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Abstract
Impaired visual cognition in residents of hypoxic environment has been widely 
reported; however, the underlying electrophysiological mechanisms remain 
unclear. In this study, 23 college students underwent three sessions of a Clock 
task test before a 30- day high- altitude exposure (Test 1) and 1  week (Test 2) 
and 3 months (Test 3) after they returned to lowlands. The Clock task consists 
of a visual spatial angle and a visual non- spatial color discrimination subtask. 
Simultaneously, electroencephalography (EEG) was recorded during the Clock 
task. The behavioral results showed that, compared with Test 1, accuracy in Test 
2 was significantly decreased in both the Angle and Color tasks, and reaction 
time (RT) was significantly increased in the Angle task. The event- related poten-
tials results showed that, during both tasks amplitudes of the occipital N1 and P3 
components during both tasks were significantly decreased in Test 2, compared 
with Test 1. Moreover, N1 amplitude was negatively correlated with RT and posi-
tively correlated with accuracy. Further time– frequency EEG analysis showed 
that theta power at occipital sites was significantly decreased in both tasks in 
Test 2, compared with Test 1, and was negatively correlated with RT in the Angle 
task. In Test 3, both the behavioral performance and EEG activity recovered to 
the baseline level in Test 1. These findings suggested that hypoxia impairs both 
visual spatial and visual non- spatial discriminations, and these impairments can 
recover after subjects return to lowlands. Inhibition of brain electrophysiological 
activity in the visual cortex may explain the deficits in visual cognition.
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1  |  INTRODUCTION

Hypoxic challenge at high altitude (HA) usually puts indi-
viduals at risk for neurological impairments. A systematic 
literature review showed that visual cognitions are most 
easily impaired after people who live at sea level ascend 
to plateaus for anywhere from a day to dozens of days 
(Petrassi et al., 2012). For example, previous studies have 
shown that hypobaric hypoxia caused impairments in vi-
suospatial memory (Cavaletti & Tredici, 1993; Hornbein 
et al., 1989; Kramer et al., 1993), visuospatial transforma-
tion (Denison et al., 1966), visual monitoring (Beer et al., 
2017), visual orientation (Zhang, Ma, et al., 2018), visual 
search (Zhang, Zhang, et al., 2018), visual construction 
(Zhang et al., 2011), visuospatial executive (Sharma et al., 
2014), visuospatial working memory (Ma et al., 2019; Ray 
et al., 2019; Yan et al., 2011), and color perception (Feigl 
et al., 2011; Karakucuk et al. 2004). However, the mech-
anisms underlying the impairments of visual cognitions 
remain unclear.

The effects of hypobaric hypoxia on brain neuronal 
activities were induced by auditory (Hayashi et al., 2005; 
Kida & Imai, 1993; Richardson et al., 2011; Thakur et al., 
2011; Wesensten et al., 1993), somatosensory (Nakata 
et al., 2017), and attention (Ma et al., 2018, 2019; Wang 
et al., 2014; Zhang, Ma, et al., 2018; Zhang, Zhang, et al., 
2018) tasks have been studied in subjects exposed to sim-
ulated altitude, rapid ascent to HA, or stayed at HA for 
several weeks to months. In these studies, event- related 
potentials (ERPs), obtained by time- locked averaging 
electroencephalography (EEG), were employed to evalu-
ate electrophysiological processing of cognitive activity. 
Based on these data, we hypothesized that changed ERP 
components may be related to the hypoxia- induced defi-
cits in visuospatial cognition.

In most case, after a period of HA hypoxia exposure, 
people descend to lowlands and the altitude- acclimatized 
brain will probably suffer from the stresses generated by 
reoxygenation and hyperbaric atmosphere, and trigger 
different pathophysiological signs, leading to transient 
or irreversible functional alterations. Previously, we have 
found changes in EEG powers and cortical gray matter 
in volunteers during hypoxia exposure at HA and the re-
covery of these changes after following reoxygenation at 
lowland (Fan et al., 2016; Zhao et al., 2016), which indi-
cate certain behavioral and physiological changes induced 
by sojourn at altitude. Therefore, in this study, sea- level 
college students, who volunteered for 30  days teaching 
experience on the Qinghai- Tibet plateau, were recruited, 
and EEG recording during “Clock task” was conducted to 
investigate the meaning of electrophysiological changes. 
Moreover, time– frequency analysis of event- related 
EEG data was also performed. Time– frequency analysis 

allows analyzing both the frequency of an event- related 
oscillations and its evolution over time. The “Clock task” 
was employed to test visual and visuospatial abilities 
(Antonova et al., 2015; Sack et al., 2002). The Clock task 
consists of a visual spatial task (angle discrimination) and 
a visual non- spatial task (color discrimination). The color 
discrimination task serves as a control task to visuospatial 
task. In Angle task, subjects need to evaluate the size of 
angles between the two clock hands; while in Color task, 
subjects just need to discriminate the color of the clock 
hands.

2  |  METHODS

2.1 | Subjects

Twenty- three healthy college students (12 females and 
11  males, 19.4  ±  0.9  years, range 19– 21  years) were re-
cruited from Xiamen University. All subjects were low-
land residents (<1500 m) and have been living at Xiamen 
(sea level, China) for at least 3 months. All the subjects 
had normal or corrected- to- normal vision. No subject was 
a smoker and was allowed access to alcohol. Subjects were 
excluded if they developed mountain sickness during 
their teaching period or had a documented neurological 
disorder and head injury. This study was approved by the 
Ethics Committee of the Xiamen University. Procedures 
were fully explained and all subjects provided written in-
formed consent before participating in the study. Another 
20 healthy college students of comparable age, sex, and 
education, were recruited from Xiamen University as con-
trols for verification of the reliability of the EEG measure-
ments and as controls in the behavioral test performed at 
three time points.

2.2 | Plateau trip and experimental design

During the first 3 days, the subjects left Xiamen for Lhasa 
(3650 m), Tibet, China. After 1- day stayed at Lhasa, the 
subjects spent 4 h traveling to Dangxiong city (4300 m), 
Tibet. During the entire period, all subjects stayed at 
Dangxiong as volunteer teachers. On the 29th day, they 
finished teaching work and descended to Lhasa. Three 
days later, they returned to Xiamen. At Dangxiong, the 
subjects had access to similar food and drink as that in 
Xiamen. All subjects had successfully finished teaching 
work, without the use of supplementary oxygen. A base-
line set of physiological measurements and EEG record-
ings was initially acquired at Xiamen before ascent to 
Dangxiong (Test 1); the same set of tests was performed 
1 week after subjects returned to Xiamen (Test 2); the final 

http://xueshu.baidu.com/s?wd=paperuri%3A%286543b0470eba92fb7fa645f4aa50234d%29&filter=sc_long_sign&sc_ks_para=q%3DDual-task and electrophysiological markers of executive cognitive processing in older adult gait and fall-risk&sc_us=7089396602433346508&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8
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set of tests was performed after the subjects had been liv-
ing at Xiamen again for 3 months (Test 3).

2.3 | Physiological measurements

Physiological tests included the heart rate, blood pressure, 
hematological measure, arterial oxygen saturation (SaO2), 
and pulmonary function. Blood samples were taken in the 
morning between 07:00 and 07:30  a.m. De- acclimation 
was tested after subjects returned to sea level at Test 2 and 
Test 3, respectively. Symptom score and diagnostic crite-
ria for de- acclimatization syndrome were adopted from 
He et al. (2013). De- acclimatization symptom scores >14 
indicates no de- acclimatization symptom.

2.4 | EEG recording

Thirteen subjects attended EEG study. Brain electrical 
activity was recorded via 128- channel electrode cap using 
Ag/AgCl electrodes in AchView707- Laptop software. The 
reference electrodes were placed in the bilateral auricular 
processes. EEG was recorded at a sampling rate of 500 Hz, 
applying <5 KΩ electrode impedances.

The Clock task, which has been designed previously 
(Antonova et al., 2015; Sack et al., 2002), was applied. 
The visual stimuli consisted of schematic analog clocks 
with a yellow face and two white or yellow hands pre-
sented on a black computer screen. The angle between 
the clock hands varied in steps of 30°. Subjects needed 
to discriminate angle and color. In the angle discrimina-
tion task, clock with small angle of 30° or 60° is the “tar-
get” and clock with large angle of 90°, 120°, or 150° is 
the “non- target.” In the color discrimination, color with 
white hand is the “target” and clock with yellow hand is 
the “non- target.” Stimuli were programmed for display 
with E- prime software (version 3.0, Psychology Software 
Tools) and presented on an LED monitor. Subjects were 

sitting comfortably in a darkened, sound- proofing, and 
electrically shielded house, and a chin rest was used to 
avoid head movement. They were instructed to press the 
button in the presence of target (key 1) and non- target 
(key 2). Although the assignment of target and non- 
target to the stimulus categories was random, subjects 
were explicitly instructed to consider the deviant and 
small angle as target in the Angle task and white hand as 
target in the Color task. The task consisted of 12 blocks, 
with 10 trials in each block (Figure 1). In each trial, five 
angles and five colors were present. Between blocks and 
trials, a white “+” were present. Before the formal test, 
subjects were provided for sufficient practice to make 
sure that the accuracy rate of task reached more than 
80%. During the EEG recording, the reaction time (RT) 
and accuracy of performing Clock tasks were recorded 
at the same time.

2.5 | EEG data preprocessing

EEGLAB/ ERPLAB toolbox under the MATLAB (The 
MathWorks, Inc.) was used for data analysis. The row 
data were calculated to the common average reference 
and filtered with 0.1– 30 Hz. To define the optimal end of 
time window for the analysis of EEG epochs, the distribu-
tion of RT from each subject was inspected. As a result, a 
time window of −200 to 1000 ms from stimulus onset was 
confirmed. Eye movement artifact was corrected by mov-
ing the vertical and horizontal eye movements identified 
by an independent comment analysis. In addition, epochs 
containing further artifacts were discarded in a semiauto-
matic artifact inspection (maximum allowed voltage step 
per sampling of 100 μV, a maximum difference in values 
in intervals of 200 ms of 500 μV, and a maximum and min-
imum amplitude allowed of −200 μV to 200 μV). Finally, 
only blocks with correct responses were averaged and 
segmented into stimulus- locked ERP negative potential 
(N1) and positive potential (P3) components. The mean 

F I G U R E  1  Stimuli and experimental 
procedure. (a) Example clocks with 30, 60, 
90, and 120° between alternating white 
and yellow clock hands. (b) Paradigm for 
one block. Totally 12 blocks for the entire 
experiment
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voltage of N1 component over 130– 180 ms at the O1, OZ, 
and O2 electrodes and P3 component over the 300– 500 ms 
at the P1, PZ, and P2 electrodes was measured to observe 
the early and late visuospatial processing in the Color task 
and Angle task, respectively.

2.6 | Time– frequency EEG analysis

The time– frequency representations (TFRs) of power 
were computed for EEG segments time locked from 
200 ms pre- stimulus to 1000 ms post- stimulus onset with 
frequency ranging from 1 to 30 Hz in steps of 1 Hz and a 
sliding time window of 900 ms in steps of 20 ms. The data 
in each time window were multiplied with a Hanning 
taper, followed by a Fourier transform. The TFRs were 
averaged over trials for each condition per subject, and 
then normalized to mean power over baseline interval 
(−200 to 0  ms) using a decibel (dB) transform. These 
analyses were performed using the FieldTrip toolbox 
under the MATLAB.

2.7 | Data analyses

All data were analyzed with SPSS 25.0. Paired samples 
t- test was performed on the physiological measurements, 
performances of Clock task, and ERP recording. Pearson 
correlations were used to assess the correlations of RT 
and accuracy with time– frequency power, N1 ampli-
tude, and P3 amplitude. Statistical significance was set 
at p < 0.05.

3  |  RESULTS

3.1 | Physiological characteristics

Red blood cells (5.1  ±  0.8 vs. 4.9  ±  0.5, p  =  0.005) and 
hemoglobin (42.7  ±  4.3 vs. 40.2  ±  3.1, p  =  0.008) were 
significantly increased in Test 2 compared with Test 1. No 
significant differences were found in the hematological 
measurement in Test 3 compared with Test 1. No signifi-
cant changes in vision were detected in both Test 2 and 
Test 3 compared with Test 1. De- acclimatization symptom 
scores were <14 in all subjects.

3.2 | Behavioral performances

There was a significant decreased accuracy in both Angle 
task and Color task and a significant increased RT in 
Angle task in Test 2 compared with Test 1 (Table 1). No 

significant differences in RT and accuracy were found in 
Test 3 compared with Test 1.

3.3 | N1 and P3 powers

Thirteen subjects attended EEG study. Three subjects 
were excluded because of their frequency eye move-
ment, excessive artifacts in the electroencephalogram, or 
data lost. Eventually, only EEG data of 10 subjects were 
analyzed.

3.3.1 | N1 and P3 amplitude

N1 amplitude values at occipital OZ, O1, and O2 elec-
trodes and P3 amplitude values at parietal PZ, P1, and P2 
electrodes during Angle task and Color task are shown 
in Table 2. In Test 2 compared with Test 1, N1 and P3 
amplitude values at three electrodes were significantly 
decreased; In Test 3 compared with Test 1, N1 and P3 am-
plitude values at three electrodes showed no significant 
differences. Figure 2 shows waveform and scalp topogra-
phy of averaged N1 at OZ electrode in the three tests in 
Angle task and Color task. N1 amplitude was negatively 
correlated with RT in all three time point tests in both 
Angle task and Color task; N1 amplitude was positively 
correlated with accuracy in Angle task in all three time 
point tests, and positively correlated with accuracy in 
Color task in Test 1 and Test 3 (Figure 3). Figure 4 shows 
waveform and scalp topography of averaged P3 at OZ 
electrode in the three tests in Angle task and Color task. 
Moreover, in Test 2, there was significantly lower P3 am-
plitude in Angle task compared with Color task (Figure 5).

3.3.2 | N1 and P3 latency

No significant differences were found in both Angle task 
and Color task in Test 2 compared with Test 1 and in Test 
3 compared with Test 1. There were no significant differ-
ences between Angle task and Color task in N1 or P3 la-
tencies at all three time point tests.

3.4 | Theta power

In Test 2 compared with Test 1, the theta power (4– 8 Hz) 
in the 130– 180 ms time window at the occipital lobe was 
significantly decreased in both Angle task (p = 0.024) and 
Color task (p = 0.014) (Figure 6). No significant changes 
were measured in alpha, beta, or delta powers. In Test 3 
versus Test 1, no significant changes were measured in 

http://www.researchgate.net/publication/235674826_Time-Frequency_EEG_analysis_in_epilepsy_What_is_more_suitable
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alpha, beta, theta, or delta powers in both Angle task and 
Color task.

The power of theta frequency was negatively correlated 
with RT and positively correlated with accuracy in Test 1 
and Test 3 (Figure 7). In Test 2, the negative correlation 
was existed between power of theta frequency and RT in 
Angle task (Figure 7a).

4  |  DISCUSSION

This study showed a significantly decreased accuracy and 
a significantly increased RT in the performance of Angle 

task immediately after subjects descended from HA. At 
this time point, we also tested a significantly decreased ac-
curacy in Color task, and meanwhile, impaired amplitude 
but not latency of the N1 and P3 component of the ERP 
was elicited by Angle task and Color task. N1 amplitude 
showed a negative correlation with RT and a positive cor-
relation with accuracy in both Angle task and Color task. 
P3 amplitude was significantly lower in Angle task com-
pared with Color task. Moreover, after 30- day HA expo-
sure, the theta power in the 130– 180 ms time window was 
significantly lower in the Angle task and Color task and 
theta power was negatively correlated with RT in Angle 
task. After subjects returned to sea level for 3  months, 

T A B L E  1  Behavioral results in Test 1, Test 2, and Test 3

Test 1 Test 2 Test 3 P1 P2 t 1 t 2

RT (ms)

Angle task 555.77 (50.54) 642.41 (94.42) 582.13 (76.58) 0.027 0.408 2.364 0.869

Color task 520.29 (62.96) 560.25 (76.20) 520.25 (72.02) 0.113 0.999 1.653 0.01

Accuracy (%)

Angle task 91% (0.03) 86% (0.04) 91% (0.03) 0.014 0.825 3.093 0.267

Color task 95% (0.02) 89% (0.07) 94% (0.01) 0.028 0.081 2.630 1.830

Note: t 1 and P1: Test 2 versus Test 1; t 2 and P2: Test 3 versus Test 1. Data are shown as mean (SD).
Abbreviation: RT, reaction time.

T A B L E  2  N1 amplitude values at occipital OZ, O1, and O2 electrodes and P3 amplitude values at parietal PZ, P1, and P2 electrodes 
during Angle task and Color task

Test 1 Test 2 Test 3 P1 P2 t 1 t 2

N1 amplitude (μV)

Angle task

OZ electrode −6.59 (2.32) −2.93 (1.83) −6.12 (2.31) 0.001 0.644 5.534 0.644

O1 electrode −6.65 (2.80) −2.95 (1.46) −5.54 (2.79) 0.003 0.249 4.032 1.231

O2 electrode −9.60 (3.59) −3.44 (1.74) −7.82 (3.15) 0.001 0.647 5.931 1.505

Color task

OZ electrode −6.32 (2.92) −2.93 (1.46) −6.09 (2.30) 0.001 0.840 5.468 0.208

O1 electrode −5.93 (3.79) −2.91 (1.59) −5.40 (2.31) 0.029 0.640 2.591 0.484

O2 electrode −9.29 (4.00) −3.34 (1.04) −7.34 (3.13) 0.001 0.240 0.354 1.258

P3 amplitude (μV)

Angle task

PZ electrode 10.19 (2.31) 5.86 (1.56) 9.84 (3.32) 0.001 0.794 4.969 0.268

P1 electrode 10.20 (2.02) 6.01 (1.10) 10.28 (3.52) 0.001 0.961 5.769 0.050

P2 electrode 10.26 (2.30) 5.63 (1.40) 10.41 (3.43) 0.001 0.918 5.964 0.105

Color task

PZ electrode 4.91 (2.21) 2.68 (1.28) 3.37 (3.39) 0.009 0.276 3.312 1.159

P1 electrode 4.88 (2.02) 2.59 (1.10) 3.68 (3.52) 0.017 0.405 2.917 0.873

P2 electrode 5.98 (1.96) 2.61 (2.04) 4.15 (3.41) 0.001 0.252 4.930 1.225

Note: P1: Test 2 versus Test 1; P2: Test 3 versus Test 1; t 1: Test 2 versus Test 1; t 2: Test 3 versus Test 1. Data are shown as mean (SD).
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the behavioral performances and ERP measurements 
recovered to basal level. The reliability of the cerebral 
measurements that could be affected by EEG instrument- 
related factors such as recording– re- recording using the 
same procedure was verified and the learning effect in the 
behavioral test was negated, as in sea- level controls, no 
differences in EEG and behavioral measurements were 
found between three test time points.

In our study, 1  week after subjects returned to sea 
level, time– frequency EEG analysis showed only theta 
power at occipital sites was significantly decreased during 
performances of both Angle task and Color task. In our 
previous study, we recorded EEG in soldiers during eyes- 
closed resting conditions, and found that after 1- month 
HA (3800  m altitude) exposure and descending to low-
lands 1  week, in the posterior parietal cortex, right pos-
terior temporal cortex, and occipital cortex, alpha power 

decreased, beta power remained increased, while delta 
and theta power recovered to the baseline level (Zhao 
et al., 2016). In this study, the behavioral performances 
and ERP measurements recovered to basal level 3 months 
after subjects returned to sea level, which was consis-
tent with our another study, in which cortical thickness 
in visual cortex increased in subjects who had a 30- day 
teaching in Qinghai– Tibet plateau but cortical measure-
ments recovered to basal level 2 months after HA expo-
sure (Fan et al., 2016). The conclusion can be drawn from 
these three studies is that the different EEG powers were 
affected by hypoxia/reoxygenation, depending on subjects 
were under resting state or working state, and brain func-
tional change has its structural basis.

In this study, decreased accuracy in the performance 
of Angle task and Color task was detected after HA expo-
sure for 1 month, suggesting that HA hypoxia impaired 

F I G U R E  2  Waveforms of N1 (130– 180 ms) and corresponding scalp topographies (generated every 10 ms from 130 to 180 ms) in the 
three tests. (a) Averaged ERPs at OZ electrode in the three tests elicited by Angle task. (b) Averaged ERPs at OZ electrode in the three tests 
elicited by Color task. (c) Scalp topographies within the N1 time window in the three tests under the Angle task. (d) Scalp topographies 
within the N1 time window in the three tests under the Color task. ERP, event- related potential
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both visual spatial and non- spatial tasks. Angle task 
needs subjects to evaluate the size of angles between 
two clock hands, while Color task just needs subjects to 
discriminate the color of the clock hands while ignoring 
angle size. From Table 2, we can find that subjects spent 
more time, with lower accuracy, in conducting Angle task 
compared with Color task, and accordingly, N1 and P3 
amplitudes in Angle task were higher than Color task. 
These data suggest that it takes more effort for subjects 
to perform Angle task than Color task. After a 30- day 
hypoxia, significantly increased RT was found in the per-
formance of Angle tasks but not in Color task and P3 am-
plitude was significantly lower in Angle task than Color 
task, which suggests spatial information processing may 
suffer more from hypoxia than from non- spatial informa-
tion processing.

In this study, at the early processing stage, N1 ampli-
tude was significantly decreased at the occipital cortices 
after a 30- day HA exposure compared with before as-
cent to HA. Moreover, N1 amplitude was negatively cor-
related with RT and positively correlated with accuracy 

in both Angle task and Color task across all three time 
point tests. Therefore, the decrease in N1 amplitude may 
underlie the mechanism of deficits in visuospatial and 
non- visuospatial behavior. N1 has been shown to reflect 
the visual processing of spatial information (Heinze et al., 
1994; Wascher et al., 2009) and is enhanced by visuospa-
tial tasks (Di- Russo et al., 2010; Hillyard & Anllo- Vento, 
1998; Lange et al., 1999; Vogel & Luck, 2010). The relation-
ship between N1 amplitude and RT of behavior has been 
presented by Bahramali et al. (1998). The N1 component, 
which reflects the operation of discrimination processing, 
had highly reliable and focused activity in the occipital 
cortex (Jens- Max et al., 2002). The decreased N1 ampli-
tude in visual stimuli task suggests the less sensory gain 
of visual attention. The decreased occipital N1 component 
was also found in Parkinson's disease when patients were 
doing visual oddball test (Wang et al., 2001), in patients 
with traumatic brain injury in response to alerting visu-
ospatial cues (Hill- Jarrett et al., 2015), and in older popu-
lation following the visuospatial stimulus (Curran et al., 
2001). In consistent with our findings in visual ERP, the 

F I G U R E  3  Correlation of N1 amplitude value with RT (a, b) and accuracy (c, d) in the three tests. RT, reaction time
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increased N1 latency of visual evoked potential (VEP) was 
observed in volunteers during the 3rd weeks of their stay 
at HA of 3500 m (Thakur et al., 2005) and in mountain 
climbers (Singh et al., 2004; Wohns et al., 1987). VEP am-
plitude was also reduced in subjects after 9– 12 days of hy-
poxic exposure (Forster et al., 1975).

P3 occurs after presentation of a stimulus, requir-
ing detection, counting, or cognitive processing (Picton, 
1992). In our study, the late processing stage of P3 am-
plitude in the Angle and Color tasks at visual cortex was 
reduced after a 30- day HA exposure, which indicates less 
remain of an effective index of mental resource and the 
degree of brain activity for current information processing 
was lower. Patients with traumatic brain injury exhibited 

F I G U R E  4  Waveforms of P3 (300– 500 ms) and corresponding scalp topographies (generated every 50 ms from 300 to 500 ms) in the 
three tests. (a) Averaged ERPs at PZ electrodes in the three tests under the Angle task. (b) Averaged ERPs at PZ electrodes in the three tests 
under the Color task. (c) Scalp topographies within the P3 time window in the three tests under the Angle task. (d) Scalp topographies 
within the P3 time window in the three tests under the Color task. ERPs, event- related potentials

F I G U R E  5  P3 amplitude elicited by the Angle task and Color 
task. In Test 2, P3 amplitude was significantly lower in Angle task 
than in Color task. *p < 0.05
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F I G U R E  6  The time– frequency 
representations of EEG power locked 
from 200 ms pre- stimulus to 1000 ms 
post- stimulus onset, at frequency ranging 
from 1 to 30 Hz in steps of 1 Hz. The 
power of the theta band (4– 8 Hz) in the 
130– 180 ms time window at the occipital 
lobe was significantly lower in both 
Angle task (a) and Color task (b). EEG, 
electroencephalography

F I G U R E  7  Correlation of power of theta wave in time– frequency with RT (a, b) and accuracy (c, d) in the three tests. RT, reaction time
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reduced P3 amplitude to alerting visuospatial cues (Hill- 
Jarrett et al., 2015). Change in P3 scalp topography in-
duced by performing a visual classification was recorded 
in patients with transient global ischemia (Mecklinger 
et al., 1998). Decreased P3 amplitude to visual search was 
found in HA immigrants who had lived in HA of 3650 m 
for more than 3  years (Ma et al., 2018) and decreased 
P3 amplitude to auditory stimulus has been recorded by 
following a rapid ascent to simulated 4300  m altitude 
(Wesensten et al., 1993).

Theta frequency is associated with intake of sensory 
information, memory, synaptic plasticity, and top- down 
control long- range synchronization (Uhlhaas & Singer, 
2013). In our study, the theta power was negatively cor-
related with RT and positively correlated with the accu-
racy both in the Angle task and Color task under normal 
behavioral performance before ascending and 3  months 
after subjects returned to lowlands, which indicates a 
high relationship of theta frequency with visual tasks 
and supports a role for theta frequency in visual attention 
(Spyropoulos et al., 2018). Furthermore, we found that the 
decreased theta power in the occipital area during Angle 
task and Color task after a 30- day HA exposure, and theta 
power was negatively correlated with RT in Angle task. 
Therefore, the decreased theta power could be responsible 
for the impaired performance, especially in the Angle task. 
A number of studies have shown an association between 
theta frequency and cognition. Theta frequency showed 
a greater activation in the occipital region (Cartier et al., 
2012) and decreased in patients with Parkinson's disease 
during the visuospatial task (Eichelberger et al., 2017). 
Reduces of theta oscillatory activity on cognitive load are 
common among schizophrenia, Alzheimer's disease, at-
tention deficit hyperactivity disorder, Parkinson's disease 
(Güntekin & Başar, 2014), and older adults (Lithfous et al., 
2015).

Visual ability is always directly affected by hypoxia. 
Hypoxic injury to the eye has been reported to play a sig-
nificant role in visual impairment. The retina consumes 
oxygen more rapidly than other tissues and is sensitive 
to hypoxia (Country, 2017). Eye diseases such as retinal 
vascular lesions, cataracts, and blindness are often seen 
in Tibetans on the Qing- Tibet plateau (Morris et al., 2006; 
Wang et al., 2013; Wang & Bai, 2011), and eye disturbance 
can affect the transmission of visual information to the ce-
rebral cortex. Cones might be more sensitive to reduced 
oxygen compared to rods (Kurihara et al., 2016). It has 
been shown that chronic hypoxia can induce pathological 
vessel growth and cone degeneration (Barben et al., 2018). 
Therefore, damaged function of retinal photoreceptor 
cells may be involved in the deficits of visual ability.

Hypoxia can directly act on nerve cells in visual cor-
tex. A reduced neuronal activity (Rostrup et al., 2005) and 

an increase in cerebral metabolic rate of oxygen occurred 
in the visual cortex during exposure to acute hypoxia 
(Vestergaard et al., 2016). Changed resting- state neuronal 
activity in visual cortex has been found in lowland sol-
diers, who have garrisoned the frontiers in Qinghai– Tibet 
Plateau for 2 years (Zhang et al., 2017) and for 1 month 
(Zhao et al., 2016). Changed structures in occipital visual 
cortices may also contribute to ERP changes. An increase 
in cortical thickness in visual cortex was found in sea- level 
college students, who had a 30- day teaching in Qinghai– 
Tibet plateau (Fan et al., 2016). Increased fiber connectivity 
between the bilateral visual cortices was found in subjects 
after HA exposure for 2 years (Chen et al., 2016), which 
was explained as a central compensation. Compared with 
Han population living at sea level, Han immigrant descen-
dants (Zhang et al., 2010) and Tibetan natives (Wei et al., 
2017) in Qinghai– Tibetan Plateau showed impairments in 
the occipital visual cortices. Moreover, ultraviolet light has 
been shown to alter neuronal activity in the cortical struc-
tures involved in visual processing (Amir & Robinson, 
1996).

In adult brain, the regional changes in cerebral perfu-
sion may contribute to both functional and structural al-
terations. The regional cerebral perfusion was correlated 
with the activity of the cortical neurons in the region 
(Sokoloff, 1977). At HA, total CBF in the internal carotid 
and vertebral flow increases steadily with altitude, and it 
soon recovers to usual level with time (Ainslie & Ogoh, 
2010). However, after subjects return to lowlands, CBF 
may decrease. For example, Joynt et al. (2008) found that 
the carotid blood flow was significantly lower than normal 
baseline after 4  h of reoxygenation for 2  h of following 
hypoxia (10%– 15% O2); In rats, CBF showed modest in-
creases during 60 min of hypoxia and returned to baseline 
during reoxygenation (Fujisawa et al., 1999). In addition, 
when descending to lowlands, HA residents often present 
HA deadaptation, which may affect neurophysiologic ac-
tivity. In fact, mental symptom such as dizziness, hyper-
somnia, malaise, and hypophrenia are often seen in the 
subjects with HA deadaptation (Zhou et al., 2012).

Impaired attention during hypoxic exposure may also 
contribute to visual cognitive deficits. The effects of HA 
on attention capacity have been largely described. Slowing 
of the signal processing was detected in sea- level subjects 
after 1 and 6 months of mountain climber stayed in the 
Eastern Himalayas (Thakur et al., 2011). Psychomotor 
vigilance reaction speed was slower during HA exposure 
(Pun et al., 2018). Visual search ability was reduced after 
8 h of hypoxia (Stivalet et al., 2000). The parietal distrib-
uted P3, which is involved in maintaining attention, was 
the ERP component most significantly affected by hypoxia 
(Hayashi et al., 2005; Wesensten et al., 1993). The smaller 
P3 amplitude has been found in the population exposed 
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to HA for 3 years when they performed spatial attention 
discrimination task (Wang et al., 2014).

There are several limitations in this study. One 
limitation was that the number of subjects was small. 
Although the subjects did not show obvious signs of 
depression or anxiety at HA, the lifestyle and cultural 
changes at HA were different to the one the subjects 
were used to, which could have affected the subjects’ 
psychological activity.

In conclusion, this is the first, longitudinal investigation 
of the ERP at the time of a stay at HA and after subjects re-
turn to lowlands. HA hypoxia impaired both visual spatial 
and non- spatial tasks. Task induced both the early and late 
processing stages of ERP components were affected after 
hypoxic exposure. The affected EEG component was con-
fined in theta power. More complicated spatial information 
processing seems to be more likely to suffer from hypoxia 
than non- spatial information processing. Considering that 
P3 amplitude was significantly lower in Angle task than 
Color task and decreased theta power showed a negative 
correlation with prolonged RT in Angle task but not Color 
task, inhibitions of electrophysiological components at vi-
sual cortex may be better to clarify the deficits of visual spa-
tial discrimination than visual non- spatial ability.

DISCLOSURES
No conflicts of interest, financial or otherwise, are de-
clared by the authors.

AUTHOR CONTRIBUTIONS
Q.Q. and J.Z. conceived and designed the research; P.L., 
Y.Z., F.Y., X.Z., X.Z., and S.L. performed experiments and 
analyzed the data; Q.Q. and J.Z. drafted the manuscript; 
X.L. interpreted the results of experiments; J.Z. approved 
the final version of manuscript.

ORCID
Jiaxing Zhang   https://orcid.org/0000-0003-0452-1885 

REFERENCES
Ainslie, P. N., & Ogoh, S. (2010). Regulation of cerebral blood flow 

in mammals during chronic hypoxia: A matter of balance. 
Experimental Physiology, 95, 251– 262.

Amir, S., & Robinson, B. (1996). Fos expression in rat visual cortex 
induced by ocular input of ultraviolet light. Brain Research, 716, 
213– 218. https://doi.org/10.1016/0006- 8993(96)00025 - X

Antonova, I., Bänninger, A., Dierks, T., Griskova- Bulanova, I., 
Koenig, T., & Kohler, A. (2015). Differential recruitment of brain 
networks during visuospatial and color processing: Evidence 
from ERP microstates. Neuroscience, 305, S0306452215007058.

Bahramali, H., Gordon, E., Li, W. M., Rennie, C., & Wright, J. (1998). 
Fast and slow reaction time changes reflected in ERP brain 
function. International Journal of Neuroscience, 93, 75– 85. 
https://doi.org/10.3109/00207 45980 8986414

Barben, M., Schori, C., Samardzija, M., & Grimm, C. (2018). 
Targeting Hif1a rescues cone degeneration and prevents sub-
retinal neovascularization in a model of chronic hypoxia. 
Molecular Neurodegeneration, 13, 12.

Beer, J. M. A., Shender, B. S., Chauvin, D., Dart, T. S., & Fischer, 
J. (2017). Cognitive deterioration in moderate and severe 
hypobaric hypoxia conditions. Aerospace Medicine and 
Human Performance, 88, 617– 626. https://doi.org/10.3357/
AMHP.4709.2017

Cartier, C., Bittencourt, J., Peressutti, C., Machado, S., Paes, F., Sack, 
A. T., Basile, L. F., Teixeira, S., Salles, J. I., Nardi, A. E., Cagy, 
M., Piedade, R., Arias- Carrión, O., Velasques, B., & Ribeiro, P. 
(2012). Premotor and occipital theta asymmetries as discrimi-
nators of memory-  and stimulus- guided tasks. Brain Research 
Bulletin, 87, 103– 108.

Cavaletti, G., & Tredici, G. (1993). Long lasting neuropsychological changes 
after a single high altitude climb. Acta Neurologica Scandinavica, 
87, 103– 105. https://doi.org/10.1111/j.1600- 0404.1993.tb040 85.x

Chen, J., Li, J., Han, Q., Lin, J., Yang, T., Chen, Z., & Zhang, J. (2016). 
Long- term acclimatization to high- altitude hypoxia modi-
fies interhemispheric functional and structural connectivity 
in the adult brain. Brain and Behavior, 6, e00512. https://doi.
org/10.1002/brb3.512

Country, M. W. (2017). Retinal metabolism: A comparative look at 
energetics in the retina. Brain Research, 1672, 50– 57.

Curran, T., Hills, A., Patterson, M. B., & Strauss, M. E. (2001). 
Effects of aging on visuospatial attention: An ERP study. 
Neuropsychologia, 39, 288– 301.

Denison, D. M., Ledwith, F., & Poulton, E. C. (1966). Complex reac-
tion times at simulated cabin altitudes of 5,000 feet and 8,000 
feet. Aerospace Medicine, 37, 1010– 1013.

Di- Russo, F., Martinez, A., Sereno, M., Pitzalis, S., & Hillyard, S. 
(2010). Cortical sources of the early components of the visual 
evoked potential. Human Brain Mapping, 15, 95– 111. https://
doi.org/10.1002/hbm.10010

Eichelberger, D., Calabrese, P., Meyer, A., Chaturvedi, M., Hatz, F., 
Fuhr, P., & Gschwandtner, U. (2017). Correlation of visuospa-
tial ability and EEG slowing in patients with Parkinson's dis-
ease. Parkinsons Disease, 2017, 3659784.

Fan, C., Zhao, Y., Yu, Q., Yin, W. U., Liu, H., Lin, J., Yang, T., Fan, 
M., Gesang, L., & Zhang, J. (2016). Reversible brain abnor-
malities in people without signs of mountain sickness during 
high- altitude exposure. Scientific Reports, 6, 33596. https://doi.
org/10.1038/srep3 3596

Feigl, B., Zele, A. J., & Stewart, I. B. (2011). Mild systemic hypoxia 
and photopic visual field sensitivity. Acta Ophthalmologica, 89, 
199– 204. https://doi.org/10.1111/j.1755- 3768.2010.01959.x

Forster, H. V., Soto, R. J., Dempsey, J. A., & Hosko, M. J. 
(1975). Effect of sojourn at 4,300 m altitude on electro-
encephalogram and visual evoked response. Journal of 
Applied Physiology, 39, 109– 113. https://doi.org/10.1152/
jappl.1975.39.1.109

Fujisawa, H., Koizumi, H., Ito, H., Yamashita, K., & Maekawa, T. 
(1999). Effects of mild hypothermia on the cortical release of 
excitatory amino acids and nitric oxide synthesis following 
hypoxia. Journal of Neurotrauma, 16, 1083– 1093. https://doi.
org/10.1089/neu.1999.16.1083

Güntekin, B., & Başar, E. (2014). A review of brain oscillations in per-
ception of faces and emotional pictures. Neuropsychologia, 58, 
33– 51. https://doi.org/10.1016/j.neuro psych ologia.2014.03.014

https://orcid.org/0000-0003-0452-1885
https://orcid.org/0000-0003-0452-1885
https://doi.org/10.1016/0006-8993(96)00025-X
https://doi.org/10.3109/00207459808986414
https://doi.org/10.3357/AMHP.4709.2017
https://doi.org/10.3357/AMHP.4709.2017
https://doi.org/10.1111/j.1600-0404.1993.tb04085.x
https://doi.org/10.1002/brb3.512
https://doi.org/10.1002/brb3.512
https://doi.org/10.1002/hbm.10010
https://doi.org/10.1002/hbm.10010
https://doi.org/10.1038/srep33596
https://doi.org/10.1038/srep33596
https://doi.org/10.1111/j.1755-3768.2010.01959.x
https://doi.org/10.1152/jappl.1975.39.1.109
https://doi.org/10.1152/jappl.1975.39.1.109
https://doi.org/10.1089/neu.1999.16.1083
https://doi.org/10.1089/neu.1999.16.1083
https://doi.org/10.1016/j.neuropsychologia.2014.03.014


12 of 13 |   QIU et al.

Hayashi, R., Matsuzawa, Y., Kubo, K., & Kobayashi, T. (2005). Effects 
of simulated high altitude on event- related potential (P300) and 
auditory brain- stem responses. Clinical Neurophysiology, 116, 
1471– 1476. https://doi.org/10.1016/j.clinph.2005.02.020

He, B., Wang, J., Qian, G., Hu, M., Qu, X., Wei, Z., Li, J., Chen, Y., 
Chen, H., Zhou, Q., & Wang, G. (2013). Analysis of high- altitude 
de- acclimatization syndrome after exposure to high altitudes: A 
cluster- randomized controlled trial. PLoS One, 8, e62072.

Heinze, H. J., Mangun, G. R., Burchert, W., Hinrichs, H., Scholz, M., 
Münte, T. F., Gös, A., Scherg, M., Johannes, S., Hundeshagen, 
H., Gazzaniga, M. S., & Hillyard, S. A. (1994). Combined spa-
tial and temporal imaging of brain activity during visual se-
lective attention in humans. Nature, 372, 543. https://doi.
org/10.1038/372543a0

Hill- Jarrett, T. G., Gravano, J. T., Sozda, C. N., & Perlstein, W. M. 
(2015). Visuospatial attention after traumatic brain injury: The 
role of hemispheric specialization. Brain Injury, 29, 1617– 1629.

Hillyard, S. A., & Anllo- Vento, L. (1998). Event- related brain poten-
tials in the study of visual selective attention. Proceedings of the 
National Academy of Sciences of the United States of America, 
95, 781– 787. https://doi.org/10.1073/pnas.95.3.781

Hornbein, T. F., Townes, B. D., Schoene, R. B., Sutton, J. R., & 
Houston, C. S. (1989). The cost to the central nervous system 
of climbing to extremely high altitude. New England Journal 
of Medicine, 321, 1714– 1719. https://doi.org/10.1056/NEJM1 
98912 21321 2505

Jens- Max, H., Edward, V., Geoffrey, W., Hans- Jochen, H., & Luck, 
S. J. (2002). Localizing visual discrimination processes in time 
and space. Journal of Neurophysiology, 88, 2088– 2095. https://
doi.org/10.1152/jn.2002.88.4.2088

Joynt, C., Bigam, D. L., Charrois, G., Jewell, L. D., Korbutt, G., & 
Cheung, P. Y. (2008). Dose- response effects of milrinone on 
hemodynamics of newborn pigs with hypoxia- reoxygenation. 
Intensive Care Medicine, 34, 1321– 1329. https://doi.org/10.1007/
s0013 4- 008- 1060- 5

Karakucuk, S., Oner, A. O., Gotkas, S., Siki, E., & Kose, O. (2004). Color 
vision changes in young subjects acutely exposed to 3,000 m alti-
tude. Aviation, Space and Environmental Medicine, 75, 364– 366.

Kida, M., & Imai, A. (1993). Cognitive performance and event- 
related brain potentials under simulated high altitudes. Journal 
of Applied Physiology (1985), 74, 1735– 1741. https://doi.
org/10.1152/jappl.1993.74.4.1735

Kramer, A. F., Coyne, J. T., & Strayer, D. L. (1993). Cognitive func-
tion at high altitude. Human Factors, 35, 329– 344. https://doi.
org/10.1177/00187 20893 03500208

Kurihara, T., Westenskow, P. D., Gantner, M. L., Usui, Y., Schultz, 
A., Bravo, S., Aguilar, E., Wittgrove, C., Friedlander, M. S. H., 
Paris, L. P., Chew, E., Siuzdak, G., & Friedlander, M. (2016). 
Hypoxia- induced metabolic stress in retinal pigment epithelial 
cells is sufficient to induce photoreceptor degeneration. eLife, 5, 
e14319. https://doi.org/10.7554/eLife.14319

Lange, J., Wijers, A., & Lj, M. G. (1999). ERP effects of spatial at-
tention and display search with unilateral and bilateral stim-
ulus displays. Biological Psychology, 50, 203– 233. https://doi.
org/10.1016/S0301 - 0511(99)00009 - 5

Lithfous, S., Tromp, D., Dufour, A., Pebayle, T., Goutagny, R., & 
Després, O. (2015). Decreased theta power at encoding and cog-
nitive mapping deficits in elderly individuals during a spatial 
memory task. Neurobiology of Aging, 36, 2821– 2829. https://doi.
org/10.1016/j.neuro biola ging.2015.07.007

Ma, H., Huang, X., Liu, M., Ma, H., & Zhang, D. (2018). Aging of 
stimulus- driven and goal- directed attentional processes in 
young immigrants with long- term high altitude exposure in 
Tibet: An ERP study. Scientific Reports, 8, 17417.

Ma, H., Zhang, D., Li, X., Ma, H., Wang, N., & Wang, Y. (2019). Long- 
term exposure to high altitude attenuates verbal and spatial 
working memory: Evidence from an event- related potential 
study. Brain and Behavior, 9, e01256.

Mecklinger, A., Von Cramon, D. Y., & Matthesvon, C. G. (1998). 
Event- related potential evidence for a specific recognition mem-
ory deficit in adult survivors of cerebral hypoxia. Brain, 121(pt 
10), 1919– 1935. https://doi.org/10.1093/brain/ 121.10.1919

Morris, D. S., Somner, J., Donald, M. J., McCormick, I. J., Bourne, R. 
R., Huang, S. S., Aspinall, P., & Dhillon, B. (2006). The eye at 
altitude. Advances in Experimental Medicine and Biology, 588, 
249– 270.

Nakata, H., Miyamoto, T., Ogoh, S., Kakigi, R., & Shibasaki, M. 
(2017). Effects of acute hypoxia on human cognitive processing: 
A study using ERPs and SEPs. Journal of Applied Physiology 
(1985), 123, 1246– 1255.

Petrassi, F. A., Hodkinson, P. D., Walters, P. L., & Gaydos, S. J. (2012). 
Hypoxic hypoxia at moderate altitudes: Review of the state of 
the science. Aviation, Space and Environmental Medicine, 83, 
975– 984.

Picton, T. W. (1992). The P300 wave of the human event- related po-
tential. Journal of Clinical Neurophysiology, 9, 456– 479. https://
doi.org/10.1097/00004 691- 19921 0000- 00002

Pun, M., Guadagni, V., Bettauer, K. M., Drogos, L. L., Aitken, J., 
Hartmann, S. E., Furian, M., Muralt, L., Lichtblau, M., Bader, 
P. R., Rawling, J. M., Protzner, A. B., Ulrich, S., Bloch, K. E., 
Giesbrecht, B., & Poulin, M. J. (2018). Effects on cognitive func-
tioning of acute, subacute and repeated exposures to high alti-
tude. Frontiers in Physiology, 9, 1131. https://doi.org/10.3389/
fphys.2018.01131

Ray, K., Kishore, K., Vats, P., Bhattacharyya, D., Akunov, A., Maripov, 
A., Sarybaev, A., Singh, S. B., & Kumar, B. (2019). A temporal 
study on learning and memory at high altitude in two ethnic 
groups. High Altitude Medicine & Biology, 20, 236– 244.

Richardson, C., Hogan, A. M., Bucks, R. S., Baya, A., Virues- Ortega, 
J., Holloway, J. W., Rose- Zerilli, M., Palmer, L. J., Webster, R. 
J., Kirkham, F. J., & Baldeweg, T. (2011). Neurophysiological 
evidence for cognitive and brain functional adaptation in ad-
olescents living at high altitude. Clinical Neurophysiology, 122, 
1726– 1734. https://doi.org/10.1016/j.clinph.2011.02.001

Rostrup, E., Larsson, H. B., Born, A. P., Knudsen, G. M., & Paulson, 
O. B. (2005). Changes in BOLD and ADC weighted imaging 
in acute hypoxia during sea- level and altitude adapted states. 
NeuroImage, 28, 947– 955. https://doi.org/10.1016/j.neuro 
image.2005.06.032

Sack, A. T., Hubl, D., Prvulovic, D., Formisano, E., Jandl, M., Zanella, 
F. E., Maurer, K., Goebel, R., Dierks, T., & Linden, D. (2002). The 
experimental combination of rTMS and fMRI reveals the func-
tional relevance of parietal cortex for visuospatial functions. 
Cognitive Brain Research, 13, 85– 93. https://doi.org/10.1016/
S0926 - 6410(01)00087 - 8

Sharma, V. K., Das, S. K., Dhar, P., Hota, K. B., Mahapatra, B. B., 
Vashishtha, V., Kumar, A., Hota, S. K., Norboo, T., & Srivastava, 
R. B. (2014). Domain specific changes in cognition at high al-
titude and its correlation with hyperhomocysteinemia. PLoS 
One, 9, e101448.

https://doi.org/10.1016/j.clinph.2005.02.020
https://doi.org/10.1038/372543a0
https://doi.org/10.1038/372543a0
https://doi.org/10.1073/pnas.95.3.781
https://doi.org/10.1056/NEJM198912213212505
https://doi.org/10.1056/NEJM198912213212505
https://doi.org/10.1152/jn.2002.88.4.2088
https://doi.org/10.1152/jn.2002.88.4.2088
https://doi.org/10.1007/s00134-008-1060-5
https://doi.org/10.1007/s00134-008-1060-5
https://doi.org/10.1152/jappl.1993.74.4.1735
https://doi.org/10.1152/jappl.1993.74.4.1735
https://doi.org/10.1177/001872089303500208
https://doi.org/10.1177/001872089303500208
https://doi.org/10.7554/eLife.14319
https://doi.org/10.1016/S0301-0511(99)00009-5
https://doi.org/10.1016/S0301-0511(99)00009-5
https://doi.org/10.1016/j.neurobiolaging.2015.07.007
https://doi.org/10.1016/j.neurobiolaging.2015.07.007
https://doi.org/10.1093/brain/121.10.1919
https://doi.org/10.1097/00004691-199210000-00002
https://doi.org/10.1097/00004691-199210000-00002
https://doi.org/10.3389/fphys.2018.01131
https://doi.org/10.3389/fphys.2018.01131
https://doi.org/10.1016/j.clinph.2011.02.001
https://doi.org/10.1016/j.neuroimage.2005.06.032
https://doi.org/10.1016/j.neuroimage.2005.06.032
https://doi.org/10.1016/S0926-6410(01)00087-8
https://doi.org/10.1016/S0926-6410(01)00087-8


   | 13 of 13QIU et al.

Singh, S. B., Thakur, L., Anand, J. P., Yadav, D., Amitabh, B. P. K., 
& Selvamurthy, W. (2004). Changes in visual evoked potentials 
on acute induction to high altitude. Indian Journal of Medical 
Research, 120, 472– 477.

Sokoloff, L. (1977). Relation between physiological function and en-
ergy metabolism in the central nervous system. J Neurochem, 
29, 13– 26.

Spyropoulos, G., Bosman, C. A., & Fries, P. (2018). A theta rhythm 
in macaque visual cortex and its attentional modulation. 
Proceedings of the National Academy of Sciences of the United 
States of America, 115, E5614– E5623. https://doi.org/10.1073/
pnas.17194 33115

Stivalet, P., Leifflen, D., Poquin, D., Savourey, G., Launay, J. C., 
Barraud, P. A., Raphel, C., & Bittel, J. (2000). Positive expiratory 
pressure as method for preventing the impairment of atten-
tional processes by hypoxia. Ergonomics, 43, 474– 485.

Thakur, L., Ray, K., Anand, J. P., & Panjwani, U. (2011). Event related 
potential (ERP) P300 after 6 months residence at 4115 meter. 
Indian Journal of Medical Research, 134, 113– 117.

Thakur, L., Singh, S. B., Anand, J. P., Panjwani, U., & Banerjee, P. K. 
(2005). Effect of hypobaric hypoxia on visual evoked potential 
at high altitude. Journal of Environmental Biology, 26, 593– 596.

Uhlhaas, P. J., & Singer, W. (2013). High- frequency oscillations 
and the neurobiology of schizophrenia. Dialogues in Clinical 
Neuroscience, 15, 301– 313.

Vestergaard, M. B., Lindberg, U., Aachmann- Andersen, N. J., 
Lisbjerg, K., Christensen, S. J., Law, I., Rasmussen, P., Olsen, 
N. V., & Larsson, H. B. W. (2016). Acute hypoxia increases 
the cerebral metabolic rate -  A magnetic resonance imaging 
study. Journal of Cerebral Blood Flow and Metabolism, 36, 
1046– 1058.

Vogel, E. K., & Luck, S. J. (2010). The visual N1 component as an 
index of a discrimination process. Psychophysiology, 37, 190– 
203. https://doi.org/10.1111/1469- 8986.3720190

Wang, G. Q., Bai, Z. X., Shi, J., Luo, S., Chang, H. F., & Sai, X. Y. 
(2013). Prevalence and risk factors for eye diseases, blind-
ness, and low vision in Lhasa, Tibet. International Journal of 
Ophthalmology, 6, 237– 241.

Wang, H. T., & Bai, Z. X. (2011). High altitude ophthalmology and 
otorhinolaryngology (pp. 50– 57). Tibet People Press.

Wang, L., Kuroiwa, Y., Li, M., Wang, J., & Kamitani, T. (2001). Do P1 
and N1 evoked by the ERP task reflect primary visual process-
ing in Parkinson's disease? Documenta Ophthalmologica, 102, 
83– 93.

Wang, Y., Ma, H., Fu, S., Guo, S., Yang, X., Luo, P., & Han, B. (2014). 
Long- term exposure to high altitude affects voluntary spatial 
attention at early and late processing stages. Scientific Reports, 
4, 1– 8.

Wascher, E., Hoffmann, S., Sänger, J., & Grosjean, M. (2009). 
Visuo- spatial processing and the N1 component of the ERP. 
Psychophysiology, 46, 1270– 1277.

Wei, W., Wang, X., Gong, Q., Fan, M., & Zhang, J. (2017). Cortical 
thickness of native Tibetans in the Qinghai- Tibetan Plateau. 

AJNR. American Journal of Neuroradiology, 38, 553– 560. 
https://doi.org/10.3174/ajnr.A5050

Wesensten, N. J., Crowley, J., Balkin, T., Kamimori, G., Iwanyk, E., 
Pearson, N., Devine, J., Belenky, G., & Cymerman, A. (1993). 
Effects of simulated high altitude exposure on long- latency 
event- related brain potentials and performance. Aviation, Space 
and Environmental Medicine, 64, 30– 36.

Wohns, R. N., Colpitts, M., Colpitts, Y., Clement, T., & Blackett, W. B. 
(1987). Effect of high altitude on the visual evoked responses in 
humans on Mt. Everest. Neurosurgery, 21, 352– 356. https://doi.
org/10.1227/00006 123- 19870 9000- 00013

Yan, X., Zhang, J., Gong, Q., & Weng, X. (2011). Adaptive influence 
of long term high altitude residence on spatial working mem-
ory: An fMRI study. Brain and Cognition, 77, 53– 59.

Zhang, D., Ma, H., Huang, J., Zhang, X., Ma, H., & Liu, M. (2018). 
Exploring the impact of chronic high- altitude exposure on 
visual spatial attention using the ERP approach. Brain and 
Behavior, 8, e00944. https://doi.org/10.1002/brb3.944

Zhang, D., Zhang, X., Ma, H., Wang, Y., Ma, H., & Liu, M. (2018). 
Competition among the attentional networks due to resource 
reduction in Tibetan indigenous residents: Evidence from 
event- related potentials. Scientific Reports, 8, 610.

Zhang, J., Chen, J., Fan, C., Li, J., Lin, J., Yang, T., & Fan, M. 
(2017). Alteration of spontaneous brain activity after hypoxia- 
reoxygenation: A resting- state fMRI study. High Altitude 
Medicine & Biology, 18, 20– 26.

Zhang, J., Liu, H., Yan, X., & Weng, X. (2011). Minimal effects on 
human memory following long- term living at moderate alti-
tude. High Altitude Medicine & Biology, 12, 37– 43. https://doi.
org/10.1089/ham.2009.1085

Zhang, J., Yan, X., Shi, J., Gong, Q., Weng, X., & Liu, Y. (2010). 
Structural modifications of the brain in acclimatization to high- 
altitude. PLoS One, 5, e11449.

Zhao, J. P., Zhang, R., Yu, Q., & Zhang, J. X. (2016). Characteristics 
of EEG activity during high altitude hypoxia and lowland 
reoxygenation. Brain Research, 1648, 243– 249. https://doi.
org/10.1016/j.brain res.2016.07.013

Zhou, Q., Yang, S., Luo, Y., Qi, Y., Yan, Z., Shi, Z., & Fan, Y. (2012). A 
randomly- controlled study on the cardiac function at the early 
stage of return to the plains after short- term exposure to high 
altitude. PLoS One, 7, e31097. https://doi.org/10.1371/journ 
al.pone.0031097

How to cite this article: Qiu, Q., Lv, P., 
Zhongshen, Y., Yuan, F., Zhang, X., Zhou, X., Li, S., 
Liu, X., & Zhang, J. (2021). Electrophysiological 
mechanisms underlying hypoxia- induced deficits in 
visual spatial and non- spatial discrimination. 
Physiological Reports, 9, e15036. https://doi.
org/10.14814/ phy2.15036

https://doi.org/10.1073/pnas.1719433115
https://doi.org/10.1073/pnas.1719433115
https://doi.org/10.1111/1469-8986.3720190
https://doi.org/10.3174/ajnr.A5050
https://doi.org/10.1227/00006123-198709000-00013
https://doi.org/10.1227/00006123-198709000-00013
https://doi.org/10.1002/brb3.944
https://doi.org/10.1089/ham.2009.1085
https://doi.org/10.1089/ham.2009.1085
https://doi.org/10.1016/j.brainres.2016.07.013
https://doi.org/10.1016/j.brainres.2016.07.013
https://doi.org/10.1371/journal.pone.0031097
https://doi.org/10.1371/journal.pone.0031097
https://doi.org/10.14814/phy2.15036
https://doi.org/10.14814/phy2.15036

