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The cognitive control processes may be disrupted by abstinence in smokers, which may
be helpful in the development and maintenance of addictive behavior. The purpose of this
study was to measure the performance of cognitive task after 12 h of smoking abstinence
by using event-related potentials (ERPs), including the error-related negativity (ERN) and
the error positivity (Pe). In Eriksen flanker task, electroencephalography (EEG) signals of 24
smokers were recorded in two conditions: satiety and 12 h abstinence. In the behavioral
data, both conditions exhibited more errors and more time on the incongruent trials than
congruence. Meantime, the Minnesota Nicotine Withdrawal Scale (MNWS) score was
increased during abstinence. Smokers showed reduced ERN and Pe after 12 h of
abstinence, compared with satiety condition. The results indicate that the diminished
error processing in young smokers after 12 h of abstinence. It may be related to increased
withdrawal symptoms. In conclusion, the disrupted neurophysiological indexes in the
general behavior monitoring system may be caused by abstinence. The results of this
study may provide us with new ideas about the effects of short-term abstinence on brain
cognitive neuroscience and be helpful for the solution of relapse.

Keywords: error processing, adolescent smokers, abstinence, event-related potential (ERP), performance monitoring
INTRODUCTION

According to statistics from the Global Youth Tobacco Survey (GYTS) in 2014, the rate of
attempted smoking among adolescents in China was 19.9% (30.1% for boys and 8.7% for girls,
82.3% of them tried smoking for the first time before the age of 13), the current smoking rate (the
smoking behavior in the past month) is 6.9% (11.2% for boys and 2.2% for girls) (1). In addition, at
least 20% of young smokers with high nicotine dependence will develop into ordinary smokers (2).
Previous studies have shown that the brain structure and nervous system development of adolescent
smokers may be affected by nicotine (3–7). But most attempts to quit ended in relapse, even though
they realized the adverse consequences of smoking and expressed their strong desire to quit (8).
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Abstinence from smoking disrupts cognitive performance
that may help maintain smoking behavior (9, 10). Previous
studies reported that a general performance monitoring
system involving a range of cognitive functions after acute
abstinence from smoking may be a neurophysiological
indicator (11). Besides, our group research showed that the
interaction of neurological mechanisms can be significantly
changed, which affects the balance between cognitive control
and reward (8, 12–15). Studies have shown that most smokers
are prone to relapse within 24 h of withdrawal (16) and have a
series of withdrawal symptoms (17).

The core function of cognitive control is to monitor and regulate
our behavior. In this study, we investigated the error monitoring, as
an aspect of cognitive control, which plays an important role in
behavioral regulation and cognitive control (18–20). Using two
event-related potential (ERP) components associated with error
processing: the error-related negativity (ERN or Ne) and the error
positivity (Pe), which appears after an error and seems to be
sensitive (21). Researches particularly relevant to this study have
been shown the reduction of ERN and Pe, indicating that initial
error processing and motivational significance of smokers are
affected after errors. Few ERP studies have investigated
performance monitoring in substance dependence (22–25).
Meantime, there are few studies to investigate the error
monitoring of young smokers under the abstinence condition.
Nor can we identify any studies investigating the link between
error processing and smoking abstinence.

Previous neurophysiological studies conducted that lower ERN
and Pe amplitudes during abstinence in adults (11), suggested that
the neurophysiological indicators of performance monitoring are
affected in the process of acute abstinence. Based on these results,
we expect to observe the decrease of ERN or Pe during abstinence
condition by using two ERP components related to error
monitoring: ERN and Pe. In conclusion, the main purpose of
this study is to test the prediction of whether the general
performance monitoring system would be disrupted after
overnight abstinence from smoking.
MATERIALS AND METHODS

Ethics Statement
The study was approved by the Medical Ethical Committee of the
First Affiliated Hospital of Baotou Medical College, Inner
Mongolia University of Science and Technology, and was in
agreement with the Declaration of Helsinki. All procedures were
carried out with the adequate understanding and written
informed consent of the subjects and their legal guardian after
understanding the purpose of the study.

Participants
Participants were 24 young male smokers recruited from Inner
Mongolia University of Science and Technology by using
Internet and print media advertisements in the present study.
All participants are right-handed. Mean age of the smokers was
21.04 ± 1.27 (mean ± SD). The criteria for inclusion of all young
Frontiers in Psychiatry | www.frontiersin.org 2
smokers are as follows: 1) correspond with DSM-V criteria for
current nicotine dependence; 2) consumed 10 or more cigarettes
per day in the last 6 months; 3) ≥3 points on the Fagerstrom Test
for Nicotine Dependence (FTND) (26); 4) no period of smoking
abstinence longer than 3 months; 5) expired air carbon
monoxide (CO)>6 ppm (ppm) (by Smokelyzer, Bedfont
Scientific, Kent, UK); 6) there are currently no physical,
neurological, or psychiatric or extracranial lesions assessed by
alcohol or substance abuse. Table 1 presents the demographic
and smoking characteristics of the sample. Several standards and
widely used self-measures were completed prior to or after the
lab session. In this study, 10 items of smoking impulse
questionnaire (QSU) were used to measure the craving level of
subjects (27). Current nicotine withdrawal was assessed before
and after the 15 min testing session using a revised Minnesota
Nicotine Withdrawal Scale [MNWS; (28)]. Breath carbon
monoxide (CO) was measured before the testing session.

Procedure
Participants completed the demographic questionnaire before
the experiment began. We designed two identical EEG sessions
in 1–3 weeks (1) smoking as usual (satiety) and (2) ≥ 12-h
abstinence (abstinence). The time interval between withdrawal
and EEG data collection is ~12 h. During satisfied condition,
smokers can smoke their first cigarette of the day (of their
preferred brand) within 30 min before the experiment. All
participants were asked to ensure adequate sleep before the
experiment. The specific CO measurement standard is to
measure the CO level concentration of the participants within
10 min before the start of the experiment. In particular, under the
state of abstinence, the participants were required to tell the time
of the last cigarette. Abstinence was verified by a carbon
monoxide level of less than 6 ppm (29). Expired air carbon
monoxide (CO) readings were obtained using the Smokerlyzer
system (Bedfont Scientific Ltd., Rochester, UK) in two sessions
before the beginning of the experiment. Meanwhile, participants
completed the MNWS and Brief-QSU scales. Participants were
placed in a comfortable environment free from outside
interference. Participants then sat in comfortable chairs and
electrodes were attached. And participants are told that errors
are inevitable, but they need to complete the task as quickly and
correctly as possible and pay attention during the task. Then the
participants began to complete the Flanker task. The study used
TABLE 1 | Demographic and smoking characteristics of young smokers.

Clinical details Young smokers (n = 24)

Age 21.04 ± 1.27
Age range (years) 19-24
Education (years) 14.13 ± 0.61
Age of smoking initiation 15.33 ± 2.78
Smoking duration (years) 4.21 ± 2.21
Pack-years 2.95 ± 2.73
Cigarettes per day (CPD) 14.25 ± 4.59
FTND total score 4.75 ± 1.48
May 2020
Values are expressed as means ± standard deviations.
FTND, Fagerström Test for Nicotine Dependence.
Pack-years: smoking years × daily consumption/20.
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E-Prime 2.0 software to present stimuli and collect behavioral
data. Participants were remunerated in the study.

Task Paradigm
Task paradigm the Eriksen flanker task (30) takes the most
typical subtitle stimulus paradigm as an example. The
experimenter provides participants with a series of five-letter
strings. Four different strings (SSSSS SSHSS, HHHHH HHSHH)
appear in the center of the computer screen. If the middle letter is
H, the participant presses a button with the right index finger. If
the middle letter is S, the participant presses a button with the left
index finger. When the participant responds correctly, a “+” will
be feedback in the center of the screen; when the participant
responds incorrectly, a red rectangle will be received; when the
participant does not respond, a “!” will be feedback in the center
of the screen. The entire task consists of five groups, each group
will present 80 strings, and the number of occurrences of the
congruent group and the incongruent group is the same, 40 times
(n = 40). Since the string in the center of the screen is presented
for a very short time, participants are required to respond quickly
to the stimulus (Figure 1).

Electroencephalography Recording and
Data Analysis
All EEG data were collected in a quiet, dimly lit, and good sound-
attenuated EEG laboratory. Recording EEG data with BrainAmp
MR plus amplifier (Brain Products GmbH. Munich. Germany)
from 64 scalp sites (positioned following the 10–20 International
System) with Ag/AgCl electrodes mounted in a cap (EasyCap,
GmbH). Stimuli were presented on a computer using E-Prime
2.0 software and about 45 cm away from the participants. Two
active Ag/AgCl electrodes were placed in the outer canthus of
right eye and above the left eye to record the vertical
electrooculogram (EOG). All signals were digitalized with a
sample rate of 1,000 Hz with a frequency band from 0.15 to 35
Hz [infinite impulse response (IIR) filter 24/dB/octave roll of],
and electrode impedances were reduced to less than 10 kW.
BrainVision Analyzer 2 (Brain Products GmbH. Munich.
Germany) software is used to analyze all offline data. TP9 and
TP10 were employed as re-referenced and the FCz electrode was
a reference electrode. The EEG signals were segmented in 1,000
ms epochs (200 ms before and 800 ms after response) and artifact
Frontiers in Psychiatry | www.frontiersin.org 3
rejection was done for all epochs. The rejection criteria for all
epochs were: 1) maximal allowed voltage skip (gradient) is 50 mV
for each ample point; 2) minimum allowed activity 0.5 mV in a
100 ms interval and maximal allowed value difference 200 mV in
a 200 ms interval. The independent component analysis (ICA)
was applied to remove eye movements and eye blinks. The mean
200 ms pre-response period was served as baseline. After baseline
correction, average ERP waves were calculated for artifact-free
trials at each scalp site in the two response (correct and
incorrect). The ERN and Pe amplitudes were defined as the
mean value at the signal subject level (ERN, 50–150 ms; Pe, 200–
400 ms) (22, 31, 32) after onset of the response. For both the ERN
and Pe, we studied the midline electrodes Fz, Cz, and Pz.

Statistics
All data are analyzed and processed by SPSS 20.0 software (SPSS
Statistics, IBM, Armonk, NY). Two-sample paired t-test was
employed to compare demographic data [pack-years, FTND,
cigarettes per day (CPD)], questionnaires score, behavior
performance (the number of errors, reaction time), and ERP
data (amplitude and latency of the ERN and Pe) differences
between the satiety and abstinence condition. Eventually,
calculate the Pearson correlation coefficients between them.
RESULTS

Questionnaires and Breath Carbon
Monoxide-Concentration Analysis
During abstinence, carbon monoxide in the expired air was
significantly lower (t = −9.326, p <.000). On the MNWS
assessment of withdrawal symptoms, the score was increased
during abstinence (t = 2.172, p =.040) (Figure 2).

Behavioral Data
Table 2 shows the number of errors and reaction time both two
conditions made on the flanker task. The total number of errors
was similar between the smoking satiety condition and the 12-h
abstinence smoking condition (t = −.182, p =.858). However,
there are more errors on the incongruent trials than on the
congruent trials (t = −7.560, p <.000) in both conditions.
Responses were markedly faster on congruent trials (t =
FIGURE 1 | Trial structure of the flanker task. Feedback was informative (“+”for correct; red for incorrect; “!” for missing or not responding in time).
May 2020 | Volume 11 | Article 424
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−9.842, p <.000). Moreover, it spent more time to respond on the
correct trials as compared to incorrect trials (t = 10.993, p <.000)
(Figure 3).

Electroencephalography Data
Error-Related Negativity
Figure 4 shows the ERN and Pe amplitude of both conditions on
the incorrect trials at the midline electrodes Fz, Cz, and Pz. After
12 h of abstinence, the ERN was significantly decreased at Fz (t =
−2.268, p =.033), but no differ at Cz (t = −1.668, p =.109) and Pz
(t = −.976, p =.339) on the incorrect trials.

Error Positivity
Remarkably, the amplitude of Pe in 12-h smoking abstinence
condition was reduced compared with smoking satiety
conditions in young smokers (Fz: t = −3.084, p =.005, Cz: t =
−2.974, p =.007, Pz: t = −2.562, p =.016).

Correlations Between Smoking Variables,
Behavioral Data, and Event-Related
Potentials
There was no significant correlation between any of the smoking
clinical data, behavioral data, and ERPs.
DISCUSSION

The smoking rate of adolescents in China is increasing
continuously, and the age of smoking tends to be younger,
which may promote nicotine dependence in later life. In the
Frontiers in Psychiatry | www.frontiersin.org 4
present study, the error-related negativity (ERN) and error
positivity (Pe) were used as indicators to test the effect of
overnight smoking abstinence on performance monitoring.
Compared with smoking as usual, Pe amplitude decreased
significantly during abstinence condition, which was consistent
with our prediction. More specifically, this study showed the
ERN amplitude was significantly decreased after 12 h of
abstinence. Our findings may reveal electrophysiological
evidence for the reduction error processing in the flanker task
during abstinence condition. In addition, the level of self-
reported withdrawal symptoms was higher after 12 h
abstinence, which was not associated with the reduction in the
ERN and Pe brain potentials. On the behavioral level, more
errors were shown in the two conditions of incongruent trials,
and more reaction time was spent in the incorrect trials.
Participants abstinence for at least 12 h and the carbon
monoxide in expired air was significantly reduced.

The ERN appears immediately after committing errors that
peaks at approximately 50–150 ms after error commission.
Although researchers lack of consensus on the specific
functional significance of ERN, some believe that ERN may
reflect the early, automatic, and unconscious processing of
errors (33). To test the effect of abstinence on one aspect of
cognitive performance, ERN may be a useful indicator (34). In
the present study, we found that the ERN amplitude was
significantly decreased at Fz after making an error. Several
studies have shown that there are neural systems in the medial
frontal cortex (MFC) for monitoring errors, including the rostral
cingulate motor area, the supplementary eye field, and the dorsal
anterior cingulate cortex (dACC) (35). A study documenting
both EEG and functional MRI (fMRI) more strongly shows that
FIGURE 2 | The carbon monoxide in expired air was significantly reduced and the withdrawal symptoms increased *p < 0.05, ***p < 0.001. * and *** Represents
that there were significant differences in CO level and withdrawal symptoms between satiety and abstinence in smokers.
TABLE 2 | Means and standard deviations for task performance variables.

Satiety (n=24) 12-h abstinence (n=24) p-Value

Number of errors of all response 40.17 ± 23.31 40.96 ± 27.78 0.858
Number of errors on congruent trails 12.25 ± 11.78 12.46 ± 11.72 0.851
Number of errors on incongruent trails 22.04 ± 18.35 20.58 ± 15.63 0.527
Correct 425.87 ± 46.42 426.67 ± 39.31 0.869
Incorrect 367.87 ± 60.55 371.34 ± 52.53 0.734
Congruent 416.13 ± 46.77 419.64 ± 40.03 0.486
Incongruent 434.66 ± 45.95 433.48 ± 39.28 0.809
May 2020 | Volume 11 | A
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there is a strong link between ERN and the activation of error-
related ACC (36). Previous fMRI studies have shown that ERN
and Pe are produced by the anterior cingulate cortex, and plays
an important role in motivation and regulation problems.
Therefore, the decreased of ERN at Fz electrode in the state of
abstinence reflects the decrease in error processing. Consistent
with this interpretation, Luijten et al. found young smokers with
modestly deprived healthy had a reduced ERN compared to a
non-smoker control group. Several other studies were also in
accordance with our findings, such as cocaine (24) and juvenile
violent offenders (37), suggesting that a deficit in performance
monitoring. All of the above reveals that reduced ERN is
associated with error processing. In a previous study on
Frontiers in Psychiatry | www.frontiersin.org 5
smoking, Franken et al. (22) showed that the amplitude of
ERN did not decrease, indicating that the initial error
processing seems not to be disrupted. However, Mayra L.
Padilla et al. (38) showed that larger ERN amplitudes
improved performance monitoring enabling abstinent
alcoholics to overcome response conflicts. The differences
found in these studies may be due to differences in dependent
substances (nicotine vs. cocaine, resp.) or abstinence states
(satiety vs. abstinent) (22).

Immediately after ERN, a positive ERP component (error
positivity, Pe) appeared, which peaks at approximately 200–400
ms after the error (39). The Pe is considered to represent a
conscious, more elaborate post-processing of an error (39).
FIGURE 3 | No significant difference was found in the total number of errors between the smoking satiety condition and the 12-h abstinence smoking condition
(t = −.182, p = .858). More errors were found on the incongruent trials than on the congruent (t = −7.560, p < .000) and responses were markedly faster on
congruent trials (t = −9.842, p < .000) in both two conditions. Moreover, it took more time to respond on the correct trials as compared to incorrect trials
(t = 10.993, p < .000). ***p < 0.001. *** Represents that there are significant differences in the number of errors and reaction time between different trial conditions.
May 2020 | Volume 11 | Article 424
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Although the role of cognition in nicotine dependence has
aroused great interest (40), and in the cognitive neuroscience
of the Pe (37, 41–43), it seems to be the first study to show that Pe
is sensitive to acute abstinence from smoking. Previous ERP
studies have shown that the Pe possibly reflects the error
awareness (44), motivational significance (45), or emotional
Frontiers in Psychiatry | www.frontiersin.org 6
assessment of an error (46). Of particular relevance to the
present study, some studies found smokers are affected by the
initial motivational significance attributed to an error during
smoking cue exposure (47). As expected, we found that the Pe
amplitude of smokers decreased after 12 h abstinence. The
current findings converge with a previous study that the
FIGURE 4 | Average event-related potential (ERP) activity during error trials of the Eriksen Flanker Task for satiety and abstinence. *p < 0.05, **p < 0.01. * and **
Represents an area where there are significant differences in ERP between satiety and abstinence in young smokers.
May 2020 | Volume 11 | Article 424
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Franken et al. (22) found that a decrease in Pe amplitude suggests
that smoking is associated with a reduction in error processing.
Meantime, they found that the Pe amplitude was reduced in cocaine
dependent subjects as compared to healthy controls, suggesting that
cocaine addiction was related to error processing (23). In addition,
Luijten M et al. (47) found the same results and suggests that this
may contribute to the development and maintenance of addictive
behaviors. Some other studies also have confirmed that the change
of Pe reflects the abnormality of performance monitoring (32, 48).
These findings again demonstrate a reduced error processing after
12 h of abstinence, and may contribute to the maintenance of
addictive behavior. Unexpectedly, we did not find significant
relationship between behavioral data and the Pe. This may be due
to the short withdrawal time. Furthermore, we observed the
withdrawal (MNWS) was increased during abstinence. Smokers
commonly report that difficulty concentrating during smoking
abstinence (28), and standard assessments of withdrawal include
cognitive items (e.g., Minnesota Nicotine Withdrawal Scale). The
current results seem to be associated with smoking abstinence.
Previous studies found that abstinence led to reduced heart rate,
feelings of depression, irritability, poor task performance, stress,
poor concentration, restlessness, and smoking impulses (49). This
may be provided the idea for explaining the reduction of
performance monitoring under abstinence condition.

In sum, results of the present study showed the diminished error
processing in young smokers after 12 h of abstinence at the
physiological level. At the same time, reduced error processing
might be the result of abstinence. It reveals that abstinence may
disrupt the neurophysiological indicators of performance
monitoring. These results supplement the extant literature.
Importantly, this may be the first study to assess and demonstrate
the effect of neurophysiological indicators of performance
monitoring in young smokers after short-time abstinence. The
results of this study are helpful to understand the cognitive and
motivational factors of relapse behavior after abstinence
from smoking.

Limitations
First, the current study is the relatively small size of the samples, and
the participants were all men in this study. Second, at present,
smokers are young smokers with a low degree of smoking
dependence, and they are relatively in the early stage. The effect
of abstinence may be more significant in more serious smokers. In
the future, more subjects should be added in the research, while
smokers with severe nicotine dependence are better.
Frontiers in Psychiatry | www.frontiersin.org 7
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