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Abstract

A complex environment requires us to maintain good conflict processing ability at all times, but how sleep deprivation
affects conflict processing remains unclear. Here, we sought to use EEG techniques to explore how sleep deprivation
affects the interference of stimulus-driven processing in goal-driven processing in individuals. Subjects were randomly
assigned to a sleep deprivation group and control group. Behaviorally, there were significant between-group differences
in accuracy but not in response time. At the EEG level, the main effect of P3b, Ni latency, and LSP mean amplitude was
significant. Furthermore, at the time—frequency level, the interaction between the group and the conflict effect in the lower
alpha band in the conflict detection stage, the alpha band and the beta band in the conflict suppression stage, and the alpha
band in the conflict resolution stage was significant. These results suggest that sleep deprivation affects the effectiveness
of the flanker task without affecting efficiency, mainly because sleep deprivation highlights the subject’s stimulus-driven
processing, thereby weakening the subject’s conflict resolution ability. Our findings may provide insights into neural
functional changes in the impact of sleep deprivation on conflict processing.
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Introduction

Complex environments require people to allocate their
attention flexibly. Interfering information leads to a com-
petition for attention, where conflict processing capabilities
are highlighted (Siemann et al., 2016; Norman & Shallice,
1986). Emerging literature suggests that working memory
and executive functions, including conflict processing, are
impaired by sleep deprivation (SD) (Durmer & Dinges,
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2005; Killgore, 2010; Cremone et al., 2017), and some
error-monitoring literature suggests that after SD and sleep
restriction, error-related attention was limited, both uncon-
scious error-detection and conscious error-awareness pro-
cesses may be impaired (Boardman et al., 2021). Yet, the
cognitive neural mechanisms by which SD affects conflict
processing are poorly understood.

Researchers have now defined various types of conflict
and corresponding behavioral paradigms. For example,
when studying the conflict between task-relevant informa-
tion and task-irrelevant information processing, the clas-
sical or adapted flanker paradigm is appropriate (Eriksen,
1974; Larson et al., 2014; Pires et al., 2014; Folstein & Van,
2008; Posner et al., 1980). Take the following scenario:
An individual is studying for a math test tomorrow, but
his favorite soccer team is playing a crucial game. When
considering that an individual is performing a goal-directed
task, task-irrelevant stimuli in the external environment
may cause individual distraction, which in turn affects per-
formance on the task. In the classical flanker task, partici-
pants were asked to ignore task-irrelevant items on the sides
(e.g., arrows on the sides) and respond to the target item in
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the center (e.g., arrows in the center). When task-irrelevant
stimuli were congruent with target stimuli, responses were
generally faster and more accurate than when they were
incongruent (Eriksen, 1974; Larson et al., 2014; Pires et
al., 2014). Despite previous systematic reviews and studies
suggesting that sleep deprivation can systematically affect
goal-driven processing and stimulus-driven processing
(Pilcher et al., 2007; Harrison & Horne, 2000; Chee, 2015),
the direct behavioral and biological evidence is still limited.

Most researchers prefer to use event-related potentials
(ERPs) to study the issues in the field of cognitive pro-
cessing because their excellent temporal precision ensures
insight into the cerebral basis of cognitive processing
(Katamata et al., 2018). The P2 and N2 components are
widely used as indicators at the early stage of conflict detec-
tion. Frontal-area P2 was found to be an indicator of the
selective attention process related to stimulus assessment
(Luck & Hillyard, 1994). Studies have shown that N2 com-
ponents elicited during the flanker task are associated with
conflict detection, and the N2 amplitude is larger in incon-
gruent conditions than in congruent conditions (Folstein &
Van, 2008; Yeung et al., 2004; Veen & Carter, 2002a, b).
Subsequently, Ni and P3b are classical components of con-
flict suppression; the Ni (N400) component is thought to
reflect interference suppression, which is mainly generated
by the anterior cingulate cortex and the prefrontal cortex
(PFC) (Heidlmayr et al., 2020), and the decline of P3b in
the top central area is correlated with resource competition
and restraint control (Kok, 2001; Polich, 2007). Finally, the
lateral slow potentials (LSP) is believed to reflect the con-
flict resolution processes (Heidlmayr et al., 2020). Neural
oscillations have also been used to explore the neural mech-
anisms of cognitive control (Cohen & Donner, 2013). When
some researchers used narrow-band analysis to explore the
electrophysiological (EEG) changes after SD, they found
that the EEG power density increased in the frequency band
from 1 to 24 Hz (Corsi-Cabrera et al., 1992; Dumont et al.,
1999). The abovementioned evidence from time domain
and time—frequency domain revealed the neural processing
characteristics of individuals when faced with task-relevant
and task-irrelevant conflicting information. These important
results provided scientific evidence for further exploration
of how SD affects flanker task performance.

In the present study, we adopted the classical version of
the flanker task, with the seven horizontal arrows displayed
in the center of the screen at the same time, including two
conditions: congruent (CON) and incongruent (ICO). We
hypothesized that at the behavioral level, the SD group
might show lower accuracy (ACC) and a longer reaction
time (RT) compared with the control group, and the two
groups of ICO trials would exhibit lower ACC and longer
RT relative to the CON trials. We further hypothesized that
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the ERP components associated with conflict processing
(such as P2, N2, Ni, P3b, and LSP) and the conflict-related
neural oscillations might be affected after SD.

Method
Participants

Participants were recruited through advertisements posted
by the psychology department of Xinxiang Medical Uni-
versity. Seventy-two individuals (36 females, aged = 18-23
years old; M,,. = 20.46; Standard Deviation=2.39) met
all the inclusion criteria: right-handed; healthy (free from
medications or drugs); no self-reported history of neurolog-
ical conditions, sleep-related disorders, or traumatic brain
injury; no color blindness or color weakness; normal or
corrected-to-normal vision; no major life events in the past
month (such as a breakup or death of a relative or friend);
scores of 0—10 on the Pittsburgh Sleep Quality Index scale
(PSQI) (Buysse et al., 1989); scores of >59 on the Morn-
ingness-Eveningness Questionnaire (MEQ) (Horne & Ost-
berg, 1976; Kanagarajan et al., 2018); and female scores of
<55 and male scores of < 53 on the Trait Anxiety Inventory
(TAI) (Spielberger, 1970; Spielberger, 1983). It should be
noted that PSQI, MEQ, TAI were respectively used to mea-
sure the subjects’ sleep quality, circadian rhythm and trait
anxiety levels. The scores for each of these scales were set
to ensure that the subjects had good sleep quality, normal
circadian rhythm and no high level of trait anxiety. How-
ever, one subject’s data were lost due to overwriting, and
four subjects’ EEG data were abandoned due to excessive
movement artifacts. Thus, the final data set included 67 par-
ticipants (sleep deprivation group: 16 females, 15 males,
M,4. = 21.13; control group: 18 females, 18 males, M,,, =
19.86). All participants provided written informed consent
in accordance with the Declaration of Helsinki (Associa-
tion, 1991). They were paid for their participation after the
study. The ethics committee of Xinxiang Medical Univer-
sity approved this study.

Procedure

All participants came to the laboratory at 08:00 a.m. on the
first day, and the experimental procedures were introduced
to the participants, who were instructed not to nap during
the day and not to intake any refreshing materials such as
caffeine, alcohol, or tea. They were randomly assigned to
the control group (sleep normally on the first night) or sleep
deprivation (SD) group (stay awake for 24 h on the first
day). The SD group was asked to stay awake during the first
night (starting at 6 p.m.) under constant supervision from
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two research assistants in the laboratory, where they could
engage in quiet activities such as watching movies or read-
ing. The flanker task for both groups began at 8 a.m. the next
day (see Fig. 1A).

Task

There were two conditions for the test: congruent (CON)
and incongruent (ICO). The stimulus was represented by a
white arrow on a black background in the center of the com-
puter monitor. Participants were asked to press designated
keys on the computer keyboard in response to the central
arrow. The target arrow was flanked by six other arrows
pointing in the same direction as the target (congruent) or
in the opposite direction (incongruent). The two types of
trials were presented with equal probability, and the trials
were presented in random order. Participants pressed the
“F” key in response to the target arrow pointing to the left
and the “J” key in response to the target pointing to the right.
Assignment of response buttons (left and right) was coun-
terbalanced. Each trial began with a central fixation white
cross “+,” which lasted for 500-700 ms. The arrow array
appeared after the fixation point disappeared, lasted for
1.5 s, and disappeared after the keystroke response. Partici-
pants were instructed to value speed as much as accuracy.

The task consisted of three blocks of 144 trials each, and
between blocks, participants were allowed to take a short
break (see Fig. 1B).

Electrophysiological recording

During the task, the EEG was recorded from 64 scalp elec-
trode sites using Ag/AgCl electrodes mounted in an elastic
cap, using Cz (the middle point between the ears) as the
online reference electrode and the bilateral mastoids as
the reference electrode for offline analysis. Horizontal and
vertical electrograms were recorded with two pairs of elec-
trodes: One pair of electrodes was placed 10 mm above and
10 mm below the left eye to record the vertical eye activity
(VEOQG), and the other pair of electrodes was placed 10 mm
outside the corner of both eyes to record the horizontal
eye activity (HEOG); the scalp electrode impedance was
reduced to less than 5 kQ, the sampling rate was 500 Hz, the
band-pass filter frequency was 0.1-100 Hz, and the power
frequency interference of 50 Hz was removed.

(a) Day1 8:00 AM Day2 8:00 AM © "
1.0 -_
SD Group EEG data acquisition sy T I
E 0.9
Sleep Deprivation 3
<~ 0.8
<«
0.7 °
Control Group %Cﬂ EEG data acquisition
=3 CON (SD Group) ez ICO (SD Group)
Sleep at Night == CON (Control Group) == ICO (Control Group)
(B) 8004
~ -
E .
))))))) (€N :600-
[~
>>>€>>> (ico) _ :
400 :
500-700ms 1500ms 400ms L

=3 CON (SD Group) ICO (SD Group)

== CON (Control Group) Em ICO (Control Group)

Fig.1 (A) Schematic illustration of the paradigm for the experiment. (B) Example of one trial sequence. (C) The accuracy of SD group and Control
group under difference conditions (Up); The reaction time of SD group and Control group under difference conditions (Down)
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Table 1 Descriptive statistics of

Sleep Deprivation Group

Control Group

behavioral data

CON (M =SD) ICO (M +SD) CON (M SD) 1CO (M SD)
Note. CON = Congruent, ACC 0.989+0.018 0.938+0.070 0.999+0.003 0.983+0.023
1CO = Incongruent. RT (ms) 494.855+63.912 597.304 + 80.665 471.862 +60.232 558.063 +73.625

Data analysis
Behavioral analysis

Reaction time (RT) was measured as the duration between
the beginning of the arrow array presentation and the first
keystroke. Error t rials and trials with reaction times of less
than 200 ms were excluded from the average RT calcula-
tion. Experiments with RT of less than 200 ms were not
included in the calculation of accuracy. A mixed analyses of
variance (ANOVA) was performed for RT and ACC using
the two task conditions (CON/ICO) as within-subject fac-
tors and group (sleep deprivation/control) as a between-
subject factor.

ERP analysis

All ERP data were analyzed using the MATLAB toolbox
(R2016b, MathWorks). We checked all of the EEG data,
VEO, HEO, CB1 and CB2 channels were excluded from
the artifact analysis to ensure that there were no electrodes
located on the neck or face. The CB1 and CB2 were two
cerebellar electrodes located 2 c¢m lateral to PO7 and POS,
respectively; the high-pass filter was set to 0.1 Hz, and the
low-pass filter was set to 30 Hz; segmented from 200 ms
before the onset of the stimulus to 1000 ms after the onset
of the stimulus, the 200 ms pre-stimulation period served
as the baseline. Eye movement correction was performed
using independent component analysis (ICA), followed
by manual removal of eye movement and eye drift com-
ponents using MATLAB loaded with EEGLAB version
4.5; the artifacts with amplitudes exceeding + 100 pV were
removed. Data from no fewer than 40 trials per condition
were included in subsequent analyses after artifact control.

To investigate how sleep deprivation affects the inter-
ference of stimulus-driven processing in goal-driven pro-
cessing, we quantified ERP components based on previous
studies (Folstein & Van, 2008; Heidlmayr et al., 2020;
Katamata et al., 2018; Polich, 2007) and the electrophysi-
ological properties of the current data set. For the feed-
back-locked ERPs, we analyzed the peak amplitudes of P2
(160-200 ms) and N2 (220-270 ms) at Fz, the mean ampli-
tude and latency of Ni (270-390 ms) at Fz, the mean ampli-
tude of LSP (600—-800 ms) at Fz, and the mean amplitude
and latency of P3b (370-550 ms) at Pz using 2 (CON, ICO)
X 2 (SD, control) mixed ANOVA.
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Table 2 Results of ANOVA on behavorial measure with Groups (Sleep
Deprivation vs. Control) and Conflict Effects (Congruent vs. Incongru-
ent) as Factors

Effect Accuracy Reaction time

F n? F 7
Group 14.170*%** 0.179  3.583 0.985
Conflict Effect 40.591%*%* 0.384  391.263*** 0.858
Group x Conflict Effect 10.987**  0.145  2.901 0.043

Note. *p <0.05, **P <0.01, ***p <0.001

Time—frequency analysis

We used the short-time Fourier transform (STFT) to cal-
culate the time and frequency distribution of EEG signals
in a single period. The frequency range of exploration
was 1-30 Hz, and the step size was 1 Hz; the epochs were
extracted from 500 ms before stimulus onset to 850 ms after
stimulus onset, and the window size was 400 ms; the 500 ms
pre-stimulation period served as the baseline. The amplitude
of the power spectrum was baseline corrected by subtract-
ing the average power of the signal during the time interval
between —300 ms and —200 ms. In the delta (1-3 Hz), theta
(4-7 Hz), lower alpha (8—10 Hz), upper alpha (11-13 Hz),
and beta (14-30 Hz) bands, the data of the corresponding
time of the ERP component under each condition were
extracted. Then, the 2 (CON, ICO) x 2 (SD, control) mixed
ANOVA was performed. Multiple comparisons were per-
formed using Bonferroni-adjusted corrections (p <0.05).
All of the analysis was performed using SPSS Statistics
software version 22.0 (IBM, Armonk, NY, USA).

Results
Behavioral results
Accuracy

Table 1; Fig. 1C present the descriptive statistics of the
RT and the accuracy (ACC). Table 2 presents results from
mixed ANOVA with Groups (Sleep Deprivation vs. Con-
trol) and Conflict Effects (Congruent vs. Incongruent) as
factors. The mixed ANOVA showed the repeated measures
ANOVA showed that the main effect of group was signifi-
cant [F(1, 65)=14.170, p<0.001, > = 0.179], with the
ACC of the SD group being lower than that of the control
group; the main effect of the conflict effect was significant
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[F(1, 65)=40.591, p<0.001, 7*> = 0.384], with the ACC
being obviously higher in the CON condition than in the
ICO condition; the interaction of group and the conflict
effect of the ACC was also significant [F(1, 65)=10.987,
p=0.002, 7> = 0.145]. Then a simple main effect analysis
showed that, in both the SD group and the control group,
the ACC was higher under the CON condition than under
the ICO condition; the ACC of the control group was higher
than of the SD group.

Reaction times
The mixed ANOVA showed that the main effect of the con-
flict effect was significant [F(1, 65)=391.263, p <0.001, 5>

= 0.858]; the RT was obviously shorter in the CON condi-
tion than in the ICO condition.

A)

. Lsp
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Fig. 2 (A) ERP waveforms at electrode sites Fz during flanker task in
the SD and control groups. (B) The peak value of the P2/N2 compo-
nent and the mean amplitude of the Ni/LSP component and the latency
of the Ni/LSP component under different conditions. (C) Topographi-

SD Group ICO

noSD Group CON
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ERP results

Figures 2 and 3 show the waveforms of ERP, the topograph-
ical maps, and the descriptive statistics of the components
in each group of channels Fz and Pz under different condi-
tions. Descriptive statistical results for each ERP compo-
nent are shown in Table 3. Table 4 shows the results of a
mixed ANOVA for Groups (Sleep Deprivation vs. Control)
and Conflict Effects (Congruent vs. Incongruent) factors on
amplitude and latency.

P2 component (160-200 ms)

The mixed ANOVA of P2 peak amplitude did not find any
significant main effects or interactions.

N2 component (220-270 ms)

The mixed ANOVA showed that there was a significant
main effect of the peak amplitude of N2 in the conflict effect
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cal maps of each group participants for different task types, includ-
ing P2 (160-200 ms), N2 (220-270 ms), Ni (270-390 ms) and LSP
(600-800 ms)
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Fig. 3 (A) ERP waveforms at electrode sites Pz during flanker task in
the SD and control groups. (B) The mean amplitude of the P3b compo-
nent (up) and the latency of the P3b component (down) under different

Table 3 Descriptive statistics ERP data under difference conditions

E CON (SD Group) 22 1CO (SD Group)

E= CON (Control Group) 28 1CO (Control Group)

conditions. (C) topographical maps of each group participants for dif-
ferent conditions at P3b (370-550 ms)

ERP components Time window (ms) Sleep Deprivation Group Control Group
CON ICO CON 1CO
(M#SD) (uN) __ (M#SD) (uN) __ (M+SD) (uN) (M £SD) (uN)
Fz P2 160-200 ms Peak 5.357+3.886 5.163+4.182 4.830+£3.357 4.505+3.222
N2 220-270 ms Peak -0.677+4.045 0.055+4.392 -1.509+2.914 -0.908 +£3.305
Ni 270-390 ms Mean amplitude -0.580+4.058 -1.184+4.510 0.458+3.788 -0.800+3.337
latency 316.839+30.680 349.032+32.405 308.667+25.185 318.333+26.436
LSP 600-800 ms Mean amplitude  7.970+6.742 7.182+6.631 4.466+5.267 3.974+5.622
Pz P3b 370-550 ms Mean amplitude  4.819+4.028 4.409+4.335 5.259+3.615 6.017+£3.754
latency 464.000+51.256 492.645+37.571 425.667+47.085 467.722+36.956

Note. CON = Congruent, ICO =Incongruent.
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Table 4 Results of ANOVA on ERP measure with Groups (Sleep Deprivation vs. Control) and Conflict Effects (Congruent vs. Incongruent) as

Factors
ERP components Group Conflict Effect Group X Conflict
Effect
F 7 F 7 F 7
P2 Peak 0.469 0.007 1.293 0.020 0.083 0.001
N2 Peak 1.040* 0.016 5.911 0.083 0.057 0.001
Ni Mean amplitude 0.597 0.009 11.444%* 0.150 1.410 0.021
latency 10.454%* 0.139 33.686%** 0.341 9.756%** 0.130
P3b Mean amplitude 1.233 0.019 0.415 0.006 4.678* 0.067
latency 13.126%** 0.168 33.186%** 0.338 1.194 0.018
LSP Mean amplitude 5.529* 0.078 2.537 0.038 0.136 0.002

Note. *p <0.05, **P <0.01, ***p <0.001

[F(1, 65)=5.911, p=0.018, 5> = 0.083]; the peak value
under the ICO condition was significantly higher than that
under the CON condition.

Ni component (270-390 ms)

The mixed ANOVA showed that the main effect of the
mean amplitude of Ni in the conflict effect was significant
[F(1,65)=11.444, p=0.001, 5> = 0.150]; the mean ampli-
tude under the CON condition was significantly higher than
that under the ICO condition.

Furthermore, the mixed ANOVA showed that the main
effect of the latency of Ni in the group was significant [F(1,
65)=10.454, p=0.002, 5> = 0.139]; the latency in the SD
group was significantly longer than that in the control group.
There was a significant main effect of the latency of Ni in
the conflict effect [F(1, 65)=233.686, p <0.001, 7* = 0.341];
the latency under the ICO condition was significantly lon-
ger than that under the CON condition. There was also a
significant interaction of Ni latency in the group and con-
flict effect [F(1, 65)=9.756, p=0.003, 7*> = 0.130]. Then a
simple main effects analysis showed that in the SD group,
the Ni latency of the ICO condition was significantly longer
than the CON condition [F(1, 65)=37.082, p<0.001, 5*> =
0.363], and in the ICO condition, the SD group was sig-
nificantly longer than the control group [F(1, 65)=18.233,
p<0.001, 5> =0.219].

P3b component (370-550 ms)

The mixed ANOVA showed that there was a significant
interaction of P3b mean amplitude in the group and conflict
effect [F(1, 65)=4.678, p=0.034, 5* = 0.067]. Then a sim-
ple main effects analysis showed that the control group had
a more positive mean amplitude under the ICO condition
than under the CON condition [F(1, 65)=4.257, p=0.043,
n? =0.061].

The mixed ANOVA showed that the main effect of
the latency of P3b in the group was significant [F(1,

65)=13.126, p=0.001, 5* = 0.168]; the latency in the SD
group was significantly longer than that in the control group.
There was a significant main effect of the latency of P3b in
the conflict effect [F(1, 65)=233.186, p<0.001, 5> = 0.338];
the latency under the ICO condition was significantly longer
than that under the CON condition.

LSP component (600-800 ms)

The mixed ANOVA showed that the main effect of the
mean amplitude of LSP in the group was significant [F(1,
65)=5.529, p=0.022, #* = 0.078]; the mean amplitude in
the SD group was significantly lower than that in the control

group.
Time-frequency results

Descriptive statistical results for EEG band power at the
corresponding time of P2/N2/Ni/LSP components of the
Fz electrode point and the corresponding time of P3b com-
ponents of the Pz electrode point are presented in Table 5.
Table 6 presents the results of the mixed ANOVA for Groups
(Sleep Deprivation vs. Control) and Conflict Effects (Con-
gruent vs. Incongruent) factors for the different frequency
bands of power. Time—frequency maps at the Fz and Pz
electrodes and descriptive statistics are shown in Figs. 4 and
5.

Time—frequency at the corresponding time of the P2
component

The main effect of the power in beta (14-30 Hz) of P2 under
the group was significant [F(1, 65)=8.051, p=0.006, 5* =
0.110]; the power in the control group was significantly
higher than that in the SD group. The main effect of the
power in beta (14-30 Hz) of P2 under the conflict effect
was significant [F(1, 65)=8.394, p=0.005, 5> = 0.114]; the
power under the CON condition was significantly higher
than that under the ICO condition.
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Table 5 Descriptive statistical results for EEG band power at the corresponding time of ERP components of Fz or Pz electrode points

Band Sleep Deprivation Group Control Group
CON ICO CON ICO
(M5SD) (uN) (M+5SD) (uN) (M+5D) (uN) (M+5D) (uN)
P2 1-3 Hz 0.652+0.721 0.570+0.816 0.600+0.576 0.597+0.772
4-7Hz 0.987+0.759 0.821+0.972 0.809+0.610 0.673+0.595
8-10 Hz -0.197+0.830 -0.359+0.906 -0.026 +£1.068 0.140+0.543
11-13 Hz -0.186+0.471 -0.274+0.326 -0.114£0.421 -0.073+0.333
14-30 Hz -0.055+0.138 -0.120+0.184 -0.011+0.038 -0.024 +0.041
N2 1-3Hz 0.922+0.797 0.927+0.801 0.798 +£0.554 0.879+0.791
4-7Hz 0.848+1.003 0.706 +1.206 0.883+0.648 0.805+0.641
8-10 Hz -0.553+1.124 -0.622+1.131 -0.237+1.204 0.058 +0.740
11-13 Hz -0.295+0.528 -0.383+0.452 -0.193+0.455 -0.132+0.401
14-30 Hz -0.095+0.150 -0.152+0.211 -0.027+0.034 -0.036+0.045
Ni 1-3Hz 1.139+1.076 1.098+1.015 0.967+0.636 1.155+0.903
4-7Hz 0.526+0.989 0.946+1.385 0.730+0.597 1.333+0.987
8-10 Hz -0.753 +1.404 -0.647+1.482 -0.333+1.200 0.143+0.910
11-13 Hz -0.318 +0.600 -0.423+0.432 -0.225+0.445 -0.147+0.432
14-30 Hz -0.103+0.159 -0.158+0.220 -0.032+0.035 -0.035+0.050
P3b 1-3 Hz 0.763 +1.041 0.469+0.637 1.040+1.168 0.775+0.629
4-7Hz -0.142+0.994 -0.148+0.930 0.266+0.560 0.375+0.609
8-10 Hz -1.361£3.471 -1.328 +£3.814 -0.608+1.191 -0.666 +1.767
11-13 Hz -0.649+1.770 -0.607+1.704 -0.445+0.904 -0.549+1.234
14-30 Hz -0.055+0.151 -0.072+0.142 -0.025+0.053 -0.043+0.079
LSp 1-3 Hz 1.075+2.041 1.013+1.590 0.316+0.475 0.316+0.475
4-7Hz 0.198 +1.495 0.463 +1.431 0.175+0.510 0.240+0.530
8-10 Hz -0.542+1.634 -0.780+1.707 -0.306+1.219 -0.211+1.109
11-13 Hz 0.113+£0.873 -0.186+0.635 -0.116 £0.486 -0.141+0.496
14-30 Hz 0.069+0.248 -0.031+0.205 0.030+0.063 0.006 +0.082

Note. CON =Congruent, ICO =Incongruent.

Time—frequency at the corresponding time of N2
component

The main effect of the power in the lower alpha (8-10 Hz)
of N2 under the group was significant [F(1, 65)=4.185,
p=0.045, 5> = 0.060]; the power in the control group was
significantly higher than that in the SD group. There was
also a significant interaction of the power in lower alpha
(8-10 Hz) of N2 between the group and conflict effect [F(1,
65)=4.039, p=0.049, 5> = 0.059]. Then a simple main
effect analysis showed that in the control group, the power
under the ICO condition was significantly higher than that
under the CON condition [F(1, 65)=5.726, p=0.020, 5> =
0.081], and in the ICO condition, the power in the control
group was significantly higher than that in the SD group
[F(1, 65)=8.707, p=0.004, 5> = 0.118].

The main effect of the power in beta (14-30 Hz) of
N2 under the group was significant [F(1, 65)=10.408,
p=0.002, #* = 0.138]; the power in the control group was
significantly higher than that in the SD group. The main
effect of the power in beta (14-30 Hz) of the N2 under
the conflict effect was also significant [F(1, 65)=6.449,

@ Springer

p=0.014, 5> = 0.090]; the power in the CON condition was
significantly higher than that in the ICO condition.

Time-frequency at the corresponding time of the Ni
component

The main effect of the power in theta (4-7 Hz) of Ni
under the conflict effect was significant [F(1, 65)=24.944,
p<0.001, 5* = 0.277]; the power in the ICO condition is
significantly higher than that in the CON condition.

The main effect of the power in lower alpha (8-10 Hz)
of Ni under the group was significant [F(1, 65)=4.163,
p=0.045, #* = 0.060]; the power in the control group was
significantly higher than that in the SD group. The main
effect of the power in lower alpha (8—10 Hz) of Ni under the
conflict effect was significant [F(1, 65)=13.266, p=0.001,
»* = 0.169]; the power under the ICO condition was sig-
nificantly higher than that under the CON condition. There
was also a significant interaction of the power in lower
alpha (8—10 Hz) of Ni between the group and conflict effect
[F(1, 65)=5.376, p=0.024, 5* = 0.076]. Then a simple
main effect analysis showed that in the control group, the
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Table 6 Results of ANOVA on time-frequency measures with Groups (Sleep Deprivation vs. Control) and Conflict Effects (Congruent vs. Incon-

gruent) as factors

Band Group Conflict Effect Group X Conflict Effect
F yz F yz F yz
P2 1-3 Hz 0.006 0.001 0.205 0.003 0.176 0.003
4-7Hz 1.005 0.015 3.629 0.053 0.036 0.001
8-10 Hz 3.248 0.048 0.001 0.001 2.806 0.041
11-13 Hz 2.624 0.039 0.272 0.004 2.069 0.031
14-30 Hz 8.051%* 0.110 8.394%* 0.114 3.545 0.052
N2 1-3 Hz 0.316 0.005 0.193 0.003 0.154 0.002
4-7 Hz 0.113 0.002 1.641 0.025 1.143 0.002
8-10 Hz 4.185% 0.060 1.551 0.023 4.039* 0.059
11-13 Hz 2.862 0.042 0.103 0.002 3.191 0.047
14-30 Hz 10.408** 0.138 6.449* 0.090 3.402 0.050
Ni 1-3 Hz 0.088 0.001 0.430 0.007 1.028 0.016
4-7Hz 1.709 0.026 24.944%** 0.277 0.796 0.012
8-10 Hz 4.163%* 0.060 13.266*** 0.169 5.376* 0.076
11-13 Hz 2.465 0.037 0.091 0.001 4.564* 0.066
14-30 Hz 10.337** 0.137 4.950* 0.071 4.033* 0.058
P3b 1-3 Hz 2.352 0.035 6.020* 0.085 0.017 0.001
4-7Hz 6.351* 0.089 0.784 0.012 0.990 0.015
8-10 Hz 1.153 0.017 0.020 0.001 0.267 0.004
11-13 Hz 0.146 0.002 0.245 0.004 1.346 0.020
14-30 Hz 1.268 0.019 4.141* 0.060 0.004 0.001
LSP 1-3 Hz 5.843* 0.082 0.124 0.002 0.098 0.002
4-7Hz 0.244 0.004 4.462* 0.064 1.650 0.025
8-10 Hz 1.385 0.021 1.117 0.017 6.031 0.085
11-13 Hz 0.405 0.006 8.635%* 0.117 6.190%* 0.087
14-30 Hz 0.001 0.001 9.010%* 0.122 3.364 0.049

Note. *p<0.05, **P < 0.01, ***p < 0.001

power in the ICO condition was significantly higher than
that in the CON condition [F(1, 65)=19.198, p <0.001, 5
= 0.228], and in the ICO condition, the power in the control
group was significantly higher than that in the SD group
[F(1,65)=7.136, p=0.010, 5* = 0.099].

There was a significant interaction of the power in upper
alpha (11-13 Hz) of Ni between the group and conflict
effect [F(1, 65)=4.564, p=0.036, 5* = 0.066]. Then a sim-
ple main effect analysis showed that under the ICO condi-
tion, the power in the control group was significantly higher
than that in the SD group [F(1, 65)=5.120, p=0.027, 5> =
0.073].

The main effect of the power in beta (14-30 Hz) of
Ni under the group was significant [F(1, 65)=10.337,
p=0.002, #* = 0.137]; the power in the control group was
significantly higher than that in the SD group. The main
effect of the power in beta (14-30 Hz) of Ni under the con-
flict effect was significant [F(1, 65)=4.950, p=0.030, 5> =
0.071]; the power in the CON condition was significantly
higher than that in the ICO condition. There was also a
significant interaction of the power in beta (14-30 Hz) of
Ni between the group and conflict effect [F(1, 65)=4.033,
p=0.049, > = 0.058]. Then a simple main effect analysis

showed that in the SD group, the power in the CON condi-
tion was significantly higher than that in the ICO condition
[F(1, 65)=8.337, p=0.005, 5* = 0.114], and under both the
CON condition and the ICO condition, the power in the con-
trol group was significantly higher than that in the SD group
[F(1, 65)=6.753, p=0.012, 5> = 0.094; F(1, 65)=10.707,
p=0.002, > = 0.141].

Time—frequency at the corresponding time of the P3b
component

The main effect of the power in delta (1-3 Hz) of P3b
under the conflict effect was significant [F(1, 65)=6.020,
p=0.017, 5> = 0.085]; the power in the CON condition was
significantly higher than that in the ICO condition.

The main effect of the power in theta (4—7 Hz) of P3b
under the group was significant [F(1, 65)=6.351, p=0.014,
»* = 0.089]; the power in the control group was significantly
higher than that in the SD group.

The main effect of the power in beta (14-30 Hz) of P3b
under the conflict effect was significant [F(1, 65)=4.141,
p=0.046, 5> = 0.060]; the power under the CON condition
was significantly higher than that under the ICO condition.
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Fig. 4 (A) Time-frequency maps at Fz electrode. x-axis: latency (s); y-axis: frequency (Hz). (B) The power of the time-frequency analysis at P2
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Fig.5 (A) Time-frequency maps
at Pz electrode. x-axis: latency
(s); y-axis: frequency (Hz). (B)
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Time—frequency at the corresponding time of the LSP
component

The main effect of the power in delta (1-3 Hz) of LSP under
the group was significant [F(1, 65)=5.843, p=0.018, > =
0.082]; the power in the SD group was significantly higher
than that in the control group.

The main effect of the power in theta (4—7 Hz) of LSP
under the conflict effect was significant [F(1, 65)=4.462,
p=0.038, 5> = 0.064]; the power under the ICO condition
was significantly higher than that under the CON condition.

There was a significant interaction of the power in lower
alpha (8—10 Hz) of LSP between the group and conflict effect
[F(1, 65)=6.031, p=0.017, * = 0.085]. Then a simple
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main effects analysis showed that in the SD group, the
power under the ICO condition was significantly more neg-
ative than that under the CON condition [F(1, 65)=5.742,
p=0.019, 5> = 0.081].

The main effect of the power in upper alpha (11-13 Hz)
of LSP under the conflict effect was significant [F(1,
65)=8.635, p=0.005, 5> = 0.117]; the power under the ICO
condition was significantly more negative than that under
the CON condition. There was also a significant interaction
of the power in upper alpha (11-13 Hz) of LSP between
the group and conflict effect [F(1, 65)=6.190, p=0.015, ;?
= 0.087]. Then a simple main effects analysis showed that
in the SD group, the power under the ICO condition was
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significantly more negative than that under the CON condi-
tion [F(1, 65)=13.702, p<0.001, 5> = 0.174].

The main effect of the power in beta (14-30 Hz) of LSP
under the conflict effect was significant [F(1, 65)=9.010,
p=0.004, #* = 0.122]; the power under the ICO condition
was significantly lower than that under the CON condition.

Discussion

In this study, we used the classical flanker task to study the
interference effect of stimulus-driven processing on target-
driven processing after sleep deprivation. We found that
subjects in the SD group showed poorer conflict processing
ability at both behavioral and EEG levels.

Behavioral findings

At the behavioral level, we found that the ACC of the CON
condition and the ICO condition in the control group was
higher than that in the SD group, which was consistent with
the results of previous studies (Tsai et al., 2005; Murphy et
al., 2006; Hsieh etal., 2010), indicating that the effectiveness
of conflict processing is compromised after SD. Meanwhile,
consistent with the results of previous studies on conflict
effects (Lavie, 2005; Han, 2015, 2018; Lavie & Robertson,
2001), the RT of ICO conditions was significantly longer
than that of CON conditions; however, there was no sig-
nificant difference in RT between the SD group and con-
trol group. This may indicate that SD affects an individual’s
ability to inhibit external irrelevant stimuli, but the effect is
only reflected in the effectiveness, not the efficiency.

ERP findings

We found that at the ERP level, SD significantly affected the
two stages of conflict processing: conflict suppression and
conflict resolution.

At the stage of conflict detection, according to previous
experiments, the amplitude of the N2 component reflects
the conflict detection process under the condition of the
ICO flanker task (Tsai et al., 2005). In the versions of the
flanker task, the N2 component is consistently considered
to be involved in anterior cingulate cortex activation dur-
ing the conflict assessment phase. N2 is a negative-going
deflection that occurs about 250ms to 350ms after stimulus
onset, reflecting competing stimulus and/or response selec-
tion. Compared with the congruent trials, the amplitude of
incongruent trials are larger (i.e. more negative) (Katamata
et al., 2018; Rey-Mermet et al., 2019; Clayson & Larson,
2011; Cheng et al., 2021). Other studies have found that the
amplitude of N2 shows greater negative deflection under the

condition of increased cognitive control requirements (For-
ster et al., 2011; Qi & Gao, 2020). Secondly, many recent
conflict studies have shifted attention to the frontal P2
component, which is a positive-going deflection occurring
approximately 150ms to 250ms after the onset of the stimu-
lus and is generally thought to be involved in the selective
attention processing of stimulus evaluation. Some studies
using flanker tasks have also found that stimulus-response
conflict enhances frontal P2 (Katamata et al., 2018; Rey-
Mermet et al., 2019; Clayson & Larson, 2011; Luck &
Hillyard, 1994). In accordance with this, in our experiment,
the N2 components also had larger amplitudes under ICO
conditions. However, there was no significant difference in
the amplitude of the N2 component between the SD group
and control group. Moreover, our experiments did not find
any significant effect of SD on the P2 component. Based on
these findings, SD did not seem to adversely affect stimuli
assessment and early selective attention processing in the
early stages of conflict processing. This may indicate that
SD did not impair the subjects’ ability to detect conflicts.

At the stage of conflict suppression, the Ni component is
thought to reflect interference suppression. Ni (N400) refers
to the negative component in tasks requiring conflict con-
trol and is produced primarily by anterior cingulate cortex
and the prefrontal cortex (PFC). It peaks amplitude approxi-
mately 400ms after the onset of stimulation, and it is often
interpreted as reflecting inhibition processes and interfer-
ence suppression (Duncan et al., 2009; Heidlmayr et al.,
2020; Liotti et al., 2000; Almeida, 2021). The Ni latency in
the ICO conditions was significantly longer in the SD group
than in the control group; this suggests that subjects needed
to spend more time suppressing interference after SD. It is
worth noting that SD may impair the interference inhibition
ability of subjects to some extent. The mean amplitude of Ni
was enhanced under ICO conditions, which further confirms
the role of Ni in conflict suppression.

On top of that, P3b is a broad, positive component of
ERP, typically peaking in the frontal parietal region 300ms
or more after task-related interfering stimuli onset (Duncan
et al., 2009). The increase of P3b activity may reflect more
neural resource allocation (Clayson & Larson, 2011), and
the attenuation of P3b may result from the interruption of
attention control process (Shackman et al., 2011). More-
over, the latency of the P3b component usually reflects the
time required for the evaluation or classification of stimuli
(Polich, 2007). In the present study, the P3b latency of ICO
conditions was significantly longer than that of the CON
conditions, indicating that subjects needed more time to
evaluate stimuli in the face of conflict, and the P3b latency
of the SD group was significantly longer than that of the con-
trol group, which seems to reflect that the time to suppress
irrelevant external stimuli after SD was increased. We have
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reason to speculate that SD may have impaired participants’
ability to evaluate or classify stimuli. The mean amplitude
of the P3b component is related to restraint control (Kok,
2001; Polich, 2007). We only found an average amplitude
enhancement under ICO conditions in the control group;
after SD, the subjects seemed to expend the same cognitive
resources on the inhibition process under the CON and ICO
conditions. After sleep deprivation, subjects appeared to be
unable to allocate cognitive resources precisely during the
inhibition phase of conflict processing compared with hav-
ing normal sleep.

At the stage of conflict resolution, the LSP component
reflects the conflict resolution processes. LSP is a persis-
tent frontal-central negative-going potential found during a
time window of about 550-800ms in cognitive control tasks
involving linguistic (semantic) components. It is thought
to reflect participation in conflict resolution, reactivation
of meaning after conflict resolution, or response selection
(Heidlmayr et al., 2020; Liotti et al., 2000; Hanslmayr et al.,
2008). We found that the average amplitude of the LSP com-
ponent in the SD group was significantly higher than that in
the control group, indicating that, after SD, subjects needed
to make more effort in the conflict resolution phase of the
flanker task. This also partly reflects that after SD, subjects
still have difficulty resolving conflicts even after success-
fully detecting and suppressing conflicting information.

Time-frequency findings

Third, to further explore how SD affects conflict processing
in different periods of time, we conducted a time—frequency
analysis. Consistent with previous studies (Corsi-Cabrera et
al., 1992; Dumont et al., 1999), after SD, the power density
of different bands changed significantly in different time
periods.

According to the literature (Leszczynski et al., 2015), the
period of delta oscillation is phase-locked with stimulation.
In the present study, we found that, only in the conflict reso-
lution stage (time period related to LSP), there was a sig-
nificant difference in the delta band between groups, where
the power of the SD group was significantly higher than that
of the control group. These differences may be due to the
neural oscillation caused by stimulation after SD is magni-
fied, which seems to be related to the excessive bottom-up
processing.

The neural oscillation in the theta band is related to the
active maintenance and recall of working memory repre-
sentation, and the participation of attention is particularly
important (Meltzer et al., 2017; Klimesch et al., 1997
Jensen & Tesche, 2002). In the theta band, we found a sig-
nificant group difference in the conflict suppression stage
(time period related to P3b), indicating that after SD, the
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ability to actively maintain and recall WM representation
was affected when suppressing external irrelevant stimuli. It
may also suggest that SD may impair an individual’s atten-
tion and cognitive abilities in conflict situations. However,
how SD affects neuronal activity associated with conflict
processing in the theta frequency band warrants further
exploration in the future studies as it involves the general
activation/inhibition system of the central nervous system.

When task-irrelevant information must be actively sup-
pressed, the power of the occipital alpha oscillation will
increase. The lower alpha band is related to attentional
and motivational processes (Klimesch et al., 1992), and
the upper alpha band is considered to reflect processing
related to stimulation (Bonnefond & Jensen, 2012; Jokisch
& Jensen, 2007; Pfurtscheller & Klimesch, 1992). In this
study, we found that in the lower alpha band of the conflict
detection stage (time period related to N2) and the conflict
suppression stage (time period related to Ni), in the con-
trol group, the power of the ICO condition was significantly
higher than that of the CON condition, which suggested
that, in both the conflict detection stage and the conflict sup-
pression stage, the attentional processes were disturbed after
SD. Furthermore, in the upper alpha band of the conflict
suppression stage (time period related to Ni), under the ICO
condition, the power of the control group was significantly
higher than that of the SD group, indicating that after SD,
the processing related to stimulation in the conflict suppres-
sion stage was impaired. Moreover, in both the lower alpha
band and upper alpha band of the conflict resolution stage
(time period related to LSP), the CON condition in the SD
group had a more negative power, which seems to indicate
that the effect of SD on top-down processing (conflict effect)
mainly occurs in the upper alpha band.

The activity in the beta band is related to the mainte-
nance of the current sensorimotor or cognitive state (Engel
& Fries, 2010). We only found that, in the conflict suppres-
sion stage (time period related to Ni), under both the CON
condition and ICO condition, the power of the control group
was significantly higher than that of the SD group. It seems
that, after SD, the ability to maintain the cognitive state in
the conflict inhibition stage is affected.

Conclusions

In conclusion, SD mainly affects the effectiveness (ACC)
but not the efficiency (RT) of performance on the flanker
task. The results of ERP analysis showed that SD weak-
ens conflict suppression ability, which is mainly reflected
in the difference in the latency of Ni and the mean ampli-
tude of P3b. Further time—frequency analysis found that the
significant difference between the detection stage and the
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inhibition stage is reflected in the ICO conditions, which
comes from the highlighting of the external irrelevant
stimuli. The significant difference in the resolution stage is
reflected in the SD group, and the overall conflict resolu-
tion ability is weakened, which suggests that SD highlights
subjects’ bottom-up processing. Stimulus-driven processing
occupies more cognitive resources and weakens top-down
processing. It is reasonable to speculate that, in an abnor-
mal environment, SD prevents individuals from regulating
their behavior in response to the environment. Our findings
may provide insights into neural functional changes in the
impact of SD on conflict processing.

Limitations and prospects

There are still some limitations in the current research that
need to be addressed in future studies. Firstly, Ru et al.
(2019) found that task difficulty selectively modulated the
impact of napping on higher working memory and conflict
monitoring. However, the Flanker paradigm adopted in the
current research is less difficult, and whether the impact of
SD on conflict processing efficiency is modulated by dif-
ferent task difficulty needs to be further explored in future
study. Secondly, continuous supervision of participants in
the SD group and differences in the activities allowed dur-
ing deprivation may have affected participants’ alertness
and performance, which may have introduced bias in the
results and may not accurately reflect the true impact of SD
on cognitive performance. Thirdly, this research is a short-
term acute SD, but people are more troubled by long-term
chronic SD in daily life, so before extending our findings
to more general sleep problems, it is necessary to further
explore the similarities and differences between the effects
of chronic SD and acute SD on conflict processing.
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