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Attention Network Changes of High-Altitude Migrants

Xin An; Getong Tao; Xinjuan Zhang; Hailin Ma; Yan Wang

INTRODUCTION:

The present study aimed to explore whether there are changes in the alerting, orienting, and executive network

efficiencies of attention function between high altitude immigrants and low altitude residents.

Event-related potentials (ERP) were acquired during an attention network test (ANT). The high-altitude (HA) group

comprised 22 college student immigrants who were born and raised at low altitudes and had lived at a HA (11,975
ft/3650 m) for 26 mo (tests were conducted when they returned to HA for 3 mo). The low-altitude (LA) group comprised

Compared with the LA group, the HA group had a higher pulse rate, lower oxygen saturation level, and decreased

alerting and orienting effects in the behavioral results. The ERP results of the HA group showed a smaller P1 in the
occipital area, a larger N1 both in the parietal and occipital areas of the alerting network, and a smaller P1 and larger N1
in the orienting network than the LA group. In the executive control network, the N2 amplitude of the HA group was

Together, these findings suggest that high-altitude migrants are less effective at alerting and orienting than low-altitude

residents. For executive control function, changes in the P3 amplitudes of incongruent conditions indicated a decrease

METHODS:
23 college students who had never visited HA areas before.
RESULTS:
more negative and the P3 amplitude of the HA group decreased in incongruent conditions.
DISCUSSION:
in conflict inhibition underlying the executive-control network.
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he Tibet Autonomous Region, located on the Qinghai-
Tibet Plateau, or “the roof of the world,” has an average
altitude of more than 13,123 ft (4000 m).* The average
partial pressure of oxygen in this region is only 60-65% that
at sea level® In recent years, studies using neuroimaging
technology have found that long-term repeated exposure to
hypoxia causes a decrease in gray matter volume in the bilateral
prefrontal lobes, right cingulate gyrus and left precentral gyrus,
etc.»* This impairs mental functions such as perception,
attention, memory, decision making, and emotions, as well as
social adaptation.>?%3
Attention is the orientation and concentration of psychologi-
cal activities on certain objects. Posner suggested that attention
involves voluntary (endogenous) and involuntary (exogenous)
systems.'” Voluntary attention is a volitionally controlled, top-
down process that is usually related to central symbolic cues. In
contrast, involuntary attention is an automatic reflexive, bottom-
up process elicited by abrupt peripheral cues. Furthermore, the
attention network is composed of three functionally distinct
neural networks: alerting, orienting, and executive control.'®
Alerting is defined as physically increasing response preparation

in reaction to an external warning stimulus. Orienting refers to
the ability to prioritize sensory input by selecting a modality or
location and shifting attention; for example, by distracting and
refocusing attention. Finally, the executive control network
involves conflict control and resolution during habitual response
inhibition, decision making, and error detection.'® Based
on Posner’s theory, Fan designed the attention network test
(ANT), which can effectively measure the functions of the three
attention networks.® The frontal and parietal lobes of the right
hemisphere of the brain are involved in the alerting process.®*
In the orienting process, the dorsal and ventral attention systems
are involved.” The former, responsible for top-down visuospatial
orientation, consists of the frontal eye field (FEF), intraparietal
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sulcus, and superior parietal lobe. The latter, responsible for bot-
tom-up reorientation, consists of the temporoparietal junction
(TPJ) and the ventral frontal cortex (VFC).'” In the executive
control process, the anterior cingulate cortex (ACC) and dorso-
lateral prefrontal cortex play an important role in monitoring
and resolving conflict.”’

Event-related potentials (ERP) are special brain potentials
evoked by stimuli, and ERP components reflecting specific cog-
nitive functions can be extracted by using the fixed stimulus-
response time-lock relationship and the computer’s average
superposition processing. These brainwave components are typi-
cally named using a combination of letters and numbers. P and N
indicate the positive and negative trends of the waveform, respec-
tively, whereas the numbers indicate the position of the peak in
the waveform.!! Studies examining ERP have found that P1 and
N1 components in the parietal and occipital regions appear after
80-200 ms of stimulus presentation, which are related to alerting
and orienting functions in the attention network.>” The P1 is gen-
erally thought to be the earliest influence of spatial attention on
visual processing.!” The attended stimulus can also elicit a larger
N1 amplitude. The increased amplitudes of P1 and NI reflect a
sensory-gain control mechanism that results in the enhanced
perceptual processing of the attended stimulus.*® The N2 compo-
nent, which is associated with conflict monitoring in executive
control function, occurs between 200-350 ms after stimulus pre-
sentation. The ACC is an anatomical region of the brain that
affects the N2, which recruits top-down resources to improve
stimulus evaluation when conflict is detected.!” Many studies
with flanker tasks have indicated that incongruent flanker condi-
tions elicit a more negative N2 than congruent conditions.'**°

P3 is another component that is frequently measured in stud-
ies of executive control.?® Its subcomponents, P3a and P3b, are
often elicited about 300-600 ms after the stimulus.?® The fron-
tally generated P3a reflects involuntary and transient allocation
of attention to distractors or novel stimuli. Parietal-generated
P3b is a task-related activity regarded as related to the control of
cognitive attention and the stimulus evaluation process.*” In the
present study, we focus on P3b, the traditional P3, in the ANT.
However, there is controversy over in which condition P3 ampli-
tude was larger.'> Some of the authors have concluded that there
was a larger P3 amplitude in the incongruent target and sug-
gested that P3 amplitude was enhanced by response inhibition,’
while others argue that reduction in amplitude may be related to
greater response inhibition.?’

Various studies have investigated the effects of high altitude
on attention. Studies using visual search tasks and the digit
symbol substitution test have found that people exposed to high
altitude environments for 8 h had reduced attention capacity
and decreased scores in visual search tasks.”! Additionally, a
neuroimaging study has shown that high altitude influences
brain areas related to attention processing (frontoparietal net-
work), with a decreased volume of gray matter in the bilateral
prefrontal area, right cingulate gyrus, and precentral gyrus
among members of the Han ethnic group who were born and
grew up (more than 20 yr) in high-altitude environments.*
Previous research has also indicated that high-altitude subjects
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[individuals who were born and grew up in low-altitude areas
but migrated to 11,975 ft (3650 m) in adulthood and have lived
at high altitude for at least 3 yr] had longer reaction times and
lower accuracy in spatial attention tasks compared to low-
altitude subjects (individuals who have only lived in low-altitude
areas). In high perceptual load conditions, the high-altitude sub-
jects had a smaller N1 and P3 compared to the low-altitude
subjects.”® Furthermore, their bilateral occipital regions were
activated and the lateralization effects of the attention process
disappeared.”® It has been suggested that long-term exposure to
high altitude may influence spatial attention and the brain adapts
to compensate for high-altitude environments.?®

High altitude affects attention network functions. Our 2-yr
longitudinal study using the ANT explored the temporal effects
of high-altitude environments and showed that Han students
who entered the 11,975-ft (3650-m) high-altitude area for the
first time after adulthood experienced a significant decline in
executive control network function after staying at high altitude
for a week. Recovery occurred after 1 mo but declined again after
2 yr of living at high altitude." This result suggested that high-
altitude environments affect attention and the extent of the effect
varies with the duration of residence." However, the neural mech-
anisms of the effect of high altitude on attention network func-
tions are still unclear. Previous studies have found that long-term
high-altitude exposure influences executive control function.'»"?
Using the flanker task and go/no-go task, studies showed
decreases in the conflict monitoring and conflict control abilities
of Han students who migrated to high altitudes and stayed there
for more than 3 yr.">!* However, evidence for the influence of
high altitudes on alerting and orienting is still inconclusive. In
addition, our previous work examined the neural mechanisms of
high altitudes on Tibetans™ attention network functions.” We
found that young Tibetans who grew up at an altitude of 13,780 ft
(4200 m) had decreased orienting function but increased execu-
tive control function.®® Due to long-term adaptation to high-
altitude environments, the genetic and physiological structures of
indigenous residents are different from those of immigrants.!
Therefore, results in indigenous residents cannot be extended to
immigrants. In recent years, an increasing number of immigrants
have visited high-altitude areas for work or travel. Thus, it is
important to study the influence of exposure to high altitudes on
attention function in immigrants from low-altitude areas.

In the current study, ANT was used and ERP was recorded to
systematically explore the changes in attentional function of
high-altitude migrants. Based on existing studies, due to high-
altitude, exposure can damage the brain areas related to atten-
tion such as the bilateral prefrontal area, right cingulate gyrus,
and precentral gyrus;>*"*? it also causes changes in ERP, such as
the larger N1, N2, and smaller P1, P3.'>'*? We hypothesized
that high altitude would affect attention networks, indicated by
decreased scores on behavioral tests measuring alerting, orient-
ing, and executive control. In the ERP results, we hypothesized
that there would be a decreased P1 and increased N1 amplitude
in both alerting and orienting networks, and increased
N2 amplitude and decreased P3 amplitude of incongruent
conditions in the executive control network.
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METHODS

Subjects

A total of 49 healthy Han college students (age range:19-26 yr
old; 25 men) participated in our experiment. We used G*Power
3.17 to calculate the required sample size (F = 0.25, a = 0.05,
1 - B =0.80). The results showed that a total of 24 subjects were
adequate for detecting an effect of altitude on N1 and P1
amplitude in the alerting and orienting networks, and 34 sub-
jects were adequate for detecting an effect of altitude on
N2 and P3 amplitude in the executive control network. Here,
we sought to collect data from 49 participants in total. They
were all right-handed and had normal or corrected-to-
normal vision without psychiatric or neurological disorders.
They had no stress-inducing activities, such as college exam-
inations, for a month before taking the test. In addition, they
were required to get adequate sleep the day before the test and
to not take drugs, drink coffee, or engage in other behaviors
that might interfere with the test. All participants were born
and raised in low-altitude areas (<3281 ft or 1000 m). The 25
students in the high-altitude (HA) group were from Tibet
University and had lived in Lhasa (11,975 ft/3650 m) for
26 mo. They were third-year college students who studied at
high altitudes from March to July and September to December
(9 mo in total), all returning to low altitudes (<1000 m) during
the rest of the year. The 24 students in the low-altitude (LA)
group had never been in a high-altitude environment before.
Because of excessive eye movements and artifacts, two sub-
jects from the HA group and two subjects from the LA group
were excluded. Finally, 22 subjects in the HA group (21.88 +
1.33 yr; 11 men) and 23 subjects in the LA group (21.36 + 1.60
yr; 11 men) were included in the final analysis of behavioral
and EEG data. The two groups were matched in terms of age,
sex, education, and scores on national college admission
examinations. This study followed the Declaration of Helsinki
and was approved by the Health Science Research Ethics
Board of the Institute of Psychology, Chinese Academy of Sci-
ences (No. H16037). Written informed consent was obtained
from all participants, who received compensation for their
participation. The HA group was tested at an altitude of
11,975 ft (3650 m) when they returned to high altitude for 3
mo. The LA group was tested at an altitude of 131 ft (40 m). To
avoid test differences caused by changes in equipment, we
brought the equipment from the LA lab to the HA lab. There-
fore, the same laboratory equipment was used for both tests.
§,0, and pulse rate were measured with a warmed hand in a
resting condition using a pulse oximeter (DEDAK]J-CMS50D,
Shenzhen City, China) before completing the ANT to obtain
information regarding the degree of hypoxia in the two
groups. 5,0, was significantly lower in the HA group than in
the LA group (P < 0.01), while pulse rate was significantly
higher in the HA group (P < 0.001) (Table I).

Procedure
All the stimulus presentation for the ANT and behavioral
response collection were conducted using software package

ATTENTION CHANGES AT ALTITUDE—An et al.

Tablel. Age, Education, Pulse Rate, and 5,0, of Each Group [Mean (SD)].

LA (N =23) HA (N = 22) t P
Age (yr) 214(1.6) 21.9(1.3) -13 022
Education (yr) 15.3(1.5) 15.8(1.2) -14 0.16
Pulse rate (bpm) 74.0(11.3) 82.0(9.7) —2.7* 0.01
5,0, (%) 974 (1.1) 90.7 (2.8) 10.7%* 0.001

HA = high altitude group; LA = low altitude group. *P < 0.05, ** P < 0.01.

E-prime 2.0 (Psychology Software Tools, Inc., Pittsburgh, PA).
The procedure is illustrated in Fig. 1.

Subjects were seated in a comfortable chair at a viewing dis-
tance of 50-60 cm in front of the computer monitor in a quiet
room. A fixation cross (+) 0.5 cm x 0.5 cm displayed on the center
of the screen was maintained for a variable duration between 400
and 1600 ms, followed by a cue that lasted 100 ms. Subsequently,
the target array appeared 500 ms after cue onset. There were four
types of cue conditions: no cue, center cue, double cue, and spatial
cue. Of note, the no cue was the condition without any cue after
the fixation cross. The center cue was the condition when a “*”
symbol of 0.5 cm x 0.5 cm briefly replaced the center fixation
cross. The double cue condition referred to simultaneous “*”
symbols of 0.5 cm x 0.5 cm appearing both above and below the
fixation cross, and the spatial cue was the condition when an “*”
appeared either above or below the fixation cross and thereby
cued the location where the target array would appear. The target
array consisted of five horizontally arranged arrows 1.0 cm in
length, including one central target arrow and four flankers, and
displayed 1.06° above or below the fixation cross. The target
conditions could be congruent (flanker arrows had the same
direction as the center arrow), incongruent (flanker arrows
pointed to the opposite direction), or neutral (a central arrow with
four horizontal lines). The congruent targets and incongruent
targets were equal in number and presented randomly.

For each trial, responses were recorded by pressing the left
mouse button with the right hand when the target arrow
pointed to the left and the right mouse button when the arrow
pointed to the right. Subjects were instructed to respond rapidly
and accurately. Target stimulus were presented 400 ms after the
cue interval and maintained on the screen until a response was
made by the participant, or until a maximum of 1700 ms had
elapsed. The task began with a complete practice block of 20
trials, followed by three experimental blocks of 96 trials, lasting
about 20 min. The reaction time (RT), accuracy rate, and ERP
were recorded during the task.

According to previous research, based on both congruent
and incongruent correct response trials RT, the three attention
networks were defined as follows: alerting effect = RT . -
RT per ce—the larger difference indicated a greater alerting
effect because attention will focus on the cue where the target
stimulus will appear, thereby reducing the RT; orienting effect =
RT conter cue = RT gpatial cue—the location of the spatial cue was the
position where the target would later occur, so a greater
difference meant a better orienting effect; and conflict effect =
RT i congruent = RT congruene—1iD the incongruent condition, the
executive control network plays an important role in suppress-
ing the interference stimulus to effectively process the target
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(A) Cue Target
—_————
+ + +
*
F x 2 < < 3
D1:400-1600ms 100ms 400ms RT<1700ms 3500-RT-D1ims
or or or
————— — e —_————
Congruent Incongruent Neutral
(%)
*
+
*
+ * +
*
+
No cue Center cue Double cue *

Spatial cue

Fig. 1. Materials and procedure. A) The sequence of events for the ANT used in the present study; B) the three target conditions; and C) the four cue conditions.

stimulus, resulting in a longer RT than the congruent condi-
tion. Hence, the smaller the difference, the better the executive
control effect.”

Electroencephalogram (EEG) data were recorded during the
ANT task with a 64-channel amplifier (SynAmps2, NeuroScan
Inc., Herndon, VA, USA) and data acquisition software
(Scan4.5, Neuroscan). The 64 Ag-AgCl electrodes were placed
on the scalp by means of a head cap (NeuroScan Inc.), accord-
ing to the 10-20 International System. Electrodes were online
referenced to a reference site in the middle of the Cz and CPz
locations, and an electrode placed between Fpz and Fz was used
as the ground. Electrode impedance were maintained at 5 kQ) or
less. Horizontal and vertical eye movements were recorded
from tin electrodes placed at the outer canthi of both eyes, and
above and below the left eye, respectively. EEG and electro-
oculogram (EOG) signals were continuously acquired and
sampled at a rate of 500 Hz, applying a 0.05-100 Hz band-pass.

Statistical Analysis
All statistical analyses were conducted with SPSS (SPSS, Inc.,
Chicago, IL, USA) for Windows, with a significance level set at
0.05. The Student’s t-test was conducted to analyze the score of
the three network effects, with the altitude group as the inde-
pendent variable.

EEG data were re-referenced to the average of bilateral mas-
toid electrodes. The EEG and EOG data were digitally filtered

794 AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 93, No. 11

with a 0.1-30 Hz bandpass filter. Trials with eye blink/eye
movements or muscle activity were excluded from further anal-
ysis. A regression procedure implemented in Neuroscan soft-
ware (Neuroscan Inc.) was used to identify vertical and
horizontal ocular artifacts and this study further removed them
from the signal; trials with various artifacts were rejected with a
criterion of +75 pV. Epochs were computed for the 1000 ms
after the onset of the target stimulus relative to a 200-ms pre-
stimulus baseline. Each participant’s average waveform of each
of the four conditions was calculated and the incorrect response
trials were excluded in the average ERP calculations.

The time frames of posterior target P1 were defined as the
most positive peak at 80 to 150 ms and N1 were defined as the
most negative peak at 150 to 250 ms after the onset of target
stimulus. On the basis of previous studies, the posterior target
P1 and N1 component was determined over three sites at the
parietal area (P3, Pz, and P4) and three sites at the occipital area
(01, Oz, and 02), respectively.!>*> A mixed factors ANOVA
was adopted to the different network effects. A group (HA and
LA) x cue condition (no cue and double cue) x brain area (the
parietal area and the occipital area) ANOVA was carried out for
the P1 and N1 mean components to analyze the alerting net-
work effect. Three-way mixed design repeated measures analy-
sis of variance was conducted with two within-subject factors,
cue condition (center cue and spatial cue) and brain area (the
parietal area and the occipital area), and one between-subject
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Table Il. Mean Reaction Times (ms) Based on Both Congruent and Incongruent Correct Response Trials of Each Experimental Condition for the Two Groups

[Mean (SD)].
NO CUE DOUBLE CUE SPATIAL CUE CENTER CUE
GROUP co IC co IC co IC co IC
LA 559 (52) 658 (74) 508 (55) 608 (66) 476 (54) 563 (68) 529 (61) 630 (71)
HA 591 (63) 681 (78) 537 (60) 647 (74) 518 (75) 602 (81) 550 (77) 670 (86)

CO: congruent; IC: incongruent; LA: low altitude; HA: high altitude.

factor, group (HA and LA), on mean amplitude of the P1 and
N1 components to evaluate the orienting network effect.

In previous studies, the amplitudes of N2 and P3 were always
largest at the midline electrode sites along the anterior to poste-
rior axis, including FCz, Cz, CPz, and Pz.%'® Thus, in the cur-
rent study, we analyzed N2 and P3 components from these
electrode sites. The N2 and P3 components were analyzed for
the time frame from 280 to 500 ms and 450 to 700 ms, respec-
tively, following the presentation of target stimulus. We exam-
ined the mean amplitude of these two components for statistical
analysis. We conducted a target condition (congruent and
incongruent) x group (HA and LA) mixed-model ANOVA to
analyze the N2 and P3 components. Simple effect analyses were
adopted to further investigate interaction effects.

RESULTS

Table IT summarizes the mean RT based on both congruent
and incongruent correct response trials of each experimental
condition between groups. Furthermore, Table III displays the
calculation of the network scores. Since the average accuracy
rate of both groups was over 99% and there was no significant
difference, the accuracy results are no longer presented.

With respect to the alerting network, t-testing indicates a
significant effect of group [£(43) = 2.65, P < 0.01]. The alerting
scores of the HA group were lower than those of the LA group.
As for the orienting network, there was a significant effect of
group, with a larger orienting score in the LA group than in the
HA group [#(43) = 2.90, P < 0.01]. However, there were no dif-
ferences between the executive control score in either group
[t(43) = —1.04, P > 0.05], but there was also a downward trend
in executive control efficiency (90.9 vs. 98.4). The scores of the
attention network are shown in Fig. 2 and Table IIL

Posterior Target P1 Amplitude

We observed a significant main effect of the cue condition
[F(1,43) = 49.84, P < 0.001, q2 = 0.54], showing that the P1
amplitude of the no cue condition was increased compared
with that of the double cue condition. The interaction between

Table lll. Attention Network Scores Based on the RTs of the Two Groups
[Mean (SD)].
LA (N =23) HA (N = 22) t P
Alerting 55.79(19.67) 42.36 (13.65) 27 00M
Orienting 5942 (17.54) 44.85 (16.12) 29 0006
Executive control 90.88 (24.96) 98.43 (23.61) -1 0.304

RT: reaction time; LA: low-altitude group; HA: high-altitude group.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 93, No. 11

the cue condition, brain area, and group were significant [F(5,
39) = 3.65, P < 0.01, n* = 0.32], with increased P1 amplitude in
the occipital area of the LA group compared with the HA group
in the no cue condition (P < 0.05) (see alerting in Fig. 3). There
were no other main effects or interactions.

Posterior Target N1 Amplitude

The main effect of cue condition was significant [F(1,43) =
119.63, P < 0.001, n’=0.74], indicating that the N1 amplitude of
the double cue condition was more negative than that of the no
cue condition. The main effect of group was significant
[F(1,43) = 5.14, P < 0.05, n* = 0.11]. The N1 amplitude of the
HA group was more negative than that of the LA group. The
interaction between the cue condition, brain area, and group
were significant [F(5, 39) = 5.42, P < 0.01, n* = 0.41]. In the
double cue condition, the N1 amplitude in the occipital area of
the HA was more negative than that of the LA group (P < 0.05).
In the no cue condition, the N1 amplitude in both the parietal
and occipital area of the HA were more negative than that of
LA group (P < 0.05). There were no other main effects or
interactions.

Posterior Target P1 Amplitude

We found a significant main effect of cue condition [F(1,43) =
21.37, P < 0.001, n* = 0.33], indicating that the P1 amplitude of
the center cue condition was increased compared with that of the
spatial cue condition. The main effect of group was significant
[F(1,43) = 11.44, P < 0.01,n> = 0.21]. The P1 amplitude of the LA
group was more positive than that of the HA group (see orienting
in Fig. 3). There were no other main effects or interactions.

120 + ms OLA BHA
ns.
100 -
I
80 1 sk o
6 1 I
T T
40
20
0 1 ]
Alerting Orienting Executive
control

Fig. 2. Attention network scores based on the RTs of the two groups
(Mean = SEs). **P < 0.01.
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Alerting

LA Nocue

02

----- LA Center cue
—— LA Spatial cue

- HA Center cue
—— HA Spatial cue

LA Congruent target
LA Incongruent target

===w=== HA Congruent target
——— HA Incongruent target

— 0 ' . —t—t——
-200 l 200 400 600 800 1000
JuV.
Time(ms)

Fig. 3. ERP waveforms of alerting effect, orienting effect, and executive control in the two groups. The P1 and N1 waveforms were located in the parietal areas
(P3, Pz, P4) and occipital areas (O1, Oz, 02) at 80 to 150 ms and 150 to 250 ms. The N2 and P3 waveforms were located in the anterior to posterior axis (FCz, Cz,
CPz, Pz) at 280 to 500 ms and 450 to 700 ms.
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Posterior Target N1 Amplitude

Regarding the target N1 amplitude, the main effect of cue con-
dition was significant [F(1,43) = 32.44, P < 0.001, ’r]2 = 0.43],
with more negative N1 amplitude in the spatial cue condition
compared with that of the center cue condition. The main effect
of group was significant [F(1,43) = 14.90, P < 0.001, n* = 0.26],
demonstrating that the N1 amplitude of the HA group was
more negative than that of the LA group (see orienting in Fig. 3).
There were no other main effects or interactions.

Target N2 Amplitude

With respect to the target N2 amplitude, the main effect of tar-
get condition was significant [F(1,43) = 24, P < 0.001, n* = 0.36],
with larger N2 amplitudes in incongruent conditions than in
congruent conditions. The main effect of group was significant
[F(1,43) = 4.80, P = 0.040, n* = 0.10] and the N2 amplitude of
the HA group was more negative than that of the LA group (see
executive control in Fig. 3). There were no other main effects or
interactions.

Target P3 Amplitude

With respect to the target P3 amplitude, we observed a signifi-
cant interaction between target condition and group [F(1,43) =
3.60, P = 0.036, n* = 0.18], with smaller P3 amplitude in the HA
group than in the LA group under incongruent conditions
[F(1,43) = 3.12, P = 0.041, n* = 0.13] (see executive control in
Fig. 3). There were no other main effects or interactions.

DISCUSSION

This study was designed to explore whether there are changes
in attention network between high altitude immigrants and low
altitude residents. Behavioral data showed a decrease in alerting
and orienting efficiency scores in the HA group. There was also
a downward trend in executive control efficiency. The higher
pulse rates and lower blood oxygen saturation of the HA group
are responsible for these effects. Correspondingly, in the alert-
ing network, the P1 amplitude of the HA group was smaller
than the LA group in the occipital area in the no cue condition,
and the N1 amplitude of the HA group was larger in the double
cue condition in the occipital area and larger in the no cue con-
dition in both the parietal and occipital areas. In the orienting
network, the P1 amplitude of the HA group was smaller and the
N1 amplitude of the HA group was larger. Compared with
the LA group, the N2 amplitude of the HA group was larger in
the incongruent condition, and the P3 amplitude of the HA
group was smaller in the executive control function. These
results suggest that the attention networks for alerting, orient-
ing, and executive control of high-altitude migrants was more
decreased than those of low-altitude residents, which may be
caused by high altitude hypoxia exposure.

Behavioral performance revealed a high-altitude effect on
alerting and orienting functions. The efficiency of alerting and
orienting in the HA group was lower than that in the LA group.
The decreased alerting efficiency in the HA group indicated
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that they needed more time to focus on cue location. The lower
orienting network efficiency suggests that the HA group did
not benefit as much as the LA group from physical or symbolic
cues that direct attention to the likely location or identity of
upcoming target information. We inferred that the decline in
these two functions might result from changes in the neural
systems that support these functions.

Of note, the ERP results greatly corresponded with behav-
ioral performance in alerting and orienting efficiency.
Specifically, concerning the post-target P1, the amplitude of the
alerting-related post-target P1 of the HA group was smaller
than that of the LA group in the no-cue condition. P1, an early
component of the attention process, was enhanced by increas-
ing attention load, reflecting the early processing of stimuli. The
decreased P1 amplitude in the HA group indicated weak per-
ceptual processing of target onset, reflecting poor alerting. In
addition, the HA group had a smaller orienting related P1
amplitude, which is similar to the results of a previous aging
study. This suggests that there may be a correlation between the
effects of high altitude and aging through common neural
mechanisms. Furthermore, in the orienting function, a center
cue showed a greater positive P1 than those following a spatial
cue in both the HA and LA groups. This is a common finding
that invalid cues elicit a larger P1 than valid cues.*® The
decreased P1 amplitude in the HA group indicated that they
were not as sensitive to less informative cues (invalid cues like
center cues in our study) as the LA group.

The amplitude of post-target N1 was greater for the HA
group than for the LA group both in the alerting and orienting
functions, similar to the previous study.”® The N1 amplitude
reflects the difficulty of target discrimination.” The increased
N1 amplitude of the HA group demonstrated that a high-
altitude environment might affect the early perceptual process-
ing of attended stimuli, resulting in the HA group showing a
stronger engagement with the target properties and experienc-
ing greater difficulty in target discrimination than the LA
group. Compared with residents in lower-altitude areas, previ-
ous researchers using ANT also demonstrated that residents of
higher altitude regions had more negative N1 amplitudes in
their orienting network.* This indicated that mental resources
were limited in HA residents for the alerting and orienting net-
works. In addition, consistent with previous research, the
post-target N1 was more negative in the double-cue condition
than in the no-cue condition in the alerting function and more
negative following spatial cues compared to center cues in the
orienting function.” This suggested that post-target N1 reflects
the characteristics of the stimulus and may be related to top-
down modulation of a visual discriminative process at attended
locations.

In incongruent trials, the HA group had a smaller P3
amplitude than the LA group, suggesting that high-altitude
environments influence the conflict-resolving stage in the exec-
utive control process, meaning that the conflict-resolving ability
of the HA group was decreased. The P3 amplitude is associated
with attentional resources used to improve cognitive control.”
The smaller the amplitude, the less attentional resources are
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available. A decrease in the P3 amplitude was observed in the
HA group. A possible explanation is that, compared to the LA
group, the HA group required more attentional resources to
overcome conflict when performing the same task, which was
regarded as a dysfunction of attentional resource allocation and
inhibition control in patients with neurotrauma.? This means
that, with their limited attentional resources, the HA group
always has a high cognitive demand to overcome conflict con-
trol. Similarly, our previous study found that P3 amplitude was
smaller in the HA group, indicating that long-term exposure to
high altitudes consumes attentional resources.? In addition, we
examined the effects of high altitude on executive control using
the flanker task.'* The results showed that the HA group had a
smaller P3 amplitude than the LA group in incongruent condi-
tions, and incongruent P3 components were localized in the
parietal cortex. The parietal cortex, which plays a key role in
conflict resolution, was affected by long-term high-altitude
exposure.” This explains the decrease in the incongruent P3
amplitude in the HA group. Therefore, we conclude that execu-
tive control function is altered after exposure to high-altitude
areas as a consequence of the affected cognitive process in the
conflict-resolution stage.

For the behavioral results, the executive control function
scores between the two groups were not significant; however,
the results still showed a declining trend at high altitudes. The
disappearance of behavioral effects may be due to the lower
sensitivity of the behavioral tests. The ANT detects executive
control mainly by judging the direction of an arrow. It is rela-
tively simple for our test subjects, with an average correct rate of
over 99%, though there may be a ceiling effect. Behavioral
effects may be more obvious with a more difficult task. After
the ANT task, we asked the subjects to complete a more diffi-
cult Stroop color word task, which specifically detects executive
control function, and found that the behavioral RT of the HA
and LA groups were significantly different, as reported in
another paper.”

There were some limitations to the current study. First,
although the subjects lived at high altitude for a total of 26 mo,
they returned to low altitude several times to rest. Previous
studies have shown that the adaptation period for living at or
above 11,975 ft (3650 m) can be divided into three stages. The
first stage is the acute adaptation period (3 d after entering the
high-altitude environment), during which individuals are
prone to acute mountain sickness. The second stage is subacute
adaptation (within 6 mo after entering the high-altitude envi-
ronment). Most people can compensate during this stage
through compensatory mechanisms with the extension of
exposure time and gradually adapt to the hypoxic environment.
The third stage is chronic adaptation or complete hematocrit
adaptation, in which chronic altitude sickness may occur and
manifest as excess red blood cells and severe reversible tissue
hypoxia.*®*” These physiological conditions also affect mental
functioning. The test used in this study was conducted when
the subjects had just returned to high altitude after spending 3
mo in a low-altitude area. They may have been experiencing
both acute and chronic hypoxia. To better illustrate the impact
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of high-altitude exposure on the attention network in future
research, we will strictly control the duration of the subjects’
stay at high altitude.

For the second limitation, the subjects were distributed across
13 provinces in China before they were admitted to Tibet
University. We were unable to gather data for the baseline test
before the participants entered high altitude. Therefore, it was
not possible to conduct a longitudinal study, which is another
limitation of this study. In future research, we will consider select-
ing army soldiers as test subjects for a longitudinal study, since
they are assembled first at low altitude before entering Tibet.

For the third limitation, the advantage of ERP is its high
temporal resolution; however, its spatial resolution is insuffi-
cient. In the future, various technical methods, such as fMRI,
could be used to explore this effect collaboratively. In addition,
we investigated the effects of high altitude on cognitive function
by comprehensively considering the many factors that make up
a high-altitude environment, including special natural and cul-
tural environments such as hypobaric hypoxia, low tempera-
tures, intensive ultraviolet radiation, and unique living customs.
Future studies should independently examine these factors.

Finally, can these altered cognitive functions recover after
returning to low altitude? How long does recovery take? Can
cognitive training be used to maintain a good cognitive level in
high-altitude environments? These issues should be explored
further in future studies.

In conclusion, the current study indicates that the atten-
tional network was decreased in high-altitude immigrants
compared with low-altitude residents. The changes in attention
function were due to the influence of high-altitude exposure on
attention-related areas of the brain.
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