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Background. Mental fatigue is a state of tiredness, decreased motivation, and in-
creased aversion to performing a task. Mental fatigue is associated with the length
of engagement in an activity (time-on-task) and the degree of cognitive effort re-
quired. In addition, mental fatigue can be affected by personality characteristics,
such as trait or domain-specific anxiety. There is a lack of research into associations
between mental fatigue and trait anxiety, as well as specific types of anxiety such
as math anxiety.

Objective. This study investigates whether the level of mental fatigue mani-
fested in an EEG taken during the performance of a mixed problem-solving task,
is associated with math and trait anxiety.

Design. An EEG recording was performed on participants in a resting state
with their eyes closed in two runs, both before and after they performed a task. The
task consisted of three types of stimuli: arithmetic, algebraic, and lexical.

Results. The results showed that the EEG correlates of fatigue changed be-
tween the first and second runs. These changes were not linked with mathemat-
ics anxiety. Some significant EEG effects were found for trait anxiety: people with
high trait anxiety appeared more aroused and showed less fatigue effects. However,
these results did not reach the level of significance after correction for multiple
comparisons.

Conclusion. Overall, our results are in line with the motivational control
theory, according to which mental fatigue “resets” when a person switches from
one task to another. In our study, the experimental paradigm consisted of three
types of tasks, a format which might have prevented fatigue. We discuss the im-
plications of the study for further research into the links between anxiety and
mental fatigue.
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Introduction

Mental fatigue is a state that generally manifests itself as tiredness, decreased moti-
vation, and aversion to perform a task (Boksem & Tops, 2008; Matthews, Desmond,
& Hitchcock, 2012). It develops as a function of the time-on-task and depends on
the amount of cognitive effort required (Boksem, Meijman, & Lorist, 2005; Lorist
et al., 2000). Mental fatigue can be operationalized by various methods, includ-
ing neuroimaging. Craig and colleagues (2012) reviewed 17 experimental papers
where mental fatigue was measured by changes in the spectral power of different
EEG bands. According to this review, theta, beta, and alpha band activity and their
ratios are likely to increase with the increase of mental fatigue.

The relationships between mental fatigue, time-on-task, and cognitive effort
are not always linear. Studies show that people differ in their vulnerability to mental
fatigue: Some people can continue their work for a long time without any effects
on their performance, while others start showing the signs of fatigue very early
(Matthews et al., 2012). Fatigue is frequently connected with sleep loss, circadian
rhythms, and health issues. However, it is also linked to personality traits, such
as introversion, neuroticism, sensitivity to punishment, behavioral inhibition, and
anxiety (Matthews et al., 2012). Here we focus on the association between mental
fatigue and two types of anxiety—trait and math anxiety.

A link between mental fatigue and trait anxiety (TA) was previously reported
by several studies; it was shown to range from 0.28 to 0.59 (Craig, Tran, Wijesu-
riya, & Boord, 2006; Jiang et al., 2003; Wijesuriya, Tran, & Craig, 2007). The classi-
cal view of mental fatigue explains the phenomenon as “a lack of sufficient steady
state energy to power ... cognitive work” (Hancock, Desmond, & Matthews, 2012,
p. 67). If this is the case, then this link between mental fatigue and trait anxiety can
be explained by an increased need for resources by people with high anxiety, which
is suggested by the Processing Efficiency Theory (PET; Eysenck & Calvo, 1992) and
Attentional Control Theory (ACT; Eysenck, Derakshan, Santos, & Calvo, 2007).
These two theories are generally used to interpret the mechanisms of anxiety’s ef-
fects on performance.

The PET assumes that anxiety reduces the working memory capacity available
for task processing, as engagement in an anxiety-related task causes people to expe-
rience stress and intrusive thoughts, and to ruminate on these intrusive thoughts.
The ACT extends PET, and postulates that anxiety in general affects the ability to
allocate attentional and cognitive resources to task performance. Due to an im-
paired inhibitory function, anxious people become more distracted by task-irrel-
evant stimuli, regardless of whether these stimuli are external (i.e., conventional
distractors) or internal (i.e., worrying thoughts, ruminations, etc.).

In summary, researchers concur that people with high trait anxiety not only
need resources for task processing, but also resources to deal with anxiety-induced
thoughts and to inhibit distracting stimuli. This assumption is confirmed by mul-
tiple studies which showed that people with trait anxiety perform more poorly than
non-anxious people under stressful conditions, especially in ego-threatening con-
ditions, such as when they are being observed by other people (Edwards, Edwards,
& Lyvers, 2017; Rezaei, Hosseini Ramaghani, & Fazio, 2017). Based on the classic
interpretation of mental fatigue, this double requirement for resources may make
anxious people more vulnerable to mental fatigue.
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The PET and ACT framework has also been applied to maths anxiety (MA)
(Carretié, Mercado, Tapia, & Hinojosa, 2001; Nufiez-Pefia & Sudrez-Pellicioni, 2014;
Wang, Huang, Ma, & Li, 2012). Maths anxiety is defined as “a feeling of tension and
anxiety that interferes with the manipulation of numbers and solving of mathematical
problems in ... ordinary life and academic situations” (Richardson & Suinn, 1972).
MA has been shown to play a role in underperformance in mathematics (Artemenko,
Daroczy, & Nuerk, 2015; Sudrez-Pellicioni, Nufiez-Pefia, & Colomé, 2016). Research
has shown that MA correlates with TA (r=0.35). However, MA cannot be viewed
as an expression of TA, since different aspects of MA correlate more highly with one
another (0.5-0.8) than with TA (Dowker, Sarkar, & Looi, 2016).

The present study employs the EEG method to explore links between TA, MA,
and mental fatigue. Mental fatigue is measured as an increase in theta, alpha, and
beta band activity during rest conditions in the course of a cognitive task (Craig,
Tran, Wijesuriya, & Nguyen, 2012). We chose a resting state condition because
previous studies have demonstrated that electrical brain activity during a resting
state might be related to psychological states and emotional regulation processes
(Knyazev, 2007; Putman, 2011). Based on previous research, we hypothesized that
mental fatigue would positively correlate with TA. We also hypothesised a posi-
tive correlation between mental fatigue and MA, as similar mechanisms may be
involved in the association between fatigue and all types of anxiety.

Methods
Objective

The aim of the present study is to investigate whether the level of mental fatigue,
manifested in EEG activity, is associated with math and trait anxiety.

Participants

All participants were tested at one of the two research centers in Russia. Partici-
pants were recruited via social media, as part of an ongoing twin study (Kovas et
al., 2013). Two hundred twenty-five participants, including 61 singletons and 82
pairs of twins, took part in the study. Only one twin from each pair was randomly
selected, in order to account for twin non-independence (Rijsdijk & Sham, 2002).
After the exclusion of participants with missing EEG recordings, the final sample
(singletons and one twin from a pair) included 101 participants with mean age of
21.62 (SD =4.28; 33 males, 68 females). All participants were native Russian speak-
ers, and had normal or corrected-to-normal vision and no history of head injury,
neurological or psychiatric disorder. Participants gave their informed written con-
sent prior to the experiment. The study was approved by the Ethical Committee for
Interdisciplinary Investigations (Tomsk State University).

Design and experimental procedure

Demographic, psychological, and physiological (EEG) data were collected. Partici-
pants were requested to fill in a demographic questionnaire that included informa-
tion about their age and sex. They then completed psychological inventories and
the EEG experiment.
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Math anxiety. Math anxiety was measured with the Shortened Math Anxi-
ety Rating Scale (sMARS; Alexander & Martray, 1989). This test measures math
anxiety by presenting participants with 25 math-related situations. Participants
rated, on a 5-point Likert scale, how much anxiety they experienced in each par-
ticular situation. A 21-item Russian adaptation of sSMARS was used, which has
four items removed from the questionnaire based on their poor psychometric
properties (see Likhanov et al., 2017). As in previous research (Ashcraft & Moore,
2009), the total score of all items (21 in this study) was used as a singular measure
of math anxiety.

Trait anxiety. The level of trait anxiety was measured with a Russian adaptation
of the Spielberger Trait Anxiety Questionnaire (Spielberger, 1989; Hanin, 1983).
The questionnaire consists of 20 questions on how anxious participants feel in their
ordinary life on a 4-point Likert scale. The trait anxiety score was calculated as a
simple sum of scores, without applying any coefficients.

EEG recording. Participants were instructed to sit comfortably and try not to
move their eyes. The recording was made in a dimly lit, soundproof, and electro-
magnetically shielded room. The resting state data were recorded two times: before
and after the main EEG data collection session, which on average lasted for 90 min-
utes. Each resting state recording run included five two-minute series with closed
and open eyes (10 minutes), which were recorded in the following order: eyes
closed — eyes open — eyes closed — eyes open — eyes closed; four minutes with
open and six minutes with closed eyes in total. Only the data in the eyes-closed
condition was used for further analysis. The resting state after the main session
included four two-minute series: eyes closed — eyes open — eyes closed — eyes
open (eight minutes in total).

During the main session, participants were to complete three types of problem-
solving tasks: lexical, algebraic, and arithmetic. There were 70 trials of each task
type, with 35 correct and 35 incorrect trials in each task, all of which were com-
pletely randomized (see Bloniewski, Likhanov et al., 2018).

The data were collected with the BrainVision PyCorder software (Brain Prod-
ucts). The EEG data were recorded from the scalp using 64 channels (63 EEG +
VEOG) via Ag/AgCl electrodes placed according to the international 10-20 system.
The EEG data were recorded without online filtering, with the sampling rate of 500
Hz. The Cz electrode was used as a reference, and the FPz was used as a ground.
The data were then preprocessed offline using BrainVision Analyzer 2. The record-
ed data were downsampled to 256 Hz and filtered with a 0.1 -40 Hz filter.

The data were then re-referenced to an averaged reference and manually
cleaned from artifacts, with noisy channels excluded. To remove blink and vertical
eye-movement artifacts, independent component analysis (ICA) was performed
on the following electrodes: VEOG — AFz, HEOG — FT9, and FT10. After ICA,
the excluded channels were topographically interpolated, and semiautomatic arti-
fact rejection was conducted. Fast Fourier transformation (FFT) was applied to 2s
artifact-free epochs at every channel to extract spectral power values of the signal
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in selected frequency bands (alpha, theta, and beta). The FFT results were averaged
across at least 150 epochs for each channel.

In this study the changes in spectral power were investigated at seven elec-
trodes: Fz, F3, F4, F7, F8, Cz and Pz. The rationale was that the effects of mental
fatigue tend to gravitate towards midline and frontal electrodes in theta rhythm
(Strijkstra, Beersma, Drayer, Halbesma, & Daan, 2003; Wascher et al., 2014); fron-
tocentral and parietal regions for alpha (Cantero, Atienza, Salas, & Gomez, 1999;
Oken, Salinsky, & Elsas, 2006; Santamaria & Chiappa, 1987), and frontal regions
for the beta spectral band (Craig et al., 2012).

Mental fatigue measures. The following EEG bands were used: alpha (8-12 Hz),
beta (12-30 Hz), and theta (4-7 Hz). We estimated absolute spectral power in se-
lected frequency bands. Relative power was also used in the present study as a more
reliable measure of spectral power (Nuwer, 1988) and was computed as follows:

1. relative alpha spectral power = alpha spectral power /(alpha spectral power
+ theta spectral power + beta spectral power)

2. relative theta spectral power = theta spectral power /(alpha spectral power
+ theta spectral power + beta spectral power)

3. relative beta spectral power = beta spectral power /(alpha spectral power +
theta spectral power + beta spectral power)

An increase in theta, alpha, and beta band activity indicates an increase in men-
tal fatigue (Cheng & Hsu, 2011; Craig et al., 2012; Eoh, Chung, & Kim, 2005).

We also used two composite measures, which have been shown to correlate
with fatigue. First, we used the Task Load Index (TLI), which reflects the degree of
neural activation during effortful task performance (Gevins & Smith, 2003). TLI is
calculated as the ratio of theta activity at frontal midline sites, to alpha at parietal
sites (here as theta at Fz to alpha at Pz). It is expected to increase with the develop-
ment of mental fatigue (Cheng & Hsu, 2011; Kamzanova, Matthews, Kustubayeva,
& Jakupov, 2011). Second, we used the Relative Energy Index (REI), which has
been shown to correlate positively with an increase in mental fatigue, as fatigue
is expected to increase with a decrease of energy (Cheng & Hsu, 2011; Eoh et al,,
2005). REIl is calculated as ratio of (alpha + theta) to beta activity.

To reduce the number of statistical comparisons, in this study mental fatigue
was estimated as the difference in spectral power between run one and run two —
the difference score. The difference score was estimated for each frequency band
and the two coeflicients (TLI and REI). The difference score was also used in a cor-
relational analysis, to explore the link between mental fatigue and anxiety.

Mental fatigue may be related to a participant’s state, e.g. how fatigued one al-
ready is prior to the experiment. Therefore, we calculated partial correlations be-
tween math and trait anxiety and the difference score for all parameters at all elec-
trodes, controlling for EEG spectral power in run one. Partial correlations were
computed between the two types of anxieties and both absolute and relative power
values. The false-discovery rate (FDR) was applied as a correction for multiple
comparisons.
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Results

First, we tested whether the changes in mean spectral power for all ranges and
spectral ratios, which occurred between run one and run two in the regions of
interest, were associated with mental fatigue. We used a non-parametric Wilcoxon
signed-rank test as an assumption of the normality of the mean difference between
spectral power in alpha, theta, and beta ranges, and spectral ratios in run one and
run two were violated for most of the electrodes. The analysis showed that absolute
band power increased significantly at all electrodes in all bands (see Table 1). The
relative band power before and after performing the task was significantly different
for all electrodes for alpha (decreased) and theta (increased) bands, but not for the
beta band (see Table 2). The spectral ratios (TLI and REI) did not change signifi-
cantly (see Table 3).

Table 1

Descriptive statistics and Wilcoxon Signed Rank Tests for absolute activity

Power Elect-  Mean (SD) Mean (SD) Mean (SD)for VA p-  Effect
band rode for run 1 for run 2 difference score value  size
Alpha Fz 0.57 (0.26) 0.62 (0.30) 0.05 (0.30) =227 .01 0.23
F3 0.55 (0.24) 0.60 (0.26) 0.06 (0.24) -3.14 .00 0.32

F4 0.57 (0.28) 0.58 (0.25) 0.18 (0.75) -1.75 .04 0.18

F7 0.67 (0.42) 0.84 (0.67) 0.02 (0.30) -420 .00 0.42

F8 0.64 (0.38) 0.79 (0.76) 0.14 (0.83) -3.36 .00 0.34

Cz 0.48 (0.23) 0.54 (0.38) 0.07 (0.41) -2.54 .01 0.25

Pz 0.67 (0.37) 0.73 (0.48) 0.08 (0.39) -2.28 .01 0.23

Beta Fz 0.26 (0.13) 0.31 (0.20) 0.09 (0.24) -4.89 .00 0.49
F3 0.28 (0.13) 0.34 (0.16) 0.10 (0.16) -5.44 .00 0.55

F4 0.29 (0.20) 0.32 (0.12) 0.19 (0.81) -4.96 .00 0.50

F7 0.42 (0.35) 0.57 (0.64) 0.06 (0.25) -5.30 .00 0.53

F8 0.38 (0.34) 0.53 (0.73) 0.18 (0.85) -5.69 .00 0.57

Cz 0.24 (0.16) 0.30 (0.40) 0.1 (0.48) -4.55 .00 0.46

Pz 0.28 (0.19) 0.34 (0.25) 0.10 (0.34) -4.40 .00 0.44

Theta Fz 0.46 (0.46) 0.56 (0.27) 0.11 (0.64) -4.67 .00 0.47
F3 0.43 (0.21) 0.53 (0.22) 0.16 (1.02) -5.84 .00 0.59

F4 0.45 (0.24) 0.51 (0.19) 0.20 (0.89) -4.55 .00 0.46

EF7 0.60 (0.46) 0.80 (0.69) 0.16 (1.37) -5.55 .00 0.56

F8 0.54 (0.38) 0.74 (0.77) 0.21 (1.11) -5.71 .00 0.57

Cz 0.40 (0.19) 0.50 (0.45) 0.15 (0.94) -393 .00 0.40

Pz 0.47 (0.31) 0.57 (0.48) 0.17 (1.07) -4.00 .00 0.40

Note. p<.05 is counted as significant.
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Table 2
Descriptive statistics and Wilcoxon Signed Rank Tests for relative activity

Power Elect-  Mean (SD) Mean (SD) Mean (SD) for z p- Effect

band rode for run 1 for run 2 difference score value size

Alpha  Fz 0.43 (0.08)  0.41 (0.08) ~0.02 (0.06)  -2.45 .01 0.25
F3 0.43 (0.08) 0.4 (0.07) -0.02 (0.06) -3.04 .00 0.31
F4 0.43(0.07) 0.4 (0.07) ~0.01 (0.06)  -3.13 .00 0.31
F7 0.40 (0.06)  0.39 (0.06) ~0.02 (0.06) 23 01 0.23
F8 0.41 (0.07)  0.39 (0.07) ~0.02(0.06)  -326 .00 0.33
Cz 0.43 (0.07) 0.41 (0.07) -0.02 (0.06) -2.19 .01 0.22
Pz 0.47 (0.09)  0.44 (0.08) ~0.02(0.07)  -257 .01 0.26

Beta Fz 0.20 (0.04)  0.21 (0.04) 0.01 (0.04) 131 0.13
F3 0.23 (0.05) 0.23 (0.04) 0.00 (0.04) 0.52 7 0.05
F4 0.22 (0.05)  0.23 (0.04) 0.00 (0.04) ~0.66 .26 0.07
F7 0.25 (0.05)  0.25 (0.05) 0.00 (0.04) 048 .68 0.05
F8 0.24 (0.05) 0.25 (0.04) 0.01 (0.04) -0.83 2 0.08
Cz 0.21 (0.04) 0.21 (0.04) 0.00 (0.04) -041 .34 0.04
Pz 0.20 (0.05)  0.21 (0.04) 0.01 (0.04) 084 2 0.08

Theta  Fz 0.36 (0.07)  0.38 (0.07) 0.01 (0.04) 237 01 0.24
F3 0.35 (0.07) 0.37 (0.07) 0.02 (0.04) -3.76 .00 0.38
F4 0.35(0.07) 0.37 (0.07) 0.01 (0.06) -3.37 .00 0.34
F7 0.35(0.06)  0.36 (0.07) 0.02 (0.04) 229 01 0.23
F8 0.35(0.06)  0.36 (0.06) 0.02 (0.05) ~33 .00 0.33
Cz 0.37 (0.06) 0.38 (0.07) 0.01 (0.04) -1.6 .05 0.16
Pz 0.33(0.08)  0.35(0.07) 0.01 (0.05) 261 .00 0.26

Note. p<.05 is counted as significant.

Significant differences between the two runs were considered to manifest
mental fatigue. To reduce the number of statistical comparisons, we calculated
the difference scores by subtracting the spectral power at run two from that at
run one separately for each frequency band (See Figure I). For the bands that
were significantly different, we were interested whether the difference scores for
absolute and relative spectral power characteristics correlated with math and trait

anxiety.
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Table 3

Descriptive statistics and Wilcoxon Signed Rank Tests for spectral ratios difference score

Power  Elec- Mean (SD) Mean (SD) Mean (SD) for dif- z p- Effect
band trode for run 1 for run 2 ference score value size
REI Fz 4.17 (1.15) 3.96 (1.03) -0.18 (0.94) -1.25 .11 0.13
F3 3.65 (1.07) 3.54 (0.92) -0.09 (0.83) 0.04 .52 0
F4 3.22 (0.86) 3.17 (0.82) -0.14 (0.82) 0.09 .54 0.01
F7 3.73 (1.07) 3.57 (0.92) -0.03 (0.77) -0.8 21 0.08
E8 3.34(0.90) 3.18 (0.75) -0.16 (0.81) -1.03 .15 0.1
Cz 4.01 (1.01) 3.89(0.91) -0.13 (0.85) -0.62 .27 0.06
Pz 4.23(1.22) 3.99 (1.02) -0.20 (1.04) -1.09 .14 0.11
TLI 0.88 (0.66) 0.95 (0.53) 0.04 (0.54) -042 .34 0.04
Note. p<.05 is counted as significant.
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Figure 1. Deviation bar graphs for EEG power difference scores from run one to run two.
1. Absolute power difference; 2. Relative power difference; 3. Power difference for the two
composite measures (REI and TLI).
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Table 4
Correlations between EEG power difference score and math and trait anxiety
Math anxiety Trait anxiety
Power band Electrode Rho  p-value alc)ljlzlls)tI: d Rho  p-value alc)ljlflls)tI: d

Alpha Fz 0.06 .55 .98 0.07 .54 7
F3 0.11 .29 .98 0.08 49 7
F4 0.02 .81 .98 0.03 .76 .86
F7 0.0 .98 .98 0.1 .36 7
E8 -0.15 .16 .98 0.17 11 .28
Cz -0.02 .87 .98 0.1 .36 7
Pz 0.14 17 .98 0.0 .98 .99
Beta Fz 0.03 .75 .98 -0.17 11 .28
F3 0.02 .88 .98 -0.07 .53 7
% F4 -0.04 .68 .98 -0.08 44 7
'é F7 -0.08 46 .98 -0.05 .67 .8
= F8 -0.08 45 98 -0.08 .45 7
Cz -0.02 .87 .98 0.08 45 7
Pz 0.1 .33 .98 -0.03 .81 .89
Theta Fz 0.03 .8 .98 -0.06 .59 .74
F3 -0.01 . .98 0.0 .99 .99
F4 -0.09 41 .98 -0.07 .53 7
F7 -0.06 .57 .98 0.0 .99 .99
F8 -0.16 12 .98 0.04 .69 8

Cz -0.06 .55 .98 0.11 31

Pz 0.13 .23 .98 -0.07 .53
Alpha Fz 0.05 .66 .98 0.26 .02 .15
F3 0.06 .54 .98 0.2 .06 .19
F4 0.09 4 .98 0.22 .04 15
F7 0.03 77 .98 0.24 .02 .15
E8 -0.07 .54 .98 0.29 .01 .15

Cz -0.01 .96 .98 0.09 .38

z Pz 0.01 89 98 0.11 33
';3 Theta Fz -0.05 .63 .98 -0.22 .04 .15
F3 -0.04 72 .98 -0.23 .03 .15
F4 -0.09 .39 .98 -0.22 .04 .15
EF7 -0.04 .68 .98 -0.22 .04 .15
F8 -0.06 .55 .98 -0.23 .03 .15
Cz 0.0 .96 .98 -0.18 .09 .26
Pz 0.04 .69 .98 -0.22 .04 .15

Note. p< .05 is counted as significant.
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Table 5
Partial correlations between EEG power difference score and mats and trait anxiety

Math anxiety Trait anxiety
Power band Electrode Rho  p-value p FDR Rho p-value p FDR
adjusted adjusted
Alpha Fz 0.07 A48 .97 0.05 .64 .97
F3 0.13 21 .97 0.05 .67 .97
F4 0.06 .56 .97 -0.00 .99 .97
F7 0.04 .67 .97 0.07 51 .97
F8 -0.11 .28 .97 0.16 .13 .97
Cz 0.02 .88 .97 0.08 A48 .97
Pz 0.16 .13 .97 -0.02 .82 .97
Beta Fz 0.03 74 .97 -0.15 .16 .97
F3 0.02 .87 97 -0.07 .53 .97
o F4 -0.03 .76 97 -0.08 46 .97
é F7 -0.06 .54 .97 -0.04 .67 .97
= F8 -0.06 .54 .97 -0.07 5 .97
Cz -0.01 .94 .97 0.09 42 .97
Pz 0.10 33 .97 -0.03 .79 .97
Theta Fz 0.02 .87 .97 -0.04 .72 .97
F3 -0.01 .95 .97 0.01 .94 .97
F4 -0.05 .64 97 -0.03 .75 .97
F7 -0.02 .85 .97 0.00 .99 .97
F8 -0.14 17 .97 0.05 .62 .97
Cz -0.04 .72 .97 0.13 22 .97
Pz 0.14 .18 .97 -0.07 51 .97
Alpha Fz 0.08 47 .97 0.20 .06 29
F3 0.07 49 .97 0.12 25 .59
F4 0.10 .35 .97 0.14 2 .53
F7 0.03 .79 .97 0.19 .08 32
© F8 -0.08 45 .97 0.22 .04 .29
= Cz 0.00 97 .97 0.06 .6 .84
é Pz 002 .85 97 005 61 84
Theta Fz -0.08 44 .97 -0.22 .04 .29
F3 -0.05 .6 .97 -0.20 .06 29
F4 -0.10 .35 .97 -0.20 .06 .29
F7 -0.02 .85 .97 -0.21 .05 .29
F8 -0.06 .56 .97 -0.22 .04 .29
Cz -0.01 91 .97 -0.17 .1 .36
Pz 0.04 71 .97 -0.20 .06 29

Note. p <.05 is counted as significant.
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Table 4 presents correlations between the difference scores in band powers and
anxiety (math and trait). There were no significant correlations between absolute
band power changes and anxiety (math and trait). For math anxiety, no correlations
were observed with the relative band power difference score. However, trait anxiety
was significantly correlated with difference scores for relative alpha and theta ac-
tivity for most of the electrodes. To correct for multiple comparisons, we used the
FDR-correction (Benjamini & Hochberg, 1995). After this correction, none of the
comparisons reached the level of significance (see Table 4).

Alpha Theta

A A
rho.rel. TA

0.2
0.1
0.0

I -0.1
-0.2

Figure 2. Correlations of power difference score and trait anxiety
for alpha and theta relative power

Partial correlations that account for the level of fatigue of a participant at the
start of the experiment were not significant for absolute power values. For rela-
tive power values, difference scores marginally correlated with trait anxiety at most
frontal electrodes in theta band, as well as at the F8 electrode in alpha band (see
Figure 2). However, no results reached significance after the FDR-correction (see
Table 5).

Discussion

The aim of this study was to investigate whether the level of mental fatigue during
a cognitive task is associated with math and trait anxiety. Mental fatigue was not
measured directly. The approach we used in the study was based on the findings
which showed that mental fatigue can manifest itself in EEG spectral characteris-
tics at different frequency bands.

We started by exploring differences in EEG spectral power, measured before
and after performing math- and language-related cognitive tasks. We analyzed
EEG activity in narrow frequency bands together with composite EEG measures
(Task Load Index, TLI; and Relative Energy Index, REI). In previous studies, REI
was shown to be reversed proportional to energy and related to a state of drowsi-
ness, which is a facet of the state of mental fatigue (Eoh et al., 2005; Lal & Craig,
2001). Our data did not yield significant differences in REI between the two runs.
This result might be explained by a relatively short duration of the experiment (ap-
proximately an hour and a half). This relatively short duration, combined with a
5-minute break during the experimental task, may have led to an absence of drows-
iness. No significant changes were found in the TLI index. Previous research found
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changes in TLI with an increase of difficulty (Gevins, Smith, McEvoy, & Yu, 1997).
In the present study, the experimental task was not difficult, and the level of dif-
ficulty stayed constant throughout the task.

Absolute power in the eyes-closed resting state was higher at run two than at
run one in all bands. This is in line with findings by Craig and colleagues (2012).
However, the relative power results were not consistent with previous findings
(Craig et al., 2012): only theta power increased from run one to run two, while
alpha decreased and beta did not show any change. Contrary to our prediction of
alpha band power growth with increase of fatigue, as expected from previous re-
search (Craig et al., 2012), relative alpha rhythm decreased in all electrodes except
Pz. The existing literature is somewhat inconsistent in establishing the link between
alpha activity and fatigue: it was reported to be both decreasing and increasing in
different studies (see the review in Craig et al., 2012). In our study, the decrease in
relative alpha band activity might be interpreted as a marker of task engagement
(Cheng & Hsu, 2011). Such alertness might be a result of the need for participants
to switch between several tasks (arithmetic, lexical, and algebraic) during the ses-
sion, so that they have to stay vigilant. Overall, our data showed contradictory re-
sults for alpha band changes in absolute and relative power approaches.

The data on the link between beta and fatigue are also quite unclear. Craig and
colleagues (2012) reported beta increases with fatigue (three studies); decreases
with fatigue (one study); and no change (two studies). Our data also show no sig-
nificant EEG differences before and after performing cognitive tasks. There are dif-
ferent ways to calculate EEG spectral power. Here we used the relative power ap-
proach which accounts for all of the spectrum. It is possible that the discrepancies
between our study and the aforementioned ones in beta change might be caused by
the relative power approach we used. In this approach, more data on EEG activity
is used for the calculation of the estimation, so that it might be more accurate and
reliable in estimation of power change.

Theta band spectral power differences were consistent for both absolute and
relative power approaches. Theta power is considered a robust indicator of fatigue
(Craig et al., 2012). In our study theta increased from run one to run two, suggest-
ing mental fatigue in our participants. However, this finding is not consistent with
the findings for the other indices. Further research is needed to find a plausible
explanation for this contradictory result.

Next, we performed analyses to explore the link between EEG spectral power
changes and math and trait anxiety. Given that there were no differences in com-
posite measures across the two runs, and mixed evidence for the beta band (no dif-
terences in relative power), we focused on alpha and theta bands in further analysis.
Alpha and theta bands showed prominent changes after task performance for both
absolute and relative spectral power. However, we found no correlations of absolute
EEG activity changes with either anxiety. There were also no correlations between
relative activity and math anxiety. Trait anxiety was positively correlated with a
decrease in relative alpha and negatively with an increase in relative theta. These
correlations failed to reach significance after correction for multiple comparisons.
However, the indicated associations may be real, as they were consistent in spatial
distribution of the effect (there was similar activity on the adjacent electrodes, see
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Figures 2). The current study may be underpowered to demonstrate these associa-
tions robustly.

The positive correlation between the alpha difference score and TA, shown in
our study, might be evidence of people with high anxiety having bigger differences
between run one and run two; i.e., people with higher TA have lower alpha after
the task completion. This might reflect the fact that these people were more en-
gaged with the task, and thus were more vigilant. This result is in line with previous
research which showed that lower alpha might be associated with increased focus
(Oken, Salinsky, & Elsas, 2006; Palva & Palva, 2007). Another interpretation which
might be inferred from the partial correlation analysis, is that the alpha band spec-
tral power change is affected by the participant’s previous state rather than by his or
her level of anxiety during the task. In this case a low level of fatigue before the task
might have led to lower fatigue by the end of the task, as compared to people who
were fatigued before the recording. In future studies, an independent measurement
of initial fatigue level should be taken and controlled for during the analysis.

Our data also showed that there was negative correlation between the theta
difference score and TA. A possible explanation for that might be related to the
arousal effect of anxiety. For people with high anxiety, participating in the experi-
ment could have stressed them that led to mobilizing their resources, and having
less effects of tiredness. Both these findings might be discussed in the framework of
the optimal performance theory of Yerkes and Dodson (1908), according to which
participants in our study were more vigilant because of their increased anxiety,
induced by participation in the experiment. These results are also in line with the
results of previous studies, which identified the nonlinear effects of anxiety. For
example, one study showed that motivation moderated the relationship between
math performance and math anxiety (Wang et al., 2015). The study found that
math anxiety might have served as a positive arousal factor for people with high
motivation.

Contrary to our initial hypothesis, we failed to find any association between
math anxiety and fatigue. This may be interpreted in the context of the motiva-
tional control theory of cognitive fatigue (Hockey, 2011). According to that theory,
fatigue arises when there exists a conflict between a current and an alternative goal
(including rest and biological needs). A person’s goals are constantly being evalu-
ated, and when demands for task performance increase, he or she experiences a
subjective feeling of discomfort. This leads either to increasing effort, or to leav-
ing the effort unchanged by either sticking to a previous goal despite a deficit in
performance, or by switching to another goal. Fatigue arises when a person feels a
demand for greater effort, and is expected to dissipate if a person chooses to switch
to another task or not to increase his or her effort. One of the predictions of the
model discussed by Hockey, is that changing the goal resets the need for effort to
normal, thus removing fatigue.

Since MA is considered to be a domain-specific anxiety linked to math per-
formance, in our study there may have been different processes underway during
the math-related and lexical tasks of people with high MA. For example, MA may
have led to greater arousal during math tasks, preventing a buildup of fatigue. It is
not clear whether such a buildup would lead to cancelling out the effects of fatigue
experienced during tasks; or whether the tasks on the whole were not long enough
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by themselves to induce fatigue. TA is not specific to any task, and thus there was
no goal change for people with high TA. This may explain why the difference scores
were linked to the TA level: people with TA might have experienced the whole ex-
periment as one stressful task that continuously sustained their arousal.

Conclusion

No significant links were found between math and trait anxiety, and mental fatigue.
However, some interesting associations were indicated, and need to be explored
by a study with better statistical power. Moreover, to better understand the link
between math anxiety and mental fatigue, an experiment with only math-related
tasks should be designed. Other measures of mental fatigue (e.g. yawning, nodding
off, self-reports) should be used to understand the consistency of EEG and other
measures of mental fatigue, and to clarify the differential pattern of results for dif-
ferent spectral power bands.

Limitations

First, the goal switching within the experimental task might not have allowed the
tracing of the link between MA and fatigue. Second, the length of the experiment
might have affected our findings: although there were some changes in EEG associ-
ated with mental fatigue, the length of time of the task might have been insufficient
for robustly inducing fatigue. Third, our sample might not have been large enough
to detect weak correlations. Previous research reported weak to moderate corre-
lations between trait anxiety and mental fatigue. The link between math anxiety
and mental fatigue may be even weaker, and therefore undetectable in our sample.
Fourth, mental fatigue was not measured directly.
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