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A B S T R A C T

Previous studies suggested that highly math-anxious (HMA) individuals invest more attentional resources than
their low math-anxious (LMA) peers in numerical tasks, and have worse spatial skills. We aimed to explore
whether they also need to apply more resources in spatial tasks. In this study, HMA and LMA individuals saw
normal or mirror-reversed letters in six orientations and made mirror-normal decisions. In both groups, response
times and errors increased with angular deviation from upright and the ERP mental rotation effect was found.
However, HMAs were slower to respond than their LMA counterparts. Interestingly, the HMA group showed a
larger P3b in greater deviations for normal letters and in all mirrored letters. Since P3b amplitude reflects the
attentional resources invested in the categorization of relevant stimuli, HMA individuals may need to devote
more processing effort than their LMA peers when performing mental rotation. This finding is consistent with
the Attentional Control Theory.

1. Introduction

Mathematical skills are essential in modern technological societies
but, unfortunately, many people find it difficult to learn and use math-
ematics. Among them, a large number suffer from math anxiety: that is,
they feel tension, apprehension or fear when faced with tasks involving
numbers and math use (Richardson & Suinn, 1972; Suárez-Pellicioni,
Núñez-Peña, & Colomé, 2016). These feelings are present in highly
math-anxious individuals not only in academic contexts involving math-
ematical problem-solving but also in everyday and professional settings
(Ashcraft & Ridley, 2005).

While most of the existing body of evidence on math-anxious in-
dividuals has focused on their math performance, a number of stud-
ies have examined the relationship between math anxiety and spatial
ability (e.g., Ferguson, Maloney, Fugelsang, & Risko, 2015; Maloney,
Waechter, Risko, & Fugelsang, 2012; Sokolowski, Hawes, & Lyons,
2019). Spatial ability is defined as “the ability to generate, retain, re-
trieve and transform well-structured visual images” (Lohman, 1994, p.
1000). The relation between math abilities and spatial skills is evident

in both behavioral (for a review, see de Hevia, Vallar, & Girelli, 2008)
and neuropsychological measures (e.g., Hubbard, Piazza, Pinel, &
Dehaene, 2005; Pinel, Piazza, Le Bihan, & Dehaene, 2004). People with
high spatial ability perform better on mathematical tests (Mix & Cheng,
2012), and important theories such as the triple-code model claim that
participants rely on visuo-spatial processes when they are engaged in
arithmetic and numerical processing (e.g., Dehaene, 1992). Moreover,
tasks that require either number processing or spatial transformations
tend to activate structures within the parietal lobes (Hubbard et al.,
2005).

Regarding the relationship between math anxiety and spatial abil-
ity, Maloney et al. (2012) suggested that the higher math anxiety in
females may in part be mediated by gender differences in visuo-spa-
tial processing ability. Furthermore, Ferguson et al. (2015) and Maloney
et al. (2012) demonstrated that higher math anxiety is associated with
worse self-reported spatial processing ability, and poorer performance
in spatial processing tasks. This spatial deficit in highly math-anxious
individuals was specific to small-scale spatial skills (e.g., mental rota-
tion) and to the shared aspects of small- and large-scale spatial abil
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ities.⁠1 Moreover, Ferguson et al. (2015) found a positive correlation be-
tween math anxiety and spatial anxiety (i.e., anxiety about environmen-
tal navigation), although interestingly the relation between math anx-
iety and performance in their small-scale spatial task was maintained
even after controlling for spatial anxiety.

Recent studies have suggested that highly math-anxious individu-
als might have an attentional-control deficit that would make them
less efficient in numerical tasks than their low math-anxious peers
(Suárez-Pellicioni, Núñez-Peña, & Colomé, 2014; Suárez-Pellicioni,
Núñez-Peña, & Colomé, 2013; Suárez-Pellicioni, Núñez-Peña, & Colomé,
2015). Specifically, Suárez-Pellicioni and colleagues proposed that this
deficit would force individuals high in math anxiety to invest more
attentional resources in math-related tasks. Suárez-Pellicioni et al.’s
proposal is based on the Attentional Control Theory (ACT; Eysenck,
Derakshan, Santos, & Calvo, 2007), which was developed from Process-
ing Efficiency Theory (PET; Eysenck & Calvo, 1992). According to the
ACT, anxiety affects performance because it impairs the attentional con-
trol function of the central executive system. Highly anxious individuals
allocate their attentional resources to threat-relevant stimuli that may
be internal (e.g., worries) or external (e.g., task-irrelevant distractors),
so they need to invest more resources in order to solve the task as ac-
curately as their low-anxiety peers. ACT and PET distinguish between
performance effectiveness and processing efficiency. The former refers to
the result of the performance (i.e., how well a person performs a task;
usually measured by means of accuracy) whereas the latter refers to the
amount of effort or cognitive resources invested in order to perform the
task (usually measured by means of response time). According to these
theories, anxiety would impair processing efficiency more than perfor-
mance effectiveness, in so far as when a highly-anxious person faces an
anxious task, he or she would have to invest more processing resources
to perform it as accurately as a person with low anxiety.

In the present study, we wanted to examine whether high math-anx-
iety (HMA) individuals need to invest more attentional resources than
their low math-anxiety (LMA) peers to perform small-scale spatial tasks.
This attentional control deficit could be one of the factors contribut-
ing to HMA individuals’ difficulties in performing mental rotation tasks
(Ferguson et al., 2015; Maloney et al., 2012). In the present exper-
iment, we studied this issue by examining spatial processing ability
in HMA individuals in a mental rotation task by means of event-re-
lated brain potential (ERP) recording. This study presents two main
novelties with respect to previous investigations in this field. First,
we used a computerized version of the mental rotation task that al-
lowed us to measure the mental rotation effect both on accuracy and
on response time. In order to measure spatial processing ability, pre-
vious studies used either paper-and-pencil self-report questionnaires
(Ferguson et al., 2015; Maloney et al., 2012) or a computerized ver-
sion of a mental rotation task where only accuracy was measured
(Ferguson et al., 2015). Some studies have reported that HMA and
LMA individuals differ more in processing efficiency than in effective-
ness or, in other words, that HMA are slower than their LMA peers
when performing math-related tasks but do not differ in accuracy (e.g.,
Núñez-Peña & Suárez-Pellicioni, 2014; Suárez-Pellicioni et al., 2014).
Therefore, it is relevant to measure response time in math anxiety
studies. The second novelty of the present study is that event-related
brain potentials (ERPs) were recorded. In contrast with the standard
measures used in previous studies, the ERP technique allowed us to

1 Spatial ability is composed of two components (Hegarty et al., 2006; Wang, Cohen,
& Carr, 2014): (1) small-scale spatial abilities that are used for mental transformation
of small shapes or manipulable objects (e.g., mental rotation) and (2) large-scale spatial
abilities that are used to learn the layout of new environments and to physically navigate
through space.

study differences in brain response between high and low math-anxious
individuals and provided us with a continuous measure of processing
from stimulus onset to response.

Mental rotation is defined as the ability to imagine the rotation of
an object without physically performing it. It has been linked to per-
formance in several mathematical tasks, including mental arithmetic
and geometry (Mix & Cheng, 2012), and it is a strong predictor of
later mathematics performance and success in the STEM (Science, Tech-
nology, Engineering and Mathematics) fields (Lubinski, 2010; Wai,
Lubinski, & Benbow, 2009). The mental rotation process is reflected
both in response time (RT) and psychophysiological activity (i.e., ERPs).
In a classical mental rotation task, visual stimuli (e.g., letters) in their
normal or mirror-reversed version are presented rotated at different po-
sitions increasing in deviation from the upright, and participants are
asked to indicate in which version the stimuli have been presented. RT
increases with the required angle of rotation, an effect (RT mental rota-
tion effect) first described by Shepard and Metzler (1971). It has been
suggested that this increase in RT occurs because, in order to perform
the task properly, the stimulus needs to be mentally rotated to place it
in the upright position. In fact, this is what participants report when
they are asked how they performed the task (Cooper & Shepard, 1973).
The mental rotation process also has an electrophysiological signature
in the ERPs. As the angular disparity from upright increases, the am-
plitude becomes more negative over the parietal cortex in the inter-
val ranging between 400 and 800ms post-stimulus (Peronnet & Farah,
1989). This effect has been replicated across a wide range of mental ro-
tation tasks with different types of visual stimuli (Heil & Rolke, 2002;
Núñez-Peña, Aznar-Casanova, Linares, Corral, & Escera, 2005; Thayer
& Johnson, 2006). It has been suggested that this slow negative com-
ponent (the rotation-related negativity – RRN) is a psychophysiologi-
cal correlate of the mental rotation process (Heil, 2002; Wijers, Otten,
Feenstra, Mulder, & Mulder, 1989) and it is superimposed on a strong
late positive complex (P3b). Thus, the superposition of the two ERPs re-
sults in a positive wave. The P3b is not dependent on the rotation of
the stimulus but it changes according to the presentation of a task-rele-
vant stimulus (Rösler, Schumacher, & Sojka, 1990; Wijers et al., 1989).
P3b amplitude is proportional to the amount of attentional resources
engaged in categorizing a given stimulus (Gray, Ambady, Lowenthal,
& Deldin, 2004; Johnson, 1988) and is strongly reduced when atten-
tion is directed away from the task (Duncan-Johnson & Donchin, 1977;
Johnson, 1988). Larger P3b amplitudes have been found in tasks requir-
ing attentional control (e.g., task switching; Barceló, Periáñez, & Nyhus,
2008). Therefore, P3b amplitude is considered an index of the cognitive
effort applied during task processing, with larger amplitudes indicating
more attentional resources devoted to the task (Kok, 1997, 2001; Polich,
2007).

To examine whether HMA individuals need to invest more atten-
tional resources than their LMA peers in spatial tasks, we recorded ERPs
and behavioral measures while HMA and LMA individuals performed a
mental rotation task. Participants had to indicate whether stimuli pre-
sented at different orientations (0, 50, 100, 150, 210, 260 and 310 de-
grees) were normal or mirror-reversed letters. Our predictions were as
follows: (1) we expected to replicate the mental rotation effect both be-
haviorally and in the brain response in both groups; (2) if, as proposed
by the ACT, anxiety affects processing efficiency more than processing
effectiveness, we expected the HMA group to be slower that their LMA
peers (worse processing efficiency), but to show no significant group dif-
ferences in hit rate (similar group processing effectiveness); and (3) be-
cause an increase in the P3b amplitude is considered a signature of the
greater use of attentional resources, if the HMA group needs to devote
more cognitive effort to perform the spatial task than their LMA coun-
terparts, then we would expect a larger P3b for the HMA group.

2
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In the present study, three relevant variables were controlled: trait
anxiety, spatial anxiety, and gender. Trait anxiety is positively related
to math anxiety (Hembree, 1990) and according to the ACT (Eysenck
et al., 2007) it affects attentional control. Moreover, spatial anxiety
is positively related to math anxiety and negatively related to perfor-
mance in spatial tasks (Lawton, 1994). Hence, if a math anxiety ef-
fect was found, it was important to ensure that it was not due to any
of these variables. Regarding gender, differences between women and
men have been described in spatial tasks in both behavioral and psy-
chophysiological measures. Many studies have shown that males out-
perform females on spatial ability, especially in mental rotation tasks
(Levine, Foley, Lourenco, Ehrlich, & Ratliff, 2016; Lippa, Collaer, &
Peters, 2010; Reilly & Neumann, 2013; Voyer, Voyer, & Bryden, 1995).
Regarding psychophysiological measures, gender differences in mental
rotation tasks have also been reported (Gootjes, Bruggeling, Magnée, &
Van Strien, 2008; Mikhailova, Slavutskaya, & Gerasimenko, 2012). For
example, Gootjes et al. (2008) found that women were about 100ms
slower than men in a mental rotation task and that their ERP mental
rotation effect (the rotation-related negativity) was delayed: it appeared
in the 400–500ms window for men, and in the 500–600ms window
for women. Therefore, to homogenize our sample only women were se-
lected as participants in the present study. We chose women instead
of men because they consistently report higher levels of math anxiety
(Hembree, 1990).

2. Methods

2.1. Participants

Forty healthy female volunteers participated in this study, half of
them with a high level of math anxiety and the other half with a low
level. They were selected from a sample of 770 students from the Uni-
versity of Barcelona who had previously been assessed for trait anxiety
and math anxiety in the framework of a larger project. One participant
in the LMA group was excluded from the analysis due to technical prob-
lems during recording and two from the HMA group because they had
an insufficient number of epochs in one of their ERP averages. Thus, the
final sample included 19 LMA and 18 HMA participants.

The LMA group scored below the first quartile on the Shortened
Mathematics Anxiety Rating Scale (Q1=52; mean=45.10, SEM=1.10),
and their HMA peers above the third quartile (Q3=77; mean=85.39,
SEM=1.63). They were paired according to their scores on trait anxi-
ety, so that they did not differ in this variable (t(35)=1.38, p= .177),
only in math anxiety (t(35)=20.63, p< .001). Given that both kinds
of anxiety are correlated (Hembree, 1990), we thus ensured that group
differences in our results were not due to trait anxiety. Groups did not
differ in age (t(35)=1.49, p= .145) or handedness (χ⁠2(1)=.002, p=
.97). However, the HMA group showed more spatial anxiety than their
LMA peers (t(35)=2.99, p= .005). More detailed information about
the two groups is provided in Table 1.

All the participants had normal or corrected-to-normal visual acu-
ity and none were taking any medication or substance that might affect

Table 1
Means and SEM (in brackets) for math anxiety, trait anxiety, age and spatial anxiety for
the LMA and HMA groups. Number of right-handed individuals is also given.

Math
anxiety

Trait
anxiety Age

Spatial
anxiety Handedness

LMA 45.10
(1.10)

21.26
(2.11)

21.63
(.31)

16.00 (.94) 18

HMA 85.39
(1.63)

25.67
(2.41)

22.78
(.72)

20.28 (1.08) 18

the electrophysiological response. Participants were not informed of the
purpose of the study until they had finished the task. They signed an
informed consent statement prior to the experiment and were paid for
their participation. The complete experimental protocol was approved
by the Ethics Committee of the University of Barcelona.

2.2. Material

2.2.1. Shortened Mathematics Anxiety Rating Scale (sMARS) (Alexander
& Martray, 1989)

The sMARS is a 25-item version of the Math Anxiety Rating Scale
(MARS; Richardson & Suinn, 1972). It measures anxiety by making par-
ticipants imagine 25 situations that might cause math anxiety (e.g.,
“Thinking about the math exam I will have next week”) and evaluate
their level of anxiety in response to each of them. A five-point Lik-
ert scale, ranging from 1 (no anxiety) to 5 (high anxiety), is provided.
The sum of all the items’ scores proffers the total participant’s score,
which ranges from 25 to 125 points. In this study, we used the Span-
ish version of the sMARS (Núñez-Peña, Suárez-Pellicioni, Guilera, &
Mercadé-Carranza, 2013), which is known to have good psychometric
properties (Cronbach’s alpha was .94 and the intra-class correlation co-
efficient for 7-week test-retest reliability was .72).

2.2.2. State-Trait Anxiety Inventory (STAI) (Spielberger, Gorsuch,
Lushene, Vagg, & Jacobs, 1983)

The STAI is a scale that comprises 40 items, half of them used to
measure state anxiety (STAI-S) and the other half to measure trait anx-
iety (STAI-T). Only the latter subscale, which measures a more stable
tendency to respond with anxiety, was used in this study. The 20 state-
ments in this sub-scale describe different emotions, and for each item
respondents use a four-point Likert scale, ranging from 0 (almost never)
to 3 (almost always), to indicate how they feel “in general”. In this
study, we used the Spanish version of the STAI-T (Spielberger, Gorsuch,
& Lushene, 2008), which is known to have good psychometric proper-
ties (Cronbach's alpha=0.95 and 20-day test-retest reliability with col-
lege students=0.86).

2.2.3. Spatial Anxiety Scale (SAS) (Lawton, 1994)
This is an eight-item scale that measures spatial anxiety. Participants

must indicate on a five-point Likert scale how much anxiety they would
feel in eight situations that require large-scale spatial ability (e.g., "Find-
ing your way out of a complex arrangement of offices that you have
visited for the first time"). The participant’s score is the sum of the an-
swers to the items (range 8–40), 40 being the maximum level of spa-
tial anxiety. Although it assesses anxiety in situations requiring environ-
mental navigation, we decided to use this scale because Ferguson et al.
(2015) used it in a study similar to ours. Even if these authors found that
only small-scale (and not large-scale) skills predicted math anxiety, they
still found a significant correlation between SAS scores and mental rota-
tion performance or math anxiety. Since there is no Spanish version of
the SAS, we used the back-translation method to obtain the items. First,
the original items were translated from English to Spanish (Spanish ver-
sion), then a native English speaker translated the Spanish version into
English and, finally, another native English speaker compared the two
versions in English (original and translated) to verify that the items of
the two versions conveyed the same ideas. In case of disagreement be-
tween versions, the English items were compared with the Spanish ver-
sion and the conflict was resolved by consensus between translators.

2.2.4. Mental rotation task
A visual computerized task was used to evaluate the mental rotation

process. This involved the presentation of four different characters (the
uppercase letters F, G, P, and R) in their normal or mirrored version in
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different orientations (0°, 50°, 100°, 150°, 210°, 260° and 310°). Fig. 1
shows some examples of the stimuli used in the experiment.

Stimuli were shown in black Arial font on a white background. In
the upright position, the letters had a height of 5.8cm and a maximum
width of 4.8cm, subtending a vertical visual angle of 2.2° and a hori-
zontal visual angle of 1.8°. The E-Prime 2.0 software (Psychology Soft-
ware Tools Inc., Sharpsburg, PA) was used to control the presentation
and timing of the stimuli, as well as to record the behavioral measure-
ments (RT and accuracy).

2.3. Procedure

Participants were tested individually. Before preparing the electroen-
cephalogram (EEG) recording, they signed the informed consent docu-
ment and were asked about their handedness and age. EEG sensor elec-
trodes were then attached and they were given the task instructions.

Participants were seated 150cm away from the computer screen in
an electrically shielded, sound-attenuating recording chamber and were
asked to indicate whether the stimulus was presented in its normal or
mirrored version by pressing one of the two buttons of the mouse. Re-
sponse buttons were counterbalanced between subjects. The experimen-
tal session began with a training period of eight trials, where all the let-
ters were presented, both in their normal and mirror-reversed version,
so that the subjects were able to familiarize themselves with their ap-
pearance. They received feedback on their performance during training.

Each trial began with a fixation sign (a hash mark) shown for
500ms. Participants were previously asked to try to synchronize their
blinks with the hash mark. Next, after a pause of 100ms, the test char-
acter appeared on the screen until the participant answered, or for
a maximum of four seconds. The next trial began after 500ms. The
recording session consisted of six blocks with 64 trials each (a total
of 384 trials) and pauses of 30 s between them, in order to let par-
ticipants rest and blink as much as they needed. All possible stimuli
(four letters in two versions and four orientations) were randomly pre-
sented to each participant within each block. For orientations that were
not upright, both clockwise and counterclockwise senses (50°/310°,
100°/260°, 150°/210°) were presented once and eventually collapsed,
while the upright stimuli (0°) were repeated twice in each block.

2.4. Electrophysiological recording

The EEG signal was recorded using the Scan 4.5 hardware and soft-
ware (Compumedics Neuroscan, Inc., Herndon, VA), with 32 tin elec-
trodes mounted in an elastic electro-cap. Electrodes were positioned
according to the 10/10 International System: eight electrodes were
placed over the midline sagittal plane sites at Fpz, Fz, FCz, Cz, CPz,
Pz, POz and Oz locations, along with 12 lateral pairs of electrodes
over standard sites in the prefrontal (FP1/FP2), frontal (F3/F4, F7/F8),

Fig. 1. Normal and mirrored versions of the “F” letter in each orientation.

fronto-central (FC3/FC4), frontotemporal (FT7/FT8), central (C3/C4),
temporal (T7/T8), centro-parietal (CP3/CP4), temporo-parietal (TP7/
TP8), parietal (P3/P4, P7/P8) and occipital (O1/O2) positions. Like-
wise, the electro-cap was placed following the 10/10 International Sys-
tem, with FPz at 10% of the nasion-inion distance.

The horizontal and vertical electro-oculogram movement was
recorded by two independent electrodes, placed on the outer canthus of
the right eye and below the left eye, respectively. The common refer-
ence electrode was placed on the tip of the nose and the ground elec-
trode was located between FPz and Fz. Two more independent elec-
trodes were placed at the mastoids and used later as a re-reference. EEG
channels were digitized at a rate of 500Hz by an amplifier, and elec-
trode impedance was always kept below 5 kΩ.

2.5. Data analysis

To simplify the analysis and improve the signal-to-noise ratio, behav-
ioral and ERP data from stimuli that were symmetrically rotated around
180° were collapsed separately for normal and mirrored letters. Thus,
the rotation angles 50° and 310°, 100° and 260°, and 150° and 210° were
considered equivalent (Hamm, Johnson, & Corballis, 2004; Núñez-Peña
& Aznar-Casanova, 2009).

Median response times for correct responses and percentage of hits
were analyzed by ANOVAs, taking Orientation (0°, 50°/310°, 100°/260°,
150°/210°) and Version (Normal, Mirror) as within-subject factors and
Group (HMA, LMA) as the between-subjects factor. The F value, the un-
corrected degrees of freedom, the probability level following correction,
the ε value (when appropriate), and the η⁠p

⁠2 effect size index for each
ANOVA are given. Pairwise comparisons were conducted using t-tests
and the Hochberg approach was used to control for the increase in Type
I error (Keselman, 1998). Trend analyses were also performed. Finally,
whenever the Group effect was significant, an ANCOVA taking spatial
anxiety as the covariate was used to control for the effect of this vari-
able. Significance level was set at p≤ .05 and only significant results are
reported.

The electrophysiological data were pre-processed and analyzed us-
ing EEGLAB 14.1.1, a toolbox of MATLAB 9.1.0.441655 (R2016b) soft-
ware (The MathWorks, Inc). A band-pass filter was set from 0.3 to 30Hz.
Next, an Independent Components Analysis (specifically, the binica al-
gorithm provided by EEGLAB; Delorme & Makeig, 2004) was used to
correct the signal for eye movement-related activity and other artifacts
(Mozaffar & Petr, 2002). Then, epochs for every participant in each ex-
perimental condition were averaged, relative to a pre-stimulus baseline
consisting of 100ms of the preceding electrophysiological activity. Only
trials in which the subjects responded correctly were included in the
ERP analysis. The mean number of epochs included in each ERP average
varied between 17 and 48 for the various types of stimuli used.

After a visual inspection of the ERP waveforms, we decided to cap-
ture possible differences between the HMA and LMA groups by deter-
mining the mean ERP amplitude for each group in the 450–550ms win-
dow after the stimulus was presented. ERP statistical analysis was per-
formed using data from nine electrodes (F3, Fz, F4, C3, Cz, C4, P3,
PZ, P4) and was similar to that described for behavioral responses, ex-
cept that ANOVA included two more within-subject factors: Frontality
(frontal, central and parietal) and Laterality (three levels from left to
right).

3. Results

3.1. Behavioral measures

Response time was significantly affected by Group, F(1,35)=6.98,
p = .01, η⁠p

⁠2 =.17, Orientation, F(3,105)=242.16, p < .001, ε = .55,
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η⁠p
⁠2 =.87, and Version, F(1,35)=76.97, p < .001, η⁠p

⁠2 =.69. The Ori-
entation x Version interaction was also significant, F(3, 105)=12.01, p
< .001, ε = .72, η⁠p

⁠2 =.26. High math-anxious individuals were slower
to respond (mean =704.5ms, SEM =29.3ms) than their LMA peers
(mean =596.34ms, SEM =28.6ms). Importantly, the ANCOVA showed
that the effect of Group on response time remained significant after
controlling for the effect of spatial anxiety, F(1,34)=8.312, p = .007,
η⁠p

⁠2 =.20.
Overall, response time increased with angular deviation from up-

right; all paired comparisons between orientations reached statistical
significance (all p-values < .001; means were 537.8, 589.8, 654.9 and
819.2ms for 0°, 50°, 100° and 150° respectively; SEMs were 17.1, 19.6,
20.2 and 27.8ms respectively). Regarding the effect of Version, in gen-
eral, participants were faster when responding to normal than to mir-
rored letters. However, the Versi of Version, in general, participants
were faster when responding to normal than to mirrored letters. How-
ever, the Version effect varied depending on the orientation, as demon-
strated by the Orientation x Version interaction. Responses to mir-
rored stimuli were slower than to normal letters at 0° (t(36)=10.77,
p < .001), 50° (t(36)=8.92, p < .001) and 100°, (t(36)=6.11, p <
.001). No differences were found at 150°. Finally, trend analysis showed
that the orientation effect was described by a linear and a quadratic
trend both for normal (F(1,35)=362.44, p < .001 for linear trend and
F(1,35)=113.82, p < .001 for quadratic trend) and mirrored letters
(F(1,35)=170.90, p < .001 for linear trend and F(1,35)=6.47, p =
.02 for quadratic trend). Fig. 2 shows the RT means and standard errors
for normal and mirrored letters in each orientation for both groups.

ANOVA for percentage of hits showed a significant effect of Ori-
entation, F(3,105)=43.53, p < .001, ε =.42, η⁠p

⁠2 =.55, Version,
F(1,35)=11.17, p = .002, η⁠p

⁠2 =.24, and the Orientation x Version in-
teraction, F(3,114)=20.39, p < .001, ε = .44, η⁠p

⁠2 =.35. Neither the
Group effect nor its interaction with the other factors reached signifi-
cance. Overall, hits increased with shorter angular disparity from the
upright: all paired comparisons between orientations reached statisti-
cal significance (all pvalues ≤ .001) except the comparison between 0°
and 50° (means were 98.1, 98.0, 95.7 and 87.7 for 0°, 50°, 100° and
150° respectively; SEMs were 0.4, 0.4, 0.6, and 1.5 respectively). The
version effect depended on the orientation, as shown by the Orienta-
tion x Version interaction. Tests of simple effects showed that more hits
were made on normal than on mirrored letters at 50° (t(36)=2.36,
p = .024), but accuracy was worse for normal than mirrored let-
ters at the larger deviations from upright (t(36)=2.72, p = .010 and
t(36)=4.13, p < .001 for 100 and 150° respectively). There was no
difference in accuracy between the two versions of letters in the up-
right position. Finally, trend analysis showed that the orientation ef-
fect was described by a linear and a quadratic trend both for normal
(F(1,35)=42.7, p < .001, and F(1,35)=33.40, p < .001, for linear and

quadratic trend respectively) and mirrored letters (F(1,35)=6.81, p =
.013 and F(1,35)=5.15, p = .03 respectively).

3.2. ERP measures

The overall ANOVA showed significant effects of Orientation,
F(3,105)=16.27, p < .001, ε = .55, η⁠p

⁠2 =.32, Orientation x Ver-
sion, F(3,105)=6.15, p = .001, η⁠p

⁠2 =.15, Orientation x Frontality,
F(6,210)=14.54, p < .001, ε = .43, η⁠p

⁠2 =.29, Orientation x Version x
Frontality, F(6,210)=6.01, p = .001, ε = .49, η⁠p

⁠2 =.15, and Frontality
x Laterality x Group, F(4,140)=4.94, p = .002, ε = .79, η⁠p

⁠2 =.12. The
main effect of Group was marginally significant, F(1,35)=3.81, p =
.059, η⁠p

⁠2 =.10, as was the interaction Orientation x Frontality x Group
F(6,210)=2.39, p = .084, ε = .43, η⁠p

⁠2 =.06.
Núñez-Peña and Aznar-Casanova (2009) reported ERP differences

between the processing of normal and mirrored letters in a mental ro-
tation task, and they recommended studying them separately. Since
a significant interaction in the present data also showed that the ef-
fect of the orientation depended on the version we computed separated
ANOVAs for each version. For normal letters, we found significant ef-
fects of Orientation, F(3,105)=18.24, p < .001, ε = .64, η⁠p

⁠2 =.34, Ori-
entation x Frontality, F(6,210)=17.01, p < .001, ε =.42, η⁠p

⁠2 =.33,
Orientation x Frontality x Group, F(6,210)=3.13, p = .038, ε =.42,
η⁠p

⁠2 =.08, and Frontality x Laterality x Group, F(4,140)=3.70, p =
.010, ε = .77, η⁠p

⁠2 =.10. Separate ANOVAs were performed for each
frontality level and the results showed that the Orientation effect was
significant at frontal, F(3,105)=4.43, p = .011, ε = .78, η⁠p

⁠2 =.11, cen-
tral, F(3,105)=18.84, p < .001, ε = .64, η⁠p

⁠2 =.35, and parietal sites,
F(3,105)=26.61, p < .001, ε = .52, η⁠p

⁠2 =.42. Trend analysis showed
that a linear trend (the more the letter was rotated, the more negative
the potential) could be fitted for the three regions: F(1,35)=6.11, p =
.018, η⁠p

⁠2 =.15 at frontal sites, F(1,35)=25.66, p < .001, η⁠p
⁠2 =.42 at

central sites, and F(1,35)=32.92, p < .001, η⁠p
⁠2 =.48 at parietal sites.

The Group effect was significant at parietal sites, F(1,35)=4.69, p =
.037, η⁠p

⁠2 =.12, the amplitude being more positive for the HMA group.
A more detailed analysis was carried out for normal letters by per-

forming separate ANOVAs for each orientation at the frontal, central
and parietal sites. The results showed that amplitude was more positive
for the HMA than for the LMA group at 100º (F(1,35)=5.66, p = .02,
η⁠p

⁠2 =.14), and 150° (F(1,35)=8.45, p = .006, η⁠p
⁠2 =.19), only at pari-

etal sites. These differences were maintained after controlling for spatial
anxiety in the 100° condition, F(1,34)=4.16, p = .049, η⁠p

⁠2 =.11, and
the 150° condition, F(1,34)=5.97, p = .02, η⁠p

⁠2 =.14.
For mirrored letters, we found significant effects of Orientation,

F(3,105)=6.15, p = .001, ε = .68, η⁠p
⁠2 =.15, Orientation x Frontality,

F(6,222)=4.85, p = .003, ε = .50, η⁠p
⁠2 =.12, and Frontality x Later-

ality x Group, F(4,148)=5.12, p = .002, ε = .80, η⁠p
⁠2 =.12. The ef

Fig. 2. RT (means and SEM) as a function of stimulus orientation for the LMA and HMA groups for (A) normal and (B) mirrored letters.
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fect of Group was marginally significant, F(1,35)=3.90, p = .056,
η⁠p

⁠2 =.10. Separate ANOVAs were performed for each frontality level
and the results showed that the Orientation effect was only significant
at central, F(3,105)=6.28, p = .001, ε = .73, η⁠p

⁠2 =.15, and parietal
sites, F(3,105)=8.95, p < .001, ε = .71, η⁠p

⁠2 =.20. Trend analyses
showed that a linear and a quadratic trend could be fitted at both cen-
tral (F(1,35)=8.84, p = .005, η⁠p

⁠2 =.20 and F(1,35)=4.65, p = .038,
η⁠p

⁠2 =.12 for linear and quadratic trend respectively) and parietal sites
(F(1,35)=11.65, p = .002, η⁠p

⁠2 =.25 and F(1,35)=9.10, p = .005,
η⁠p

⁠2 =.21 for linear and quadratic trend respectively).
A more detailed analysis was carried out for mirrored letters by

performing separate ANOVAs for each orientation at frontal, central
and parietal sites. The results showed that amplitude was more pos-
itive for the HMA than for the LMA group at 0°, (F(1,35)=4.72, p
= .037, η⁠p

⁠2 =.12), 50° (F(1,35)=5.08, p = .031, η⁠p
⁠2 =.13), 100°

(F(1,35)=5.54, p = .02, η⁠p
⁠2 =.14), and 150° (F(1,35)=8.65, p =

.006, η⁠p
⁠2 =.20), only at parietal sites. These differences were main-

tained after controlling for spatial anxiety in the 50 (F(1,34)=5.07, p =
.031, η⁠p

⁠2 =.13), the 100° (F(1,34)=5.05, p = .031, η⁠p
⁠2 =.13), and the

150° condition (F(1,34)=8.35, p = .007, η⁠p
⁠2 =.20). They were margin-

ally significant at 0°, F(1,34)=2.96, p = .095, η⁠p
⁠2 =.08.

Finally, although (as stated above) the interaction Group x Version
was not significant in the initial examination, we performed a further
analysis focused on the parietal sites, given that the P3b amplitude is
larger in these areas. An ANOVA taking Orientation, Version and Lat-
erality as within-subject factors and Group as the between-subjects fac-
tor was conducted. Results showed significant effects for Orientation,
F(3,105)=23.38, p< .001, ε = .52, η⁠p

⁠2 =.39, Version, F(1,35)=5.60,
p= .024, η⁠p

⁠2 =.14, Version x Orientation, F(3,105)=9.52, p< .001,
η⁠p

⁠2 =.21, and Group, F(1,35)=5.75, p= .022, η⁠p
⁠2 =.14. Importantly,

these results replicated those by Núñez-Peña and Aznar-Casanova
(2009), showing a version effect that depended on the orientation.
Simple effects analyses showed that amplitude was more negative for
mirrored than for normal letters at the upright and the 50° positions
(F(1,35)=6.41, p= .016, η⁠p

⁠2 =.15 and F(1,35)=23.58, p< .001,
η⁠p

⁠2 =.40, respectively). Once again, HMA showed larger amplitudes
than their LMA peers. Fig. 3 shows the ERP grand-averages at Pz for
normal and mirrored letters in each orientation for the LMA and HMA
groups and Fig. 4 shows the scalp topography for normal and mir-
rored letters in each orientation for the LMA and HMA groups in the
450–550ms window.

4. Discussion

In the experiment reported here, we examined differences between
high and low math-anxious individuals in a mental rotation task by
recording behavioral measures (i.e., RT and hit rate) and brain activ-
ity (i.e., ERPs). Previous studies (e.g., Ferguson et al., 2015; Maloney et
al., 2012) have shown that math-anxious individuals are less skilled in
small-scale spatial processing than their non-math-anxious peers. More-
over, other studies (Suárez-Pellicioni et al., 2013a, 2014) have reported
that HMA individuals might have an attentional control deficit when
they perform numerical tasks and that they might need to invest more
attentional resources than their LMA counterparts. The present study
was designed to examine whether HMA individuals might also need to
invest a greater amount of attentional resources in spatial tasks (e.g., a
mental rotation task) than their LMA peers.

Regarding behavioral measures, the well-known mental rotation ef-
fect (Shepard & Metzler, 1971) was replicated: response time increased
with larger deviations from upright both for the HMA and LMA groups.
Interestingly, individuals high in math anxiety were slower than their
LMA peers, but the groups did not differ in accuracy. PET and ACT
(Eysenck & Calvo, 1992; Eysenck et al., 2007) distinguish between per-
formance effectiveness (i.e., the quality of task performance) and process-
ing efficiency (i.e., the effort or resources invested to achieve a given ef-
fectiveness level); our group differences in RT suggest that HMA indi-
viduals might need to invest more processing effort in order to achieve
the same level of accuracy as their non-math-anxious counterparts.

In terms of the ERPs, the orientation effect (Heil, 2002; Núñez-Peña
& Aznar-Casanova, 2009; Núñez-Peña et al., 2005) was also replicated
in both groups. We observed increasing negativity with increasing angu-
lar displacement from upright (i.e., the RRN). Moreover, our results also
replicated those of Núñez-Peña and Aznar-Casanova (2009), showing a
version effect that depended on the orientation: the amplitude was more
negative for mirrored than for normal letters in the 0° and 50° orienta-
tions at parietal sites. Núñez-Peña and Aznar-Casanova suggested that
this might reflect a rotation out of the plane involved in the processing
of mirror-rotated letters.

As for ERP differences between HMA and LMA individuals, inter-
estingly, amplitude was more positive for the HMA than for the LMA
group in the 100° and 150° condition for normal letters and in the 0,
50, 100 and 150° condition for mirrored letters. Because it has been
suggested that the RRN is superimposed by a P3b, the latter being a

Fig. 3. Grand-average ERPs at Pz for normal and mirrored letters in each orientation for the LMA and HMA groups. The time interval for the RRN is shaded.
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Fig. 4. Scalp topography in each orientation for the LMA and HMA groups in the 450–550ms window for (A) normal and (B) mirrored letters.

marker of the amount of attentional resources invested in performing
the given task (Kok, 2001, 1997; Polich, 2007), this larger positivity for
HMA individuals confirms that they might need to invest more atten-
tional resources than their LMA peers to perform the mental rotation
task.

However, why were P3b group differences only found in some of
the types of stimulus (specifically, in larger deviations from upright in
normal letters and in all mirrored letters)? Firstly, it has been widely
demonstrated that mental rotation is not needed for small deviations
from upright (e.g., 50°) in over-learned familiar stimuli like the nor-
mal letters used in the present study. This has been found both for be-
havioral measures (Cooper & Shepard, 1975; Koriat & Norman, 1985)
and ERPs (Núñez-Peña & Aznar-Casanova, 2009). This would explain
why no group differences were found in the 50° normal letter condi-
tion; mental rotation would not be used to perform the task in this type
of stimulus. However, unfamiliar stimuli, like the mirrored letters pre-
sented here, would need to be rotated even for small deviations from
upright (i.e., 50°). Secondly, it has been suggested that for decisions on
mirrored letters the stimulus needs to be mentally rotated first in the
picture plane, to place it in the vertical upright position, and then out
of the plane, to place it in the normal upright position (Hamm et al.,
2004; Núñez-Peña & Aznar-Casanova, 2009). Therefore, mental rotation
would be needed for all mirrored stimulus, even for the upright mir-
rored letters. All in all, the larger P3b amplitude found in the present
study for highly math-anxious individuals only when dealing with larger
deviations in normal letters and all deviated mirrored letters suggests
that they may only need to invest greater attentional effort when the
task becomes more difficult and requires more cognitive resources.

Although the dominant view regarding P3b links it to stimulus-re-
lated rather than to response-related processing (i.e., organizing the re-
sponse), some authors have suggested that it might be related equally to
both stimulus and response (e.g., Falkenstein, Hohnsbein, & Hoormann,
1994; Verleger, Jaśkowski, & Wascher, 2005). Verleger et al. (2005)
suggested that P3b reflects a function that bridges perceptual (stimu-
lus) processing with action (response) processing. In particular, they
linked P3b to the process of monitoring whether the decision to clas-
sify the stimulus and the subsequent action has led to appropriate

processing. According to this proposal, the larger P3b amplitudes found
for HMA individuals in the present study might suggest that these indi-
viduals might need to use more cognitive resources to evaluate or reg-
ulate their decision-making in mental rotation tasks. Unfortunately the
present results do not allow us to discriminate between these two inter-
pretations, and further research is needed to better understand the cog-
nitive process reflected by P3b in the context of mental rotation tasks.

Three relevant variables related to mathematical anxiety were con-
trolled in the current study. The first variable was trait anxiety. Indi-
viduals high in math anxiety also report high levels of trait anxiety
(Hembree, 1990) and, according to the ACT (Eysenck et al., 2007), trait
anxiety impairs processing efficiency. To rule out the possibility that our
group differences were due to trait anxiety, our groups were formed in
such a way that they differed in math anxiety but not in trait anxiety.
Second, spatial anxiety was also controlled. Spatial anxiety is positively
related to mathematical anxiety and negatively related to performance
in mental rotation tasks (Lawton, 1994). In our study, although HMA
individuals had more spatial anxiety than their LMA peers, when this
latter variable was introduced as a covariate in the analysis, the group
effect was maintained. Thus, we were able to rule out the possibility
that our group differences were due to spatial anxiety. Finally, gender
is associated with math anxiety and spatial ability (e.g., Sokolowski et
al., 2019), so this variable was controlled in the experiment by select-
ing only women as participants. We acknowledge this as a limitation of
our study, since it is not clear that its conclusions apply also to highly
math-anxious men.

Another possible limitation of this study is the fact that the 0° con-
dition was presented twice as often as the other conditions. On the one
hand, given that deviated clockwise and counterclockwise orientations
are collapsed in the analyses, doubling the number of trials in the 0°
position provides us with the same number of trials for each orienta-
tion. As such, it is a standard procedure in ERP studies with mental ro-
tation tasks (e.g., Lust, Geuze, Wijers, & Wilson, 2006; Núñez-Peña &
Aznar-Casanova, 2009). On the other hand, P3 amplitude has been re-
lated to the subjective probability of the stimulus (Polich, 2007) and
therefore, one might wonder whether the different proportions of stim-
uli might have affected our results. However, it is worth bearing in
mind that this lower frequency was identical across all the deviated
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stimuli, and yet we found a greater rotation-related negativity as devi-
ation increased. More importantly, frequencies of presentation were the
same for all participants, and so this explanation does not invalidate our
conclusions concerning group differences.

To conclude, we would like to suggest a tentative explanation for
the extra resources required by HMA individuals in spatial processing
tasks. Previous studies, based on the ACT (Eysenck et al., 2007), sug-
gested that HMA individuals could have low achievement in math-re-
lated tasks because their worries and low self-confidence would dis-
tract them from performing well in the task at hand (Suárez-Pellicioni
et al., 2013a, 2014). Our study might extend this explanation to the as-
sociation between math anxiety and spatial processing. Ferguson et al.
(2015) found that HMA individuals self-reported lower spatial ability
and more spatial anxiety than their LMA peers. As in the case of numer-
ical tasks, HMA individuals’ lower self-confidence in their spatial ability
could give rise to ruminations about their low capacity when they per-
form this type of task. These ruminations might consume the attentional
resources of the central executive system required to perform the spatial
task, and then HMA individuals would need to invest more resources
in order to perform the task; they would then be slower and show a
larger P3b than their LMA counterparts. Such a conclusion fits nicely
both with our results and with those of Ferguson et al. (2015). However,
we acknowledge two limitations of our study, both of which are related
to the heterogeneity of spatial abilities (Hegarty, Montello, Richardson,
Ishikawa, & Lovelace, 2006). First, we did not measure self-reported
spatial skills; although Ferguson et al. did measure them, they only as-
sessed the perceived sense of direction, i.e., a large-scale ability. Sec-
ond, the Spatial Anxiety Scale (Lawton, 1994), used by ourselves and by
Ferguson et al. (2015), measures anxiety when having to use large-scale
abilities. Ferguson et al. (2015) found that SAS scores significantly cor-
related with both small- and large-scale abilities. However, given that
our experimental task involved small-scale skills (rotation), and that
only small-scale spatial abilities seem to predict math anxiety, future
studies might want to use a spatial anxiety test that (also) assesses anx-
iety when facing small-scale situations. In this context, a questionnaire
recently developed by Lyons et al. (2018) might be useful, since it mea-
sures spatial anxiety in navigation, mental manipulation and imagery.

To sum up, the results of this study extend those of Suárez-Pellicioni
et al. (2013a), Suárez-Pellicioni, Núñez-Peña, and Colomé (2013, 2014)
on math-related tasks to spatial processing tasks, suggesting that
math-anxious individuals may need to invest more attention and cogni-
tive resources than their low math-anxious counterparts in mental rota-
tion tasks. This greater investment of attentional resources was demon-
strated in both the behavioral and brain responses and may be one
of the factors underlying the low small-scale spatial ability in highly
math-anxious individuals.
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