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The present study aimed to explore the cortical activity underlying mental rotation
in high-altitude immigrants via the event-related desynchronization (ERD), the
electroencephalogram time—frequency analysis, and source localization based on
electroencephalographic data. When compared with the low-altitude individuals, the
reaction time of mental rotation tasks was significantly slower in immigrants who had
lived in high-altitude areas for 3 years. The time—-frequency analysis showed that the
alpha ERD and the beta ERD within the time window (400-700 ms) were decreased
during the mental rotation tasks in these immigrants. The decreased ERD was observed
at the parietal~occipital regions within the alpha band and at the central-parietal regions
within the beta band. The decreased ERD might embody the sensorimotor-related
cortical activity from hypoxia, which might be involved in cognitive control function in
high-altitude immigrants, which provided insights into the neural mechanism of spatial
cognition change on aspect of embodied cognition due to high-altitude exposure.

Keywords: high-altitude exposure, mental rotation, event-related desynchronization, time-frequency analysis,
motor cortical excitability

INTRODUCTION

Many studies have indicated that long-term exposure to high altitude may affect cognitive
ability, especially the spatial information processing (Wilson et al., 2009; Nation et al., 2017).
Actually, the reduction in psychological resources relative to cognitive executive control
function from high-altitude exposure exhibited an obvious influence on spatial ability, which
was even observed under a simulated hypoxia environment with a short-term period (Ma
et al, 2016). The performance of mental rotation task, which was the ability to imagine
two- or three-dimensional objects rotating in the mind (Zacks, 2008), was remarkably
slower in high-altitude immigrants than that of low-altitude adults (Ma et al, 2018).
Zhang et al. (2013) found that the reaction time of mental rotation task was increased in
the immigrants who migrated to the high-altitude area (2,300-4,400m) for 2 years when
compared with individuals in the low-altitude area. The exposure to a simulated high-
altitude (4,500 m) hypoxia environment lasting for an hour could delay the mental rotation
performance (Bartholomew et al., 1999), which was corresponding to a previous finding that the
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reaction time was slowed down from hypoxia (Lindeis et al.,
1996). Although the obvious slowness of reaction time of mental
rotation from high-altitude hypoxia was observed, it is still largely
unclear about the neural mechanism underlying this observation.

Electroencephalogram (EEG) with exquisite temporal
resolution was a very effective tool to study the neural
mechanism of mental rotation (Chen et al., 2014). Mental
rotation task was first introduced by Shepard and Metzler (1971),
in which the asymmetrical letters (e.g., G, J, R) were used as its
normal or mirror-image version (horizontally reversed letters)
in the mental rotation task (Cooper and Shepard, 1973a,b;
Milivojevic et al., 2009). The reaction time linearly increases
with the addition of rotation angles (Cooper and Shepard,
1973a,b; Shepard and Cooper, 1982; Eva and Hamm, 2010).
The judgment of mirrored letters takes a longer time than
normal letters (Cooper and Shepard, 1973a; Nunez-Pefia and
Aznar-Casanova, 2009). The event-related potential (ERP) study
has shown that mental rotation tasks could elicit a positive
ERP component between ~300 and 700ms after stimulus
presentation in the parietal region (Wijers et al., 1989); this
component, known as rotation-related negativity (RRN),
appeared at the parietal region ~400 ms after the presentation of
a target stimulation (Heil, 2002) and was negatively correlated
with the discrepancy of rotation angles (i.e., mental rotation
effect; Heil, 2002; Horst et al., 2012). The mental rotation effect
could be reflected on the RRN amplitude (Heil et al., 1996,
1998). The RRN amplitude under hypoxia (<15min) was
larger than that in the normoxia condition (Ma et al., 2016).
The RRN amplitude in the high-altitude group related to each
rotation angle condition was significantly larger than that of the
low-altitude group (Ma et al., 2018). RRN is a subcluster of the
P3 component, which is an indicator of the brain’s cognitive
resources (Ma et al., 2016). It is directly related to the brain’s
executive control ability under hypoxia (Ma et al, 2015a,b;
Zhang et al., 2018). However, the underlying neural activity of
this executive control system is still unclear.

To date, the event-related desynchronization (ERD) method
has been widely used in a broad range of cognitive processes
(Klimesch, 1999; Klimesch et al., 2006), such as mental rotation
tasks (Klimesch et al., 2006; Chen et al.,, 2013) in which the
motor cortical areas were involved (Bode et al., 2007). Of note,
the ERD was sensitive to cognitive task performance within the
alpha band (Neubauer et al., 2006; Neubauer and Fink, 2009),
especially to the mental visuospatial manipulation (Williams
et al, 1995). During the motor imagination task, ERD was
observed in the motor cortex (Pfurtscheller and Aranibar, 1977)
and was closely correlated with cortical activation reflecting a
decrease in the amplitude of brain oscillatory (Pfurtscheller and
Lopes da Silva, 1999), which was especially known to reflect
motor cortical activity (Takemi et al., 2015). A previous study has
indicated that ERD may induce cortical activity changes during
motor imagery, especially the contralateral motor cortical activity
during hand motor imagery (Takemi et al., 2013). An increase
in the cortical activity of the spinal motoneuron was associated
with ERD magnitude during hand motor imagery (Takemi et al.,
2015). The motor imagery-induced ERD was usually observed
within the alpha and beta bands, which frequently served as

a neural marker to characterize the activation of sensorimotor
cortex (Aono et al., 2013). Compared with the only upright hand
pictures, the hand pictures presented with different orientations
took a longer reaction time during the hand mental rotation
task, which elicited the stronger alpha ERD and beta ERD (Yu
et al,, 2020). During the mental rotation task, ERD could be
usually observed in the central-parietal region within the alpha
and beta bands at ~300-800 ms (Riecansky and Katina, 2010; Yan
et al.,, 2012; Lyu et al.,, 2016; Wang et al., 2016); it has also been
found to be correlated with the reaction time (Riecansky and
Katina, 2010). The alpha power and beta power were negatively
correlated with reaction time at ~400 ms in the parietal region;
it means that the faster reaction time was associated with the
smaller ERD, whereas the slower reaction time was with the larger
ERD (Riecansky and Katina, 2010). Of note, the central alpha
ERD was correlated with mental rotation processing, in which
the alpha ERD was increased with the slower reaction time (Chen
et al,, 2013). Beta ERD was related to the rotation angles at the
later stage of the mental rotation task (Ozga et al, 2018). As
to the parietal region, previous studies have already confirmed
that it is a target region to be significantly activated during the
mental rotation task (Alivisatos and Petrides, 1997; Harris and
Miniussi, 2003). So far, there was consistent evidence pointing to
that the parietal region was the core cortex to be related to the
spatial transformation of mental rotation (Collins and Kimura,
1997; Save and Poucet, 2000; Jagaroo, 2004). Moreover, hypoxia
exposure affected the activity of the parietal region related to
mental rotation (Seurinck et al., 2004; Wilson et al., 2009). And
the larger bilateral parietal regions were observed to be activated
under hypoxia condition (Ma et al., 2016). That is to say, ERD
can be used as another imaging indicator to reveal the neural
basis of hypoxia affecting mental rotation. Given that mental
rotation involves a combination of cognitive processing and
sensorimotor abilities, ERD, which is different from RRN, which
reflects cognitive executive control, helps understanding in depth
the effect of hypoxia on brain function.

Based on the consideration mentioned previously, the present
study aimed to explore cortical activity related to mental rotation
in high-altitude immigrants using the mental rotation task
combined with ERD, EEG time-frequency analysis, and source
localization. To this end, this study recruited healthy young
participants who were born and raised up to the early adulthood
in the low-altitude areas but then immigrated to high-altitude
areas and had been living in Tibet (~3,680 m) for 3 years and
those who were born and lived at sea level in Guangzhou, China.
We explored the differences of ERD underlying the mental
rotation task and the current source density distribution across
cerebral cortex to show the neural mechanism of the mental
rotation in these immigrants, when compared to those of the
normal control group.

MATERIALS AND METHODS

Participants

The present study recruited a total of 32 healthy immigrants
(aged 19-22 years) in Tibet University; all of them were born and
grew up to early adulthood in the low-altitude areas (<1,500 m)
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and had migrated to the high-altitude area (Lhasa, 3,680 m) for
3 years. In addition, we also recruited a total of 33 healthy
college students (aged 19-22 years) in South China Normal
University in Guangzhou (the average altitude of 11 m) as the
normal control group. The participants in the normal control
group were natives of low-altitude regions who never visited
high altitudes (>1,500m). The two groups were matched on
gender (high altitude: 15 male, 17 female; low altitude: 17 male,
16 female; p = 0.82), the college entrance examination scores
(high altitude: 509.55 & 26.78; low altitude: 509.76 £ 109.55;
p = 0.10), and intelligence scores (Raven Progress Matrices; high
altitude: 36.10 & 5.10; low altitude: 41.81 £ 6.52; p = 0.09). There
was no significant difference between the two groups in their
intelligence scores on the Raven Intelligence Test (p > 0.05). All
of them were Han nationality and right-handed; none of these
participants reported a history of neurological or psychiatric
disorders. They were required not to drink alcohol or caffeinated
beverages within 24 h before the experiment. All participants
had normal or corrected-to-normal vision. All participants were
compensated for participation and provided written informed
consent prior to the experiment.

Materials

Six capital letters (F P, R, L, G, and Q) were presented
independently either in its normal version or in mirror image,
rotated six rotation angles (0, 60, 120, 180, 240, and 300°)
either clockwise or counterclockwise from the upright position
(Figure 1A). The stimulus materials were completely consistent
with a previous study (Ma et al., 2016).

Procedure

The stimulus presentation and behavior data collection were
completed by using E-prime software (version 2.0). The
participants were seated in a dim light, electrically shielded, and a
sound-attenuating room facing the computer screen. The stimuli
were displayed in white on a black background at the center
of computer screen, at a distance of ~75cm from participants’
eyes, resulting in a vertical visual angle of 4.58° and horizontal
visual angle of 3.05°. The laboratory experimental setting and
equipment were the same between Tibet University and South
China Normal University. Each trial began with the presentation
of a fixation point in the center of a computer monitor, which was
shown for a random duration between 200 and 300 ms, followed

by the letter with a 2,000 ms presentation time. The participants
were instructed to judge whether the letter was normal or
mirrored by keystroke reaction (F: normal letters, J: mirrored
letters). If no response was made within 2,000 ms, the stimulus
would automatically disappear from the screen, and the trial was
encoded as “no response.” Finally, a black screen appeared lasting
for 300-500 ms before the next trial. The participants were asked
to respond as quickly as possible while keeping feedback errors
to a minimum. In addition, the participants were asked not to
make eye movements or blink during trials, but to consistently
blink several times immediately after a response. Reaction time
and judgments (F/]) were recorded on the stimulus-control
computer. At the beginning of the session, the participants
completed a practice block of 12 trials to be familiar with the
experimental process and achieved at least 90% accuracy rate in
order to enter the formal experiment. Each participant needed to
complete five blocks, and they could have a rest between blocks.
The number of task-related variables (stimulus types, angle) was
randomly presented. In each block, there was a total of 72 trials
with the following variables consisting of six rotation angles (0,
60, 120, 180, 240, and 300°), stimulus types (normal and mirrored
letters), and stimulus letters (F, P, Q, G, L, and R) presented one
time; six stimulus letters were used equally under all conditions.
Finally, the whole experiment lasted ~1-1.5h, from wearing
the electrode cap to finishing the experiment. The experimental
procedure is shown in Figure 1B.

EEG Data Acquisition

According to the 10-20 International System, the EEG data
were recorded from 64-channel Ag/AgCl electrodes placed on
the scalp (Curry7; http://compumedicsneuroscan.com/products-
overview/). Participants washed and blew their hair dry before
the experiment. The left and the right mastoids (M1 and M2
electrodes) and a ground electrode on the medial aspect, which
was ~2cm posterior to CZ, were used as reference electrodes.
All interelectrode impedance was kept below 5 k€2, and the
sampling rate of the amplifier was 500 Hz. Two electrodes
were placed above and below the left eye about 1cm from
the left vs. right orbital rim, used to record the electro-
oculogram (EOG) data. One of the electrodes was used to
monitor horizontal eye movement (HEOG), and the other one
was used to monitor vertical eye movement (VEOG). The EEG

A
Normal
00

60° 120° 180°

The experimental procedure.

B

240°

FIGURE 1 | Samples of experimental stimuli and experimental procedure. (A) The normal and mirrored versions of the F letters in each orientation (from 0 to 300°). (B)

300°

2000 ms
200-300 ms
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data were offline re-referenced to the average data of the left
and the right mastoids, using the 30 Hz low-pass filter and
0.5Hz high-pass filter to remove line noise and baseline drift,
respectively. The sampling rate of EEG signal was reduced from
500 to 256 Hz, filtered digitally offline with a 0.1- to 30-Hz
bandpass filter; the EEGs contaminated with artifacts containing
EOG, electrocardiogram, and electromyography (artifacts with
amplitude exceeding 80 V) were manually deleted. Independent
component analysis was completed in EEGLAB to remove
artifacts in data components, such as eye movements, blinks, and
muscle tension. It was important to note that only the trials with
correct response in behavioral experiment were included in EEG
data analysis. Each participant was asked to complete 360 trials.
The averaged epoch for each trial was 1,000 ms, beginning 200 ms
before and ending 800 ms after the stimulus presentation, with
200 ms of each epoch corresponding to a prestimulus baseline.
For the determination of participant-specific frequency bands,
the comparison of two short-time power spectra was used, which
was calculated by averaging over a great quantity of event-
related EEG trials (Pfurtscheller and Lopes da Silva, 1999). The
percentage decrease (or increase) from the reference interval (R)
(while the fixation cross was shown) to the activation interval (A)
(before responding) was defined as ERD% = [(A - R)/R] x 100%
(Pfurtscheller, 2001). The quantification of ERD/event-related

synchronization (ERS) was divided into four steps, firstly, the
bandpass filtering was carried out for all event-related trials;
second, the amplitude samples were squared to obtain the power
samples; once again, the power samples of all trials were averaged;
eventually, the time samples were averaged to make the data
smooth and reduce variability (Pfurtscheller and Lopes da Silva,
1999).

Data Analysis

Behavioral Data

Our primary behavioral measure was reaction time and error
rate. Reaction time was analyzed using a 2 x 2 x 6 mixed
analysis of variance (ANOVA), with group (high-altitude and
low-altitude) as a between-subject factor, taking stimulus types
(normal and mirror-reversed) and rotation angles (0, 60, 120,
180, 240, and 300°) as within-subject factors.

EEG Data Analysis

The time-frequency analysis of (FZ, FCZ, CZ, CPZ, and PZ)
channels at five electrodes was carried out and operated by
MATLAB and Fieldtrip toolbox. In the time window beginning
200 ms before and ending 800 ms after the stimulus presentation,
there was no overlap between the time windows. The significant
differences between conditions within frequency bands and at

A Normal letters R Mirrored letters
LA
1300 4
1300
1200 1 P
0 g 1200
E 1100; =2
o )
g 1000 & 1100
= =
004 =
g ’ .g 1000 -
.-
§ 800+ g
]
& 700 A 9001
600 800
0° 60° 120° 180° 240° 300° 0° 60° 120° 180° 240° 300°
B Normal letters DR Mirrored letters
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45 1 30 1
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Q) i N3 1
é 30 S 20
@ 25 - D
= S 151
o 20 o~
5 15 S 10
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FIGURE 2 | (A) The average reaction time of all rotation angles. (B) The average error rate of all rotation angles. HA, high-altitude; LA, low-altitude.
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time windows were first determined and then derived the mean
value of data energy in the corresponding ranges for statistical
analysis. We analyzed the data from five electrodes with all angles.
The alpha ERD and the beta ERD at multiple time windows
were analyzed, respectively, using a 2 x 2 x 6 x 5 mixed-
design repeated-measure ANOVA, with the groups as a between-
participants factor, taking stimulus types, angles, and electrodes
(FZ, FCZ, CZ, CPZ, and PZ) as within-participant factors.

Through using the Greenhouse-Geisser method to correct the
p-value when the statistical results were not spherical, the
multiple comparisons were corrected by the Bonferroni method.

Current Source Density Analysis

Standard low-resolution brain electromagnetic tomography
(sLORETA) software was applied to spatially identify and
analyze the source location of cortical activity through using
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mental rotation task. The black rectangle was the oscillation power in the alpha and beta bands, and on the right was the corresponding topographical map.

the traditional EEG recordings (Pascual-Marqui et al., 2002).
The statistical nonparametric mapping in sSLORETA was used
to analyze source current density across cortical regions. Group
differences were assessed using independent-samples t-tests
evaluated at p < 0.01 corrected. Statistical correction for multiple
comparisons was performed using t-values to characterize the
difference of the standardized current density values between the
two groups. The significant mental reaction effect on reaction
time was the longest for upside-down orientation (180°; Ma et al.,
2018). The sLORETA was used for locating the source of the

cortical activity underlying mental rotation task for the 180°
stimulus condition between two groups.

RESULTS
Behavioral Results

The analysis of reaction time revealed that there was a significant
mental rotation effect in the high-altitude group and the low-
altitude group. The reaction time of the high-altitude group was
significantly slower than that of the low-altitude group. These
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mental rotation effects derived from reaction time were also
observed on aspect of error rates in the two groups. All these
results are depicted in Figure 2. The details of the behavior results
could also be found in a previous study (Ma et al., 2018).

EEG Results

Time-Frequency Spectrum Power Results

Figures 3, 4 showed the characteristics of time-frequency
spectrum power on PZ electrode and all angles at the normal
letters and mirrored letters in the two groups. The results showed
that PZ electrode with 0-180° stimulus condition obviously
existed difference. The alpha ERD and the beta ERD (the blue
part circled with a black frame) were obviously observed in 400
700 ms after the target stimulation presented during the mental
rotation task. Compared with the low-altitude group, ERD was
obviously decreased in the high-altitude group; this observation
was the same in the other four electrodes (FZ, FCZ, CZ, and
CPZ) and all angles. In order to more objectively show the
differences in the mental rotation task, the oscillation power
(black frame) in the alpha and beta bands was further extracted
for statistical analysis.

Alpha Band
The 2 (group: high-altitude and low-altitude) x 2 (stimulus types:
normal and mirror-reversed) x 6 (angle: 0, 60, 120, 180, 240,

and 300°) x 5 (electrode: PZ, CPZ, FCZ, FZ, and CZ) repeated-
measure AVOVA was applied in this study. The statistical analysis
in the 400-700 ms time window supported the observations in
the alpha band (9-13Hz). The results showed that the main
effect of angles was significant [F(s53;5) = 2.28, p = 0.047, n? =
0.007]; the alpha power at 60° (p = 0.042) and that at 300° (p
= 0.002) were significantly higher than that at 180°, respectively
(Figure 5). The main effect of stimulus types was not significant
[Fi,63 = 1.017, p = 0.314, n? = 0.03]. Simple effect analysis
showed that the alpha power of the high-altitude group was
significantly higher than that of the low-altitude group [FZ:
Fla252) = 99.249, p < 0.01; FCZ: F (4555 = 65.303, p < 0.01; CZ:
F(4)252) = 53736,P < 0.001; CPZ: F(4)252) = 42872,P < 0.01; PZ:
F(4)252) =67.95p < 0.001].

Beta Band

The 2 (group: high-altitude and low-altitude) x 2 (stimulus
types: normal and mirror-reversed) x 6 (angle: 0, 60, 120, 180,
240, and 300°) x 5 (electrode: PZ, CPZ, FCZ, FZ, and CZ)
repeated-measure AVOVA was applied to data analysis in the
beta band (14-25 Hz). The statistical analysis in the 400-700 ms
time window showed that the main effect of stimulus types was
significant [F(; 63y = 13.841, p < 0.001, n* = 0.041]; the beta
power of normal letters (—1.866 £ 0.055 dB) was significantly
higher than that of mirrored letters (—2.01 £ 0.052 dB). The
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FIGURE 6 | Topographical distribution of the alpha and beta bands power
were respectively measured in the 400-700 ms time window during the mental
rotation task at the normal letters and mirrored letters.

main effect of angles was significant [Fs 315 = 5.01, p < 0.001,
n? = 0.015], which found that the beta power at 0, 60, 240, and
300° was significantly higher than that at 180°, respectively (all
p < 0.05; Figure 5). Simple effect analysis showed that the beta
power of the high-altitude group was significantly higher than
that of the low-altitude group [FZ: F4 57 = 89.353, p < 0.01;
FCZ: F(4)252) =74.517,p < 0.01; CZ: F(4)252) =64.914, p < 0.001;
CPZ: Fiy 550 = 56.679, p < 0.001; PZ: Fy 555 = 52.443, p < 0.01].

In order to observe the spatial distribution characteristics of
ERD, we obtained the topographical distribution of the alpha
and beta bands power in the 400-700-ms time window during
the mental rotation task (Figure 6). The ERD phenomenon in
the high-altitude group was decreased; the high-altitude group
elicited the smaller alpha ERD and beta ERD. Alpha ERD was
mainly observed in the parietal-occipital regions, and beta ERD
was mainly in the central-parietal regions.

Current Source Density Results
The statistical results of EEG activity in the Brodmann area at
normal or mirrored letters and brain regions where significant

TABLE 1 | Statistical comparison of current source density at the normal letters
between the high-altitude and the low-altitude groups during the mental rotation
task (t-value from highest to lowest).

Region Brodmann area t-value
Normal letters Limbic lobe 32 —6.05
Frontal lobe 10 —6.02
Frontal lobe iRl —5.99
Limbic lobe 24 —5.78
Frontal lobe 25 —-5.77
Frontal lobe 47 —5.67
Parietal lobe 3 —5.64
Frontal lobe 6 —5.59
Frontal lobe 9 —5.59
Occipital lobe 18 —5.58
Frontal lobe 4 —5.56
Parietal lobe 2 —5.53
Occipital lobe 17 —5.53
Limbic lobe 31 —5.47
Limbic lobe 23 —-5.37
Frontal lobe 46 —5.28
Frontal lobe 8 —5.20
Parietal lobe 1 —-5.14
QOccipital lobe 30 -5.13
Temporal lobe 38 —-5.12
Frontal lobe 45 —-5.11
Temporal lobe 39 -5.10
Occipital lobe 19 —5.05

group differences were found are shown in Tables 1, 2. As seen
in the Tables 1, 2, the black frame represented the same brain
regions with significant group differences between the normal
letters and the mirrored letters, involving the frontal lobe, the
parietal lobe, the occipital lobe, the temporal lobe, and the limbic
lobe. Voxels in which the high-altitude group showed reduced
current source density as compared to the low-altitude group
were projected onto a surface model of the brain (Figure 7),
suggesting that the cortical activity was significantly decreased
during mental rotation task under the hypoxia environment.

DISCUSSION

This study explored the cortical activity on the aspect of ERD
underlying the mental rotation task between the high-altitude
and the low-altitude groups based on EEG technology. The main
findings can be summarized as follows: (1) the high-altitude
hypoxia significantly slowed the mental rotation reaction; (2)
the decreased ERD was correlated with the reduction of
sensorimotor-related cortical activity during the mental rotation
task from hypoxia exposure; (3) the weakening of alpha ERD and
that of beta ERD were found in the 400-700 ms time window
from hypoxia exposure.

In terms of behavior performance, there was an obvious
mental rotation effect that the judgment time of rotation
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TABLE 2 | Statistical comparison of current source density at the mirrored letters
between the high-altitude and the low-altitude groups during the mental rotation
task (t-value from highest to lowest).

Region Brodmann area t-value
Mirrored letters Parietal lobe 2 —6.80
Parietal lobe 3 —6.79
Frontal lobe 4 —6.79
Frontal lobe 6 —6.70
Limbic lobe 24 —6.49
Limbic lobe 31 —6.44
Parietal lobe 40 —6.39
Temporal lobe 22 —6.16
Temporal lobe 41 —6.11
Temporal lobe 42 —6.09
Limbic lobe 23 —6.01
Temporal lobe 21 —-5.77
Frontal lobe 43 —-5.72
Frontal lobe 9 —-5.72
Limbic lobe 32 -5.70
Frontal lobe 44 —5.69
Limbic lobe 33 —5.60
Temporal lobe 13 —5.56
occipital lobe 18 -5.12
Parietal lobe 7 -5.11
Frontal lobe i -5.10
Temporal lobe 38 -5.10
Frontal lobe 10 —5.09
Frontal lobe 5 —5.08

stimulation increased with the increase in rotation angles in
proportion to approximately linear mode, which was consistent
with the previous research results (Jordan et al., 2001; Milivojevic
et al, 2003). As the rotation angles increase, the high-
altitude immigrants had slower reaction times and fewer correct
responses responding to the mental rotation task, which might
reveal the reduction related to the spatial cognition in the high-
altitude group. The two groups had no significant difference
on normal letters in the error rate, but the error rate in the
high-altitude group was significantly higher than that of the
low-altitude group on mirror letters.

The oscillation power of alpha and beta bands was
correspondingly inhibited with the increase in rotation angles in
the mental rotation task (Figure 5). Of note, the present study
found that ERD was detected in the motor-related cortex. ERD
has been reported to be an electrophysiological index of the
activation of cortical region (Pfurtscheller, 2001). There was a
reliable evidence that ERD was used as an index to measure
cortical activity in the process of motor imagination or real
movement (Pfurtscheller et al., 2006), as well as to be associated
with activated motor networks (Pfurtscheller et al., 2008).
Through using the time-frequency analysis, the present study
further demonstrated that the alpha ERD and beta ERD were
decreased in the high-altitude group during 400-700 ms time

window, proving that the cortical activity was decreased from
high-altitude exposure (Cummins et al., 1993). This observation
was corresponding to a previous finding that the inhibited cortex
activities from hypoxia exposure were primarily observed in
motor cortical activity (Neubauer and Sunderram, 2004; Marillier
etal,, 2017). To sum up, these findings might collectively confirm
that high-altitude exposure led to a decreased cortical activity.

Moreover, the alpha ERD and beta ERD recorded on FZ,
FCZ, CZ, CPZ, and PZ electrodes in the mental rotation task
confirmed that the letter rotation was indeed involved in the
processing of motion imagination. Analyzing the topographical
distribution map (Figure 6) demonstrated that the decreased
alpha ERD was mainly observed in the parietal-occipital regions,
and the decreased beta ERD was mainly observed in the central-
parietal regions. Previous studies had observed that the alpha
ERD was mainly related to the primary sensory processing
(Schiirmann et al., 1997; Kolev et al.,, 1999; Schiirmann and
Bagar, 2001), and the greater alpha ERD was observed during
the larger of cognitive loads (Peng et al., 2012). While the beta
ERD was related to cognitive control function, which was mainly
located in the primary motor cortex (Muthukumaraswamy and
Johnson, 2004). The beta ERD was associated with a real or an
imagined movement, especially with motor planning (Tzagarakis
et al,, 2010) and a sensorimotor activity (Bechtold et al., 2018).
Combined with the results of behavior performances, it took a
longer time to complete the mental rotation task in the high-
altitude group, which was associated with the attenuation of
the alpha ERD and the beta ERD. The decreased alpha ERD
was found to reflect the active information processing (Klimesch
et al.,, 2007), and the reduced beta ERD was closely linked with
the motor processes and motor imagery (Nam et al, 2011).
The cortical activity during motor imagery was associated with
the ERD magnitude (Takemi et al., 2013). The delay of mental
rotation reaction from hypoxia exposure may be associated with
the decreased alpha ERD and beta ERD. During the mental
rotation task, the alpha ERD and beta ERD in sensorimotor
regions were considered to be related to cortical activity in
sensorimotor networks (Chen et al., 2013; Lyu et al, 2016).
The sensorimotor cortical activity would be rapidly decreased
during acute hypoxia (Ruggiero et al., 2018). Correspondingly,
our results suggested that the sensorimotor cortical activity was
reduced and was inhibited during the mental rotation task in the
high-altitude group; this may be a compensated mechanism for
adaptation to hypoxic exposure environment.

During movement observation, the ERD level was reduced in
the patients with Parkinson disease for observed hand actions in
the alpha and beta band (Heida et al., 2014). ERD may reveal
abnormal characteristics of the associated neural system during
mental rotation tasks in hypoxia exposure. Recently, a lot of
researchers have demonstrated that the beta oscillation in the
frontal-central area was related to cognitive control processing,
which was considered to be an effective physiological index of
response control processing (Aron, 2011; Huster et al., 2013). The
beta ERD was decreased in the high-altitude group, suggesting
that high-altitude immigrants needed a longer response time to
complete the mental rotation task, which may be associated with
the impaired control function. The beta ERD in the premotor
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FIGURE 7 | The statistical differences between the high-altitude and the low-altitude groups in the three-dimensional map of cerebral cortex distribution during the
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cortex with the increase in rotation angles might be related to
using motor strategies during the mental rotation task (Ozga
et al.,, 2018). We speculated that using the motor imagination
strategy to complete mental rotation task was able to consume
more mental resources, and there was a significant difference in
beta power between the two groups, which indicated that the
high-altitude group needed more cognitive control processing

ability. Therefore, the cortical activity was associated with the
ERD magnitudes from the long-term hypoxia exposure, which
may be related to the decrease in sensorimotor cortical activity.
Many previous studies have shown that there was a significant
reaction slowness from the high-altitude exposure, in which
there was reduced cognitive control function, which was derived
from the reduced cognitive resources in the high-altitude areas
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(Wang et al,, 2014; Ma et al,, 2019). To effectively supplement
this discovery of the predecessors, this study has determined
that the cortical activity of the sensorimotor area is related
to the decline of motor operation ability by using specific
spatial manipulation tasks, and this phenomenon may reflect the
reduction of cognitive control ability.

Importantly, the reduction of sensorimotor cortical activity
related to ERD might be involved in cognitive control function.
In high-altitude immigrants with long-term hypoxia exposure,
the present finding provided new insights into the relationship
between sensorimotor cortical activity and cognitive control
function, which might be a new direction to understand the
neural mechanism of aging and neurodegenerative diseases,
especially Parkinson disease and others involving decreased
sensorimotor ability. According to classical cognitive science,
cognition is something after perception. Therefore, the slower
motor response is separated from the decreased cognition,
and the decline of cognitive resources caused by altitude
exposure independently affects cognitive control ability and
motor response ability. On the contrary, according to the view of
embodied cognition, cognitive ability was rooted in sensorimotor
ability (Bechtold et al., 2018; Naro et al., 2021). According to
this, the lack of cognitive resources will be reflected in executive
control ability and sensorimotor ability at the same time. This
study used the mental rotation task, which integrates cognitive
load and sensorimotor ability at the same time, and found a close
connection between executive control ability and sensorimotor
ability. As we all know, mental rotation task is a classic paradigm
of cognitive science, which provided an important experimental
evidence to confirm the existence of mental imagery as an
independent information representation format in cognitive
science. Nowadays, the ending of mental imagery debate has
established an independent means of mental imagery (Pearson
and Kosslyn, 2015). Thus, revealing the cognitive neural process
behind the mental rotation task that reflects embodied cognitive
perspectives has become a new perspective for studying brain
functions. From the perspective of hypoxia, this study confirmed
the neural mechanism that reflects the mental rotation task that
reflects the embodied cognitive perspective and discovered the
role of sensorimotor cortex in executive control, providing a new
perspective for follow-up research.

The limitation of our study is not a direct measurement
of neuronal excitability, but an indirect measurement. Previous
studies have shown that living in a high-altitude area causes
a reduced partial pressure of inspired oxygen and lower
hemoglobin oxygen saturation, which can lead to hypoxia (Beall,
2000; Virués-Ortega et al., 2011). Oxygen saturation decreased
on long-term high-altitude exposure (Ma et al., 2015b), and the
oxygen saturation levels decrease with acute altitude (Diinnwald
et al,, 2021). A study of Andean natives using positron emission
tomography (PET) scans showed that the lower region-by-
region brain metabolic rates may be a defense mechanism
against chronic hypoxia at high altitude (Hochachka et al., 1994).
Through using the blood oxygen level-dependent technique with
functional magnetic resonance imaging (fMRI), the study showed

that compared with short-term hypoxic exposure, long-term
hypoxia exposure reduced cerebral deoxy hemoglobin balance
(Rostrup et al.,, 2005). Therefore, using PET, MRI, or other
hematological measurements will be the future direction to
deepen understanding of the relative topic.

CONCLUSION

This study revealed the dynamic process of mental rotation
task under hypoxia environment from both behavior responses
and ERD of EEG signals. The results of time-frequency analysis
showed that there was existing decreased alpha ERD and
beta ERD in the 400-700 ms time window during the mental
rotation task in the high-altitude group. Mental rotation delay
from hypoxic exposure may be related to the weakening
of alpha ERD and beta ERD, which embody the reduced
sensorimotor-related cortical activity relative to cognitive control
function. The present findings showed the potential association
of sensorimotor-related cortical activity with cognitive control,
which provided new insights into the neural mechanism of
the spatial manipulation change on embodied cognition in
high-altitude immigrants.
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