on a type 2 t-test. Hedges' g effect size: g = 1.97 for visual analogue scale,
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https://doi.org/10.1371/journal.pone.0272033.9004
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Table 2. Results of tremor and force steadiness.

STD (force or

acceleration)
Pre Post
INTERVENTION | Pinch force 3N 7.1+2.4 7.5
: 2.5
Pinch force 5N 10.6 99
: +4.6 +4.0 :
Hand postural ©1.8+0.6 20
tremor : +0.9 !
Arm postural ©2.0+0.7 2.1
tremor : +0.8 :
Kinetic tremor [ 6.73.2 67
: +2.5:
CONTROL | Pinchforce3N  : 9.5+3.0 9.1:
f 126!
Pinch force 5N 7.4%2.9 6.7
: +2.1:
Hand postural L 17407 15:
tremor : +0.4:
Arm postural 1.7+0.4 1.6
tremor : +0.2 !
Kinetic tremor 8.2+3.3 8.5
: +3.1:

PeaK (mv?)
Pre Post
73452 82+64:
153 | 111494
+11.4 i
17413 | 21422
0.9+0.8 | 13%16:
28.5 257
+37.3 £24.4
162 12,0498
+14.9 :
9.7+112| 7.2476:
1.6+41.8 | 1.1#1.2:
0.7+0.5 | 0.5+0.3:
39.2 375
+43.0

+30.4

Frequency (Hz) Area (mv?) EMG RMS (mv) CoV (force)
Pre Post Pre Post Pre Post Pre : Post
7.940.6 | 8.1+0.7 6.6+44| 67+53:  0.17 0.18 0.04 0.03

: Cox0.1 017 +0.02 +0.01

7.8+0.7 | 7.8+0.7 : 14.4 143: 018 0.20 0.03 0.03

©#101 £1231 201 +0.1:  £0.02 +0.01
8.8+0.7 | 8.8+0.6: 02+02| 02+02:
9.140.9 | 9.1+1.0: 02402 | 0302
9.9+0.7 100 12+05| 15407
+0.8 f

84109 | 82+1.0: 9.7+57| 89467  0.19 0.17 0.03 0.03

: ©$0.1 0.1 +0.04 +0.03

82+0.8 | 8.0+0.7: 6.7+56| 59437 0.5 0.14: 0.03 0.02

: S +0.1 +0.1:  +0.03 +0.02
8.7+0.8 | 8.7+0.8: 02+0.5| 02+0.2:
9.0+0.9 | 9.1+0.7: 02+02| 0.1+0.1°
10.0 | 9.8+0.7: 1.6+1.6| 22+2.1°:
+0.9 : :

Values are reported in terms of group average result + standard deviation, for the intervention (top) and control (bottom) groups.

STD = standard deviation; Peak = amplitude of the most prominent peak within 7-13 Hz frequency band; Frequency = frequency of the most prominent peak within
7-13 Hz; Area = area within 0.5Hz of the peak; EMG RMS = root mean square of the EMG recorded from the FDI during the isometric pinch tasks; CoV = coefficient of

variation of the raw force signal during the isometric pinch tasks.

https://doi.org/10.1371/journal.pone.0272033.t002

However, when looking at the individual points in Fig 4, it appears that the values in the inter-
vention group (Fig 4 left column) are more spread compared to those in the control group (Fig
4 middle column) for heart rate and blood pressure, throughout the intervention period. A
Breusch-Pagan test for heteroscedasticity was conducted to verify this observation and con-
firmed a difference in data variability for these parameters (p = .0009, p = .0005 and p = .00003
for heart rate, systolic pressure and diastolic pressure respectively).

Discussion

This study aimed to assess whether mental fatigue has an effect on physiological tremor, iso-
metric force steadiness and manual dexterity in young healthy adults. The results show that
none of these parameters were affected by mental fatigue. Therefore, it is likely that neurophys-
iological and psychobiological alterations that are commonly observed during mental fatigue
either do not influence tremor and fine manual dexterity motor control or quickly recover

after it.

The effectiveness of the intervention to induce mental fatigue was confirmed by a subjective
report of a considerable increase in feelings of fatigue (+100%) together with a 44.5% decrease
in vigour and a parallel increase of perceived effort during the execution of the mental task
(Fig 4A) that are typical characterizations of a cognitive fatigued state [3, 47].

Other indicators of the effort in having to continue the mental protocol, can be inferred by
the different levels of oxygen saturations between the intervention and control groups during
the respective tasks (Fig 4F). Indeed, a normal oxygen saturation level is required to maintain
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cognitive performance [48] and it raises with increased requirements of cognitive control, as
for example during a conflict task like the one used in our study [49]. Finally, the bigger varia-
tion of heart rate, that is a recognised index of mental effort [50], and blood pressure within
the intervention group might suggest a psychophysiological reaction to the cognitive task that
could have increased the levels of stress and alertness in some of the participants and decreased
in others [51] without affecting the volunteers in the control group, who remained similarly
neutral to their assigned task, as corroborated by a decrease in feelings of happiness and an
increase in anger in the intervention, but not in the control group

Force steadiness and EMG

In our experiment force steadiness was not affected by mental fatigue at neither of the two
absolute isometric contraction intensities tested. Our result is supported by previous reports
showing that isometric force steadiness tested following a mental effort was not affected in nei-
ther the lower [28] nor the upper body [27]. Differently, a declines in force steadiness has been
reported during mental efforts [22, 26, 52], however, the simultaneous execution of two differ-
ent tasks (cognitive and physical) generates the so call cognitive motor interference [53-55]
that is a phenomenon not comparable to mental fatigue. The corresponding EMG activity
recorded from the FDI during the pinch tasks was also unaffected by the intervention. Similar
results were presented by others [11, 27] and additionally, mental fatigue was reported not to
affect M wave [56] or motor unit firing frequency [28]. Nevertheless, several studies reported
an increase in muscular activity during an isometric endurance handgrip following a cognitive
effort [57-59]. However, having recorded the EMG from the FDI gives us a more controlled
condition compared to testing a forearm muscle surrounded by several synergists (as in [57-
59]) that might create noise in the recorded signal, as also acknowledged by the authors them-
selves [57]. Additionally, Brown and Bray [59] showed that the increase in EMG activity was
substantially attenuated when the volunteers were given monetary incentives to continue the
endurance handgrip task. This suggests that motivation in sustaining an effort influences mus-
cular activation, with lower enthusiasm being related to stronger activation. Our task was of
short duration (25 seconds) and required minimal effort (3 or 5 N), this might have prevented
this low-motivation-induced increase in the EMG signal reported by others [59].

Dexterity

Functional alterations in anterior cingulate cortex and striatum have been reported during
prolonged cognitive tasks [60, 61] and during sleep deprivation [62]. Both these regions of the
brain are involved in motor learning and motor control [63, 64] and, accordingly, a malfunc-
tioning or a hypoactivity of these areas have been associated with motor learning impairment
[65], diminished neural capacity to detect errors [66] and dysfunction in the motor control
system [67]. Based on these findings a reduction in fine movement control could be expected
to mirror a state of mental fatigue. Our results contradict this expectation, but it has to be
pointed out that the functional activity in the anterior cingulate cortex and striatum was
reported to be altered during and not after mental fatigue [60, 61]. This might suggest that any
reorganisation and/or impairments of functional brain activities during a mental task are
reversed soon after the cognitive effort is interrupted without any long-lasting effect being
detectable. In support of this short-term effect suggestion, an animal study demonstrated that
glucose in the brain is compartmentalized and it is temporarily withdrawn from not active
areas only for the duration of a mental task for then returning to the baseline levels [68].

In disagreement with this explanation and with our results though, Valenza and colleagues
(2020) reported a decrease in manual dexterity following mental fatigue. Differently to Valenza
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et al. (2020), who adopted an O’Connor dexterity test (that involves the insertion of 300 pins
in 100 holes) and a 3 minutes version of a Hand-Tool Dexterity test, we used much shorter
tests: our Purdue and the isometric pinch tests lasted 30 seconds, and the buzz wire circuit, on
average, less than a minute. Such different demand/complexity of the task used for assessing
dexterity is a crucial aspect that needs to be discussed. Indeed, studies on the effects of mental
fatigue on gait parameters demonstrated that mental fatigue affected dual task gait (walking
during the execution of arithmetic calculation) but did not affect single task gait (just walking)
[15]. Similarly, an impairment in performance was observed in fatigued subjects when execut-
ing a variety of motor tasks and sport-technical skills (like football [69], table tennis [70] and
cricket [71]), but not when simple isolated (e.g. isometric contractions) or all out simple
whole-body (e.g. sprint running, all-out cycling, jumping) exercises were tested (for review see
[11]. It is therefore necessary to acknowledge the limited ecological validity of our testing pro-
cedure, because, being it based on simple single tasks, does not replicate sport and professional
scenarios requiring fine motor control which usually involve a significant and concurrent cog-
nitive load.

Tremor

As mentioned in the introduction, to our knowledge, a direct examination of the effects of
mental fatigue on tremor was reported only by Budini et al. (2014a). The authors [6] observed
a decrease in the amplitude of mechanically amplified tremor within 8-12 Hz and attributed
this result to first having induced cortico-muscular coherence within this frequency band dur-
ing the contractions against the spring [72] and subsequently having cancelled it by inducing
mental fatigue. However, because in healthy individuals, cortico-muscular coherence within
the frequency band of physiological tremor is not commonly observed [72-74] this result
offers limited possibility of comparison with the current data.

Indirect evidence of the possible relationship between mental fatigue and tremor can be
inferred by linking the increased levels of cortisol and catecholamine reported during continu-
ous mental task [75, 76] with worsened tremor [77, 78] as well as exacerbated low frequency
oscillations during sustained pinch-grip force [79] when assessed at high plasma concentra-
tions of these hormones. Contrary to what suggested for the functional alterations of brain
regions, where the effects of mental fatigue seem to be reversed as soon as the cognitive effort
terminates, higher adrenaline values can persist for hours following the intervention [75].
However, the amount of the circulating hormone in response to mental fatigue is likely not
sufficient to induce an effect on muscle tremor [77, 80].

Conclusion

One-hundred minutes of continuative cognitive task induced mental fatigue but this did not
influence force steadiness, EMG, hand dexterity and muscle tremor. It is possible that the alter-
ations commonly observed during mental fatigue and that could have influenced the parame-
ters we measured only last for the duration of the cognitive task and are not detectable
anymore soon after the mental task is terminated. It cannot be excluded though that a differ-
ent, more demanding intervention, might induce more long-lasting detectable effects or that a
different testing procedure requiring a dual task effort might highlight an effect of mental
fatigue on dexterity and tremor that we could identify with our testing procedures.
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