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1 | INTRODUCTION

Human attentional abilities are sensitive to high altitudes (Lalan
Thakur, Anand, & Panjwani, 2011). Many previous studies have
indicated that attentional functions are affected by high-altitude
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Abstract

Introduction: Previous studies have reported the slowing of reaction times to atten-
tionally demanding tasks due to a reduction in cognitive resource as a result of
chronic high-altitude exposure. However, it is still largely unknown whether this re-
action slowness can be attributed to the attentional allocation change and/or re-
sponse patterns.

Methods: To clarify this issue, this study investigated attention-related (N2pc and
N2 cc) and response-related (MP and RAP) event-related potentials (ERPs) to identify
the performance of a visual search task by individuals who had lived in high-altitude
areas for three years compared with those living at sea level.

Results: This study showed that the reaction times in response to a visual search task
were significantly longer in the high-altitude subjects than in the sea level subjects.
Corresponding to this behavioral observation, we found a significantly lower N2pc
amplitude and a larger N2 cc amplitude in the high-altitude subjects, suggesting a
reduction in spatial attention allocation to the target (N2pc) in these subjects, indi-
cating they need to work harder to preclude cross-talk between response selection
and attention direction (N2 cc). Moreover, we also discovered higher MP amplitudes
and longer RAP latencies in the high-altitude subjects, which further indicated that
these subjects were slower and required greater cortical activation while preparing
and executing correctly selected responses (MP and RAP).

Conclusion: Nevertheless, this study collectively provided new insights into the at-

tention reaction slowness from high-altitude exposure.

KEYWORDS
attention, chronic high-altitude exposure, cognitive resource, event-related potentials, visual
search task

exposure (Virués-Ortega, Buela-Casal, Garrido, & Alcazar, 2004,
Yan, 2014). High-altitude exposure was shown to slow the re-
action times (RTs) of visual attention tasks (Stivalet et al., 2000;
Wang et al., 2014), which may be attributed to a reduction in cog-
nitive resources (Wang et al., 2014). Note that visual attention is
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a complex mental process that includes the allocation of atten-
tion to a target, target selection, and response preparation pro-
cesses. These processes all contribute to the RT recorded during
attentional task execution. Therefore, it is necessary to explore
whether the slowing of response efficiency may be attributed to
deficiencies in attentional resources to a target, and/or to defi-
cient response performance. The combination of the visual search
paradigm and event-related potential (ERP) method provides an
avenue to solve the questions stated above. Visual attention is
not only a signal enhancement (i.e., facilitation) process, as pro-
posed by a sensory gain model as a gain control, (Di & Martinez
AHillyard, 2003; Hillyard, Vogel, & Luck, 1998; Mangun, 1995;
Navalpakkam & Laurent, 2007) but also a suppressive mechanism
that may contribute to visual selective attention (Couperus &
Mangun, 2010). During visual selective attention, top-down con-
trol may contribute to direct attention to relevant stimuli while
simultaneously facilitating suppression of the processing of irrel-
evant stimuli (Couperus & Mangun, 2010). The visual search task,
which requires subjects to find a predefined target stimulus (i.e.,
presented in arrays randomly including a variable number of bi-
lateral distractor stimuli and the target differs from distractors
in orientation change), is usually used to explore visual selective
attention, in which the subjects are instructed to press a preas-
signed button to indicate whether the target is missing in each
array of stimuli. To complete the visual search task, several men-
tal processes, such as focusing on a target and the selection and
preparation of motor responses to correctly detect the target,
should be required. Regarding the attentional processes, previous
studies have shown that the ERP component, N2pc (N2-posterior-
contralateral) (Luck & Hillyard, 1994), is an electrophysiological
mark that embodies the visuospatial attention focusing on a tar-
get stimulus that supports visual search (Luck & Ford, 1998; Luck
& Hillyard, 1994; Woodman & Luck, 1999). The N2pc component
was found to be primarily generated in lateral occipital-tempo-
ral regions (Hopf, Boelmans, Schoenfeld, Heinze, & Luck, 2002;
Lorenzo-Lépez etal., 2011) with a maximum amplitude over
parietal-occipital electrode sites contralateral to the attended
item (Eimer, 1996; Luck & Hillyard, 1994). There are three main
theories to interpret the N2pc that is yielded during selective at-
tention processing. The spatial filtering model proposed that tar-
get recognition occurs through suppressing distractors around the
target (Luck, Girelli, Mcdermott, & Ford, 1997; Luck & Hillyard,
1994). The target enhancement theory posited the opposite of the
spatial filtering model, stating that N2pc is more likely reflects the
neural process of choice-processing of task-related stimuli, which
is a process more controlled by a top-down neural mechanism that
is sensitive to task-related features, rather than the suppression of
distractors around the target (Eimer, 1996). In contrast to the two
theories above, the parallel mechanism theory proposed that the
attentional system involved in visual search is a parallel mecha-
nism in which, on the one hand, the attention system would invoke
cognitive resources in line with the current task and process the
potential target according to the target’s features and on the other

hand would restrict the cognitive resources to allocate resources
to the distractors during external stimuli processing, by which the
attentional system would be more efficient and conducive in pro-
cessing the current task-related target to complete the current
task (Hickey, Di, & Mcdonald, 2009).

In addition, to make sure that the spatial attention direction
does not bias the response selection (Praamstra, 2006; Praamstra &
Oostenveld, 2003), the N2 cc component, which exhibits the same
polarity and latency as the N2pc component in the visual search
task, was observed to be related to the prevention of a manual-
response selection hinging on the target stimulus location in the vi-
sual field during visuospatial attention tasks (Oostenveld, Praamstra,
Stegeman, & Van, 2001; Praamstra, 2006; Praamstra & Oostenveld,
2003). The N2 cc component was recorded at central electrodes
contralateral to the side of the presentation of the target stimuli
during visuospatial attention tasks. In visual search tasks, when the
target stimulus appears randomly in the right or left visual field, the
subjects need to respond with the appropriate hand, whereas other
hand is required to respond when the target stimulus is absent. Thus,
the subject’s responses to the target stimuli are based on the task
instructions and are independent of the target’s position in the visual
field, which can be considered as an executive inhibiting the vulner-
ability of the response choice of the attentional direction. In this re-
gard, measuring the N2 cc component makes it possible to explore
the effects of high altitudes on this executive function during visual
search tasks.

As to the movement selection and preparation processes in-
volved in responding to a stimulus, several associated ERP com-
ponents are generated in the motor cortical areas before a correct
response is overtly executed. The readiness potential (RP) is one of
the most prominent ERPs and is related to active limb movements
(Botzel, Ecker, & Schulze, 1997; Deecke, Scheid, & Kornhuber, 1969;
Shibasaki & Hallett, 2006), in which the motor potential (MP), in the
contralateral motor cortex, indicates motor generation of a selected
response (Bocker, Brunia, & Cluitmans, 1994); during response ex-
ecution the reafferent potential (RAP) is associated with sensory-
motor integration processes (Botzel et al., 1997; Seiss et al., 2002;
W Szurhaj & Derambure, 2006). Therefore, measurements of the
MP and RAP components will help in examining motor generation
and sensory-motor integration processes related to the corrected
response of the visual search task.

By combining the visual search task and ERP components, our
previous study reported slowed RTs of an attention task under a
high-load condition in subjects with exposure to high altitudes
and that the cognitive resource responding to task demands were
reduced (Wang et al., 2014). This study aimed to investigate the
basic properties of human visual selective attention as affected
by chronic high-altitude exposure by combining the ERP and vi-
sual search paradigms. To this end, healthy and young people who
were born and raised in sea level areas but who were then exposed
to a high altitude for three years in Tibet were recruited. Focusing
on this population, we applied the visual search paradigm to inves-
tigate whether the allocation of attention on targets and/or the
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motor selection/preparation process contribute to RTs recorded
during attentional task execution may be affected by chronic high-

altitude exposure.

2 | METHODS

2.1 | Subjects

We recruited 20 right-handed, healthy college students (10 females,
22.65 + 1.14 years, range 21-25 years) for this study. All these stu-
dents (altitude of birthplace: 134.45 + 170 m above sea level) had
resided at a high altitude (Tibet, China at 3680 m above sea level)
for 3 years prior to being sampled and returned to low altitudes and
stayed there <2.5 months each year; they were recruited from Tibet
University. In addition, this study also recruited 22 matched control
subjects from Ningbo University (Ningbo city, Zhejiang province,
China at 4.6 m above sea level) (11 females, 23.09 + 0.92 years,
range: 20-25 years, altitude of birthplace: 97.36 + 197 m above sea
level). The normal control subjects all were born and residing at sea
level and had never been to the Qinghai-Tibet Plateau. Of note,
the ERP data of the high-altitude residents were collected at Tibet
University, and those of the sea level altitude residents were ac-
quired at Ningbo University; the instrument model and the labora-
tory environment were the same in the two laboratories in each of
the two cities (Lhasa and Guangzhou), and the experiment was per-
formed by the same experimenters. The national examinations for
college entrance scores of the subjects were matched between the
two groups. All subjects’ vision was normal or corrected-to-normal.
None of the subjects had a history of neurological/psychiatric ill-
nesses, major medical illness, or use of medications that influenced
cognition. Three subjects from the high-altitude group were ex-

cluded, and one participant was excluded from the other group
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due to frequent eye movements or excessive artifacts. All subjects
signed informed consent forms and were paid (¥40/hour). The
study adhered to the guidelines of the Declaration of Helsinki and
was approved by the Government of Tibet Autonomous Region in
this study.

2.2 | Materials and Stimuli

The laboratory was electrically shielded, quiet, and dim. The dis-
tance between each subject and the computer screen was ap-
proximately 100 cm. There were three types of search arrays (i.e.,
the homogeneous arrays, orientation-target arrays, and color
nontarget arrays), which were displayed on the screen against a
black background, and a white cross served as constant, visible
fixation. Of note, the homogeneous arrays (p =.6) were com-
posed entirely of 8 small, blue (RGB 0, 0, 255), horizontal, and
identical bars (four on each side of the fixation). The orientation
of the target arrays (p = .6) contained seven blue-horizontal iden-
tical bars with one blue-vertical bar. The orientation-target was
a target (the vertical bar) presented among distractors, specifi-
cally a vertical bar among horizontal distractors (four on each side
of fixation). Colored, nontarget arrays (p =.2) contained seven
blue-horizontal bars and one red-horizontal (RGB255, 0, 0) bar.
The orientation of the target and the colored nontargets were
equally likely to be randomly appear on the left or right visual
hemifield of the fixation point. The three array types were ran-
domly presented, and within each array, the positions of the bars
also randomly varied (Figure 1). The stimuli were placed ran-
domly within an imaginary rectangle, which subtended the vis-
ual angle of 9.2 x 6.9 degrees and was centered at a constantly
visible fixation point. Each singular bar subtended 0.3 x 0.9

degrees.

Three stimulus type

Orientation—target
p=202

Homogeneous
p=20.6

700ms ISI = 900-1100ms

d
|

>|< >|

FIGURE 1 Graphic description of task
properties

Time process
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2.3 | Procedure

All the stimuli were presented and controlled using E-prime 2.0.
Each trial started with a fixation cross at the center of the screen
that stayed visible for a randomly varying duration (900-1100 ms),
which was visible throughout the remainder of the trials before the
search pattern appeared. The fixation cross was then replaced by
a search array for a fixed duration of 750 ms. The 750-ms-search
array was also presented at the center of computer screen. The trial
sequences were presented in a random order. The same orienta-
tion was defined for the targets through all trials, and the subjects
were not informed of the color nontargets beforehand. Each sub-
ject performed one practice block of 64 trials (including three types
of search arrays), followed by six experimental blocks of 250 trials.
Each block contained at least 10 arrays consisting of one orienta-
tion target and 10 arrays including a color nontarget presented to
every hemifield and no <80 homogeneous arrays. Each trial was
started by pressing the “F” and “J” keys simultaneously on the key-
board with the right and left index fingers, respectively. Subjects
were instructed to indicate if the target was displayed in each
search array by pressing one of two buttons as rapidly and accu-
rately as possible. Subjects responded with one hand for the pres-
ence of the orientation-target arrays (target-present) and with the
other hand for the presence of the homogeneous arrays and color
nontarget arrays (target-absent); the hand assignment was offset

across subjects.

2.4 | ERPrecording

The electroencephalography (EEG) data were recorded by a
NeuroScan Synamps-2 that employed Ag/AgCl electrodes placed
at 64 standard locations in accordance with the extended inter-
national 10-20 system and a precabled electrode cap. The online
reference electrode was placed on the left mastoid during record-
ings and the EEG was rereferenced offline to the right mastoid for
data analysis. All the active electrodes were grounded with GND.
The horizontal electrooculogram (HEOG) was employed to measure
horizontal eye movements, which were recorded using the voltage
difference between the electrodes placed lateral to the external
canthi. The vertical electrooculogram (VEOG) was used to detect
eye blinks, which were recorded using the voltage difference be-
tween two electrodes placed above and below the left eye. The
EEG signal was filtered online with a bandpass of 0.05-200 Hz and
was sampled at 500 Hz. Of note, the impedances were maintained
below 20 kQ.

2.5 | Data analysis

2.5.1 | Behavioral data

For every subject, the RTs were recorded online to the three types
of search arrays in each block (as for the orientation target and

the color non-target arrays, the RTs to stimuli that appeared in

the right/left hemifield were recorded, respectively). Trials with
missing or incorrect responses were precluded from the behav-
ioral analysis. The percentage of correct trials was computed for
all conditions. To better meet the assumptions of normality and
homogeneity of variance, the hit rates were arcsine-square root
transformed before the analyses. Repeated-measures ANOVAs
were employed to test the differences in the mean correct RTs
related to the experimental conditions across the groups. There
were two between-subjects factors, namely altitude (i.e., sea level,
high altitude) and response hand (i.e., right, left), and there was
one within-subjects factor (search array: homogeneous, orienta-
tion right-left target, color right-left nontarget). The hit rates,
both original and transformed, were compared across the groups
using a mixed design ANOVA, with altitude and response hand as
the between-subjects factors and the search array as the within-

subjects factor.

2.5.2 | EEG data analysis

NeuroScan software (Curry 7.0) was used to analyze all EEG data.
The EEG data were filtered digitally offline with a 0.1-30 Hz band-
pass filter. Epochs were set between -100 and 900 ms related to
the stimulus presentation to acquire attention-related ERPs (N2pc
and N2 cc, see below). The EEG data were segmented into epochs
of 1000 ms postresponse/preresponse for the motor-related RP
components (MP and RAP, see below). Epochs exceeding + 100 pV,
such as for blinks, and horizontal or vertical eye movements were ex-
cluded from averaging, as well as the epochs related to incorrect or
nonresponses. Considering that the ERP effects on the attentional
focusing related to color nontarget stimuli in previous studies were
not different, the EEG data were averaged separately for the ori-
entation targets occurring in the right/left visual field (RVF/LVF) to
acquire the attention-related ERPs (N2pc and N2 cc) and response-
related RP components (MP and RAP), resulting in four attention-
related and two response-related waveforms for each subject (see
below for details).

N2pc and N2 cc

The N2pc component was acquired from the contralateral (average
of left-sided electrode with RVF target and right-sided elec-
trode with LFV target) minus the ipsilateral (average of left-sided
electrode with LVF target and right-sided electrode with RVF
target) difference waves. The procedure for acquiring the N2pc
was applied at the posterior electrodes PO3 and PO4. The opera-
tion for calculating the N2pc component can be summed up by
the formula PO3-PO4 for the right-hemifield target stimuli and
PO4-PO3 for the left-hemifield target stimuli. For the derivation
of the N2 cc component, different waveforms for each subject
were acquired by subtracting the ipsilateral from the contralateral
ERPs associated with the visual field of attention. The operation
for acquiring the N2 cc can be summed up by the following for-
mula: [(C3 - C4) vk attention ¥ (C4 = C3) yF attentionl/2- This proce-
dure extracts lateralized potentials, collapsing the activity of both



ZHANG e AL Brain and Behavior —Wl ]_‘Eyjs;f11
' PO3 - PO4 (Right target) PO4 - PO3 (Left target)
6F ! 6r !
A o
i o

v 1
1
]
1
2 H
1
1
1
1
4F
1
]
1
1
$F N2pc
i
i
-100 0 100 200 300 400 500 600 700 800 900

msec

1
I
1
1
1
1
1
1
1
1
1
1
I
1
i
1
1
1
1
i
i
1
0

4F — sealevel
== high alfitude
N2pc 9
6k
-100 100 200 300 400 500 600 700 800 900

msec

FIGURE 2 N2pc component. Subtraction waveforms superimposed for sea level and high-altitude subjects

IS
T

N2cc — sea level
=== high altitude

- YT ———

-100 100 200 300 400 500 600 700 800 900

msec

FIGURE 3 N2 cccomponent acquired by the formula

“N2 cc = [(C3-C4)RVF attention + (C4-C3)LVF attention]/2".
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hemispheres. In the sea level and high-altitude groups, the N2pc
and N2 cc components were measured as the mean amplitude from
145 to 300 ms and 266 to 300 ms, respectively, based on inspec-
tion of the grand averages (see Figures 2-3) and resembled the
temporal window in previous studies (Amenedo, Lorenzo-Lopez, &
Pazo-Alvarez, 2012). To test the altitude effects on the N2pc and
N2 cc parameters, an independent-samples t test (p < .05) was car-
ried out on the peak amplitude, mean amplitude, and latency val-
ues. The peak amplitude, mean amplitude, and latency values of the

N2pc and N2 cc components were entered into separate ANOVAs

to test the altitude effects on these components. Finally, mixed
ANOVAs were implemented containing one within-subjects factor,
namely electrode (two levels: left, right) and one between-subjects

factor, namely altitude (sea level, high-altitude).

MP and RAP

At relevant electrodes, the RAP averages to the orientation targets
were analyzed from the contralateral motor areas (C3 for right-hand
responders, C4 for left-hand responders). Baseline was defined as
a 200-ms interval between 800 and 1000 ms before the motor re-
sponse (button press). The latency and amplitude of the RAP and the
MP, as the most negative peak in the average ERP, were measured at
central electrodes and within the interval between the stimulus re-
sponse execution for each subject. In addition, after the MP, for the
most positive displacement of RP and RAP, the peak latency and am-
plitude values were detected for the most positive displacement of RP
and RAP, after the MP.

Repeated-measures ANOVAs were employed to test if any differ-
ences existed in the peak latency and amplitude values of MP, RAP, and
MP onset and rise time values, with altitude (sea level, high-altitude)
and response hand (right, left) as the between-subjects factors, and
the target-response compatibility (compatible target-response side, in-
compatible target-response side) as the within-subjects factor. When
it was appropriate, the degrees of freedom were corrected by the
conservative Greenhouse-Geisser estimate. Post hoc paired multiple
comparisons of the mean values were carried out (with the Bonferroni
correction) in situations where the significant effects were revealed by
the ANOVAs due to the factors and their interactions. All statistical

tests were set at an alpha level of 0.05.
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Age (yrs)® Gender (M/F)° Education (yrs)®
Sea level 22.65+1.14 9/11 15.05+£0.51
High altitude 23.09 £0.92 12/10 15.14 £ 0.56
t/ -1.387 0.382 -0.520
p 0.173 0.758 0.606

M: male, F: female; Altitude: altitude of birth place.
dIndependent sample t test.
bchi-square test.

TABLE 1 Age, gender, education,

: a
CEmE3 () altitude of birth place of each group

97.36 £ 197
134.45 £ 170
-0.600

0.552

TABLE 2 Mean values (standard deviation) of RTs (ms) across array types and assigned response hand in the two groups

Color Left

422.66 (39.196)
426.75 (27.222)

399.24 (30.800)
434.69 (48.263)

Target Right

493.25 (45.598)
513.75 (63.247)

508.13 (48.213)
524.25 (43.930)

Target Left

479.53 (43.554)
525.46 (64.476)

508.80 (56.079)
518.50 (44.912)

Homogeneous Color Right

Right hand

Sea level 413.40 (36.180) 426.27 (43.342)

High altitude 420.40 (27.968) 429.35 (31.782)
Left hand

Sea level 391.92(26.531) 399.67 (31.382)

High altitude 428.30 (51.594) 434.03 (49.553)

3 | RESULTS

3.1 | Behavioral results

As shown in Table 1, RTs were substantially slower in the high-
altitude group for each array type (F(1, 38)=5.606, p<.05,
n§ =.129), regardless of the which hand was assigned to indicate
the targets (F(1, 38) = 0.001, p = .971). Additionally, the main effect
of array type on the mean RTs was significant (F(4, 152) = 75.482,
p <.001, ng =.665), showing that the longest RTs were related to
the orientation targets, the intermediate RTs to the color non-
targets, and the shortest RTs to the homogeneous arrays (see
Table 2). Interactions were nonsignificant between altitude and
response hand (F(1, 38) =0.328, p =.570), between altitude and
array type (F(4, 152) =0.117, p =.976) and between response
hand and array type (F(4, 152) =0.986, p = .417). Moreover, the
target-response compatibility effects on the RT values were
nonsignificant (F(1, 82) =0.017, p =.897) in both the sea level
(target-response compatible: 501.020 + 50.507 ms, incompat-
ible: 493.83 + 47.16 ms) and high-altitude groups (target-response
compatible: 515.40 + 52.20 ms, incompatible: 525.42 + 52.40 ms).
The effects of altitude (F(1, 211) =2.04, p =.155) and response
hand (F(1, 211) =2.274, p = .133) on hit rates (sea level right hand:
94.91 + 11.19%, left hand: 96.498 + 5.693%; high-altitude right
hand: 96.42 + 6.86%, left hand: 97.86 + 2.91%) were not significant.
The interactions were nonsignificant between altitude and response
hand (F(1, 211) =0.005, p =.942). The results of an ANOVA exe-
cuted on the arcsine root transformed data indicated no significant
effects of altitude (F(1, 211) = 1.795, p < .182). Neither the main ef-
fect of response hand (F(1, 211) = 0.173, p = .678) nor the interac-
tive effect between altitude and response hand (F(1, 211) =0.011,
p =.918) were observed to be significant for these transformed
data.

3.2 | Electrophysiological results

3.2.1 | N2pc and N2 cc components

For the N2pc peak amplitude, the main effects of altitude (F(1,
40) =1.930, p =.172) and sites (F(1, 40) = 0.596, p = .445) were
not significant. The interactive effect between altitude and sites
was marginal significant (F(1, 40) =2.863, p =.098, n§= .067),
with the peak amplitude for the sea level group being more nega-
tive than that for the high-altitude group with the right-hemifield
target stimulus (F(1, 40) = 5.148,p =.029, nf, =.114). For the N2pc
peak latency, no significant main or interactive effect was found
(ps. > 0.05) (see Table 3 and Figure 2). For the N2 cc mean am-
plitude, the main effect of altitude (t = 2.074, p = .045) was sig-
nificant, with the mean amplitude of the N2 cc component for the
high-altitude group being more negative than that for the sea level
group (see Table 3 and Figure 3).

3.2.2 | MP and RAP components

For the MP amplitude, the main effect of altitude was significant
(F(1, 38) =5.041, p =.031, ng= .117), with a larger MP ampli-
tude in the high-altitude group than in the sea level group. The
main effect of target-response compatibility was significant (F(1,
38) =24.622, p =.000, ﬂf, =.393), with a larger amplitude in the
target-response incompatibility than in the target-response com-
patibility. The main effect of response hand was not significant (F
(1, 38) =0.110, p =.742). The interactive effect between altitude
and response hand was not significant (F(1, 38) = 0.981, p =.328),
but there was a larger amplitude for the high-altitude group than
that for the sea level group when responding to the target with
their right hand (F(1, 38) = 5.525, p =.024, ﬂf. =.127), although no
significant difference was found between the two groups when
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TABLE 3 Mean values (standard deviation) of N2pc and N2 cc components in the two groups

N2pc (right target) N2pc (left target) N2 cc
Sea level High altitude Sea level High altitude Sea level High altitude
Peak latency (ms)  247.18 (36.54) 228.29(33.88) 231.27 (37.33) 235.62 (35.46) 284.64 (55.04) 282.38 (51.65)
Peak amplitude -6.68 (3.41) -5.11 (2.60) -5.07 (3.50) -5.27 (2.32) -4.16 (2.26) -4.33(2.24)
(uV)
Mean amplitude -2.46 (2.33) -1.50(1.49) -1.54(2.80) -2.40(2.00) -0.97 (2.04) -2.17 (2.13)
(uV)

The mean amplitude was measured by calculating mean amplitude value of choiced temporal windows (N2pc: 145 ms-300 ms; N2 cc: 266 ms-
300 ms),and peak amplitude was measured by calculating the bigger amplitude value of choiced temporal windows (N2pc: 145 ms-300 ms; N2 cc:

266 ms-300 ms).

responding to the target with their left hand (F(1, 38) = 0.748,
p =.393). The interactive effect between altitude and target-
response compatibility was not significant (F(1, 38) =1.225,
p =.275). The interactive effect between target-response com-
patibility and response hand was significant (F(1, 38) = 16.833,
p =.000, ng =.393), with a larger amplitude for target-response
incompatibility than that for target-response compatibility with
the left hand (F(1, 38) =39.032, p =.000, ng =.507), but no sig-
nificant difference was found between the two target-response
compatibilities when responding to the target with the right hand
(F(1, 38) =0.390, p =.536). For the MP latency, the main effect
of target-response compatibility was significant (F(1, 38) = 6.456,
p =.015, n, = .145), with a longer latency in the target-response
incompatibility than in the target-response compatibility. No other
main effects or interactive effects were found (ps. > 0.05).

The RAP peak amplitude (F(1, 38) =0.053, p =.820) was not
affected by altitude (Table 4 and Figure 4). The RAP peak ampli-
tude (F(1, 38) =0.201, p =.656) was also not affected by the re-
sponse hand (Table 3). For the amplitude of RAP, no significance
was observed in the target-response compatibility effects (F(1,
38) =10.531, p =.002, nﬁ =.217). Finally, the significant effects of
altitude (F(1, 38) = 5.177, p =.029, ﬂf, =.120) were observed on the
latency of the RAP component, with a longer latency for the high-
altitude group than for the sea level group. Regarding the latency
of RAP, both the effects of the response hand (F(1, 39) = 0.861,
p =.359) and the target-response compatibility (F(1, 39)=0.879,
p = .354) were nonsignificant and no interactions were found among

any of the factors (ps. > 0.05).

4 | DISCUSSION

When several objects strive for attention in visual environments,
finding relevant information and ignoring unrelated objects and
events becomes challenging. To accomplish the above mentioned
visual processes, attention allocation to a target, motor selection
and preparation processes need to occur during attention. An in-
teresting issue is how the attentional process changes in response
to a reduction in attentional resources as a result of high-altitude

exposure. In the present study, the stimulus- and response-related

ERPs were recorded in response to a visual search task for a sin-
gle feature target clarified by an orientation change associated with
bilateral surrounding distractor stimuli in subjects who immigrated
to a high-altitude area (3680 m) and those who have lived in a sea
level area. Our previous study results indicated a slowing of RTs to
an attentional task in the immigrants to the high-altitude area (Wang
et al., 2014). The present study aimed to further identify whether
the attentional reaction slowness due to chronic high-altitude ex-
posure was associated with deficits in attentional selection and/or
motor selection/preparation, as indexed by the N2pc, N2 cc, and
RP components, respectively. The behavioral performance analyses
and simultaneous EEG recordings revealed remarkable differences
between the sea level and high-altitude groups. The results dem-
onstrated the existence of RT difference between the two groups,
with the high-altitude group showing abnormally longer RTs, an ef-
fect that was not observed on hit rates. Regarding the N2pc peak
amplitude, the high-altitude group showed a smaller amplitude in
response to the right-hemifield target stimulus than that of the sea
level group. Instead, regarding the N2 cc component mean ampli-
tude, the high-altitude group exhibited a larger amplitude than that
of the sea level group. Additionally, we found that the MP amplitude
in the high-altitude group was larger than that in the sea level group
and the latency of the RAP component for the high-altitude group
was longer than that for the sea level group.

The behavioral results suggested an altitude-related delay in RTs,
which was consistent with our previous findings (Wang et al., 2014),
and some behavioral studies proposed that the responses of sub-
jects who have had chronic high-altitude exposure are slower in vi-
sual search tasks than those of subjects who were living at sea level
(Stivalet et al., 2000). It should be noted that, regarding hit rates,
there was no main effect of altitude once the original data were
arcsine root transformed, which was inconsistent with the findings
of a previous study (Wang et al., 2014). One of the most possible
interpretations of this finding may be that there exists a ceiling ef-
fect in the hit rates in which some high-altitude subjects might have
a trade-off between the accuracy and reaction speed, while other
subjects perform equally well with the sea level subjects.

As mentioned above, the N2pc component is a well-established
electrophysiological index that reflects visuospatial attentional

shifts to target stimuli (Hopf, Boelmans, Schoenfeld, Luck, & Heinze,
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TABLE 4 Mean amplitude and latency values (standard deviation) of RP components at the contralateral electrode (C3 for right hand; C4

for left hand) across assigned response hand in each group

Hand Altitude group RP component
Right Sea level MP
RAP
High altitude MP
RAP
Left Sea level MP
RAP
High altitude MP
RAP

2004; Lorenzo-Lépez et al., 2011). The present results found that
the N2pc peak amplitude for the sea level subjects was more neg-
ative than that for the high-altitude subjects with a right-hemifield
target stimulus, which provided evidence that the high-altitude sub-
jects distribute less attentional resources to the target stimulus’ lo-
cation during visual search. It should be noted that this result was
in line with the findings of a previous study that focused on aging
(Amenedo et al., 2012).

The N2 cc is an attention-related motor component that reflects
the inhibition or precluding of incorrect response emission promoted
by targets (Praamstra, 2006; Praamstra & Oostenveld, 2003), which
is considered to play an important role in the executive control sys-
tem in ensuring correct and flexible responding (Miller & Cohen,
2001; Ridderinkhof, Wp, Segalowitz, & Carter, 2004). In this study, a
larger N2 cc peak amplitude was observed in the high-altitude sub-
jects rather than the sea level individuals, indicating a trend of higher
premotor activation to prevent incorrect responses. Previous studies
found a trend of lower N2pc-like and higher N2 cc-like amplitudes in
an older group than in young adults (Amenedo et al., 2012; Lubbe &
Rolf, 2002), and the same results were also observed in Parkinson's
Disease (Praamstra & Plat, 2001). In the present study, a lower am-
plitude of the N2pc component was observed in the high-altitude
group, along with a trend of higher amplitudes in the N2 cc compo-
nent. Based on the observations above, we speculated that during
the visual search task, high-altitude exposure may induce poor atten-
tional sensory-motor mapping, which may promote the selection of
responses ipsilateral to the targets’ location individually of being the
stimulus-related to the correct response (Lubbe, 2002).

The MP associated with the preparation and initiation of
motor command leading to an overt response is generated in the

Compatible target

Incompatible target

Peak amplitude (pV) -0.34 (3.30) 3.62 (3.66)
Peak latency (ms) -274.91 (79.78) -240.36 (73.75)
Peak amplitude (pV) 7.45 (5.90) 11.26 (6.27)
Peak latency (ms) -63.09 (25.73) -65.27 (28.74)
Peak amplitude (pV) 1.76 (2.89) 4.71 (3.55)
Peak latency (ms) -276.60 (72.94) -201.40(37.88)
Peak amplitude (pV) 8.11 (5.46) 11.57 (4.29)
Peak latency (ms) -78.80 (57.80) -82.00 (52.07)
Peak amplitude (pV) -0.12 (3.30) 2.04 (3.70)
Peak latency (ms) -239.45 (62.67) -252.36 (64.45)
Peak amplitude (pV) 9.90 (2.99) 8.97 (3.95)
Peak latency (ms) -66.55 (28.48) -67.64 (31.29)
Peak amplitude (pV) 3.74 (4.67) 3.80(4.91)
Peak latency (ms) -214.18 (62.88) -218.73 (65.50)
Peak amplitude (pV) 10.50 (5.53) 8.85 (6.16)
Peak latency (ms) -95.45 (38.02) -101.64 (39.40)

contralateral primary motor cortex (Bocker et al., 1994; Shibasaki
& Hallett, 2006). This study found that the motor MP component
showed higher peak amplitudes in the high-altitude subjects than
that in the sea level group, which was independent of the hand as-
signed to answer the target and the target-response compatibility
effects. Similar findings were also found in previous studies of the
aging population (Amenedo et al., 2012; Falkenstein, Yordanova, &
Kolev, 2006). The altitude-related change in the MP component in-
dicated that high-altitude individuals may need higher activation of
the contralateral motor cortex to correctly prepare and implement
selected responses to the targets to meet the demands of the visual
search task.

The result regarding the motor RAP component showed a longer
latency in the high-altitude subjects, which was independent of the
hand assigned to answer the target and the target-response com-
patibility effects. The RAP component is associated with different
functional levels of facilitation of muscles and joints and is a com-
ponent that is responsible for the movement to motor cortico-spinal
cells and for controlling ongoing movement that is needed (William
Szurhaj et al., 2005; W Szurhaj et al., 2006). Some researchers have
noted that longer RAP latencies suggest that the sensory-motor inte-
gration is flawed; thus, during the execution of correct responses in
a visual search task, a poorer control of movement occurs (Amenedo
etal., 2012; Botzel et al., 1997).

In the present study, the main effect of the hand chosen to re-
spond to targets was not significant on the peak latency or the am-
plitude of the MP or RAP. However, there a larger MP amplitude
was found for the high-altitude group than for the sea level group
when the subjects responded to the target with their right hand.
However, no significant difference was found with their left hand.
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FIGURE 4 Response-related ERPs (MP and RAP) in the two groups. Top and middle panels: target-response compatibility effects for right
and left-hand responders. Lower panel: assigned hand effects shown for compatible trials. S: target stimulus onset. R: response execution
(button pressure). The waveforms were low-pass filtered at 10 Hz for visualization purposes only

In addition, the interactive effect between the target-response target-response compatibility with the left hand, but no significant
compatibility and the response hand was significant, with a larger difference was observed for the right hand. These results indicated

MP amplitude in the target-response incompatibility than in the that, during response execution, the sensory-motor integration



ZHANG ET AL.

10 0f 11 WI LEy_Brain and Behavior

Open Access,

and motor preparation were affected by high-altitude exposure
when the movements were performed with the dominant hand.
The biggest contribution of the present study may lie in the
fact that we refined the neurophysiological basis underlying the
attentional reaction slowness as a result of high-altitude expo-
sure. In addition, the main findings consistently showed that
the high-altitude-related behavioral slowing observed in visual
search tasks were caused not only by the slower correct re-
sponses to detected targets but also on account of the follow-
ing: (a) slower activation in the dorsolateral premotor cortex to
suppress incorrect responses promoted by target location while
selecting the correct, (b) higher activation patterns in motor
areas while correctly preparing for selected responses, and (c)
sensory-motor mapping was poorer during the correct responses
execution. More importantly, all the findings related to the neuro-
physiological basis underlying the attentional reaction slowness
were similar to those of aging, which may provide new aspects to
understanding the mechanism of cognition changes due to high-
altitude exposure. In addition, the present findings also gave a
possible interpretation of the cerebral effects under high-altitude
exposure. It should be noted that the present findings provided
new experimental evidence supporting the reasonability of the
attentional parallel mechanism opinion stating that appropriate
cognitive resource allocation for the current task-related target
to efficiently and conductively complete the current task is very
important for the visual attention selection process. In addition,
the limitation of cognitive resources resulting from high-altitude
exposure will affect the allocation of cognitive resources during
the visual attention selection process, which could be reflected
in aspects of the ERP components (e.g., N2pc and N2 cc) and will
finally embody attention behavioral performance. Regarding this
aspect, an important avenue for avoiding the reduction in atten-
tion performance is to maintain the available cognitive resources
for the high-altitude participants. The present finding was de-
rived from the young participants; thus, the main results should
be validated in elders in the future works. Of course, although
the present study provided experimental evidence for the neu-
rophysiological change related to the attention reaction slowness
due to high-altitude exposure, it is still necessary to combine mul-
timodal neuroimaging datasets (e.g., task fMRI, positron emission
tomography, arterial spin labeling, and diffusion tensor imaging)
to provide more insights into the neural basis underlying atten-
tion reaction slowness due to high-altitude exposure, and even
the neurotransmitter disruption, physiological basis, structural
basis, and the effects of high-altitude exposure on the collective

behavior of the brain.

5 | CONCLUSIONS

The present study explored the attention- and response-related ERP
components underlying the reaction slowness in visual search tasks
performed by high-altitude subjects. The present data showed that

not only the attention resource allocation to the targets but also the
target selection and response preparation processes exhibit defi-
ciencies in responding due to high-altitude exposure. The present
findings provided experimental evidence for the neurophysiologi-
cal basis underlying the attention reaction slowness in high-altitude
areas.
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