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With the increase in use of cannabis and its shifting legal status in the United States,
cannabis use has become an important research focus. While studies of other drug
populations have shown marked increases in risky decision-making, the literature on
cannabis users is not as clear. The current study examined the performance of 17
cannabis users and 14 non-users on the Balloon Analog Risk Task (BART) using
behavioral, fMRI and effective connectivity methods. Significant attenuation was found
in a functional pathway projecting from the dorsal anterior cingulate cortex (dACC) to
the nucleus accumbens (NAc) in cannabis users compared to non-using controls as well
as decreases in risk-taking behaviors. These findings suggest that cannabis users may
process and evaluate risks and rewards differently than non-users.

Keywords: cannabis, decision-making, effective connectivity, fMRI, reward, risk

INTRODUCTION

Cannabis (CB) use has been on the rise in recent years, in part due to the drug’s increased
acceptance and shifting status from an illegal to a legal drug in some US states. Cannabis
is the most used illicit drug in the United States and thus is an important area of study.
Delta-9-tetrahydrocannabinol (THC) is the psychoactive component of CB and has been linked
to depression (1) and psychotic disorders, including schizophrenia (2-4). Heavy CB use has also
been linked to poorer neurocognitive functioning (5-8).

While the chronic use of alcohol and other drugs of addiction have been associated with
increased risk-taking behaviors and poor inhibitory control (9), CB use has not consistently been
found to be linked to increased risk-taking (10, 11). For example, Gilman et al. (12) found that
increased risk-taking behavior in CB users depended on stimulus type with greater risk-taking
observed when the rewards were social, health/safety, and ethical factors but not when the rewards
were monetary. A study by Vivas et al. (11) found that CB use actually enhanced inhibitory control
compared to non-users. Another study used transcranial direct current stimulation (tDCS) to
stimulate the left and right dorsal lateral prefrontal cortex (DLPFC) in chronic cannabis users and
controls and found that chronic cannabis users made more conservative decisions than controls
during sham stimulation (placebo) but during active stimulation of the right DLPFC, controls made

Frontiers in Psychiatry | www.frontiersin.org

4 November 2020 | Volume 11 | Article 599256


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2020.599256
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2020.599256&domain=pdf&date_stamp=2020-11-27
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sdnewman@ua.edu
https://doi.org/10.3389/fpsyt.2020.599256
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.599256/full

Raymond et al.

Risk-Taking in Cannabis Users

more conservative decisions while activations of both right
and left DLPFC in cannabis users led to increased risk-taking
(13). Additionally, Wesley et al. (14) found that cannabis users
performed worse on a version of the lowa Gambling Task than
controls and that during that cannabis users showed significantly
less activation in response to loss during the strategy planning
phase of the task, namely in the anterior cingulate cortex (ACC),
medial frontal cortex, precuneus, superior parietal lobe, occipital
lobe and cerebellum. These results suggest various disturbances
in regions of executive function, as well as in certain properties
like reward salience, in chronic cannabis users which do not paint
a clear picture of what these differences could mean.

Task-based activation and resting state functional MRI studies
have shown altered activity and connectivity between key regions
associated with risky decision-making in CB users; however,
there are inconsistencies regarding how the connectivity varies
across studies. The primary regions involved in risky decision
making include those related to affective processing of stimuli
(anterior insula and ventral striatum, including the nucleus
accumbens) and integrating cognitive and affective information
(medial prefrontal cortex, including the anterior cingulate) (15-
17). Cousijn et al. (16) found that the amount of weekly CB
use was positively related to activation in the right anterior
insula, right ventral striatum and ventrolateral prefrontal cortex
during an Iowa Gambling Task. Additionally, Lichenstein et al.
(18) reported attenuated functional connectivity (FC) between
the nucleus accumbens (NAc) and the medial prefrontal cortex
(mPFC) in CB users. Fischer et al. (19) found a similar result,
such that there was reduced resting state functional connectivity
(rsFC) between the NAc and PFC in patients with CB use
disorder and schizophrenia. However, Filbey et al. (20) found
increased FC between the NAc and the ACC when CB users
were viewing CB use cues. While previous studies do show
activation and connectivity differences between CB users and
non-users there are still a limited number of studies and there
is still some inconsistency with regard to the directionality of
connectivity differences.

The current study uses the Balloon Analog Risk Task (BART)
to examine risk-taking behavior in CB users. The BART is a
gambling task designed as a behavioral measure of risk taking
which requires participants to inflate a balloon more and more
for money while risking the balloon exploding and losing their
money. The BART has been used to investigate the relationship
between risk-taking and decision-making in various drug use
groups. Researchers have found that number of balloon inflations
(more inflations is equivalent to higher levels of risk-taking)
is increased in nicotine smokers relative to non-smokers (21)
and is positively correlated with severity of polysubstance use
(22). Alternatively, number of balloon inflations was found
to be negatively correlated with long-term alcohol use in a
2013 study by Campbell et al. (23) While the BART has been
used to study risk-taking and reward processing in different
substance users, few studies have investigated differences in
BART performance in CB users and those that have found
no differences in BART performances between CB users and
non-users, but did find negative correlations between Cannabis
Use Disorder symptoms and CB use severity with performance

in other risk-taking paradigms, namely the IGT (24, 25). The
current study uses a modified version of the BART which utilizes
parametric modulation to generate more precise representations
of risk-taking in hopes of clarifying the disparity in results.

The current study also uses effective connectivity analysis to
examine the connectivity differences within the reward network
between CB users and non-users. Effective connectivity tests an
a priori defined model containing directed connections (26).
Here a model that included a connection from the dorsal ACC
(dACC) to the NAc, the anterior insula to the NAc, and the
anterior insula to the dACC was tested. This model was based on
previous studies that show a directed glutamatergic connection
between the dACC and NAc which plays an important role in
modulating the addicted brain’s response to rewards (27). A
number of studies have proposed a connection between the ACC
and insula (28, 29), with White and colleagues finding that the
activation of the insula precedes that of the ACC suggesting
a potential directed connection from the insula to the ACC.
Finally, previous work using effective connectivity during cue-
elicited incentive anticipation, a component of reward processing
which is shown to be maladaptive in people who are addicted
to drugs (30), has also suggested a directed connection from
the insula to the NAc (15). It was predicted that this reward
network would be disrupted in CB users while performing a risky
decision task.

METHODS

Participants

A total of 40 participants took part in the study. Subjects were
recruited by local advertisements. After detailed description of
the study, written and verbal informed consent was obtained
from each participant. All subjects were required to be 18 years
or older. Subjects were asked to refrain from alcohol or CB
use the day prior to the MRI scan. The research protocol was
approved by Indiana University’s Institutional Review Board for
the protection of human subjects.

Inclusion/Exclusion Criteria

All participants had to be free of psychological disorders (with the
exception of cannabis use disorder for the CB group), free of any
neurological disorder, head trauma with loss of consciousness >
10 min, learning disability, contraindication to MRI, be between
the ages of 18 and 30 years, not a user of illicit drugs (other
than CB), and have abstained from CB and alcohol use for at
least 12h prior to the scan. Participants completed a battery
of assessments including the Structured Clinical Interview for
DSM-IV-TR (SCID-IV-TR), Research Version (31); a written
drug use questionnaire; the short Michigan alcohol screening
test (SMAST); the Cannabis Use Disorder Identification Test
(CUDIT). The control subjects had no history of substance
dependence, and no use of CB in the past 3 months. The CB
group were not required to have a diagnosis of CUD. The group
characteristics include: [1] an average age of CB initiation of 16.5
=+ 1.9 years; [2] used an average of 5.2 &= 2.1 days/week; [3] used
an average of 11.4 £ 7.4 joints/bowls/week; and 4) of the 13 who
have used wax, 11 had used in the past 6 months. Eight were
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TABLE 1 | Demographics.

Controls CB Users 2-tailed t-test p-value
n 14 17
#Males 6 8
Age 235+ 4 21.2+3 0.093
Average days since last 1.3 + 1 days
CB use (prior to scan)
Average days since last 6.4 +55 36+28 0.42
alcohol use (prior to
scan)
cupIT 015+ 0.4 134 +48 <0.0001
SMAST 0.5+ 1 0.29 +£0.7 0.58

lost to existing mood disorders (depression and/or anxiety) and
an additional one was lost to excessive subject motion during
scanning. This left 14 control non-users (6 males, age 23.5 +
4) and 17 CB users (8 males, age 21.2 £ 3). Groups did not
significantly differ in age, sex, days since last alcohol use at the
time of screening or SMAST score (p > 0.1) (see Table 1).

Procedure

Potential participants were contacted via telephone and
underwent a preliminary screening process. If the potential
participant qualified for the study, they were scheduled for a
testing day. On this day, participants arrived at the laboratory
space and after signing a consent form, completed a variety of
surveys and batteries about demographics and drug and alcohol
use. After completing these surveys, researchers examined the
results to ensure the participants still qualified for the MRI
scans. If the participants qualified, a 2nd day was scheduled in
which participants underwent the MRI tests while completing
the BART. After the MRI scan, participation was complete
and participants were compensated for their time and their
performance at the BART.

BART Task

The BART design used in this study was modeled from previous
imaging design (32) and was administered in two, 8-min blocks
during fMRI data collection. As participants continued to inflate
in pursuit of greater reward, the probability of an explosion
increased parametrically. Participants were informed that higher
winnings during the task would yield in bonus monetary reward
for participation in the study in order to incentivize participation
and mimic real-world risk-reward decision making.

Each block began and ended with a 30s, white fixation
cross (“+7) on a black background in order to establish
a baseline for activity. At the beginning of each trial, the
screen displayed the image of a purple balloon above a small,
green rectangle which indicated that the participant should
make a decision. This rectangle was above the participants
current wager amount for that balloon and the participants
total winnings earned for that block at that point in time
(Figure 1). At this point, the participant had unlimited time
to choose inflation or to “win” and add the current wager

to their total winnings. After this decision was made, there
was a delay between 0 and 6s before the outcome (balloon
explosion, successful inflation, or “You Win!”) was displayed.
The winning display was present for 1s. If the inflation was
successful, then the decision rectangle would be red for either
1.5, 2, or 2.5s, indicating that a decision could not be made.
Once the rectangle became green again, the participant could
make a decision. If the inflation was unsuccessful, an exploded
balloon was presented for 0.5s followed by the text “You Lose!,”
which was present for 1s. After either a win or a loss, the
screen was blank for 2, 3, or 4s until a new trial display
was presented.

Along with the baseline monetary compensation for time
and participation in this study, participants were rewarded with
additional funds based on their performance on the BART (and
additional 50% of total earnings over two trials of the BART).

MRI Acquisition and Analysis

Image acquisition was performed on a 3T Siemens Prisma MRI
scanner and using a 64-channel head coil. Foam pads were used
to minimize head motion for all participants. High-resolution
T1-weighted anatomical images were acquired in the sagittal
plane using an MP-RAGE sequence [TR = 2.4s; TE = 2.36 ms;
inversion time = 1.0s; flip angle 8°; imaging matrix = 320 x
320; 256 slices; voxel size = 0.7 x 0.7 x 0.7 mm?]. Functional
BOLD data for each participant was collected in two blocks using
a gradient echo T2-weighted echo planar imaging sequence [TR
=2.0s; TE = 0.25s; flip angle 70°; imaging matrix = 64x220; 35
slices; voxel size = 3.4 x 3.4 x 3.8 mm?>; 0-mm gap; 240 volumes].

MRI data were processed and analyzed using SPM5
[University College London; (33)]. The preprocessing steps that
were applied to the functional MRI data included: slice timing
correction, motion correction using a rigid body realignment
algorithm, co-registration, spatial normalization using the MNI
template and each person’s T1 scan, and smoothing with the
Gaussian kernel filter of 8 mm. The final voxel size after
normalization was 2 x 2 x 2 mm?®. The amount of head
motion was closely examined and no subject showed excessive
movements > 1 mm.

Event-related responses were analyzed using a general
linear model (GLM) with 9 experimental condition
regressors, 2 constants, and 6 motion regressors. Five of
experimental condition conditions included: the choice
to inflate the balloon (Chooselnflate); the choice to stop
inflating the balloon (ChooseWin); the losing/balloon
explosion outcome (ExplodeOutcome); the successful inflation
outcome (Successful Inflate); and the winning outcome
(WinOutcome). The remaining conditions were four parametric
modulators to identify brain regions where activation was
positively or negatively correlated with the probability of
explosion: Chooselnflate*P(explode), ChooseWin*P(explode),
WinOutcome*P(explode), and ExplodeOutcome*P(explode).
The Chooselnflate*P(explode) is referred to here is the risk-
taking condition that was examined in this analysis. Activation
threshold was set at p < 0.001 with an extent of 150 voxels to
correct for multiple corrections.
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Ch . > .
Total: $1.25 oice You Win New Trial
(15) |
Balloon ~ ol
Explosion g ~ - | You Lose
-
(0.5s) (1)
FIGURE 1 | A Depiction of the typical trial in the BART task.

TABLE 2 | Behavioral results.

CB users Non-users 2-tailed t-test p-value
Winnings 20.7 £ 5.6 2569+73 0.03
Trials completed 345+ 4.5 33.9+5.9 0.8
Inflations 167.56 + 23 1719+ 14.2 0.5
Wins 211 +£56.7 21.6+7.5 0.8
Explosions 184 +£52 12.3+3.3 0.5

Effective Connectivity Modeling and

Analysis

Effective connectivity analyses, or the average change in BOLD
activity in one ROI as influenced by a different ROI, was
conducted using Structural Equation Modeling (SEM) and
performed using SPSS (25, IBM Corporation) and AMOS
(25, IBM Corporation). ROIs and the directionality of their
connections were determined a priori and as described in the
introduction. The ROIs and the network constructed were
determined by the wealth of evidence which associate and
incorporate the dACC, NAc, and insula with reward and
decision-making processes (15, 34). The beta weights from the

GLM fMRI analysis for the risk-taking condition were extracted
for each ROIL ROIs were determined using the group analysis
(collapsed across CB user and non-user groups). Those beta
weights were used as input into the predesigned model. A multi-
group path analysis was performed in AMOS using critical ratios
for differences between parameters to test pair-wise coefficient
differences. Coefficients for each path within the network were
generated using multi-group path analysis.

RESULTS

Behavioral Results

When examining the performance differences between groups,
the control group won more money than did the CB user
group, see Table2. No other measures were found to be
significantly different.

fMRI Results

The current study focused on activation related to risk-taking.
Risk-taking was examined by parametrically modulating the
decision to inflate with the probability of balloon explosion.
An analysis of activation related to risk taking behaviors
collapsed across both groups showed significant activation in
regions typically associated with risky decision making and
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FIGURE 2 | Risk activity collapsed across groups. Significant activity was observed in the ACC, NAc and bilateral insula.

TABLE 3 | fMRI activation.

Region BA k z XYz
R. Ventral striatum 2,191 5.33 6,8,4
R. insula 13 5.09 36,22, 4
Anterior Cingulate 32 456 4.75 8, 28, 42
R. Ventral striatum 307 4.53 14, =14, 20
R. Insula 13 256 4.38 34, —36, 24
L. Insula 13 434 4.27 -28,22,0
L. Insula 13 177 4.16 —28, —34, 38
R. Precentral 4 182 413 26, —16, 42
TABLE 4 | Effective connectivity parameter estimates.

Estimate S.E. C.R. P
CB users
dACC <--- Insula 0.219 0.176 1.248 0.212
NAC <--- Insula 0.518 0.228 2.271 0.023
NAC <--- dACC 0.531 0.311 1.708 0.088
Non-users
dACC <--- Insula 0.277 0.234 1.186 0.236
NAC <--- Insula 0.45 0.175 2.579 0.01
NAC <--- dACC -0.616 0.196 -3.14 0.002

reward seeking, such as the dACC, NAc, and insula (see
Figure 2 and Table 3). However, no significant group differences
were observed after correcting for multiple comparisons (see
Supplementary Material for other analyses).

Effective Connectivity

A network analysis was performed. The unconstrained model
had a good fit (x> = 0.64, p = 0.42, CFI = 1.000, IFI =
1.019). Both groups showed a significant connection from the
insula to NAc (see Table 4 and Figure 3). Neither group showed
a significant connection from the insula to the dACC. The
connection from the dACC to the NAc was found to be significant
for the non-user group but not the CB user group. When
directly comparing the parameter estimates, the connection from
the dACC to the NAc was found to be significantly different
between groups [z-score = —3.121, p < 0.05]. Additionally, the
connectivity from the dACC to the NAc was negative in the non-
user group, suggesting that the dACC has an inhibitory effect on
the NAc in non-CB users but not CB users.

DISCUSSION

The primary goal of the current study was to explore the
hypothesis that CB interacts with the brain network responsible
for risky decision making. The results show that in the group
of high functioning chronic CB users the effect is minimal in
that there were no fMRI-measured brain activation differences
compared to non-using controls when performing the BART
task. While there were no brain activation differences between
groups, effective connectivity analysis revealed significantly
attenuated connectivity between the dACC to the NAc in CB
users compared to controls. The results may also suggest that CB
users may be more risk averse than non-using controls.

Previous studies have found that drug users tend to be more
impulsive and risk-taking (9). However, the results reported in
the current study suggest that CB users may actually be more risk
averse than the non-user group. The users won significantly less
money even though they had a similar number of explosions and
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FIGURE 3 | Effective connectivity network analysis results from the cannabis use group (left, green) and the control group (right, blue).

win trials. The reason for the decreased winnings is likely due
to prematurely stopping inflations. These findings are contrary
to previous studies of drug users. A potential explanation is
that CB users may be engaging in more deliberative, as opposed
to impulsive, risk-taking behavior. Whiteside and Lynam (35)
identified distinct factors of impulsive-like behavior - urgency,
(lack of) premeditation, (lack of) perseverance, and sensation
seeking. It has also been argued risky decision-making can be
conducted using deliberative procedures as well. These different
factors of impulsive decision-making elicit different patterns of
brain activation [e.g., (36)] with the medial prefrontal cortex,
including the dACC, being involved to monitor or inhibit
impulsive decisions. Given that the connectivity between the
dACC and NAc is lesser in CB users compared to non-users, this
may suggest that this pathway either does not operate efficiently
or that a more deliberative strategy is preferred by these high
functioning CB users. While speculative, some support for this
hypothesis can be found by an increased involvement of the right
lateral prefrontal cortex for CB users compared to non-users at
a lower threshold (see Supplementary Material) which has been
linked to more deliberative processing (37). Other support can
be found in the research on drug use and driving (38, 39). For
example, MacDonald et al. (38) found that cannabis users were
more cautious when driving under the influence or refrained
from driving altogether which was the opposite finding for
cocaine users. Another potential explanation for the behavioral
finding of potential risk aversion may be related to the use of
monetary reward. Gilman et al. (12) failed to observe differences
between CB users and non-users during a financial risk-taking
task but did observe differences when using social stimuli. It may
be that the decreased salience of the monetary reward used in the
current study is disincentivizing the CB users to take more risks
(i.e., inflate more), or put another way, the monetary reward does
not lead to the use of the impulsive strategy but the deliberative

one. These effects could be caused by the chronic use of cannabis
which makes cannabis a more salient reward than money.

The connectivity from the dACC to the NAc was attenuated
in CB users; this attenuation was linked to risky decision-making
processes as it was observed for the risk parametric modulator.
In addition the connectivity was inhibitory in non-users but not
in CB users. A study by Lichentstein et al. (18) showed increased
functional connectivity between the NAc and dACC in CB users
in response to cannabis-related cues relative to neutral cues.
The differences between the Lichentstein et al. study and the
current study may account for the differences in results, namely
the task and the stimuli (money vs. cannabis). However, both
studies show that the connectivity between the dACC and NAc
are impacted by chronic CB use. The core of the NAc has been
shown to be anatomically connected to the dACC (40). Phasic
dopamine release in the core, but not the shell, has been observed
following reward-predictive cues (41) and that dopamine release
is related to the subjective reward value of the cue (42-44). This
suggests that the subjective value of the reward plays a role in how
individuals make decisions regarding said rewards, which may
account for group differences observed in the current study as
well as previous studies showing differences in reward processing
as a function of the reward in CB users. Additionally, it may be
salience of loss that drives the behavior of CB users, like was seen
in Wesley et al. (14). It will be important in future studies to assess
the subjective reward value in participants in order to more fully
understand risky decision-making and reward processing.

Limitations

There are some limitations of the current study. First, number
of participants is small (N = 31) and therefore limits the
conclusions that can be drawn. The limited sample size may
explain the lack of significance in the between group analysis
of fMRI activation. Another potential limitation is that we were
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unable to examine sex differences due to the small sample size.
Previous studies have shown sex differences in neurochemistry
when examining chronic CB users; therefore, it is important to
further explore those differences when examining risky decision-
making. Additionally, some have complained that the BART as
well as similar tasks do not effectively engage risk-like behavior
due to its repetitive nature; participants “figuring out” the task
and how to maximize winnings and then the task no longer
assesses risk. Finally, in an attempt to ensure that participants
were not intoxicated during the scan they were asked to abstain
prior to the session. A recent study suggests that cognitive deficits
observed in the abstention period used (<72 h) could be due to
either withdrawal or residual effects of acute use (45).

Conclusions

This preliminary study examining risky decision-making
suggests, while minimal, that CB use is associated with functional
connectivity from the dACC to the NAc. The decrease in
connectivity and the switch between inhibitory to excitatory
connectivity may suggest the use of different strategies, or
differences in the subjective value of the reward between groups.
Further research is necessary to disentangle these possibilities
and to replicate the current findings.
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The average nicotine half-life in body tissues is 2h. Understanding the influence of
pure nicotine abstinence on cognitive control may be helpful in eliminating nicotine
dependence (ND) and preventing smoking relapse. This study was to investigate the
effects of 2-h tobacco abstinence on cognitive control in patients with ND. Twenty-five
patients with ND completed event-related potential (ERP) P300 measurements at the
normality state and the abstinence state. Twenty-five healthy controls (HCs) were
measured with P300 twice with a 2-h time interval. HAMD and HAMA were used to
assess the emotional state. Results showed that there were significant differences in
Carbon monoxide (CO) levels between the abstinence state and the normality state in
the ND group. There were no significant differences in HAMD and HAMA scores for the
abstinence state in the ND group or the normality state in the ND group and the HC group.
For P3a, P3b amplitude, and P3a latency, the main effect for ND group was significant.
For P3a, P3b amplitude, and latency, the interaction effect for group x time point was
not significant, and the main effect for time point was not significant. It concluded that
patients with ND present cognitive control deficits, and 2-h tobacco abstinence has no
effect on cognitive control deficits in male patients with ND. Our findings may be helpful
in eliminating nicotine dependence and preventing smoking relapse.

Keywords: nicotine dependence, event-related potential P300, P3a, P3b, tobacco abstinence

INTRODUCTION

Tobacco smoking causes nicotine dependence (ND), which leads to over 6 million deaths
worldwide per year, and the World Health Organization predicts that this number will rise to 8
million per year by 2030 (1). As a stimulant that expresses its rewarding effects through the release
of dopamine and other neurotransmitters in the brain, nicotine is the primary addictive component
in tobacco (2).

Cognition is the ability to perform the mental actions or processes of understanding through
all kinds of cerebral cortex activities, such as thought, experience, and the senses (3, 4). Executive
function is a critical neurocognitive function and can be measured with neuropsychological tests.
For example, the Wisconsin Card Sorting Test is a neuropsychological test of the ability to exhibit
flexibility in the face of changing schedules of reinforcement (5, 6). Cognitive control belongs to an
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important executive function. The event-related potential (ERP)
is a technique that can provide an analysis of neural activity
with high temporal resolution. Moreover, it is used to measure
behavioral alterations in schizophrenia, affective disorders, and
addiction (7-9). To assess cognitive function at a deeper level,
the ERP P300, which is a positive deflection of electric potential
generated ~300-500 ms after an infrequent stimulus related to
a specific event, may provide the possible neural correlates of
cognitive processing.

Cognitive impairments (especially cognitive control deficits)
are related to the maintenance of nicotine dependence, nicotine
abstinence and the target of pharmacotherapy (10). Many
previous studies have reported that patients with nicotine
dependence (ND) display cognitive dysfunctions (11, 12),
especially executive dysfunctions related to nicotine dependence
and craving. For example, a previous study investigated
the impact of executive functions, including updating,
inhibition and shifting processes, on nicotine dependence
and craving; the results indicated a prefrontal cortex (PFC)
dysfunction affecting the inhibitory capacities of patients
with ND (13). A study investigated the effects of smoking
on PFC-mediated cognitive flexibility and subjective states
in low- and high-nicotine-dependent individuals and found
that the PFC-mediated cognitive effect of smoking as well as
subjective reports vary according to the degree of nicotine
dependence; smoking selectively impairs cognitive flexibility
in high-nicotine-dependent individuals (14). Another study
employed a reinforcement-learning task to examine the effects
of smoking status on monitoring errors and conflict and found
that monitoring errors and conflict are influenced by smoking
status (15).

The P3 family of ERP components is a marker of cognitive
control processes (16). The P300, which is evoked by family of
ERP a three-stimulus oddball task, includes P3a and P3b. P3a
is evoked by novel stimuli and considered a psychophysiological
index of the orienting response, namely, it reflects involuntary
attentional switching and attentional reorienting (17, 18). P3b
represents correct responses to correct responses to target tones
and P3b is associated with the identification of task-relevant
target stimuli (19). There were different findings for the effect of
acute nicotine on P300 (P3a or P3b) in healthy non-smokers. For
example, previous studies showed that acute nicotine did not alter
the P3a amplitudes and latencies in healthy non-smokers (20—
22); however, a study reported that acute nicotine attenuated P3a
amplitudes (23). Studies which involved the influence of nicotine
on P300 (P3a or P3b) in chronic smokers indicated that the
decreased P300 amplitude was associated with cigarette smoking
(24, 25).

Studies using P300 also indicated that patients with ND
present cognitive control deficits. A recent study investigated
how the age at tobacco smoking onset affects neurophysiological
measures of smoking cue reactivity and reported craving in
adult smokers using an oddball paradigm P300 (26). The
findings revealed that P300 amplitudes at the Cz electrode
site were greater in early-onset nicotine-dependent individuals
and associated with greater craving at baseline. A previous
study explored the effects of nicotine deprivation (12-h nicotine

deprivation) on P3a and P3b amplitudes and examined self-
reported trait cognitive control as a moderator of nicotine
deprivation-induced reductions in P3a and P3b amplitudes (19).
This research finding showed that nicotine deprivation reduced
P3b amplitude during a three-stimulus oddball task independent
of trait cognitive control. However, nicotine deprivation reduced
P3a only in subjects who scored lower on measures of trait
cognitive control. Another study using an oddball paradigm
reported that chronic nicotine-dependent patients present
reduced P300 amplitudes compared to individuals who never
smoked or those who had terminated smoking (27). Additionally,
a previous study indicated persistent P300 amplitude reduction
in nicotine-dependent patients using an auditory oddball
paradigm (25).

Many studies indicated that nicotine abstinence causes
physiological, psychological and cognitive symptoms (28-31).
Furthermore, nicotine abstinence may produce depressive
symptoms or precipitate a major depressive episode (32).
Whether nicotine abstinence may impair cognition or not
has been debated. Many studies have indicated that nicotine
abstinence exhibits impairments in working memory during
smoking abstinence in patients with ND (33-36). However,
previous studies reported that smoking abstinence attenuates
attentional bias toward positive stimuli (37, 38).

The psychological symptoms produced by nicotine
abstinence, such as anxiety and depression, can also lead to
cognitive dysfunctions. Nicotine abstinence is associated with
cognitive control deficits, and these cognitive control deficits
are a hallmark of nicotine abstinence that could be targeted for
success in quitting smoking (10). Thus, the early withdrawal
period is a vulnerable time for patients with ND and represents
a critical window in which to appraise the outcome of refraining
from smoking. A better understanding of the influence of pure
nicotine abstinence on cognitive control function may be helpful
to improve smoking cessation programmes.

Because nicotine entry into circulation is through the
pulmonary system, tobacco smoking is a highly addictive form
of systemic drug administration. Studies have confirmed that
nicotine can reach the brain in 10-20s, and brain nicotine
concentrations increase after smoking each cigarette and then
decline over 20-30 min as nicotine redistributes to other organs
or tissues; the average nicotine half-life in body tissues is
2h (39). Previous studies that investigated nicotine abstinence
on cognitive control function focused on nicotine deprivation
for more than 12h (11, 19, 31, 40, 41) but could not avoid
confounding the cognitive control impairment induced by pure
nicotine abstinence and the psychological symptoms produced
by nicotine abstinence.

In summary, cognitive control deficits, which can be measured
with neuropsychological tests, are related to the maintenance
of nicotine dependence, nicotine abstinence and the target of
pharmacotherapy. An ERP P300 study may provide a more
definitive answer regarding the effects of nicotine deprivation
on P3a- or P3b-related neural activity. Additionally, nicotine
withdrawal-induced cognitive performance deficits are typically
not discovered within 2h of tobacco deprivation (42, 43).
Understanding the influence of pure nicotine abstinence on
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cognitive control function may be helpful in eliminating nicotine
dependence and preventing smoking relapse. However, to date,
the influence of pure nicotine abstinence on cognitive control
function is still unclear.

In this study, male patients with ND were selected as
subjects. The cognitive control deficits of nicotine deprivation
were measured with P300, including P3a and P3b components,
which is evoked by a three-stimulus oddball task. To guarantee
the influence of pure nicotine abstinence on cognitive control
function, cognitive performances were collected at baseline and
after 2h of tobacco deprivation. The hypothesis of this study is
that male patients with ND present abnormal P300 components
and 2-h tobacco abstinence has no effect on cognitive control
deficits. The purpose of this study was to investigate the effects
of 2-h tobacco abstinence on cognitive control deficits in patients
with ND.

METHOD

Time and Setting
This study was conducted in the Department of Psychiatry,
The Affiliated Wuxi Mental Health Center of Nanjing Medical
University, Wuxi, People’s Republic of China, from January 01,
2018, to March 31, 2020.

Diagnostic Approaches and Participants
This study included patients in the ND group and a healthy
control (HC) group. The criteria for inclusion in the ND group
included (a) meeting the Diagnostic and Statistical Manual of
Mental Disorders, Fifth edition (DSM-5) criteria for current
nicotine dependence; (b) age range from 18 to 60 years old; (c)
had not previously quit smoking and reported smoking more
than 10 cigarettes per day in the last 6 months; (d) no smoking
cessation in the past 12 months; and (e) no neurological illness
or psychiatric disorders as determined by clinical evaluations
and medical records or alcohol/other substance dependence.
The criteria for inclusion in the HC group included (a) not
meeting the criteria for any DSM-5 axis I disorder or personality
disorders, as assessed by the Structured Clinical Interview for
DSM-5 (SCID-5, Chinese version); (b) age range from 18 to 60
years old; (c) no history of any kind of mental disorder; and (d)
no physical illness.

In the present study, 25 patients with nicotine dependence
were recruited as the ND group. Patients with ND were recruited
from the Smoking Cessation Clinic of Psychiatry Department,
The Affiliated Wuxi Mental Health Center of Nanjing Medical
University, Wuxi, People’s Republic of China. Patients with ND
only smoked cigarettes, not electronic or other tobacco products.
Twenty-five healthy persons were recruited as the HC group.
HCs were recruited from a group of citizens who lived in Wuxi
City, China, through local advertisements. All of the participants
were Chinese.

Experimental Procedures

All participants were prohibited from drinking any soft drinks,
such as coffee, tea, or other recreational drugs, at least
12h prior to the experiment. That was confirmed verbally

before the test day. On the day of the ERP recording, two
psychiatric resident physicians collected patient medication
information, demographic data, and clinical characteristics and
confirmed/excluded a diagnosis of current nicotine dependence.
The Annett handedness scale was used for the assessment of
handedness (44). Nicotine dependence levels were measured with
the Fagerstrom Test of nicotine dependence (FTND) (45). Both
patients with ND and HCs were hearing evaluated previous to
inclusion in study, and all participants’ hearings were in the
normal level.

Before starting the experiment, all participants were instructed
to try their best to complete the task as quickly and accurately
as possible. The authenticity of the 2-h nicotine abstinence was
determined by expiratory carbon monoxide levels measured
using the QT-200PLUS portable detector of carbon monoxide
(CO) (Shenzhen Wellcome Technology Co., Ltd., China). The
CO levels of patients with ND were measured 10 min before the
experiment. The CO level in the expired air was verified as no
more than 6 parts per million (ppm) during the abstinence state,
which showed a distinct reduction for each patient compared to
that measured during the normal smoking state (more than 10
ppm). The CO levels of HCs also were measured 10 min before
the experiment, and the CO levels of all HCs in the expired air
were verified as no more than 3 ppm.

All patients with ND were measured with ERP P300 at the
normality state (time 1, i.e., just after the last cigarette smoked)
and abstinence (time 2, i.e., just at 2h after the last cigarette
smoked). During the 2 h abstinence phase, all participants were
arranged to stay in a comfortable room, and all participants
skimmed through a newspaper or sat in the room peacefully
depending on their own desire. To avoid the practice effect, the
HCs were measured with ERP twice with a 2-h time interval
(corresponding to time 1 and time 2). The anxiety and depression
of all participants were assessed with the Hamilton Anxiety
Scale (HAMA) and Hamilton Depression Scale (HAMD, 17-
item edition).

All experimental procedures were approved by the Ethics
Committee on Human Studies, the Affiliated Wuxi Mental
Health Center of Nanjing Medical University, Wuxi, China,
and were conducted in accordance with the Declaration of
Helsinki. All participants provided written informed consent
to participate, and all participants were compensated 300.00
Chinese Yuan (CNY) plus travel costs.

Event-Related Potential Measurement

The event-related potential measurement was obtained from a
recent study (46). The BioSemi Active Two system (BioSemi
Inc., Amsterdam, Netherlands) was employed for the continuous
electroencephalogram recording. The digitization rate was
512 Hz; the bandpass was DC-104 Hertz (Hz), and a common
mode sensor served as the reference (PO2 site) using a 64-
channel electrode cap. Electrooculogram electrodes were placed
below and at the outer canthi of the left eye. A three-stimulus
(novelty) auditory oddball paradigm was employed to evoke
ERP P3a and P3b. There were 400 binaural, 80 decibel (dB)
tones of 50 millisecond (ms) duration stimuli presented to the
participants through foam insert earphones. Twelve percent of
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the stimuli were target tones (1,500 Hz), 12% were infrequent
“novel” sounds (a bird call or a water drop), and 76% were
standard tones (1,000 Hz), with an inter-stimulus interval varying
between 1.8 and 2.2 s. Stimuli presentation was randomized. The
electrical impedance was monitored. The duration of the whole
P300 paradigm is 8 min. Participants were in a sound attenuated
chamber. All subjects were instructed to press the computer
mouse in response to target tones only. Clicking that occurred
between 100 and 900 ms after the tone was confirmed as a correct
response. Before the formal trial, there was a practice block to
make sure participants understood the task.

Event-Related Potential Data Analysis

ERP data were analyzed using BrainVision Analyzer 2.0 (Brain
Products GmbH, Munich, Germany). According to a previous
study, P3a was analyzed at the Cz electrode site because it
is the largest in the frontal regions, and P3b was analyzed at
the Pz electrode site because it is the largest in the parietal
regions (46-48). An average of the mastoids was reference and
bandpass filtered between 0.01 and 20 Hz using a zero phase
shift Butterworth filter. Data were segmented by stimulus marker
from —100 to 1000 ms, responses to novel sounds (a bird call
or a water drop) were employed for P3a, and correct responses
to target tones were employed for P3b. Segments were baseline
corrected using —100-Oms pre-stimulus time and eye-blink
corrected using established measures (46). Artifact rejection for
individual channels was performed, and a given segment was
rejected if the voltage gradient exceeded 50 |LV/ms, the amplitude
was £100 pV, or the signal was flat (<0.5 w0V for more than
100 ms). Segments were averaged across stimulus markers, the
P3a amplitude peak was chosen to be 250-450 ms, and the P3b
amplitude peak was chosen to be 280-650 ms.

Data Analysis

Statistical Program for Social Sciences software version 19.0
(SPSS, IBM Corporation, Armonk, NY, USA) was employed
for the data analysis. Mean age and education were compared
between the ND group and the HC group using two-tailed ¢
tests, and handedness was compared using the Pearson chi-
square test. CO levels were compared in the ND group using
paired-samples f tests. HAMD scores, HAMA scores, behavioral
data [i.e., reaction time (RT), rate of correct responses (Hit
rate), and rate of incorrect responses (Error rate) for target
stimuli] and the mean amplitudes and the mean latencies of
P3a and P3b were compared between the ND group and the
HC group using a 2 (ND group vs. HC group) x 2 (time 1 vs.
time 2) repeated-measures analysis of variance (ANOVA). The
degrees of freedom of the F ratio were corrected according to
the Greenhouse-Geisser method. Least square difference tests
were performed as post-hoc analyses if indicated. Correlation
analysis between HAMD scores, HAMA scores and measures of
P3a and P3b in ND and HC groups separately at time 1 and
time 2 were conducted by Pearson’s r. Alpha values of 0.05 were
considered significant.

RESULTS

Demographic Characteristics of

Participants

The demographic characteristics of all participants are shown in
Table 1. There were no significant differences in mean age, mean
education years, or handedness between the ND group and the
HC group.

Comparisons of CO Levels in the ND Group
Based on the paired-samples ¢ test, there were significant
differences in CO levels between the abstinence state (mean 5.6
ppm; SD: 1.2) and the normality state (mean 12.1 ppm; SD: 1.0)
in the ND group (t = 3.465, p = 0.000), and CO levels in the
abstinence state were less than that in the normality state.

Comparisons of HAMD and HAMA

Between the ND Group and the HC Group
As shown in Table2, using HAMD and HAMA scores as
dependent variables, a 2 x 2 repeated measures ANOVA with
group (ND group vs. HC group) as a between-subjects factor
and time point (time 1 vs. time 2) as a within-subjects factor
revealed that the interaction effect for group x time point was
not significant (for HAMD, F; 4s= 1.894, p = 0.162; for HAMA,
F1, 48 = 1.934, p = 0.178;); the main effect for group and time
point was not significant (for HAMD, F; 4= 195.320,187.113,
p = 0235, 0.265; for HAMA, F; 4= 180.240, 179.089,
p=0.188,0.197).

Behavioral Data Analysis

As shown in Table 2, using RT, Hit rate and Error rate as
dependent variables, a 2 x 2 repeated measures ANOVA with
group (ND group vs. HC group) as a between-subjects factor
and time point (time 1 vs. time 2) as a within-subjects factor
revealed that the interaction effect for group x time point was not
significant (for RT, F; 43 = 2.043, p = 0.177; for Hit rate, F; 43 =
1.986, p = 0.180; for Error rate, Fj, 43 = 2.123, p = 0.216), and
the main effect for time point was not significant (for RT, Fj, 45
= 0.749, p = 0.270; for Hit rate, F; 43 = 0.912, p = 0.294; for
Error rate, Fj, 43 = 0.883, p = 0.293); however, the main effect for
group was significant (for RT, F;, 43 = 7.840, p = 0.027; for Hit
rate, Fj, 43 = 6.542, p = 0.019; for Error rate, F; 43 = 6.380, p =
0.021). RT in ND group were longer than that in HC group; Hit
rate in ND group were lower than that in HC group; Error rate in
ND group were higher than that in HC group.

ERP Data Analysis

All ERP data are shown in Table2. Using P3a and P3b as
dependent variables, a 2 x 2 repeated-measures ANOVA was
performed on mean amplitudes and mean latencies, respectively,
with the group (ND group vs. HC group) as the between-
subjects factor and time point (time 1 vs. time 2) as the within-
subjects factor.

P3a Component

As shown in Figure 1 and Table 3, for amplitude, the interaction
effect for group x time point was not significant (F;, 43 = 2.147,
p = 0.149), and the main effect for time point was not significant
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TABLE 1 | Demographic data of participants.

Variable ND (n = 25) HC (n = 25) Test statistic

Mean age (SD) 32.0(10.3) 30.9 (6.9) t=0.421,p=0.676
Age range 22-59 23-58 -

Education (SD) 14.2 (2.3) 15.0 (2.1) t=—0.150, p = 0.256
FTND (SD) 7.5(1.9) - -

Handedness (R/M/L) 9/7/9 10/7/8 x2=0.176, p = 0.890
The number of cigarettes smoked per day (SD) 17.5(1.5) - -

ND, Nicotine dependence; HC, Healthy control; SD, Standard deviation; R, Right; M, Mixed; L, Left; FTND, Fagerstrom Test of Nicotine Dependence.

TABLE 2 | HAMD scores, HAMA scores and behavioral data [mean (SD)] in the ND group (n = 25) and HC group (n = 25).

Variable ND HC

HAMD HAMA RT (ms) Hit rate Error rate HAMD HAMA RT (ms) Hit rate Error rate

Time1  13.8(5 10.3(24) 3895.1(25.2) 0.825(0.040) 0.208(0.050) 13.4(1.9) 105(2.0) 382.1(19.8) 0915(0.038) 0.102 (0.0113)
Time2 13602 10.1(2.8) 3894.3(22.0) 0.826(0.397) 0.207 (0.488) 133(2.1) 102(2.6) 885.4(20.3) 0.920(0.029)  0.101 (0.012)

ND, Nicotine dependence; HC, Healthy control; SD, Standard deviation; RT, reaction time; Hit rate, rate of correct responses for target stimuli; Error rate, rate of incorrect responses for
target stimuli.

(F1, 48 = 0.262, p = 0.611); however, the main effect for group
was significant (F;, 45 = 28.336, p = 0.000). P3a amplitudes in W P3a(Cz)
ND group were lower than that in HC group. For latency, the

— HC Timel
interaction effect for group x time point was not significant HC Time?
(F1, 48 = 1.942, p = 0.17), and the main effect for time point ] ND Ti . ,
was not significant (Fj, 43 = 0.089, p = 0.767); however, the main ‘\I | HiS )

—— ND Time2

effect for group was significant (Fj, 4¢3 = 5.354, p = 0.025). P3a
latencies in ND group were longer than that in HC group.

P3b Component

As shown in Figure 2 and Table 3, for amplitude, the interaction
effect for group x time point was not significant (Fj, 43 = 0.277,
p = 0.601), and the main effect for time point was not significant
(F1, 48 = 0.121, p = 0.730); however, the main effect for group
was significant (Fj, 43 = 5.425, p = 0.024). P3a amplitudes in
ND group were lower than that in HC group. For latency, the
interaction effect for group x time point was not significant
(F1, 48 = 0.043, p = 0.836), and the main effect for time point
was not significant (F;, 43 = 1.432, p = 0.237); the main effect for
group was not significant (Fj, 43 = 1.705, p = 0.198).

-100 0 100 2(‘)0 300 460 500 600 7(‘)0 84‘)0 960 ms)[
correlatlon AnaIySIS Between HAMD FIGURE 1 | Grand averaged ERP P3a was elicited by a three-stimulus
Scores, HAMA Scores, and Amplltudes and (novelty) auditory oddball paradigm for the ND group (purple lines and green

. . lines) and the HC group (black lines and red lines) at time 1 and time 2. The
LatenCIes Of P3a and P3b in ND and HC P3a components were presented within a 250-450 ms latency window at the
Group Cz electrode site.

HAMD scores were not correlated with amplitudes and latencies
of P3a and P3b in ND and HC group at time 1 and time 2 (for
amplitudes and latencies of P3a in ND group: r = 0.135, 0.236, p
= 0.325, 0.420; for amplitudes and latencies of P3a in HC group: HAMA scores were not correlated with amplitudes and
r = 0.192, 0.208, p = 0.294, 0.383. for amplitudes and latencies  latencies of P3a and P3b in ND and HC group at time 1 and time
of P3b in ND group: r = 0.367, 0.330, p = 0.221, 0.329; for 2 (for amplitudes and latencies of P3a in ND group: r = 0.241,
amplitudes and latencies of P3b in HC group: r = 0.204, 0.217,  0.196, p = 0.228, 0.310; for amplitudes and latencies of P3a in
p=0.270,0.293.). HC group: r = 0.239, 0.211, p = 0.296, 0.285; for amplitudes and

Frontiers in Psychiatry | www.frontiersin.org 16 December 2020 | Volume 11 | Article 604684


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Xue et al.

Tobacco Abstinence on Cognitive Control

TABLE 3 | ERP data [mean (SD)] in the ND group (n = 25) and HC group (n = 25).

Variable ND (time 1) ND (time 2) HC (time 1) HC (time 2)
A (uv) L (ms) A (uv) L (ms) A (uv) L (ms) A (uv) L (ms)
P3a 5.9(3.4) 310.8 (25.5) 5.4 (2.9 306.2 (26.2) 10.8 (4.8) 288.6 (31.4) 11.7 (4.8) 295.7 (32.3)
P3b (2.9 389.5 (74.1) (3.0 397.7 (78.1) 6.4 (3.7) 362.6 (72.1) 6.8 (3.4) 374.2 (711.9)

ND, Nicotine dependence; HC, Healthy control; SD, Standard deviation; A, Amplitudes; L, Latencies.

Hv| P3b (Pz)
—— HC Timel
— HC Time2
“ —— ND Timel
—— ND Time2

T T T
200 800 900 ms

FIGURE 2 | Grand averaged ERP P3b was elicited by a three-stimulus
(novelty) auditory oddball paradigm for the ND group (purple lines and green
lines) and the HC group (black lines and red lines) at time 1 and time 2. The
P3b components were presented within a 280-650 ms latency window at the
Pz electrode site.

latencies of P3b in ND group: r = 0.372, 0.345, p = 0.193, 0.256;
for amplitudes and latencies of P3b in HC group: r = 0.215, 0.229,
p =0.264, 0.280).

DISCUSSION

This study is the first to clarify the effects of 2-h tobacco
abstinence on cognitive control deficits in male patients with
ND using ERP P300 measurement, including P3a and P3b
components, which is evoked by a three-stimulus oddball
task. Our results showed that patients with ND elicited a
reduction in P3a and P3b amplitude as well as a prolonged
P3a latency, and P3a and P3b amplitudes and latencies
did not change after 2-h tobacco abstinence. Additionally,
patients with ND showed a prolonged RT, a reduced Hit
rate as well as an increased Error rate for the target stimuli;
HAMD and HAMA scores were not correlated with amplitudes
and latencies of P3a and P3b in ND group at just after

the last cigarette smoked and abstinence. We verified the
hypothesis, i.e., male patients with ND present abnormal P300
components and 2-h tobacco abstinence has no effect on
cognitive control deficits.

P3a mainly involves a broad network of cortical regions,
including the prefrontal cortex, cingulate gyrus, and
hippocampus (49). P3a reflects evidence that transient
activation in the neural network is involved in a variety of
cognitive tasks that demand continual updating of task-set
information for the selection of goal-directed actions (50).
Additionally, P3a reflects the initial unhitching of the focus of
attention from current information with the aim of preparing
to switch attention (50). Previous studies reported that acute
nicotine administration may alleviate cognitive dysfunction
with increased amplitudes of P3a or P3b, and these effects
are relative to information processing task difficulty, amount
smoked and nicotine level (51-54). Consistent with previous
studies (19, 25), our results showed a reduction in P3a amplitude
and a prolonged P3a latency in the patient group, which deduces
that nicotine dependence might lead to cognitive control
dysfunctions, i.e., the dysfunction of an involuntary switch
of attention.

P3b represents correct responses to target tones, and P3b is
associated with the identification of task-relevant target stimuli
(19). It has been confirmed that P3b is both a trait and state
biomarker (46). Because this study was a cross-sectional study,
we found a reduction in P3b amplitude compared with normal
controls, which may not indicates that cognitive control deficits
in patients with ND are trait dependent or state dependent.

According to a previous study, the average nicotine half-
life in body tissues is 2h (39). Our results showed no
occurrence of withdrawal symptoms, such as anxiety and
depression. More than 12h of nicotine abstinence may produce
many psychological symptoms. Many studies have proven that
psychological symptoms, such as anxiety and depression, can
lead to cognitive impairments. Previous studies have focused
on nicotine abstinence for more than 12h (11, 19, 31, 40, 41)
and found a reduction in both P3a and P3b amplitudes, which
indicated that 12-h nicotine abstinence may cause neurocognitive
impairments (19). However, in this study, ERP P300 was
measured after 2h of tobacco abstinence, which prevented
cognitive status from being induced by psychological symptoms.
Our results showed that, compared with the normal smoking
state, 2-h tobacco abstinence did not improve or deteriorate
P3a and P3b amplitude and latency in patients with ND, which
indicates that 2-h tobacco abstinence has no effect on cognitive
control deficits.
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In conclusion, patients with ND present cognitive control
deficits, and after 2 h of tobacco deprivation, the cognitive control
deficits do not improve. Specifically, 2-h tobacco abstinence
has no effect on cognitive control deficits in male patients with
ND. The implication of the findings is that understanding
the influence of pure nicotine abstinence on cognitive control
may contribute new insights into the neural mechanism of
nicotine abstinence in male patients with ND. Furthermore,
our results may be helpful in focusing on therapeutic
target for eliminating nicotine dependence and preventing
smoking relapse.

There are some limitations of this study. First, the results must
be considered preliminary due to the small sample size. Future
studies with larger sample sizes and the same ERP parameters
are needed to confirm the results of this study. Second, in
this study, no measures of blood cotinine levels were used to
determine the primary metabolite of nicotine precisely. Third,
no withdrawal questionnaire was used to assess the withdrawal
level for ND patients. Fourth, this study excludes female smokers,
hence its applicability to the general population may be limited,
further examination of this effect on female smokers is necessary
in the future study. Finally, because of the deficient spatial
resolution of ERPs, further studies with functional magnetic
resonance imaging (fMRI), positron emission tomography (PET)
or magnetoencephalography (MEG) should be conducted to
determine the influence of 2-h nicotine abstinence on cognitive
control deficits.
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Converging evidence indicates that addiction involves impairment in reward processing
systems. However, the patterns of dysfunction in different stages of reward processing
in internet gaming addiction remain unclear. In previous studies, individuals with
internet gaming disorder were found to be impulsive and risk taking, but there is
no general consensus on the relation between impulsivity and risk-taking tendencies
in these individuals. The current study explored behavioral and electrophysiological
responses associated with different stages of reward processing among individuals with
internet gaming disorders (IGDs) with a delayed discounting task and simple gambling
tasks. Compared to the healthy control (HC) group, the IGD group discounted delays
more steeply and made more risky choices, irrespective of the outcome. As for the
event-related potential (ERP) results, during the reward anticipation stage, IGDs had
the same stimulus-preceding negativity (SPN) for both large and small choices, whereas
HCs exhibited a higher SPN in large vs. small choices. During the outcome evaluation
stage, IGDs exhibited a blunted feedback-related negativity for losses vs. gains. The
results indicate impairment across different stages of reward processing among IGDs.
Moreover, we found negative correlation between impulsivity indexed by BIS-11 and
reward sensitivity indexed by SPN amplitude during anticipation stage only, indicating
different neural mechanisms at different stages of reward processing. The current study
helps to elucidate the behavioral and neural mechanisms of reward processing in internet
gaming addiction.

Keywords: internet gaming, addiction, reward processing, stimulus-preceding negativity, feedback-related
negativity, impulsivity, ERP, gaming addiction

INTRODUCTION

Internet gaming disorder is a rapidly increasing concern in today’s world. It is a preoccupation and
obsession with internet games that interferes with one’s social, personal, or occupational life, with
typical symptoms of dependence being tolerance, withdrawal, and failed attempts to quit the habit
(1). As one of the most common behavioral addictions, it is an emerging health concern. It has been
included as Internet Gaming Disorder in ICD-11 and as a “Condition for Further Study” in DSM-5.
Internet gaming disorders (IGDs) often struggle in their day-to-day activities, relationships, and
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jobs because of prolonged game play. They are more likely
to have poor sleep quality (2), tend to suffer from emotional
problems such as depression and anxiety (2, 3), have poor coping
skills (4) and are more prone to developing psychopathology
or psychopathological symptoms in the long run (5-7). IGDs
often use internet games as an escape from negative moods and
feelings, such as hopelessness and guilt (1), allowing them to feel
relaxed (6) and in control of the situation (8).

Reward processing is an important aspect of human
functioning affecting daily life, and has also been regarded as
a key neural mechanism involved in behavioral and cognitive
processes related to addiction (9, 10). Impairments in reward
processing is the core symptom of many kinds of mental and
neurological diseases (11, 12), including drug addiction. It can
be classified into two stages: reward anticipation and outcome
evaluation (13).

Reward anticipation refers to the incentive salience of a
reward. Incentive salience is a psychological process that imbues
the perception of stimuli with salience and transforms them
into incentive stimuli. Previous addiction studies conducted
on substance addiction and internet gaming disorder indicated
altered reward processing system among the addicts during the
reward anticipation stage. They found less activations in ventral
stratum and decreased prefrontal cortical sensitivity to monetary
rewards (14-17).

Outcome evaluation refers to the hedonic enjoyment received
from reward consumption. IGDs have been found to have
alterations in the reward processing system (18-20). The
addiction studies conducted on substance addiction and
behavioral addiction (i.e., internet gaming disorder) have found
addicts to be driven toward high rewards and tend to ignore
negative consequences, thus resulting in impaired decision
making process and risk taking tendencies (21-26).

Monetary rewards are frequently used to study neural
mechanisms involved in reward processing among healthy and
addicted individuals (27, 28). However, the findings have been
inconsistent about whether individuals with addiction have
enhanced or blunted responses to monetary rewards.

The inhibitory control dysfunction theory (29) attempts
to explain the alterations in the reward processing systems
underlying addiction. It proposes impulsivity and reward
processing as the underlying factors of addiction that play a role
in promoting or limiting drug use at each of the three stages
of addiction: (i) initiation of use, (ii) maintenance of use, and
(iii) relapse. According to this theory, impulsivity is a personality
trait while impairment in reward processing refers to sensitivity
to rewards (positive effects of the drug) paired with insensitivity
to punishment (negative outcomes of the drug). This theory has
often found support from the research studies (30-34) that found
addicts to be impulsive and indulge in risky decision making.

Currently, there is no conclusive evidence from previous
studies providing a consensus about the neural correlates of the
reward processing system at different stages of reward processing.
In the current study, we focused on three key ERP components:
stimulus-preceding negativity (SPN), feedback-related negativity
(FRN), and P300. SPN is a negative-going slow wave. It is
considered an electrophysiological index of reward expectation.

Previous research has shown that people with substance
dependence had larger SPN while anticipating substance related
cues than controls (35, 36). The two other ERP components,
FRN and P300, play important roles in outcome evaluation.
FRN is usually a negative deflection following feedback onset
that typically peaks around 250 ms. Previous studies have found
that people with substance dependence have a larger FRN peak,
indicating impairment in outcome evaluation processes (23, 37).
P300 is a positive deflection typically peaking around 300-500 ms
after feedback onset. Previous studies have found that people with
substance dependence have larger P300 amplitudes than controls,
indicating their poor attentional control.

IGDs have been found to have high impulsivity (38) and high
sensation seeking (5). These personality traits are associated with
inability to delay gratification, leading to steep delay discounting.
Delay discounting refers to the subjective devaluation of an
outcome with an increase in delay of its attainment (39, 40).
Previous studies have found IGDs to be highly impulsive, which is
reflected by a dysfunctional prefrontal cortex (41) and decreased
frontostriatal connectivity (42), leading to risky decisions.

IGDs have altered risk evaluation, high risk taking tendencies,
and tend to indulge in risky decision making (30, 32, 43-
45). They were found to have enhanced reward sensitivity and
decreased loss sensitivity compared to control counterparts. A
similar study conducted on IGD adolescents (46) testing the
dual-system model found that individuals with internet gaming
addiction have altered reward processing and inhibitory control
in a gambling task and a Go/No Go task, respectively. These
impairments in reward processing system make it difficult for
IGDs to quit playing internet games despite negative effects
on their daily life, such as poor grades and deterioration of
relationships (5, 7). Their altered reward processing system also
makes them prone to developing psychopathology (47, 48).

A few fMRI studies (32, 34, 49) have examined the neural
basis of reward processing among IGDs. However, the low
temporal resolution made fMRI a less powerful technique to
answer the question about different processing stages. Instead,
ERP technique has fine-grained temporal resolution, and is
uniquely suitable to investigate in detail the time course of reward
processing in internet gaming addiction. To our knowledge, no
ERP study on internet gaming disorder to date has explored
the neural correlates of behavioral addiction across different
stages of reward processing. The P300 and FRN components
have frequently been studied among IGDs (19, 37). However,
the SPN component occurring at the early stages of reward
processing often remains a neglected ERP component in these
studies. In light of previous work indicating possible abnormal
reward system in IGDs, the current study aimed to bridge this
gap by exploring alterations in the reward processing system
during different stages of reward processing. In the current
study, we examined the reward processing systems in IGDs
as compared to the HCs while they expected and received
rewards during the delayed discounting and a simple gambling
task. Behaviorally, we anticipated the IGDs to make more
risky choices and discount delays more steeply than the HCs.
Neurally, we expected decreased risk sensitivity, indexed by
smaller magnitude effect on SPN during the anticipation stage
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and reduced FRN magnitude during the outcome-appraisal stage
of reward processing. Moreover, based on inhibitory control
dysfunction theory, we predicted that larger P300 amplitude
would be observed on gain trials than loss trials. We hypothesized
that IGDs discount delays more steeply on a delayed discounting
task and make more risky decisions, irrespective of whether they
were in a gain or loss condition. With a delay discounting task, we
further explored and established the relationship between delay
gratification and risky decision making among IGDs.

MATERIALS AND METHODS

Participants

Thirty-five male adults (age 22.06 £ 3.65) with internet gaming
disorder and another 39 age-matched healthy male adults (age
21.95 + 3.47) in total were recruited in this study. They had
either normal or corrected-to-normal vision and self-reported
no history of physical disability, chronic physical illness, or
neurological or psychiatric problems. The inclusion criteria for
IGDs required minimum scores of 50 on the Internet Addiction
Test (IAT) (50), and 5 on the DSM Test for Internet Gaming
Disorder (51), while for the control group, the scores on both
the tests were required to be lower than these thresholds. The
IAT (Cronbach’s @ = 0.93; r = 0.46) and DSM Test (Cronbach’s
o = 0.91; r = 0.44) were used to screen the IGDs from the
control group. These two tests were intended to measure the
effect of Internet use on the individual’s daily life and the extent
of problems caused by it on daily routine, work, social life, sleep
routine, and feelings, in accordance with DSM-5 criteria. In
addition, the Alcohol Use Disorder Identification Test [AUDIT,
(52)], Beck Depression Inventory [BDI-II, (53)], State-Trait
Anxiety Inventory-Trait [STAI-T, (54)], and State-Trait Anxiety
Inventory-State (STAI-S) were used to exclude those with alcohol
use disorder, depression, and anxiety disorders. Moreover,
we used the Barratt Impulsiveness Scale-Version 11 [BIS-
11, (55)], Behavioral Inhibition System/Behavioral Activation
System [BAS/BIS, (56)], and Sensation Seeking Scale (57) to
explore impulsivity, reward systems, and sensation seeking in
relation to decision making in IGDs. The two groups were
counterbalanced on years of education, with high school as the
minimum education level (see Table 1).

Thirty-three IGDs and 35 HCs completed the delay
discounting task, among which 24 IGDs and 26 HCs participated
in the ERP study with a simple gambling task. In the gambling
task analysis, five subjects (one IGD and four HCs) were excluded
from further analysis because they mostly chose one option (high
or low, over 90%). With this, we sought to ensure participants’
conscious attention on the trials, while employing the excluding
criteria comparable to that reported by Dewitt et al. (58). In the
ERP analysis, another three subjects (two IGDs and one HC)
were excluded from the SPN analysis, and four subjects (two
IGDs and two HCs) were excluded from the FRN and P300
analysis, respectively, because too few effective epochs were left
after removing artifacts.

The research was approved by the Institutional Review Board
of the Institute of Psychology, Chinese Academy of Science before

TABLE 1 | Sample characteristics.

HCs IGDs p-value

Sample size 39 35
Age (years) 22.06 + 3.65 21.95 + 3.47 0.896
Education 15.04 £+ 0.56 14.75 + 0.59 0.520
IAT 22.56 + 2.04 66.25 + 2.17 0.000***
AUDIT 0.31 £0.73 0.19 £ 0.29 0.504
DSM 0.30 + 0.22 6.83 + 0.24 0.000***
BDI 411 £5.75 11.25 £ 8.76 0.013*
STAI-S 33.96 + 9.05 42.83 + 10.43  0.005**
STAI-T 32.37 £ 9.16 37.63 £ 11.58 0.218
BIS-11

Motor 28.71 £ 215 35.52 + 2.36 0.013*

Attention 26.98 £ 11.08  29.38 + 9.84 0.397

Non-Planning 2595 + 16.48  35.83 + 14.02  0.029*
BAS/BIS

BAS 42.07 + 4.92 43.75 £ 5.19 0.167

BASD 12.97 £+ 2.46 13.29 + 2.40 0.809

BASF 15.07 £ 2.18 16.25 £ 2.38 0.019*

BASR 14.08 £ 1.78 14.21 £ 1.47 0.569

BIS 15.63 £+ 2.38 15.92 + 2.65 0.528
SSS

Boredom susceptibility 1.83 £ 1.47 2.81 +£1.88 0.143

Disinhibition seeking 3.59 + 0.33 3.65 + 0.34 0.812

Experience seeking 3.92 + 2.08 4.07 £ 1.60 0.642

Thrill and adventure seeking 4.88 £+ 2.52 6.48 + 2.23 0.039"

IAT, internet addiction test; AUDIT, the alcohol use disorder identification test; DSM,
DSM test for internet gaming; BDI, beck depression inventory; STAI-S, state trait anxiety
inventory-state; STAI-T, state trait anxiety inventory-trait; BIS-11, barratt impulsiveness
scale, version 11; BIS/BAS, behavioral inhibition system/behavioral activation system;
BASD, behavioral activation system-drive; BASF, behavioral activation system-fun-
seeking; BASR, behavioral activation system-reward; BIS, behavioral inhibition system;
SSS-V, sensation seeking scale form V. *p < 0.05, **p < 0.01, and ***p < 0.001.

the commencement of the experiments. All participants signed a
consent form before participating in the experiment.

Procedure

Delayed Discounting Task

In this task, participants were required to choose between a small
gain that was available immediately and a fixed larger gain (¢
1,000) that was delayed by one of five periods of time (1 week,
1 month, 6 months, 3 years, and 15 years). The participants
practiced by making choices between 2-week delayed periods and
varied amounts available immediately, to familiarize themselves
with the procedure before the formal experiment procedures.
During the formal experiment blocks, there were seven choices
for the immediate gain amount with five delayed periods: 1 week,
1 month, 6 months, 1 year, and 15 years. An algorithm was used
to adjust the amount of the immediate gain across the seven to
estimate the subjective values of delayed gains. The participants
were given the opportunity to restart the procedure after each
trial to avoid errors that could lead to inaccurate estimates of
their subjective values, in case they wanted to modify or change
their choice.
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FIGURE 1 | The experiment design of the delay discounting task and the simple gambling task.
Simple Gambling Task the scalp to keep impedances in electrodes below 5 k2. EEG data

In the simple gambling task, the participants were instructed in ~ were recorded at a sampling rate of 500 Hz with a pass band of
the beginning that their remuneration for the experiment would  0.01-100 Hz.
be dependent on the amount they won or lost in this task (see We adopted the analysis approaches from previous studies
Figure 1). The main procedure consisted of one practice block (26, 59). EEGLAB toolbox (60) running under MATLAB software
and six main blocks. The practice block consisted of 10 trials,and ~ was used for the raw data analysis. The data were re-referenced
each main block comprised 80 trials with a short break between  to the average of channels TP9 and TP10. The reference channel
two consecutive blocks. FCz was then added back to the data. A low-pass filter of
The trial contained two options (9 for low risk and 99 for =~ 20Hz was used to determine the SPN for pre-feedback epochs
high risk) appearing on either side of a fixation cross, which (2,000 ms pre-stimulus, 500 ms post-stimulus), while a band-
disappeared until responses were made. The participants were  pass filter of 0.1-20 Hz was applied for FRN and P300 for post-
required to choose one option by pressing “f” (for the left option)  feedback epochs (200 ms pre-stimulus, 800 ms post-stimulus).
or “§” (for the right option). After a response was made, only the =~ The independent component analysis ocular correction method
fixation cross remained on the screen for 2,000 ms followed by a ~ was used to remove any artifacts present due to eye movements
feedback slide for 1,000 ms. The feedback slide contained points  and eye blinks in the epochs after visual inspection. We set
with a “+” or “-” sign to indicate the points they had won or lost  the activity from —200 to 0 ms, and from —2,000 to —1,800 ms
for their response. as baseline correction for post-feedback components (FRN and
P300), and the pre-feedback component (SPN), respectively.

Electroencephalographic (EEG) Recording

and Preprocessing Data Extraction

We used Brain Products System (64 channel amplifier, Brain  For the delay discounting task, the area under the discounting
Vision Recorder Version 2.0; Brain Products, GmbH, Germany)  curves (AUCs) for each subject were calculated with the method
for EEG data recording. The Easy Cap electrode system (EASY-  in line with previous studies (61-63). The AUC values were used
CAP, Herrsching) was used to place electrodes in accordance with  since they are not affected by the quality of fit of the discounting
the 10-20 system on 64 positions. Vertical eye movements were ~ models, and are usually more normally distributed than other
recorded by placing one electrode below the right eye (VEOG).  discounting function parameters (e.g., k or h values) (64).

The channel FCz was set as the reference channel during data For the gambling task, we calculated the effects of valence
recording. Chloride free-electrolyte gel was used to gently abrade  (gain or loss) on the basic risky choice proportion and
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conditional risky choice proportions (choice following the
previous outcome) and reaction times.

At the EEG level, we recorded the peak amplitudes of the four
conditions: high gain, low gain, high loss, and low loss on SPN,
FRN, and P300 components. The component values for SPN
were measured with four electrodes in the left-hemisphere (C3,
C5, FC3, and FC5), and four electrodes in the right-hemisphere
(C4, Co, FC4, and FC6) electrodes according to the topographic
maps and grand average waveforms. The time window for SPN
was observed at —200 to 0 ms (before feedback). The FRN was
extracted from 250 to 350 ms after the feedback onset at FCz, Fz,
and Cz, where it was observed to be maximal. P300 was measured
with CPz and Pz from 350 to 450 ms (after the feedback). The
channels and time windows for each component were selected
according to the activations on the topographic maps and the
peak of the waveform, respectively.

Statistical Analysis

Two-sample t-tests were applied to the AUC values in the
delay-discounting task and the basic choice risk proportion. The
basic choice reaction time in the gambling task was analyzed with
an analysis of variance (ANOVA) of Group (IA group vs. HC
group) x Risk (high risk vs. low risk). The conditional analysis
was achieved with a three-way ANOVA of Group (IA group vs.
HC group) x Risk (high risk vs. low risk) x Previous Outcome
(win vs. loss).

The ERP data for the simple gambling task were analyzed
twice, one pre-feedback condition for determining the SPN
component and one post-feedback stimuli for FRN and P300
components. Repeated-measure ANOVAs were used for the
SPN component with the between-subject factor GROUP (HC
group vs. IGD group) and within-subject factor Magnitude
(high vs. low) and Hemisphere (right vs. left). Repeated-measure
ANOVAs were used for FRN and P300 component, with the
between-subjects factor Group (HC group vs. IA group) and
within-subject factor Magnitude (high vs. low) and another
within-subject factor Valence (gain vs. loss). Greenhouse-Geisser
correction was used for two or more factors with major effects.
Post-hoc analysis was conducted using Bonferroni corrections.

RESULTS

Demographic and Behavioral Data

Table 1 shows the demographic data for the HC and IGD groups.
The groups did not differ in age and educational level. As
expected, the groups differed significantly on the IAT and DSM
Test for Internet Gaming. Moreover, the IGD group scored
higher on BDI, STAI, the Motor subscale, Non-Planning in the
BIS-11, and the BAS-Fun-Seeking subscale in the BAS/BIS.

Delayed Discounting Task

For the delay discounting task, there was a significant group
effect, t (66) = 2.57, p = 0.012, indicating that the IGD group
discounted delayed outcomes (Mauc = 0.17, SDayc = 0.02)
more steeply than the HC group (Mayc = 0.26, SDayc = 0.03)
(see Figures 2A,B).

Simple Gambling Task

Reaction Time

For decision making time, there was no significant main effect of
group, F(; 43) = 0.82, p = 0.371, 1> = 0.019, or condition effect,
F(1,43) = 1.60, p = 0.201, n,*> = 0.038, nor a significant condition
x group interaction effect, F(; 43) = 0.14, p = 0.707, 1> = 0.003.

Basic Choice

There was a marginally significant group effect, ¢ (43) = 1.82,
p = 0.076, indicating that a higher proportion (56.5%) of the
IGD group preferred risky choices than the HC group (48.2%).
Specifically, IGDs tended to make more risky decisions than the
chance level (50%), t (22) = 2.020, p = 0.056. In contrast, HCs
exhibited a risk-neutral pattern, ¢ (21) = —0.563, p = 0.579 (see
Figure 2C).

Risky Choice

Both groups tended to risk larger amounts after facing a loss
in the previous trial than when they had a gain in the previous
trial, F(;43) = 9.59, p = 0.003, n,* = 0.182, and after making
a high-risk choice in the previous trial than when they made a
low-risk choice in the previous trial, F(; 43y = 21.38, p = 0.000,
np> = 0.332. The IGD group made more risky choices than the
HC group, irrespective of the previous outcome, F(j 43) = 6.12,
p =0.017, np* = 0.125 (see Figure 2D).

ERP Results

FRN

Figure 3 presents the grand average ERP waveforms at FCz
elicited by gains and losses and their differences, and the
topographic map for these two groups. Repeated-measures
ANOVA revealed a significant magnitude effect on the FRN
component, F( 41y = 12.33, p = 0.001, n,*> = 0.231, indicating
that the FRN amplitude was higher in high-risk than in low-risk
outcomes (—2.11 pV vs. —0.67 nV). The interaction between
magnitude and group was also statistically significant, F(j 41) =
5.17, p = 0.028, n,* = 0.112. Simple effect analysis revealed that
the FRN amplitude was greater in high-risk outcomes compared
to low-risk outcomes only in the HC group (—2.74 WV vs. —0.36
WV, p = 0.000), but not in the IGD group (—1.48 wV vs. —0.97
WV, p = 0.392).

P300

Figure 4 presents the grand average ERP waveforms at Pz
elicited by gains and losses, and the topographic map for these
two groups. Repeated-measures ANOVA revealed significant
magnitude effect, Fy4y) = 7447, p = 0.000, np*> = 0.645,
indicating that the P300 amplitude was higher in high-risk
outcomes than in low-risk outcomes (12.74 WV vs. 7.39 wV); and
significant valence effect, F(; 41y = 7.51, p = 0.009, 1> = 0.155,
indicating that the P300 amplitude was higher in a gain context
than in a loss context (10.44 WV vs. 9.70 WV).

SPN

Figure 5 presents the grand average ERP waveforms at C3 and
C4 and topographic maps of the SPN (—200 to 0 ms) for these
two groups. Repeated-measures ANOVA revealed a significant
magnitude effect on the SPN component, F(j4) 5.06,
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p = 0.030, 1,* = 0.108, indicating that the SPN amplitude was
higher for high-risk choices than for low-risk choices (—2.26 WV
vs. —1.69 wV). The interaction between magnitude and group
was marginally significant, F(; 42) = 3.03, p = 0.089, n,* = 0.067.
Simple effect revealed that the SPN amplitude was greater in
high-risk decision making compared to low-risk decision making
only in the HC group (—2.41 WV vs. —1.39 WV, p = 0.006), but
not in the IGD group (—2.12 WV vs. —=1.97 WV, p = 0.727).

Correlation Results

To examine the potential relationship between impulsivity and
risk-taking tendencies at the individual difference level, we
calculated the correlation between the impulsivity indices (i.e.,
AUC and BIS score) and basic choice, risky choice, and three ERP
amplitudes within each group independently. Although none of
these indices significantly correlated with AUC results, we found
significant negative correlation between the BIS score and the
SPN amplitude in the left hemisphere when choosing low risk
choice, r = —0.41, p = 0.031, as well as when choosing high risk
choice, r = —0.38, p = 0.044 (see Figure 6).

DISCUSSION

In our sample of participants, we found that IGDs had
relatively higher impulsivity, higher proneness to risky decision

making, reduced ability to delay gratification, reduced ability
to evaluate risk, and different outcome expectancies in risky
situations. The behavior of IGDs, that is, making more risky
choices, is supported by neural patterns indicating higher
sensitivity to rewards and lower sensitivity to punishment
among IGDs.

Previous research on substance addiction found that people
with substance dependence discounted delayed gains more
steeply than non-dependent people on a delay discounting task
(65-68). This effect has been found to hold true for IGDs, which
were shown to be unable to delay gratification, as indicated by
their steep pattern of discounting delayed gains on a delayed
discounting task (41, 61, 69). The results of the delay discounting
task are supported by the high impulsivity scores on the BIS
among the IGD group compared to the HC group. The IGD
group were more impulsive on the motor impulsiveness and
non-planning subscales than the HC group, in accordance with
previous studies (70-73). However, there were no differences
in attention impulsivity subscale of BIS-11 between the two
groups. This may be attributed to the positive effects of online
gaming or video gaming on individuals in increasing sustained
attention (74, 75). IGDs were revealed to be more thrill and
adventure seeking and more sensitive to rewards than HCs. These
observations are in line with the findings of previous studies on
problematic internet gaming (76-78).
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On the behavioral level, risk-taking tendencies were more
pronounced in the IGD group. They were also found to be more
prone to make risky choices, irrespective of whether the previous
outcome was a win or a loss. These results are in accordance
with previous literature that found problematic IGDs to be more
focused on and sensitive to wins and less focused on and less
sensitive to losses (79, 80). The enhanced reward sensitivity and
decreased sensitivity to losses lead them to risky decision making.
Previous studies have indicated an association between risky
choices and personality factors as impulsivity, sensation seeking,
thrill seeking behaviors among addicts. They found that addicts
tend to ignore the negative consequences of the situation and
focus only on positive rewards (5, 43, 44, 46). Consistently, the
IGD group in our current study were also found to have enhanced
sensitivity toward rewards as indicated by their higher scores on
the BAS/BIS and thrill seeking than the HC group, as well as their
less sensitivity to loss, indexed by behavioral choices, SPN and
FRN amplitudes in simple gambling task.

At the early stage of reward processing, the SPN was more
negative for the larger risk than the smaller risk for the HC group,
while no significant differences were found in the IGD group.
These results indicated that IGDs expected the same reward
outcome whether the risk was high or low, but HCs expected
more on a larger risk. Furthermore, the IGDs were less concerned
about the outcome, indicating their high risk-taking tendencies.

These results are consistent with previous findings that found an
altered ability to evaluate risk among IGDs (22, 32, 81).

At the later stages of reward processing, the more prominent
FRN amplitude for high-risk choices in comparison with low
risk choices was observed in the HC group. However, such
results diminished in the IGD group, indicating their increased
risk-taking tendencies and decreased sensitivity toward high
risk situations. FRN is associated with the binary evaluation
of positive vs. negative outcomes (gains vs. losses in our
study) based on external feedback that outcome is worse than
expected (82). The amplitude of FRN increases when external
feedback indicates a negative outcome (i.e., loss). However, the
previous studies found that IGDs are less sensitive to negative
outcomes. Our results of FRN are consistent with previous
studies on individuals with internet gaming disorder (23, 37)
that found IGDs to have reduced amplitudes on FRN than
healthy controls. Similar to our results of the FRN component,
these studies also found a blunted risk effect among IGDs
irrespective of the feedback response. Our results on FRN
seems to be comparable to the previous studies have found
blunted FRN to be associated with unplanned impulsivity
and high scores on BIS/BAS system (83, 84). In our sample
of participants, the amplitude of the P300 component was
significantly larger for the gain than the loss condition indicating
their attentional allocation to gains more than the losses. This is
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FIGURE 4 | Grand average ERP waveforms following low- and high-risk decisions for HCs and IGDs at Pz. The upper figure shows the ERP waveforms for controls
and IGDs at Pz. The time window was depicted as the shaded areas. The lower figure shows the topographic maps on time window 350-450 ms.

consistent with previous studies on decision making and risk-
taking (85-87) that found an increase in the amplitudes of the
P300 component on gain than loss conditions in a gambling
task. The P300 component is often regarded as an index of
attentional allocation to task relevant stimuli (88). In contrast
to previous studies (37, 89), we did not find a significant
group effect on P300 amplitude. A possible explanation for
this inconsistency that monetary rewards may not be a strong
reinforcer for our IGD group. The enhanced preference toward
rewards and less sensitivity toward punishment is indicated but
monetary rewards may not be a stronger reinforcer for the
IGDs than the HCs, resulting in this inconsistency. Previous
studies have also indicated mixed findings while using monetary
rewards. In severely addicted individuals, such as cocaine addicts,
monetary rewards may not elicit the same sensitivity as using
the substance reward they are addicted to (14). This may also
be explained considering previous studies (90) that reported
an improvement in attentional control as a result of playing
computer games.

The results of the current study on IGD are very similar to
the previous study conducted on IGD of adolescents (46) that
also found IGD to depict high impulsivity on BIS-11, greater
tendency to novelty seeking experience on BAS-F subscale of

BAS/BIS and significantly greater tendency to indulge in thrill
and sensation seeking activities than the non-IGDs. They also
found IGD to be more prone to making risky choices but
could not find any interaction effect between high risky choices
and reaction times, in line with the current study. Although
we could not find enhanced FRN for the controls directly, we
did find the peak amplitude of the difference between loss and
gain to be significantly enhanced on FRN, similar to this study.
However, they also only found significant magnitude and valence
effect on P300 with no interaction effect between group and the
peak amplitude on P300, similar to our study. These similarities
give an indication that impairment in reward processing
is extended to the adulthood following the same pattern
as observed among the adolescents suffering from internet
gaming disorder.

We found SPN component and subjective impulsivity, as
indicated by BIS-11 scores, to be negatively correlated with each
other in the IGD group. It indicates that risk sensitivity during
the anticipation stage decreases as the impulsivity level increases
among IGDs. This is in line with the addiction studies that found
high risk taking tendencies to be associated with high impulsivity
(91, 92). However, the similar pattern could not be found in
the outcome-appraisal stage, nor any correlation pattern could
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be determined between impulsivity and delayed discounting
and risk-taking strategies on the behavioral level. In agreement
with studies (93, 94) that indicated that impulsivity and risky
decision making are distinct constructs, our results are consistent
with the notion that the relation between impulsivity and risk
taking is more complex and these personality measures may
function as distinct constructs among IGDs (93). The dominant

construct in each internet gamer may vary from individual to
individual, for example, some IGDs may be impulsive but not
risk-taking and vice versa. In a recent study, researchers found
impulsivity and risk-taking tendencies to be distinct constructs
associated with separate moods. Risky decision making and
high-risk behaviors were found to be influenced by the positive
emotions while high impulsivity was found to be associated
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with negative emotions (94). These results indicate the contrast
between anticipation and outcome-appraisal stage, in relation
to association between decreased risk sensitivity and impulsivity
traits. Future studies may explore the effect of each dominant
construct on reward processing among IGDs with different
degrees of dependence with larger sample sizes.

This study explored the neural correlates of internet gaming
disorder across different stages of reward processing. The results
strengthen the notion that IGDs share common patterns of
reward processing impairments with people with substance
dependence. It also gives an insight into the distinct attentional
allocation patterns found among IGDs, owing to their gaming
addiction. The common and distinct patterns provide useful
behavioral and neurological markers for subsequent prevention
and intervention.

Due to the high prevalence of internet gaming addiction
among young male adults, we selected only young male
adults under 30 years old, which may also be one of the
limitations of our study. Another limitation is the relatively
small sample size. Although our study has indicated the patterns
of impairment across different stages of reward processing,
larger sample size studies may be required to confirm this
impairment pattern, as well as across different age groups.
An additional concern is the possible confounding effect of
the relatively higher BDI and STAI-S scores of IGDs than
HCs, which may bias the results of this study. Here, we
would like to mention that the cognitive effects of internet
gaming may be manifold and might also be linked to certain
factors affecting the decision of the participants, such as mood,
emotion and attention. Nevertheless, the results of the two
tasks (delayed discounting task and simple gambling task)
provide insight into some behavioral and neural patterns
of reward processing among IGDs. Similar to people with
substance dependence, the internet addiction group showed
high impulsivity, reduced ability to delay gratification, altered
ability to evaluate risk, altered outcome expectancies from risky
situations and decisions, and risk-taking tendencies. However,
IGDs in our sample were found to use an avoidance system
in response to punishment, giving us an insight into a distinct
pattern of reward processing among IGDs. They were found to
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Alcohol dependence (AD) presents cognitive control deficits. Event-related potential
(ERP) P300 reflects cognitive control-related processing. The aim of this study was to
investigate whether cognitive control deficits are a trait biomarker or a state biomarker in
AD. Participants included 30 AD patients and 30 healthy controls (HCs). All participants
were measured with P300 evoked by a three-stimulus auditory oddball paradigm at a
normal state (time 1, i.e., just after the last alcohol intake) and abstinence (time 2, i.e.,
just after a 4-week abstinence). The results showed that for P3a and P3b amplitude,
the interaction effect for group x time point was significant, the simple effect for group
at time 1 level and time 2 level was significant, and the simple effect for time point at
AD group level was significant; however, the simple effect for time point at HC group
level was not significant. Above results indicated that compared to HCs, AD patients
present reductions of P3a/3b amplitude, and after 4-week alcohol abstinence, although
P3a/3b amplitudes were improved, they were still lower than those of HCs. For P3a and
P3b latencies, no significant differences were observed. These findings conclude that AD
patients present cognitive control deficits that are reflected by P3a/3b and that cognitive
control deficits in AD are trait- and state-dependent. The implication of these findings is
helpful to understand the psychological and neural processes for AD, and these findings
suggest that improving the cognitive control function may impact the treatment effect
for AD.

Keywords: alcohol dependence, cognitive control, event-related potential, trait dependent biomarker, state
dependent biomarker

INTRODUCTION

Alcohol dependence (AD) is a relapsing disorder and presents a loss of volitional control over
consumption, impaired executive functions, a pathological preoccupation with alcohol seeking,
and a compulsive drive for harmful drinking, disregarding many serious life consequences, such
as deteriorating health, professional responsibilities, and family loss. AD involves not only alcohol-
related liver and cerebral cortex diseases but also violence and traffic accidents. Understanding the
psychological and neural processes of AD is an important public health issue.
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Cognitive control is a sort of cognitive ability that is involved
in the adjustment of perceptual selection and action; namely,
cognitive control can be regarded as a flexible, goal-directed
behavior that is essential for efficient information processing
and behavioral response under conditions of uncertainty and
underlies a broad range of executive functions (1, 2). AD is
associated with cognitive control dysfunctions, and cognitive
control is mediated through the interaction between inherent
large-scale brain networks involved in externally oriented
executive functioning and internally focused thought processing
(3). Many previous studies have indicated that AD patients
present cognitive control dysfunction; in particular, altered
impulse control has been implicated in AD. For example, a study
used functional magnetic resonance imaging (fMRI) during a
stop signal task to investigate cognitive control function in AD
patients, and the results showed that AD patients displayed
longer go trial and stop signal reaction times, a higher stop
success rate and post-error slowing; AD patients displayed less
activity in cortical and subcortical structures, including the
putamen, insula, and amygdala, during risk-taking decisions in
the stop signal task. These results provided evidence for altered
neural processing during impulse control in AD (4). A recent
study used fMRI to investigate the relationship between AD
severity and delay discounting neural activation and concluded
that AD severity tracks with dysregulations in cognitive control
and reward evaluation areas during impulsive and delayed
decisions (5). Another study also used fMRI to investigate the
relationship between AD severity and functional connectivity of
fronto-striatal networks during a stop signal task, and the results
indicated that patients with more severe AD displayed less frontal
connectivity with the striatum, a component of cognitive control
networks important for response inhibition (6).

Event-related potential (ERP) is a tool for a functional
measure of brain activity that occurs time-locked to external
stimuli and reflects successive stages of information processing.
The ERP is a technique that can provide an analysis of
neural activity with the high temporal resolution and high
informative power on neural alterations in several disorders
including schizophrenia, affective disorders, and substance abuse
disorders (7-9). Previous studies have indicated that ERP P300
(P300) reflects cognitive control-related processing; therefore,
P300 is thought to serve as a marker of cognitive control
processes (10, 11). P300 includes P3a and P3b. P3b is elicited
by target stimuli of the traditional oddball task, whereas P3a is
elicited by novel or nontarget stimuli of the traditional oddball
task. Substantial evidence exists regarding P300 deficits in AD
patients. However, whether P3a/3b deficits are present primarily
during AD (i.e., state-dependent) or are an integral part of the
disorder (i.e., trait-dependent) is still controversial. Many studies
have confirmed that AD patients displayed reduced P3a/3b
amplitudes while performing an oddball task (12), suggesting that
AD patients exhibited a disability to allocate neural resources
for encoding specific stimuli, which could be due to impaired
cortical functions. These results support P300 deficit as a trait
biomarker in AD. However, a study showed that P300 deficit
was not present in treatment-naive alcohol-dependent patients
without comorbidities (13), which support the concept that P300

might be a state-dependent biomarker in AD. Clarifying whether
a cognitive control deficit, which is reflected by P3a/3b deficits,
is a trait biomarker or a state biomarker in AD will be helpful to
understand the psychological and neural processes for AD.

Considering that a state characteristic is transient and a trait
characteristic is enduring (14), longitudinal research is essential
to determine whether P3a/3b deficits are state- or trait-dependent
in AD. No longitudinal study to date has investigated whether
P3a/3b deficits either are present primarily during AD (i.e., state-
dependent) or form an integral part of the disorder (i.e., trait-
dependent), or a combination of the two (i.e., state- as well
as trait-dependent).

Alcohol-dependent patients’ cognitive problem is also an
emotion-anxiety problem. Previous studies showed that children
of alcohol-dependent patients displayed a higher frequency of
psychopathological states, which are known to have a strong
effect on depression or anxiety (15), and present altered
activations of the amygdala, which is involved in the elicitation
and decoding of emotional feeling (16). The State-Trait Anxiety
Inventory (STAI) has a sensitivity in detecting anxiety disorders
and anxiety-like behaviors (17) and has been employed to
capture enduring characteristics and patterns of symptoms (18).
However, the assessment of the anxiety level by using STAI
depends on the participant’s ability to subjectively comment or
report on his or her own mental state (18). Therefore, using the
measurement of P3a/3b to determine whether cognitive control
deficits are trait- and state-dependent can be an advantage of
objectivity of the assessment of anxiety level in AD.

The Severity of Alcohol Dependence Questionnaire (SADQ)
is usually used for the assessment of the severity of AD
(19). A previous study showed that the Chinese version of
the Severity of Alcohol Dependence Questionnaire (SADQ-C)
consists of four principal components, including withdrawal
relief drinking, affective withdrawal signs, physical withdrawal
signs, and reinstatement of withdrawal symptoms following
abstinence. The internal consistency of SADQ-C was Cronbach’s
o of 0.92, which confirmed that the SADQ-C is a reliable tool
for AD severity assessment and it can be used to administer the
treatment outcome in male patients with AD (20).

In the present study, patients with AD were selected as
subjects, and cognitive control functions were measured with
P3a and P3b, which were elicited by a three-stimulus oddball
task; assessments of cognitive control functions were performed
at baseline and after a 4-week follow-up. The hypothesis of this
study is that cognitive control deficits in AD are both a trait- and
state-dependent biomarker, which is reflected by P3a/3b. The aim
of this study was to investigate whether a cognitive control deficit,
which is reflected by P3a/3b deficits, is a trait biomarker or a state
biomarker in AD.

METHODS
Time and Setting

The present study was conducted in the Department of Substance
Dependence, The Affiliated Wuxi Mental Health Centre of
Nanjing Medical University, China, from March 1, 2018, to April
30, 2020.
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FIGURE 1 | Schematic illustration of the three-stimulus auditory oddball paradigm. S1: standard stimuli. S2: infrequent target stimuli randomly appeared in a
background of frequently occurring S1. S3: infrequent distracter stimuli randomly appeared in a background of occurring S1. The subjects were instructed to respond
(click the left mouse button) when S2, but not any other stimuli, appeared. S3 elicits a P3a, and S2 elicits a P3b.

TABLE 1 | Demographic and clinical characteristics of participants.

AD HC Test statistic

Sex ratio (M/F) 30/0 30/0 -

Mean age (SD), years 43.2 (7.4) 43.9 (7.6) t=0.110,p =0.912
Age range 27-57 28-59 -
Education (SD) 8.3 (2.1) 9.4 (2.1) t=1.763, p = 0.850
Years of addiction (SD) 18.9 (10.0) - -
Handedness (R/M/L) 10/9/11 11/10/9 x2 =0.230,p = 0.725
SADQ (SD) 26.4 (2.5) - -

Blood alcohol concentration (mg/100 ml, SD) 75.6 (3.2) - -

HAMA (SD) 5.6 (1.3) 3.5(1.9) t=0.241, p = 0.621
HAMD (SD) 6.4 (2.3 5.1(2.5) t=0.107,p = 0.735

AD, alcohol-dependent individual group; HC, normal control group; M, male; F, female; SD, standard deviation; R, right; M, mixed; L, left; SADQ, Severity of Alcohol Dependence
Questionnaire; HAMD, Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale.

TABLE 2 | ERP data [mean (SD)] in the AD group (n = 30) and HC group (n = 30).

Variable AD (time 1) AD (time 2) HC (time 1) HC (time 2)
A (V) L (ms) A (V) L (ms) A V) L (ms) A V) L (ms)
P3a 6.6 310.7 8.6 308.5 9.9 302.2 9.7 307.0
(1.6) (18.3) (1.0) (24.9) (0.6) (25.7) 0.9 (29.6)
P3b 4.4 354.7 5.9 351.5 7.2 350.5 7.0 349.3
(1.5) (29.6) (1.5) (24.1) (1.3) (24.2) (1.2) (24.5)

AD, alcohol dependence; HC, health control; SD, standard deviation; A, amplitude; L, latency; ERF, event-related potential.

Diagnostic Criteria and Participants I disorder or personality disorders, as assessed by the Structured
The present study included an AD group and a healthy control  Clinical Interview for DSM-5 (SCID-5, Chinese version); (2) were
(HC) group. The criteria for inclusion in the AD group were  in an age range from 18 to 60 years old; and (3) had no history of
as follows: (1) met the Diagnostic and Statistical Manual of  any kind of mental disorder or any kind of physical illness.
Mental Disorders, Fifth Edition (DSM-5), criteria for AD; (2) In this study, 30 AD patients were recruited as the AD
were in an age range from 18 to 60 years old; (3) did not  group. The AD patients were inpatients at the Department
receive any medication for 2 weeks prior to the study; (4) were  of Substance Dependence. Thirty healthy individuals were
not smokers; and (5) had no neurological illness or comorbid  recruited as the HC group. HCs were recruited from a
psychiatric illness, as determined by medical records, or other  group of citizens who lived in Wuxi City, Jiangsu Province,
substance dependence. The inclusion criteria for the HC group  China, through local advertising. Both AD patients and HCs
were as follows: (1) did not meet the criteria for any DSM-5 axis ~ were Chinese.
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FIGURE 2 | Grand averaged P3a was elicited by a three-stimulus auditory oddball paradigm for the alcohol dependence (AD) group (purple lines and green lines) and
the healthy control (HC) group (black lines and red lines) at time 1 and time 2. The P3a was presented within a 250- to 450-ms latency window at the Cz electrode

Event-Related Potential Measurement

ERP measurement was taken from a recent study
(21). The BioSemi Active Two system (BioSemi Inc.,
Amsterdam, Netherlands) was employed continuously for
the electroencephalogram (EEG) record. The digitization rate
was 512 Hertz (Hz); the bandpass was DC-104Hz, and the
common mode sense served as the reference (PO2 site) using
a 64-channel electrode cap. Electro-oculogram electrodes were
placed below and at the outer canthi of the left eye. A three-
stimulus auditory oddball paradigm was employed to elicit
P3a and P3b. A total of 400 binaural, 80-decibel (dB) tones
with 50-ms-duration stimuli were presented to the participants
through foam insert earphones. Overall, 12% of the stimuli were
target tones (1,500 Hz), 12% infrequent “novel” sounds (a bird
call or a water drop), and 76% standard tones (1,000 Hz), with
an interstimulus interval varying between 1.8 and 2.2s. Stimuli
presentation was randomized. The electrical impedance was
monitored. The duration of the whole P300 paradigm is 8 min.
Participants were in a sound attenuated chamber. All subjects
were told to press the computer mouse button in response to the
target tones. Clicking occurrence between 100 and 900 ms after
the tone served as a correct response. Before the formal trial,

there was a practice block to make sure participants understood
the task (see Figure 1).

Event-Related Potential Data Analysis

Brain Vision Analyzer 2.0 (Brain Products GmbH, Munich,
Germany) was used for ERP data analysis. P3a was analyzed
at the Cz site because it is largest in the frontal regions, and
P3b was analyzed at the Pz site because it is largest over the
parietal regions (21-23). An average of the mastoids was the
reference and was bandpass filtered between 0.01 and 20 Hz
using a zero-phase shift Butterworth filter. Data were segmented
by a stimulus marker from —100 to 1,000 ms, responses to
novel sounds were employed for P3a, and correct responses to
target tones were employed for P3b. Segments were baseline-
corrected using a —100 to Oms pre-stimulus time and eye-
blink corrected using established measures. Artifact rejection
for individual channels was performed, and a given segment
was rejected if the voltage gradient exceeded 50 wV/ms, the
amplitude was £100 1V, or the signal was flat (<0.5 pV for
more than 100 ms). Segments were averaged across stimulus
markers, and the P3a amplitude peak was chosen from 250 to
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FIGURE 3 | Plot of P3a amplitude analysis. The interaction effect for group x time point was significant; the simple effect for group at time 1 level and time 2 level was
significant; the simple effect for time point at the alcohol dependence (AD) group level was significant; the simple effect for time point at the healthy control (HC) group
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450 ms, while the P3b amplitude peak was chosen from 280
to 650 ms.

Experiment Procedures
On the day of the ERP recording, two psychiatric resident

physicians collected patient demographic data, clinical
characteristics, and confirmed/excluded a diagnosis of
AD. The Annett handedness scale was wused for the

assessments of handedness (24). AD levels were measured

with the SADQ, and a breath alcohol reading was
used to measure blood alcohol concentration in the
AD group.

All AD patients were measured with P300 at a normal state
(time 1, i.e., just after the last alcohol intake) and abstinence
(time 2, i.e., just after a 4-week abstinence). When measuring
P300 at time 2, all AD patients had to end any treatment
with medication for 2 weeks. To avoid the practice effect,
the HCs were measured with P300 twice in a 2-week interval
(corresponding to time 1 and time 2). The anxiety and depression
of all participants were assessed with the Hamilton Anxiety
Scale (HAMA) and the Hamilton Depression Scale (17-item
edition, HAMD).

All experimental procedures were approved by the
Ethics Committee on Human Studies, the Affiliated Wuxi
Mental Health Centre of Nanjing Medical University,
Wuxi, Jiangsu Province, China, and they were conducted
in accordance with the Declaration of Helsinki. All participants

provided their written informed consent to participate,
and all were compensated with 600.00 Chinese Yuan plus
travel costs.

Data Analysis

Statistical Program for the Social Sciences software version 19.0
(SPSS, IBM Corporation, Armonk, NY, USA) was employed
for the data analysis. Mean age and education were compared
between the AD group and the HC group using two-tailed ¢-
tests, and handedness was compared using the Pearson chi-
square test. HAMD and HAMA scores were compared between
the AD group and the HC group using paired-samples t-
tests. The mean amplitudes and the mean latencies of P3a
and P3b were compared between the AD group and the
HC group using repeated ANOVA. The degrees of freedom
of the F ratio were corrected according to the Greenhouse—
Geisser method. Least square difference tests were performed
as post hoc analyses if indicated. Alpha values of 0.05 were
considered significant.

RESULTS

Demographic Characteristics of

Participants

Demographic characteristics of participants are shown in
Table 1. There were no significant differences between the
demographic characteristics of the participants in the AD group
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FIGURE 4 | Grand averaged P3b was elicited by a three-stimulus auditory oddball paradigm for the alcohol dependence (AD) group (purple lines and green lines) and
the healthy control (HC) group (black lines and red lines) at time 1 and time 2. The P3b was presented within a 280- to 650-ms latency window at the Pz electrode
site. The gray area is timeframe.

and those of the people in the HC group. The HAMA and HAMD
scores were higher in the AD group than in the HC group;
however, no significant differences were observed.

Event-Related Potential Data Analysis

ERP data from the AD group and the HC group are shown in
Table 2. In this study, using P3a and P3b as dependent variables,
a 2 x 2 repeated-measures ANOVA on mean amplitudes and
the mean latencies with group (AD group vs. HC group) as a
between-subjects factor and time point (time 1 vs. time 2) as a
within-subjects factor, was performed.

P3a Component

As shown in Figures 2, 3, for P3a amplitude, the interaction effect
for group X time point was significant (Fy, 53 = 38.573, p <
0.001). The simple effect for group at time 1 level and time 2
level was significant (F}, 53 = 107.482, 18.006, all p < 0.001). The
simple effect for time point at AD group level was significant
(Fy, 58 = 40.385, p < 0.001). However, the simple effect for time
point at HC group level was not significant (F, 53 = 1.875, p
= 0.181). Compared to HCs, AD patients present reductions of
P3a amplitude, and after 4-week alcohol abstinence, although

P3a amplitudes were improved, they were still lower than those
of HCs.

For P3a latency, the interaction effect for group x time point
was not significant (F}, 53 = 1.123, p = 0.298), and the main effect
for time point was not significant (F;, 53 = 0.238, p = 0.630);
the main effect for group was not significant (Fy, 53 = 2.150,
p=0.153).

P3b Component

As shown in Figures 4, 5, for P3b amplitude, the interaction
effect for group x time point was significant (Fj 53 =
10.968, p=0.002). The simple effect for group at time 1
level and time 2 level was significant (Fp 53 = 56.161,
8.817, p < 0.001). The simple effect for time point at
AD group level was significant (Fj, 58 16782, p <
0.001). However, the simple effect for time point at HC
group level was not significant (Fj 53 = 0.240, p = 0.628).
Compared to HCs, AD patients present reductions of P3b
amplitude, and after 4-week alcohol abstinence, although P3b
amplitudes were improved, they were still lower than those
of HCs.
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FIGURE 5 | Plot of P3b amplitude analysis. The interaction effect for group x time point was significant; the simple effect for group at time 1 level and time 2 level was
significant; the simple effect for time point at the alcohol dependence (AD) group level was significant; the simple effect for time point at the healthy control (HC) group

HC-time 1 HC-time 2

For P3b latency, the interaction effect for group x time point
was not significant (Fy 53 = 0.046, p = 0.831), and the main
effect for time point was not significant (F; 53 = 0.180, p
0.674); the main effect for group was not significant (Fj, 53
0.523, p = 0.475).

DISCUSSION

This study investigated whether cognitive control deficits,
which are reflected by P3a/3b deficits, in AD are present
primarily just after the last alcohol intake (i.e., state-dependent)
or are associated with the disorder (i.e., trait-dependent) in
a longitudinal study. We compared P3a/3b amplitudes and
latencies between AD patients across different stages of illness,
i.e,, anormal state (just after the last alcohol intake) vs. abstinence
(just after 4-week abstinence). Our study results showed that
compared to HCs, AD patients present reductions of P3a/3b
amplitude, and after 4-week alcohol abstinence, although P3a/3b
amplitudes were improved, they were still lower than those
of HCs.

Many studies have manifested that the reduced P3a/3b
amplitude exists in AD patients (25-29). Additionally, studies
have confirmed that P300 amplitude is an endophenotype of AD
risk (30, 31). Family-based association analysis shows the ACN9
gene is significantly associated with AD and P300 amplitude
variation (32). Consistent with previous study findings, we
discovered a relatively reduced P3a/3b amplitude in AD patients

compared to HCs at a normal state (just after the last alcohol
intake). In addition, this study showed that even in AD patients
who appear to be rather stable in the abstinence period (just
after the 4-week abstinence), P3a/3b amplitudes are still lower
than those in HCs. Our results support a trait-dependent view
on cognitive control deficits in AD patients, which suggests that
cognitive control deficits may be a useful target for genetic studies
in AD.

In support of a more state-dependent view of the illness,
this study demonstrated that AD patients who stayed in the
abstinence period (just after 4-week abstinence) improved in
their P3a/3b amplitudes; however, those amplitudes were still
lower than those of HCs. These results are in agreement with
those of a previous study showing that the P3b amplitudes
were significantly reduced in treatment-naive AD patients but
were dramatically smaller than those observed in treated AD
patients (33). Other studies have shown that the reduced
P3a/3b amplitudes are no longer detectable when an internalized
psychiatric comorbidity is taken into account (34). Furthermore,
a previous study revealed that P3b amplitude is negatively
correlated with a history of externalizing behaviors in patients
with substance use disorder (35). Together with the above
findings, our results indicate that cognitive control deficits are
also state-dependent.

Previous studies showed that some drugs affecting substance
abuse, like olanzapine or lithium, might persist in the body for
more than 2 weeks and might affect the results found (36, 37).
In the present study, we made a survey to all patients with AD,
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and they did not receive any medication for 8 weeks prior to the
study; therefore, our findings were not affected by other drugs.

In conclusion, AD patients present cognitive control deficits
that are reflected by ERP P3a/3b, and cognitive control deficits
in AD are trait- and state-dependent. These findings suggest
that improving the cognitive control function may impact the
treatment effect for AD.

There are some limitations in this study. First, because of
the small sample size, the study results must be considered
preliminary. Future studies with larger sample sizes and the
same ERP parameters are needed to verify the outcome of
this study. Second, in the present study, since all participants
were male, the results may be influenced by gender bias. In
future research, we will consider adding female samples to verify
the results of the present study. Third, owing to the deficient
spatial resolution of P300, further studies with fMRI or positron
emission tomography (PET) should be conducted to investigate
whether cognitive control deficits in AD are trait- or state-
dependent.
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Internet Gaming Disorder (IGD) has been considered a potential behavioral or non-
substance addiction that requires further investigation. Recognition of the commonalities
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However, little research has targeted a straightforward contrast between IGD and SUD on
neuropsychological aspects. The present study thus aimed to explore the associations
of reward processing and inhibitory control with IGD and nicotine dependence (ND) in
young adults. Fifty-eight IGD and 53 ND individuals, as well as 57 age- and gender-
matched healthy controls, were assessed with a series of measurements including
the Delay-discounting Test (DDT), Probability Discounting Test (PDT), the Stroop Color-
Word Task, a revised Go/No Go Task, and the Barratt Impulsiveness Scale (BIS-11).
Multivariate analysis of variance (MANOVA) models revealed that both IGD and ND
groups scored higher than healthy controls on the BIS-11 attentional, motor, and non-
planning impulsiveness (Cohen’s d = 0.41-1.75). Higher degrees of delay discounting on
the DDT were also found in IGD and ND groups compared to healthy controls (Cohen’s
d = 0.53-0.69). Although IGD group did not differ from healthy controls on the PDT,
ND group had a lower degree of probability discounting than healthy controls (Cohen’s
d = 0.55), suggesting a reduction in risk aversion. Furthermore, ND subjects showed a
lower correct accuracy in the incongruent trials of the Stroop task than healthy controls
(Cohen’s d = 0.61). On the Go/No Go task, both IGD and ND groups had a lower
correct accuracy in the No-Go trials than healthy controls (Cohen’s d = 1.35-1.50),
indicating compromised response inhibition. These findings suggested that IGD was
linked to both anomalous reward discounting and dysfunctional inhibitory control, which
was comparable with one typical SUD category (i.e., ND). This study might promote a
better understanding of the pathogenesis of IGD as a potential addictive disorder similar
to SUD.
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INTRODUCTION

Internet Gaming Disorder (IGD) has been included as a tentative
behavioral or non-substance addiction that warrants further
research before it can be accepted as a full disorder in the
latest revision of the Diagnostic and Statistical Manual of Mental
Disorders (i.e., DSM-5) (1). More recently, IGD was proposed
in the list of addictive conditions and was formally recognized
as Gaming Disorder in the 11th revision of the International
Classification of Diseases (i.e., ICD-11) (2-4). Both in the DSM-5
and ICD-11, IGD is characterized by a pattern of persistent and
disordered gaming behavior, which leads to significant clinical
impairments within a period of at least 12 months (5, 6). To be
diagnosed as IGD in the DSM-5, five of the nine diagnosis criteria
(i.e., preoccupation, withdrawal, tolerance, loss of control, loss
of interest or giving up other activities, continued overuse,
deception, escape of negative feelings, negative consequences)
must be endorsed within a 12-month period (1). Prevalence
estimates of IGD among general samples have been always
below 5% (7, 8), with a low of 0.5% and a high of 10% (9).
In recent meta-analysis studies, the global prevalence of IGD
was reported to be about 3.05% with significant variability
(10), ranging from 0.21 to 57.5% in general populations, 3.2-
91.0% in clinical populations, and 50.42-79.25% in populations
undergoing intervention (i.e., severe cases) (11).

As a putative non-substance addiction, IGD has led to a large
number of issues, concerns, and scientific dialogues from experts
in the field (12-16). Although IGD seems to share many clinical
manifestations with Substance Use disorders (SUD) in terms of
etiology, biology, and treatment (13, 17-19), it remains a highly
controversial topic whether IGD should qualify as a new clinical
disorder (12, 20, 21), and a wider range of empirical studies
are needed to clarify the theoretical underpinnings of IGD (2).
In a manner, understanding the biological, psychological, and
social processes underlying different forms of addictive behaviors
stands to capture the core elements of IGD, such as on the
commonalities and distinctions between IGD and SUD (22).

However, little research by now has targeted a straightforward
contrast between IGD and other well-identified addictions on
neuropsychological aspects. Considering the core features of
impulsivity and compulsivity involved in addictive behaviors, one
prior study has tried to detect the similarities and differences
among male patients with IGD, Gambling Disorder (GD), and
Alcohol Use Disorder (AUD) compared to healthy controls
with a small sample size (23). It was reported that the IGD
and AUD groups had higher impulsivity scores on the Barratt
Impulsiveness Scale (BIS-11) and showed decreased proportions
of successful stops on the Stop-Signal Test than the healthy
controls, while only the GD group made more errors on the
compulsivity test (i.e., the Intra-Extra Dimensional Set Shift
Test) compared with healthy controls (23). Another latest
study assessed trait impulsivity, delay discounting, and decision
making between patients with IGD and GD compared to healthy
controls, reporting that IGD and GD groups did not differ from
healthy controls on the BIS-11, but both groups displayed a
steeper delay curve (i.e., a higher discounting degree) on the
Delay Discounting Task (DDT) (24). Despite these preliminary

evidence, recognition of the commonalities between IGD and
SUD/GD would be of great help to better understand the basic
mechanisms of IGD from a cross-spectrum view (25).

Relative to other populations, adolescents and young adults
have been found to be more susceptible to IGD because
of their age-related immaturity of cognitive control as well
as their easy access to the Internet during this period (26—
31). Analogously, cigarette smoking behavior (or even worse,
Nicotine Dependence) as one kind of SUD categories has also
been available and increasing in youths from middle schools
to universities (32-35), sometimes equally between males and
females (36). In many cases, Nicotine Dependence (ND) and IGD
tend to co-occur in young men (37, 38), and there is a high co-
occurrence of cigarette smoking with IGD in both adults and
adolescents (39). Interestingly, although significant correlations
of IGD with various forms of SUD including nicotine, alcohol,
caffeine, and cannabis use were found in the adult and elder
populations (39), cigarette smoking, rather than other substance
use, was strongly associated with IGD in the adolescent and
younger populations (40). Moreover, cue-induced smoking
craving and gaming urge showed similar neurobiological
correlates (e.g., higher parahippocampus activation) in young
adult subjects comorbid with ND and IGD (37), and young ND
and IGD individuals shared decreased resting-state functional
connectivity of the dorsolateral prefrontal cortex with the right
insula and left inferior frontal gyrus, which are related to craving
and impulsive inhibitions (41). Nevertheless, the common and
distinct aspects of neuropsychological characteristics between
IGD and ND are not well-acknowledged given the scarce
evidence with a direct comparison between them.

According to recent neurocognitive models of addiction,
the neural substrates implicated in addictive behaviors might
include multiple brain systems that govern reward seeking/risk
taking, craving and cognitive control (42, 43). Indeed, individuals
with IGD are often characterized by heightened reward-seeking,
persistent craving, and decreased executive control (44-46).
Furthermore, the developmental theories of adolescent brains
highlighted the imbalance between a salient reward-seeking
system and a hypoactive executive-control system, which is
closely associated with various risky behaviors including IGD
during adolescence and early adulthood (47, 48). Thus, it is
necessary to extend the neurocognitive underpinnings of IGD by
evaluating both reward processing and cognitive control among
adolescents and young adults with IGD, especially in direct
contrast to those with other addictive behaviors (e.g., ND).

The Delay-discounting Test (DDT) (49) is a widely-used
reward choice task that assesses the ability of delay of gratification
by choosing between immediate and prospective monetary
rewards (50). Similarly, the Probability Discounting Test (PDT)
(51) evaluates the propensity of taking a risk for gaining more
valuable rewards by choosing between one smaller reward
delivered “for sure” and another larger but probabilistic reward
(52). Previous case-control studies have consistently revealed
a higher degree of delay discounting among adolescents and
young adults with IGD (53-58), though some data showed no
differences between problematic and normal Internet users on
the DDT (25). More interestingly, treatment seekers diagnosed
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with IGD displayed a similar tendency on discounting long-term
rewards faster with those diagnosed with gambling disorder (24).
In heavy smokers and nicotine-dependent individuals, greater
delay-discounting rates were also found (59-63), and the degree
of delay discounting was significantly related to the severity
of ND (64, 65). However, regarding probability discounting,
limited data have been discrepant. Some studies showed that IGD
participants preferred the probabilistic rewards to those delivered
“for sure,” compared to recreational Internet game users and
healthy controls (66-68). Nonetheless, some adolescents and
college students with IGD revealed no differences on the PDT
compared to healthy controls (53, 54). Analogously, some
data revealed that heavy smokers showed a shallower rate of
probability discounting than never- smokers (63, 68), while more
studies displayed no differences between heavy/habitual smokers
and never-smokers on the PDT (60, 69-71), and acute smoking
abstinence did not reveal an increase in probability discounting
of money or cigarettes (72).

Together with reward processing, cognitive control is believed
to play a critical role in the transition from recreational drug
use to drug addiction, given the fact that some individuals who
use addictive drugs finally develop an addiction while others
do not (73-77). Abnormalities in cognitive control have been
observed in IGD samples (67, 78, 79), accompanied by neural
alterations in the prefrontal regions (18, 80, 81). Although
cognitive control consists of a series of cognitive processes that
regulate goal-directed actions and adaptive responses to complex
situations, such as response inhibition, performance monitoring,
and working memory (82), most studies concerning IGD
mainly investigated inhibitory control or response inhibition
(83, 84). Previous studies revealed that adolescents with IGD
committed more errors in the incongruent conditions than
healthy controls on the Stroop tasks (85-88). Adolescents and
young adults with IGD also made more commission errors in
no-go trials on the Go/No-Go tasks, and showed longer stop-
signal reaction time (SSRT) on the Stop- Signal tasks (23, 31,
89, 90). Nevertheless, some studies did not reveal differences on
the Go/No-Go task between IGD and healthy control groups
(91-93). Except for the diverse samples, these inconsistent
results might also be due to the mixed processing of both
stimulus-driven attentional bias and response inhibition in the
Go/No-Go task itself (i.e., novelty from 25% No-Go trials vs.
75% Go trials). A newly modified Go/No-Go task, containing
75% frequent-Go trials, 12.5% infrequent-Go trials, and 12.5%
No-Go trials, has been developed to directly detect response
inhibition (94). A clear association between inhibitory control
taxed by this novel task and smoking relapse vulnerability was
revealed in treatment-seeking smokers (95). Nonetheless, deficits
in inhibitory control were not consistently found in ND. Some
data revealed that inhibitory control performance was negatively
correlated with smoking behavior (96, 97), and subjects with ND
showed impaired inhibitory control following 12-h abstinence
(98). However, heavy smokers and non-smokers displayed no
differences on the classical Go/No-Go tasks (99, 100), though
smokers committed more errors on the Stroop task (101). Given
the mixed tasks used in the literature and no direct comparison
between IGD and ND, it remains unclear whether inhibitory

control dysfunctions are simultaneously connected to IGD and
ND in young adults.

Therefore, the main purpose of this current study was to
gather more empirical evidence about the associations of reward
processing and inhibitory control with both IGD and ND among
young adults, targeting a straightforward contrast between
IGD individuals, ND individuals, and healthy controls on the
Delay-discounting Test (DDT), the Probability Discounting Test
(PDT), the Stroop Color-Word Task, and the revised Go/No Go
Task. Besides, we also employed the Barratt Impulsiveness Scale
(BIS-11) to test trait impulsivity, considering the inconsistent
BIS-11 data between IGD and other addictive disorders (23, 24).
We generally hypothesized that as a putative non-substance
addiction, IGD might share an aberrant pattern of inhibitory
control and reward discounting with ND that is one typical kind
of SUD categories.

METHODS

Participants and Procedure

A total of 168 young adult subjects participated in this study,
including 58 individuals with Internet Gaming Disorder (IGD;
mean age: 20.19 £ 1.42 years; 35 males, 60.3%), 53 individuals
with Nicotine Dependence (ND; mean age: 20.64 £ 1.72 years;
33 males, 62.3%), and 57 age- and gender-matched healthy
controls (HC; mean age: 20.19 % 1.41 years; 36 males, 63.2%).
All of them were college students recruited during April and
September 2019, through advertisement and flier from two
local universities in Guiyang City, China. Participants were
invited to complete a person-to-person screening interview
conducted by an experienced psychiatrist and a well-trained
clinical psychologist in the laboratory, and then they finished
a battery of questionnaires and cognitive tasks when enrolled
according to the clinical interview.

Inclusion criteria for the IGD group included: (1) >18
years of age; (2) meeting five or more of the nine criteria
for IGD proposed in the DSM-5 (1); (3) having a score
of 50 or more on the Internet Addiction Test (IAT) (102),
which indicates severe or problematic Internet use (103); and
(4) at least 3h per day spent on playing Internet games
(mainly the Multiplayer Online Battle Arena games, such as
the League of Legends, the Arena of Valor, and the Game For
Peace/Playerunknown’s Battlegrounds) over a 12-month period.
The exclusion criteria included current/past major psychiatric
disorders (e.g., schizophrenia, bipolar disorder), neurological
diseases or mental disorders, brain trauma, use of psychoactive
drugs (e.g., cocaine, heroin, methamphetamine), alcohol abuse or
dependence, and current/past smoking.

Inclusion criteria for the ND group included: (1) >18 years of
age; (2) endorsing three or more of the seven criteria for Nicotine
Dependence in the DSM-IV-TR (104); (3) having a score of
4 or more on the Fagerstrom Test for Nicotine Dependence
(FTND) (105), which is determined as high nicotine dependence
(106, 107); and (4) daily smoking with at least 10 cigarettes over
a 12-month period. Moreover, the ND group should have no
history of regular Internet gaming, with a score of <40 on the
IAT indicating normal Internet use (103). The exclusion criteria
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were same as those for the IGD group (except for the criterion of
current/past smoking).

The healthy controls met the following criteria: (1) >18 years
of age; (2) a score of <40 on the IAT and no experience of
Internet gaming; (3) non-smoking and a score of 0 on the FTND;
and (4) no current/past major psychiatric disorders, neurological
diseases or mental disorders, brain trauma, use of psychoactive
drugs, alcohol abuse or dependence. All subjects were right-
handed and had normal or rectified eyesight, without any color
vision deficiency. All of them gave written informed consent and
were compensated with a gift equal to RMB ¥ 50 for their time.
The current study was reviewed and approved by the Human
Research Ethics Committee at the Guizhou Medical University.
The proposed study design, recruitment process, and our plans
to compensate the participants were in accordance with the
Declaration of Helsinki.

Monetary Reward Discounting Tasks

We used the Delay-discounting Test (DDT) (49) and Probability
Discounting Test (PDT) (51) to assess discounting degrees of
rewards in the context of monetary choice. The DDT contains a
set of choices between a smaller immediate reward and a larger
delayed reward. The degree of delay discounting is calculated
by the hyperbolic equation V' = A/(14+kD). In this equation,
k is a free parameter, with a larger k-value describing a higher
degree of delay discounting. An adapted version of DDT among
Chinese students (108) was used in this study, as reported in
our previous studies (25, 109). Examples of choices on this task
are “A: receiving RMB ¥1000 now; B: receiving RMB ¥10000
one year later” and “A: receiving RMB ¥9000 now; B: receiving
RMB ¥10000 one year later.” The k-value was calculated and log-
transformed in keeping with the literature. The PDT consists of
three parts (i.e., Part A: $20 vs. $80; Part B: $40 vs. $100; Part C:
$40 vs. $60), with 10 choices in each part. Subjects have to choose
between a smaller amount of money delivered “for sure” and a
larger amount of money delivered probabilistically. Examples of
choices are “A: $20 for sure; B: a 1-in-10 chance/10% of winning
$80” and “A: $40 for sure; B: a 5-in-10 chance/50% of winning
$100.” This task has been properly used in our previous study
reported elsewhere (109). The degree of probability discounting
is calculated by the equation V = A/(14+h®), in which the
free parameter h refers to the degree of probability discounting.
Lower h indicates that the probabilistic rewards are less steeply
discounted, thus suggesting a reduction in risk aversion or a
higher level of risk-taking (51). The & scores in each part were
calculated and log-transformed to get a normal distribution as
suggested before.

Inhibitory Control Tasks

The standard Stroop Color-Word Task (110) was used to measure
respond inhibition under cognitive interference condition. In this
task, participants are instructed to name the color of the words
that are printed in a certain ink. There are two kinds of trials.
In congruent trials, the word is printed in a concordant color
(e.g., the word RED printed in red ink), while in the incongruent
trials, the word-color pairs are always conflicting (e.g., the word
RED printed in green ink). In our study, the colored words were

presented on the black screen in a 7 x 7cm size. Each word
was presented for 1350ms, with a total interstimulus interval
of 2000ms, according to previous studies (111). There were 54
word-color pairs each in the congruent and incongruent trials,
and the task lasted for about 6 min. Subjects had 8 trails to check
up on the response keys (e.g., “1” for RED, “2” for GREEN) before
formal experiments. This task was programmed using the E-
prime Version 2.0 (Psychology Software Tools, Inc., Sharpsburg,
PA, USA). Response time (RT) and correct accuracy in the
congruent and incongruent trials were analyzed.

A modified and validated Go/No Go Task (94, 95)
was employed to investigate inhibitory control or response
inhibition. This task was designed to separate the processing
of infrequent stimuli (e.g., stimulus-driven attention) from
inhibitory processes by including three different types of colored
circles: frequent-go trials (frequent gray, n = 388, about 75%),
infrequent-go trials (rare yellow, n = 65, about 12.5%), and no-
go trials (rare blue, n = 65, about 12.5%). The contrast of the
no-go trials vs. the infrequent-go trials was expected to detect
the process of response inhibition. In this task, a colored circle
was presented on the black screen for 400 ms with a 400-ms
interstimulus interval over 7 min. Participants were told to press
a button as quickly as possible with the right index finger in
response to gray and yellow circles, but to withhold a response
to blue circles. The frequent-go, infrequent-go, and no-go trials
were intermixed in pseudo-random order. Prior to the formal
experiments, subjects practiced 30 filler trials (10 gray, 10 yellow,
and 10 blue circles). This task was also programmed using the
E-prime Version 2.0. Reported no-go accuracy was adjusted,
including just those no-go trials with a correct response to the
preceding go trial, to control for the effects of attentional lapses
(94, 95).

Trait Impulsivity Measurement

The Barratt Impulsiveness Scale-11 (BIS-11) (112) was employed
to measure impulsive traits on three dimensions (Motor
Impulsiveness, ~Attentional Impulsiveness, Non-planning
Impulsiveness). Each dimension consists of 8 or 11 items that
are rated on a 4-point scale (1 rarely/never, 4 = almost
always/always). Scores of each dimension were obtained for
analyses, with higher scores indicating higher levels of trait
impulsivity. Cronbach’s o was 0.69-0.81 for the three dimensions
in this study.

Data Analysis

All data were analyzed with the Statistical Package for the
Social Sciences for Windows, Version 19.0 (SPSS Inc., Chicago,
IL, USA). Categorical data such as gender, ethnicity, and
home locality were analyzed with chi-square tests for group
comparisons. The 3 (group: IGD, ND, HC) x 2 (gender:
male, female) multivariate analysis of variance (mMANOVA)
models were used to compare task scores. Post-hoc tests
were conducted using Fisher’s least significant differences
protected t-tests. Partial correlations were tested between task
performance and gaming/smoking variables in IGD and ND
groups, controlling for gender, age, ethnicity, and home locality.
Statistical significance was set as p < 0.05, two-tailed.
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RESULTS

Demographic Characteristics and Trait
Impulsivity

Table 1 describes the demographic characteristics and BIS-
11 scores of the Internet Gaming Disorder (IGD), Nicotine
Dependence (ND), and healthy controls (HC) groups. No
between-group differences were detected on age [F(,, 145y =1.597,
p = 0.260], gender (x? = 0.101, p = 0.951), ethnicity (x* =
0.211, p = 0.900), or home locality (x> = 0.090, p = 0.956).
IGD group had a higher IAT score than ND and HC groups
[F(2, 165 = 752.96, p < 0.001]. On the BIS-11, the 3 (group:
IGD, ND, HC) x 2 (gender: male, female) mANOVA model
revealed significant between-group effects on all of the three
dimensions, including Motor Impulsiveness [F(y, 162y = 8.255,
p < 0.001, 17129 = 0.092], Attentional Impulsiveness [F(; 162) =
44.111, p < 0.001, r;f) =0.353], and Non-planning Impulsiveness
[F(2, 162) = 5.867, p = 0.003, nf, = 0.068]. Pairwise comparisons
showed that both IGD and ND groups scored higher than
healthy controls on Motor Impulsiveness (Cohen’s d = 0.78, p
< 0.001; Cohen’s d = 0.53, p = 0.007, respectively), Attentional
Impulsiveness (Cohen’s d = 1.75, p < 0.001; Cohens d =
0.92, p < 0.001, respectively), and Non-planning Impulsiveness
(Cohen’s d = 0.64, p = 0.001; Cohen’s d = 0.41, p = 0.049,
respectively). The IGD and ND groups did not differ from each
other on Motor Impulsiveness (p = 0.253) or Non-planning
Impulsiveness (p = 0.172), but IGD group scored higher than
ND group on Attentional Impulsiveness (Cohens d = 0.83,
p < 0.001). Main effects of gender and interaction effects of
group x gender were not significant on any of these dimensions
(ps > 0.05).

Monetary Reward Discounting

The scores on the delay-discounting and probability-discounting
tasks of the IGD, ND, and HC groups are displayed in Table 2.
The mANOVA models showed that group effects were significant
on the DDT score (i.e., log-transformed k value) and on the PDT
score (i.e., log-transformed h value) of the Part A [F, 142 =
7.505, p = 0.001, ny = 0.085 Fy, 16 = 7.118, p = 0.001, 7,
= 0.081, respectively], but not on the PDT Part B or Part C
scores [F(zy 162) = 2.975, p= 0.054; F(z) 162) = 2.674, p= 0.072,
respectively]. Pairwise comparisons revealed that both IGD and
ND groups had a higher degree of delay discounting (i.e., log-
transformed k-value) on the DDT than healthy controls (Cohen’s
d=0.53,p =0.002; Cohen’s d = 0.69, p = 0.001, respectively), but
the difference between IGD and ND groups was not significant
(p = 0.253). By contrast, ND group had a lower probability-
discounting degree (i.e., log-transformed h-value) on the PDT
(Part A), compared with healthy controls (Cohen’s d = 0.55, p =
0.004) and IGD group (Cohen’s d = 0.79, p < 0.001), but IGD
group did not differ from healthy controls (p = 0.546). Main
effects of gender and interaction effects of group x gender were
not significant on any of the DDT and PDT scores (ps > 0.05).

Inhibitory Control Performance

The inhibitory control performance on the Stroop Color-Word
Task and Go/No Go Task of the IGD, ND, and HC groups
are showed in Table3. On the Stroop task, the mANOVA
models revealed that the group effects on correct accuracy
were significant in the incongruent trials [F(, 162y = 6.351, p
= 0.002, nf, = 0.073] but not in the congruent trials [F(,, 1)
= 2.648, p = 0.076], and the group effects on response time
were not significant in the congruent or incongruent trials

TABLE 1 | Demographic characteristics and BIS-11 scores for the three groups.

Variables a.IGD b. ND c.HC F/y? P Post-hoc test
(n =58) (n =53) (n=57) (p < 0.05)
Age, years (M £ SD) 2019 + 1.42 20.64 £1.72 2019 +£1.41 1.597 0.206 -
Gender, Male n (%) 35 (60.3) 33 (62.3) 36 (63.2) 0.101 0.951 -
Ethnicity, Hans n (%) 42 (72.4) 37 (69.8) 42 (73.7) 0.211 0.900 -
Home locality, Urban n (%) 34 (58.6) 31 (568.5) 32 (56.1) 0.090 0.956 -
IAT score (M + SD) 67.83 + 7.67 33.06 + 3.88 31.88 +4.40 752.96"* <0.001 a>b, a>c
Years of regular gaming (M + SD) 3.91+1.34 - - -
Daily gaming hours (M + SD) 519+ 1.92 - - -
FTND score (M + SD) 0.00 + 0.00 5.83 +1.03 0.00 + 0.00 - - -
Years of smoking (M + SD) - 4.89 £ 1.63 - - -
Cigarettes per day (M 4+ SD) - 15.08 + 6.34 - - -
BIS-11 SCORE (M + SD)
Motor impulsiveness 21.88 + 3.81 20.87 + 3.36 19.14 + 3.20 9.134** <0.001 a>c, b>c
Attentional impulsiveness 20.36 + 3.32 17.68 £ 3.16 14.86 £ 2.97 43.874* <0.001 a>b>c
Non-planning impulsiveness 29.86 + 4.56 28.66 + 3.43 27.14 £ 3.93 6.625** 0.002 a>c, b>c

IGD, Internet Gaming Disorder; ND, Nicotine Dependence; HC, Healthy Controls; IAT, Internet Addiction Test; FTND, Fagerstrém Test for Nicotine Dependence; BIS, Barratt Impulsiveness

Scale. “p < 0.01, "'p < 0.001.
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TABLE 2 | Discounting degrees of the three groups on the DDT and PDT.

Variables a.IGD b. ND c.HC F p Post-hoc test
(n =58) (n=53) (n=57) (p < 0.05)

DDT score (M + SD)

k value 0.34 +£0.22 0.35+0.19 0.25 +0.22 3.626* 0.029 a>c, b>c

k value (log-transformed) —0.60 + 0.41 —0.55 +£0.32 —0.85 +£0.53 7.571* 0.001 a>c, b>c

PDT score (M + SD)

Part A ($20 vs. $80):

h value 5.61 + 4.39 3.51 +4.02 6.26 &+ 4.67 5.870" 0.003 a>b, c>b

h value (log-transformed) 0.62 £0.35 0.28 £ 0.50 0.57 £ 0.56 8.009*** <0.001 a>b, c>b

Part B ($40 vs. $100):

h value 3.66 + 4.53 2.41 £ 3.09 4.12 £3.98 2.773 0.065 -

h value (log-transformed) 0.31 £ 0.45 0.14 £ 0.46 0.37 £ 0.52 3.596* 0.030 c>b

Part C ($40 vs. $60):

h value 3.35 + 4.99 1.89 + 3.32 3.06 + 4.78 1.643 0.197 -

h value (log-transformed) 0.14 £ 0.54 0.06 + 0.48 0.16 + 0.48 3.383* 0.036 c>b

IGD, Internet Gaming Disorder; ND, Nicotine Dependence; HC, Healthy Controls; DDT, Delay-discounting Test; PDT, Probability Discounting Test; k represents the delay-discounting

degree, h represents the probability-discounting degree.
*o < 0.05, **p < 0.01, **p < 0.001.

TABLE 3 | Inhibitory control performance on the Stroop and Go/No Go tasks (M + SD).

Variables a.IGD b. ND c. HC F p Post-hoc test
(n =58) (n =53) (n=57) (p < 0.05)
Stroop color-word task
Correct accuracy in CC trials (%) 97.53 +£ 1.69 96.72 + 3.05 97.99 £+ 2.09 2.780 0.067 -
Correct accuracy in IC trials (%) 92.80 + 3.39 90.81 + 4.66 93.50 + 4.08 6.454** 0.002 a>b, c>b
Response time in CC trials (ms) 557.8 £ 65.6 568.9 + 56.1 548.4 + 56.9 1.617 0.202 -
Response time in IC trials (Ms) 642.3 £94.8 664.0 + 86.8 653.9 £ 92.6 0.781 0.460 -
Go/No Go task
Correct accuracy in frequent-go trials (%) 95.20 £+ 3.16 94.75 £ 2.44 95.67 + 2.96 1.413 0.246 -
Correct accuracy in rare-go trials (%) 93.48 + 4.18 92.71 £ 4.23 93.82 £+ 3.67 1.074 0.344 -
Correct accuracy in no-go trials (%) 61.65 + 6.60 60.55 + 6.83 69.85 + 5.47 36.372* <0.001 c>a, c>b
Response time in frequent-go trials (ms) 165.0 + 45.7 164.0 + 55.2 1751 £29.8 1.070 0.345 -
Response time in rare-go trials (ms) 200.1 £ 32.7 198.4 + 44.0 209.0 £ 32.2 1.351 0.262 -

IGD, Internet Gaming Disorder; ND, Nicotine Dependence; HC, Healthy Controls; CC, Congruent Condition; IC, Incongruent Condition.

“*p < 0.01, **p < 0.001.

[F(z’ 162) = 1.104, p = 0.334; F(z’ 162) = 0.682, p = 0.507,
respectively]. Pairwise comparisons found that ND group had a
lower correct accuracy in the incongruent trials compared with
healthy controls (Cohen’s d = 0.61, p = 0.001) and IGD group
(Cohen’s d = 0.49, p = 0.017), but IGD group did not differ
from healthy controls (p = 0.250). Main effects of gender and
interaction effects of group x gender were not significant on the
correct accuracy and response time (ps > 0.05). See Figure 1A for
a clear portrayal of the Stroop performance.

On the Go/No Go task, the mANOVA models revealed
significant group effects on correct accuracy in the no-go trials
[F(2, 162) = 38.160, p < 0.001, nf, = 0.320], but not in the frequent-
go trials [F(y 162y = 1.085, p = 0.350] or the rare-go trials
[F(2, 162) = 0.986, p = 0.375]. Group effects on response time
were not significant in the frequent-go or rare-go trials [F(,, 142

= 0.884, p = 0.415; F(» 162) = 0.939, p = 0.393, respectively).
Pairwise comparisons found that both IGD and ND groups had a
lower correct accuracy in the no-go trials than healthy controls
(Cohen’s d = 1.35, p < 0.001; Cohen’s d = 1.50, p < 0.001,
respectively), but the accuracy difference between IGD and ND
groups was not significant (p = 0.332). Main effects of gender and
interaction effects of group x gender were not significant on the
Go/No Go accuracy and response time (ps > 0.05). See Figure 1B
for a direct description of the Go/No Go performance.

Correlations Between Gaming/Smoking
Variables and Task Performance

Partial correlations were tested between Internet gaming
variables (i.e., IAT score, years of regular gaming, daily gaming
hours), nicotine use variables (i.e., FTND score, years of smoking,
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FIGURE 1 | Inhibitory control performance on the Stroop Color-Word Task (A) and the revised Go/No Go Task (B) of the three groups. IGD, Internet Gaming Disorder;
ND, Nicotine Dependence; HC, healthy controls. Data are presented as mean =+ standard deviation (M + SD). *p < 0.05, ***p < 0.001.
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cigarettes per day) and task performance (i.e., BIS-11 scores,
DDT and PDT scores, and inhibitory control scores), controlling
for gender, age, ethnicity, and home locality. The data showed
that most of the correlations were not significant between
gaming/smoking variables with trait impulsivity, discounting
degrees, and inhibitory control (ps > 0.05), except for that of
the BIS-11 Non-planning Impulsiveness with FTND score, years
of smoking, and cigarettes per day in the ND group (r, =
0.267, p = 0.05; rp = 0.269, p = 0.049; r, = 0.278, p = 0.042,
respectively). Please see more details for the partial correlations
in the Supplementary Table 1.

DISCUSSION

The current study contrasted the characteristics of monetary
reward discounting, inhibitory control, and trait impulsivity
between Internet Gaming Disorder (IGD) and Nicotine
Dependence (ND) individuals, with a well-matched sample of
healthy controls as the reference group. To our best knowledge,
this is the first study that has targeted a straightforward
comparison between IGD and ND on reward processing
and cognitive control aspects among young adults. Our data
demonstrated that both the IGD and ND groups scored
higher on the trait impulsivity (i.e., Motor, Attentional, and
Non-planning Impulsiveness) and had higher degrees of delay
discounting (i.e., poorer capability of delay gratification) than
the healthy controls, while only the ND group showed a lower
degree of probability discounting (i.e., lower risk aversion) than
healthy controls. Moreover, IGD and ND groups displayed
similar impaired inhibitory control on the revised Go/No Go
task (i.e., a lower correct accuracy in No-Go trials) compared
with healthy controls, but on the Stroop task only the ND
subjects showed a lower correct accuracy in the incongruent
trials than healthy controls. These findings suggested that IGD
was linked to anomalous reward discounting and dysfunctional
inhibitory control, comparable with one typical SUD category
(i.e., ND) in this study.

In regard to trait impulsivity assessed with the BIS-
11, plentiful studies have observed elevated scores among
adolescents and young adults with IGD on the three dimensions
(i.e., Motor, Attentional, and Non-planning Impulsiveness)
(23, 31, 54, 89, 113), despite that some studies revealed no
differences on these impulsiveness scores between treatment-
seeking patients diagnosed with IGD and healthy controls (24).
Our data were consistent with the results of most previous
studies, revealing an increased level of trait impulsivity on
the BIS model among individuals with IGD. Furthermore, our
study detected similar elevated scores of the three dimensions
in the Nicotine Dependence (ND) group, in line with the
literature of trait impulsivity in cigarette smoking (114). These
findings, together with our previous cross-sectional data of trait
impulsivity in problematic Internet use and smoking behaviors,
indicated that IGD showed a tendency of increased impulsivity
traits comparable to ND (25). Interestingly, we further found
that the BIS-11 scores were not significantly correlated with
the severity of Internet gaming (Supplementary Table 1), but

more serious nicotine use (e.g., years of smoking) was associated
with a higher score on certain impulsivity trait (non-planning
impulsiveness), indicating a possible toxic effect of ND on
impulsivity. Particularly, nicotine (i.e., the primary component
of cigarettes smoking and ND) is a specific agonist of nicotinic
acetylcholine receptors (nAChRs), and chronic exposure to
nicotine acts as a neuroteratogen by providing excessive
cholinergic stimulation in the developing brain (115). Thus, the
deleterious effects of ND are mostly connected with nicotine-
induced overstimulation that causes overt neurotoxicity and the
adaptive desensitization of the nAChRs that causes alterations in
cholinergic transmission, which may produce derangements in
final neuronal architecture such as the prefrontal cortex, resulting
in less prefrontal inhibition and higher levels of impulsive
trait (116).

On the monetary reward discounting tasks (i.e., DDT and
PDT), our data showed that both IGD and ND groups had
a higher delay-discounting degree (log-transformed k value)
than the healthy controls, with a medium to large effect size
(Cohen’s d = 0.53-0.69), and no difference was found on
the DDT between IGD and ND groups. These data were
consistent with previous reports indicating higher degrees of
delay discounting among adolescents and young adults with IGD
(53-58), as well as among young heavy smokers and nicotine-
dependent individuals (59-63). In this respect, an inability to
delay gratification might be reflected both in IGD and ND
subjects, and this similar tendency on discounting long-term
rewards faster could play an important role in the development
of these two disordered behaviors among the youths (24, 65).
Furthermore, the partial correlations in our study did not find
significant relationships between gaming/smoking severity with
delay-discounting degrees (k values) in IGD and ND groups
(Supplementary Table 1), probably suggesting that the poor
delay gratification might not be aggravated by the severity of
IGD or ND among these individuals. However, given the cross-
sectional design of our study, whether the poor delay gratification
is a predisposing factor for IGD or ND still needs more powerful
longitudinal evidence.

With respect to probability discounting, IGD subjects did
not differ from healthy controls on the probability-discounting
degrees (log-transformed h values), indicating a normal risk
aversion as expected in previous studies (53, 54), though
inconsistent with some reports showing that IGD participants
chose more probabilistic rewards than recreational Internet game
users and controls (66-68). By comparison, the ND group had
a lower degree of probability discounting than healthy controls
with a medium effect size (Cohen’s d = 0.55), suggesting a
reduction in risk aversion or a greater risk-taking tendency
(63, 117). However, as previous research pointed out, the floor
effects of low probabilities in different studies might lead to
inconsistent results (60, 69-71). Considering that our ND group
merely scored lower than the controls on the Part A (i.e., $20 vs.
$80), but neither on the Part B (i.e., $40 vs. $100) nor on the Part
C (i.e., $40 vs. $60) of the PDT, it appears that the magnitudes
of the risky and/or the constant monetary rewards might be also
important in the choice of these addicted individuals (118), which
calls for further investigations on this interesting topic that to
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what extend the probabilities and the magnitudes of monetary
rewards may affect the degrees of probability discounting on
the PDT.

Cognitive control or inhibitory control plays a crucial part
in our goal-directed behaviors (48, 119), as well as in the
uncontrolled addictive behaviors (120, 121). Impairments in
cognitive control might affect the daily life, family relations,
and occupational status of drug-dependent individuals, and
are essential in the treatment and relapse of drug addiction
(122). Based on the phenomenological and empirical evidence
of decreased executive control in adolescents with IGD, some
theoretical models of IGD, such as the tripartite neurocognitive
model (46) and the Interaction of Person-Affect-Cognition-
Execution model (I-PACE) (123), coincidentally underlined the
key role of reduced cognitive control or inhibitory control in the
development and maintenance of IGD. In the present study, we
used the Stroop Color-Word Task and a revised Go/No Go task
to test inhibitory control. The data on Stroop task revealed that
the Nicotine Dependence (ND) subjects showed a lower correct
accuracy than healthy controls in the incongruent trials (Cohen’s
d = 0.61), indicating a dysfunctional inhibitory control in heavy
smokers (101), while the IGD subjects had similar performance
on the Stroop as the healthy controls did, discordant with
previous reports among adolescents showing that high school
students with IGD made more errors in the incongruent trials
than healthy controls, indicating impaired inhibitory control
(85-90). Considering the obvious differences of the IGD samples
in ours and other studies (i.e., young adult university students
vs. adolescent high-school students), more attention should be
paid to these contradictory findings in various samples of IGD.
Especially, we noticed that although significantly differing from
the healthy controls on the Stroop task, our ND subjects seemed
not so “impaired,” with an average correct accuracy of 90.81% in
the incongruent trials, in contrast to that of 92.80% (IGD group)
and 93.50% (HC group). Thus, the task difficulty and complexity
issues should be considered in future similar studies using the
Stroop task.

More important findings in this study were from the revised
Go/No Go task. Our data showed that the IGD and ND groups
exhibited similar impaired performance of inhibitory control on
this task (i.e., a lower correct accuracy in No-Go trials) than the
healthy controls, with a large effect size (Cohen’s d = 1.35, 1.50,
respectively), yet the performance differences in frequent-Go and
infrequent-Go trials among the IGD, ND and healthy control
groups were not significant. Because of the potential confusions
arising from the dual processing of attentional bias related to
the novelty and response inhibition related to the no-go signals
in traditional Go/No-Go paradigms (i.e., 25% No-Go trials vs.
75% Go trials), the present literature of the performance on the
Go/No-Go task has been greatly inconsistent, with some studies
reporting reduced inhibitory control functions in adolescents and
young adults with IGD (31, 89), while others indicating intact
inhibitory control in IGD subjects (86-88) and in heavy smokers
(99, 100). Our current study firstly dissociated inhibitory control
aspects from attentional bias among IGD and ND samples, using
the newly modified and validated Go/No-Go task (89, 90) that
contains 75% frequent-Go trials, 12.5% infrequent-Go trials, and

12.5% No-Go trials to directly detect response inhibition by
comparing the infrequent-Go trials with No-Go trials. Our data
clearly depicted that although the IGD and ND groups performed
normally in both frequent-Go and infrequent-Go trials (the
average correct accuracy >92%) similar to the healthy controls,
these two disordered groups displayed apparent inhibitory
impairments in the infrequent No-Go trials (an average correct
accuracy of about 60%) compared with healthy controls (about
70% correct) (Figure 1B). Furthermore, the IGD individuals
who has never used any addictive substance, still manifested a
comparable impairment of inhibitory control on this task with
the ND subjects, who probably had the concomitant intoxication
consequences due to chronic nicotine use (116). These findings
might indicate a basic pathology mechanism of cognitive control
implicated in IGD as a potential addictive disorder similar to
SUD (84). Nevertheless, we did not find a significant correlation
between the inhibitory control impairments and the severity of
smoking in the ND group, inconsistent with previous reports
(96, 97). In light of the non-clinical samples of ND (i.e., university
students) in our study, we speculated that a narrow distribution
of smoking severity (e.g., an average score of 5.83 &= 1.03 on the
FTND) might negatively affect the correlation results, and further
studies with a larger ND sample are warranted to detect their
accurate relationships.

There are several limitations that should be noted in the
present study. Firstly, despite the fact that we mainly included
the IGD and ND groups by person-to-person screening interview
conducted by a psychiatrist and a clinical psychologist, according
to the clinical criteria for IGD and ND, we also used some
self-report scales (i.e., the IAT and the FTND) to evaluate the
severity of IGD/ND, which might bring subjective biases, thus
the results should be explained carefully. Secondly, our samples
of IGD and ND primarily consisted of the young adult university
students, which could not represent the whole population, so
the findings should be further examined with other different
samples (e.g., treatment-seeking populations of IGD and ND).
Thirdly, we did not combine any neurophysiology measurement
together with our behavioral tasks as did in previous studies [e.g.,
(68,89,95,101)], thus our findings of deficient reward processing
and inhibitory control in IGD and ND were short of powerful
converged evidence on neurobiological correlates. Actually, the
current literature suggests that functional and structural neural
alterations in the fronto-striatal and fronto-cingulate regions
are closely associated with IGD (81), and abnormal activities
in the prefrontal areas (e.g., dorsolateral prefrontal cortex,
anterior cingulate cortex, and orbitofrontal cortex/ventromedial
prefrontal cortex) may account for the impaired cognitive control
and decreased loss sensitivity in IGD and gambling disorder (124,
125) as well as for the craving and impulsivity in comorbid IGD
and SUD (126). Thus, neurophysiology measurements should be
better integrated with behavioral tasks in future. Additionally,
although we contrasted IGD and ND individuals with well-
matched healthy controls on multiple tasks, with a larger sample
size relative to some previous studies [e.g., (23)], our case-
control study design was cross-sectional in nature, therefore our
results could not draw a causal conclusion, which should also be
interpreted more discreetly.
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Despite these limitations, our findings indicated for the first
time that in a straightforward comparison, young adults with
IGD and those with ND concurrently shared poorer capability
of delay gratification as well as impaired inhibitory control,
suggesting that IGD was linked to a neuropsychological pattern
of anomalous reward discounting and dysfunctional inhibitory
control, which was comparable to a typical SUD category (i.e.,
ND). This study thus might promote a better understanding
of the pathogenesis of IGD as a potential addictive disorder
similar to SUD. Furthermore, our first direct findings from
a comparison between IGD and ND should be beneficial for
potential clinical implications in the prevention and treatment
of excessive Internet gaming and IGD, for instance, developing
possible non-pharmacological therapeutic methods aimed at the
restoration of inhibitory control or cognitive control functions
(124) and/or reducing the high-level subjective representations
of exciting activities or instant craving (127). In this respect,
non-invasive neuromodulation methods, such as the repetitive
transcranial magnetic stimulation (rTMS), have been proposed
as an effective intervention to target cognitive dysfunctions in
substance-related addictive disorders including tobacco, alcohol,
and cocaine addiction (128). In view of the similar impaired
inhibitory control detected in both IGD and ND in our
study, future treatment of pathological Internet gaming might
also be inspired to yield encouraging results by combining
neuromodulation methods (e.g., rTMS) that could be applied
on selected brain areas especially the left dorsolateral prefrontal
cortex (DLPFC), which has been proved to probably improve the
prefrontal top-down executive control and reduce drug craving
and consumption in SUD, including ND (128, 129). However,
there remains a big need for more accurate studies that can
provide deeper insight into the core pathogenesis of IGD so as
to advance this field, furnishing the foundation for developing
an ideal model for practice in the prevention and treatment of
IGD (130).
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Previous studies have shown that the behavioral inhibition/activation systems (BIS/BAS)
have substantial effects on substance use disorder and emotional disorders, and
substance use disorder and emotional disorders often occur; in particular, females
with substance use disorder are more likely to also have serious emotional disorders
including depression than their male counterparts. However, the associations between
the BIS/BAS and depression in females with substance use disorder have received
little attention. Furthermore, the underlying mechanisms of these relations are largely
unknown. The present study examines the mediating roles of intolerance of uncertainty
and anhedonia in the associations between the BIS/BAS and depression among females
with substance use disorder from the Research Domain Criteria (RDoC) framework.
A total of 303 females with substance use disorder from a compulsory substance
abuse detention center were tested using a cross-sectional survey involving BIS/BAS
Scales, Intolerance of Uncertainty Scale, Snaith-Hamilton Pleasure Scale, and Center
for Epidemiologic Studies Depression Scale. The path analysis model revealed that both
the BIS and BAS had a direct effect on depression, that the BIS had an indirect effect on
depression through intolerance of uncertainty, and that the BAS had an indirect effect on
depression via anhedonia. These findings contribute to a more thorough understanding of
how the BIS/BAS influence depression among females with substance use disorder and
suggest that the utility of targeting these associations in treatments would help reduce
depression in females with substance use disorder.

Keywords: behavioral inhibition/activation systems, intolerance of uncertainty, anhedonia, depression, females
with substance use disorder
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INTRODUCTION

Globally, substance use disorder (SUD) has been increasing
rapidly over the past decade (1). In addition, SUD prevalences
were generally greater for males compared to females at most
ages until the 70s (2). For example, the prevalences of 12-
month DSM-V SUD for males and females were 4.9 and 3.0%
in the United States, respectively (3). Similarly, the prevalences
of 12-month DSM-IV SUD for males and females were 3.6
and 0.3% in China, respectively (4). SUD can be defined as a
chronic relapsing brain disease that urges patients with SUD to
seek and compulsorily use substances, despite their significant
adverse consequences (5), especially in patients with certain
biological, psychological or physical vulnerabilities (6, 7). SUD
can cause a range of acute and long-term negative consequences
for individuals, such as hyperemesis syndrome, neurocognitive
impairments, HIV infection, and premature death (1, 8). SUD
are also associated with substantial societal costs from lost
productivity, poverty, health care costs, violent and property
crime (3). In addition, there is a close relationship between SUD
and psychiatric comorbidities, especially, the high prevalence of
the SUD-depression comorbidity (9, 10), and some common risk
factors appear to lead both to SUD and psychiatric disorders
(e.g., depression, anxiety, schizophrenia, bipolar disorder) (9,
11, 12). Furthermore, compared to suffering from only one
disorder, suffering from comorbid SUD and depression is
strongly correlated to more serious consequences (e.g., greater
symptom severity, impairment, suicidality) (13). However, it is
still unclear what common risk factors play an important role and
how to influence both SUD and depression. In addition, women
are likely to suffer from SUD faster when using substances
occasionally and are more vulnerable to relapse than men (14).
Furthermore, females with SUD are twice as likely as male
with SUD to suffer from psychiatric disorders (e.g., depression,
anxiety, schizophrenia, bipolar disorder), almost 30 vs. 16%,
respectively (15). Thus, to promote the prevention and early
intervention of depression, it is imperative to identify risk factors
and underlying mechanisms for depression in females with SUD.

The National Institute of Mental Health (NIMH) recently
launched the Research Domain Criteria (RDoC) initiative,
which provides a new classification framework with
transdiagnostic psychopathological dimensions for research
on psychiatric disorders (16). These continuous dimensions
which are important factors in the context of precision
medicine for psychiatry, vary from the general population
to individuals with psychiatric disorders (17). Furthermore,
these transdiagnostic dimensions can be associated with a
range of psychiatric disorders and be used to distinguish the
different pathophysiological disease subtypes and serve as
potential predictors of treatment outcomes (18). In addition, two
objectives of the RDoC initiative are to explore the mechanisms
common to a clustering of psychiatric disorders and the unique
mechanisms corresponding to specific psychiatric symptoms
serving as indicators of differential risk factors among these
symptoms (19). Because depression is the first leading cause
of global burden among psychiatric disorders (20) and there
is high co-occurring SUD and depression in female (9, 15).

Therefore, it is very important to explore the common and
specific mechanisms for depression in females with SUD
within the RDoC framework. To explore these mechanisms, we
adopted the Interaction of Person-Affect-Cognition-Execution
(I-PACE) theory (21) in the SUD field to build the present
research model. The prior theoretical model suggests that
potential predisposing variables and vulnerability factors, such as
personality variables, cognition and affect-vulnerability factors,
may moderately mediate the development and maintenance of
psychiatric disorders.

Gray’s neuropsychological reinforcement sensitivity theory
postulates that two basic dimensions of motivation, including a
behavioral inhibition system (BIS) and a behavioral activation
system (BAS), govern avoidance and approach behaviors in
response to various types of stimuli (11, 22). According to this
theory, the BIS is sensitive to stimuli of punishment or non-
reward, which may drive individuals to avoid potentially negative
or harmful consequences. Therefore, individuals with high levels
of BIS activation are more likely to avoid loss and to show a
blunted response to reward (23). However, the BAS generates
behaviors corresponding to all conditioned and unconditioned
appetitive stimuli and displays close relationships with the
enhancement of reward or the termination of punishment.
Thus, individuals with high levels of BAS activation may show
greater proneness to seek reward and to approach novelty
(23). As transdiagnostic personality traits, the BIS and the BAS
provide an important view for understanding and explaining
psychopathology, such as anxiety disorders, depression, eating
disorders, and SUD (11). Previous studies found that individuals
with SUDs reported higher BAS levels than controls and that
the BAS was positively associated with lifetime diagnoses of
substance abuse without comorbid anxiety disorders (24, 25).
However, the associations between the BIS and substance use
problems are still inconsistent. Some studies have found a
significant negative correlation between the BIS and substance
use problems (26), while some studies have indicated that the
BIS is not significantly associated with substance use problems
(27). These inconsistencies may be caused by considering
different kinds of substance use and different study populations
(e.g., age groups, sex ratio) (28). In addition, a large amount
of evidence supports the significant associations between the
BIS/BAS and depression (11). Previous results indicated that low
BAS sensitivity not only is a potential marker of vulnerability to
depression but also may be useful in predicting the course of the
disorder (29, 30). Furthermore, behavioral activation treatments
aim to modify the pattern of low approach in depressed patients
by positive activity scheduling and have played an important
role in treating depressive episodes and reducing relapses (31).
Although previous researchers initially considered the BIS a
specific diathesis for anxiety rather than depression, many
studies have recently indicated that BIS reactivity is positively
related to depression (29, 32). For example, compared to a
control group, a depressed group showed higher BIS levels.
Furthermore, BIS scores have been shown to have a more positive
association with depression scores in a major depressive disorder
group than in a control group. Although the above results
could indicate that Gray’s neuropsychological reinforcement
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sensitivity theory may be useful for understanding and explaining
psychiatric disorders, the inconsistent results on the association
between SUD and depression require more research to explore
the associations between the BIS/BAS and depression in a
specific context, especially in females with SUD. Furthermore,
although most previous studies have shown that the BIS/BAS
contribute to depression, little is known about the mediating
mechanisms underlying these associations in females with SUD.
However, two important transdiagnostic psychopathological
dimensions—intolerance of uncertainty as cognitive bias and
anhedonia as emotion and motivation deficits—may be among
the mechanisms for linking the BIS/BAS to depression in females
with SUD.

Life is full of uncertainty, but the extent to which uncertainty
is tolerable varies across individuals. Intolerance of uncertainty
(IU) is a cognitive bias that influences individuals’ perceptions,
interpretations, and responses to uncertain scenarios at the
cognitive, emotional, and behavioral levels (33). Individuals with
a high level of TU experience stress and disturbance in response
to uncertainty, hold a negative attitude toward uncertainty,
believe uncertainty causes dysfunctional behavior, and regard
uncertainty as unfair and to be avoided (34). Recently, IU has
been explained as “an individual’s dispositional incapacity to
endure the aversive response triggered by the perceived absence
of salient, key, or sufficient information, and sustained by the
associated perception of uncertainty” (35). Although previous
studies have suggested that IU plays an important and specific
role in the development and maintenance of high levels of
worry and generalized anxiety disorder (33, 36), an increasing
number of researchers regard IU as a transdiagnostic risk
factor for a range of psychiatric disorders, such as generalized
anxiety disorder, obsessive-compulsive disorder, eating disorders,
depression, and SUD (37-39). For example, several studies
have found that compared to healthy individuals, individuals
with SUD perceive higher levels of TU (12, 40). While the
researchers who conducted these studies also suggested that
although IU is a feature of SUD, it may not play a unique role.
First, the BIS is related to attempts to escape from or avoid
novel, threatening or uncertain environments, which may cause
individuals to interpret ambiguous situations more negatively
(41). Thus, individuals with high BIS levels may show enhanced
associative learning and learn to avoid an aversive situation easily
(42). Because both the BIS and IU are closely correlated with
information processing biases about dangerous or ambiguous
stimuli, the BIS seems to be an important predictor of IU (43).
The BAS predisposes an individual to pursue reward and novel
sources, while individuals with high levels of IU are likely to select
low-probability immediate rewards rather than high-probability
delayed rewards (44). Furthermore, compared to a control group,
individuals with higher levels of IU were less sensitive to the
previously rewarded context (40). Therefore, the BAS may have
no association with IU. Second, individuals with higher IU tend
to perceive uncertainty negatively and adopt negative coping
strategies and poor problem orientations, which explains why
IU can correlate positively with depression (45). For example,
people diagnosed with depression have been shown to possess
higher levels of IU than community and undergraduate samples

(46). Furthermore, IU has been shown to predict not only current
depressive symptoms but also depression levels 6 weeks later (47).
Although previous studies have suggested that IU may act as a
mediator between the BIS and depression, no study has explored
these associations in females with SUD.

Traditionally, anhedonia has been conceptualized as the
inability to experience pleasure or interest in things (5). Recently,
anhedonia has been recognized as an important transdiagnostic
psychopathological dimension according to the RDoC by the
NIMH (48). Anhedonia is known as an important symptom
across psychiatric diagnoses, including affective disorders,
obsessive-compulsive disorder, schizophrenia and SUD (19,
49). In particular, anhedonia seems to play an important
role in the pathogenesis of both SUD and mood disorders
but is more likely to be associated with the cooccurrence of
SUD and depression (9). The BAS has a strong relationship
with reward seeking, and individuals with high BAS levels
exhibit enhanced reward dependence and novelty processing
(28). Previous studies have found low BAS levels and reduced
motivation to pursue rewarding stimuli to be positively linked
to anhedonia in a healthy population (50) and physical activity
engagement to be negatively associated with anhedonia (51).
Furthermore, Veldhoven, Roozen, and Vingerhoets (52) found
that the BAS was negatively correlated with anhedonia in
patients with an alcohol use disorder. A range of studies
adopting multiple methods from self-report, behavioral and
neurophysiological levels have provided strong evidence that
reduced approach motivation and reward hyposensitivity reflect
motivational deficits in anhedonia (52-54). However, individuals
with high levels of BIS activation exhibit enhanced sensitivity
toward punishment and threat stimuli, and they show a blunted
responsivity to reward (23), which suggests that the BIS may
not play an important role in anhedonia. In addition, cross-
sectional and longitudinal studies have shown that anhedonia
plays an important role in the development of depression (55,
56). Furthermore, anhedonia can predict poorer responsivity to
pharmacological and psychological interventions for depression
(57). Although previous studies have suggested that anhedonia is
a potential mediator between the BAS and depression, the role of
anhedonia in these associations has not been thoroughly studied
in females with SUD.

The purpose of the present study was to examine how the
BIS/BAS influence depression in females with SUD. Specifically,
this study explored the mediating effects of IU and anhedonia
on the BIS/BAS and depression. A previous study found that
high BIS levels had an indirect effect on depression via increased
rumination and that low BAS levels had an indirect effect
on depression through decreased self-reflection in a sample of
participants who had attempted suicide (58). To our knowledge,
this is the first comprehensive empirical study incorporating the
BIS/BAS, 1IU, anhedonia and their roles in depression among
females with SUD within the RDoC framework. On the basis
of the I-PACE theory, the proposed model is presented in
Figure 1. It is plausible to hypothesize that IU and anhedonia
act as mediators of the BIS/BAS and depression relationship.
Therefore, our hypotheses are as follows: (1) There is a high
prevalence of depression in females with SUD; (2) the BIS and
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FIGURE 1 | The supposed model.

BAS directly influence depression; (3) IU, rather than anhedonia
mediates the relationship between the BIS and depression; and
(4) anhedonia, rather than IU, mediates the relationship between
BAS and depression.

MATERIALS AND METHODS
Participants

Participants were recruited from a compulsory substance abuse
detention center inTianjin, a Representative Municipality city
of China. Inclusion criteria included: current diagnosis SUD,
between the ages of 18-59, being sufficiently fluency in Chinese
to complete the research questionnaires, and being willing to
provide written informed consent prior to their inclusion. In
addition, exclusion criteria comprised the following: traumatic
brain injury and severe suicide risk. Based on the cluster sampling
method, a total of 303 Chinese females with SUD were eligible.
Of the participants (Mayge = 34.97 years, SD = 8.52 years,
age range: 18-57 years) included 41.9% were unmarried, 21.5%
were married, 35.0% were divorced and 1.7% had missing
marital status data. More detailed sociodemographic information
is shown in Table 1. This cross-sectional design research was
approved by the Institutional Review Board of Department of
Psychology, Capital Normal University in China. All participants
gave written informed consent and they could quit the study at
any time without being penalized.

Measures

The Behavioral Inhibition System/Behavioral
Activation System Scales

The BIS/BAS scales are useful tools for studying individual
differences in behavioral inhibition systems and behavioral
activation systems (22). A validated Chinese version of the
BIS/BAS scales was used to assess the BIS and BAS (59). The
BIS/BAS scales comprise 18 items, including the BAS scale
(13 items) and the BIS scale (5 items). The former scale is
divided into three subscales: drive (BAS-drive, 4 items), reward
responsiveness (BAS-reward, 5 items), and fun seeking (BAS-fun,
4 items). All items were assessed on a 4-point Likert scale from 1
(totally disagree) to 4 (totally agree). Sample items are “When I

get something I want, I feel excited and energized (BAS)” and “I
feel pretty worried or upset when I think or know somebody is
angry at me (BIS).” In the present study, scores for all 13 BAS
items were summed to yield a single BAS score, while scores for
all five BIS items were added up to generate a single BIS score.
Higher BAS and BIS scores reflect higher BAS and BIS levels,
respectively. The Cronbach’s alpha coefficients for the BAS and
BIS in the current sample were 0.881 and 0.620, respectively.

The Intolerance of Uncertainty Scale

The TUS is widely used to assess individuals” extent of intolerance
of uncertainty by rating 27 items on a scale from 1 (Not at all
characteristic of me) to 5 (Entirely characteristic of me) (60).
The TUS includes four subscales: uncertainty is stressful and
upsetting (e.g., “Uncertainty makes life intolerable.”), uncertainty
leads to the inability to act (e.g., “When its time to act,
uncertainty paralyzes me.”), uncertain events are negative and
should be avoided (e.g., “One should always look ahead to avoid
surprises.”), and uncertainty is unfair (e.g., “I think it’s unfair
that other people seem to be sure about their future.”) (34).
The overall IU score is determined by summing all item scores,
with higher scores indicating greater IU. The Chinese language
version demonstrates excellent internal consistency, good test-
retest reliability over a 5-week period, and adequate convergent
and discriminant validity (61, 62). In the present study, the
Cronbach’s alpha coefficient for the Chinese IUS was 0.909.

The Snaith-Hamilton Pleasure Scale

The SHAPS is a self-administered scale including 14 items
that is used to assess anhedonia (63). Each of the items has
a set of four response categories: Strongly Agree (=1), Agree
(=2), Disagree (=3), and Strongly Disagree (=4). A sample
item is “I would enjoy being with my family or close friends.”
Total scores range from 14 to 56, with higher scores indicating
a higher level of anhedonia. The Chinese language version
shows excellent internal consistency, good construct validity,
and adequate convergent and discriminant validity (64). In the
present study, the Cronbach’s alpha coefficient for the Chinese
SHAPS was 0.915.
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TABLE 1 | Sociodemographic variables of participants (N = 303).

Characteristic n %
Marital status

Unmarried 127 41.9
Married 65 215
Divorced 106 35.0
Missing 5 1.7
Education

Primary school and below 67 221
Junior high school 145 47.9
High school 68 22.4
University and above 18 59
Missing 5 1.7
Occupational status

Institutional personnel 4 1.3
Company employee 14 4.6
Freelancer 140 46.2
Other 137 45.2
Missing 8 2.6
Duration of substance use (y)

1 17 5.6
2 36 11.9
3 32 10.6
4 37 12.2
5 or over 5 178 58.7
Missing 3 1
Number of compulsory detoxification

1 142 46.9
2 106 35.0
3 orover 3 49 16.2
Missing 6 2
Type of substance used

New substances (ecstasy, meth, etc.) 225 74.3
Traditional substance (heroin) 67 221
Missing ih 3.6

The Center for Epidemiological Studies Depression
Scale

The CES-D is used to assess depressive symptoms and includes
20 items in Likert format, using four possible responses anchored
by 0 (rarely or none of the time) and 3 (most or all of the
time) (65). Total scores range from 0 to 60, with higher scores
indicating a higher level of depression. Respondents with scores
equal to or >16 are defined as depressed (66). The CES-D has
been extensively validated in Chinese populations (67). In the
present study, the Cronbach’s alpha coeflicient for the Chinese
CES-D was 0.878.

Procedure

The participants were given a packet of questionnaires that
included instructions on how to respond to the questions
and assurances of anonymity as well as questions regarding
their basic sociodemographic information (i.e., age, marital

status, and education), the BIS/BAS scales, TUS, SHAPS,
and CES-D. All scales were administered to the participants
individually. All scales were printed in the Chinese language and
took approximately 25min to finish. No personal identifying
information was collected, and all the information collected
was confidential.

Data Analysis

Because the proportion of data missing from each scale was
low (<5%), mean substitution was used to deal with missing
data. First, we conducted descriptive statistics and Pearson’s
correlation analysis with IBM SPSS statistics 24.0. Specifically, we
analyzed the influence of demographic variables on depression
among females with SUD using Student’s f-test or analysis
of variance (ANOVA). Next, Mplus 7.0 was used to test the
hypothesized model. Because depression may be correlated with
a variety of sociodemographic factors, the hypothesized model
was conducted by adding age, marital status (married or not),
education, duration of substance use, number of compulsory
detoxifications, and type of substance used as control variables,
which is a common statistical method to reduce the confounding
effects of personal characteristics (68). A path analysis model
was conducted to test the mediating roles of IU and anhedonia
in the relationships between the BIS/BAS and depression in
females with SUD. In the current study, several goodness-of-
fit indices were adopted to test the model-data fit. The chi-
square statistic and its associated p-value were reported. If the
p-value is not significant, it may show good model-data fit. Other
model fit indices include the Tucker-Lewis Index (TLI) (69), the
comparative fit index (CFI) (70), the standardized root mean
square residual (SRMR) (71) and the root mean square error of
approximation (RMSEA) (72). A TLI and CFI greater than 0.95
and an SRMR and RMSEA <0.08 indicate good model fit (71).
The bias-corrected percentile bootstrap method (5,000 bootstrap
samples) with 95% confidence intervals (CIs) was performed to
examine the significance of mediation effects. The 95% Cls that
do not contain zero show that the effects are significant. The
predictive and explanatory powers of the model were assessed
using path coefficients and R%.

RESULTS

Impact of Demographic Features on

Depression

Briefly speaking, there were no significant differences in
depression between two kinds of marital status including married
or not (t(296) = 1.60, p = 0.11), among education groups (F(3,
294) = 1.12, p = 0.34), among occupational status groups (F(3,
291) = 1.20, p = 0.31), among duration of substance use groups
(F(4, 295) = 0.40, p = 0.81), and among number of compulsory
detoxification groups (F(2, 294) = 0.04, p = 0.96). However,
there was a significant difference in depression between the two
types of substance used groups (£(290) = 2.37, p = 0.02). Females
with traditional substance (M £ SD = 17.3749.46) had higher
level of depression than others with new substance (M + SD =
14.41 £ 8.85). In addition, according to a CES-D cutoff score
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of >16 indicating depressive symptoms, there were 137 (45.2%)
depressed females in our sample.

Descriptive Statistics and Correlations

The descriptions and correlations of all variables from these
scales are presented in Table 2. Specifically, the BIS was positively
associated with IU but negatively associated with anhedonia.
The BAS was negatively correlated with anhedonia and
depression. Both IU and anhedonia were positively associated
with depression.

Path Analysis Model

The results of the initial hypothesized model with age,
marital status, education, duration of substance use, number of
compulsory detoxifications, and type of substance used as control
variables (x2 = 36.810, x2/df = 1.472, p = 0.060, TLI = 0.889,
CFI = 0.897, SRMR = 0.040, RMSEA = 0.041) showed that the fit
of the model was suboptimal, but there were eight non-significant
pathways for age and depression (B = 0.008, p = 0.905), marital
status and depression (B = —0.104, p = 0.056), education and
depression (B = 0.046, p = 0.424), duration of substance use
and depression (B = 0.093, p = 0.091), number of compulsory
detoxification and depression (8 = 0.016, p = 0.823), type of
substance used and depression (f = —0.021, p = 0.748), the BIS
and anhedonia (3 = —0.042, p = 0.555), and the BAS and IU
(B = —0.114, p = 0.076) in this model. After removing these
eight pathways, the results of the measurement showed that the
modified model fit the data excellently (x? = 3.922, y2/df =
1.307, p = 0.270, TLI = 0.976, CFI = 0.992, SRMR = 0.021,
RMSEA = 0.033). Standardized pathway coefficients within
factors are displayed in Figure 2. The final model accounted
for 16.6% of the total variance in depression among females
with SUD.

When the final model chosen, bias-corrected
bootstrapping was performed to further test the significance
of the mediators. Compared to traditional mediation analyses,
bootstrapping as a non-parametric resampling procedure can
provide greater statistical power to test indirect effects (73). The
results of the bootstrap analyses indicated that the direct effect
of the BIS on depression was significant (8 = 0.201, p = 0.001,
95% CI = [0.080, 0.323]), and the specific indirect effect of the
BIS on depression through IU was also significant (8 = 0.054,
p = 0.001, 95% CI = [0.021, 0.087]). In addition, the results of
the bootstrap analyses showed that the direct effect of the BAS
on depression was significant (8 = —0.219, p < 0.001, 95% CI =
[—0.336, —0.103]), and the specific indirect effect of the BAS on
depression via anhedonia was also significant (8 = —0.095, p <
0.001, 95% CI = [—0.148, —0.043]).

was

DISCUSSION

To the best of our knowledge, this is the first study to explore
the direct and indirect effects of the BIS/BAS on depression
through IU and anhedonia in females with SUD within the
RDoC framework. The present results provide strong evidence
supporting our proposed model. We found a high prevalence
of depression in this population and that the BIS significantly

positively predicted depression, while the BAS significantly
negatively predicted depression. In addition, IU was a significant
mediator between the BIS and depression, while anhedonia was
a significant mediator between the BAS and depression in this
population. Considering that SUD differ in course and outcome
between women and men, the present results for females
with SUD could contribute to understanding depression status,
understanding the mechanism of depression, and providing
important guidelines for the identification, intervention and
treatment of depression in this special population.

In the current study, 45.2% of the females with SUD reported
having depression, which is much higher than the rates in other
populations (e.g., general women, male with SUD) in previous
studies (15, 74). Several reasons may explain why there was a high
prevalence rate found in the present study. First, depression is
one of the most common psychiatric disorders and a major public
health problem in the Chinese population, especially among
women, because great social and economic transformation, as
well as rapid urbanization and modernization in China, brought
dramatic changes to society, including increased personal and
contextual stressors (i.e., faster pace of life, job loss, marital
divorce or separation, traffic congestion, overcrowded living
conditions), disintegration of Chinas traditional large family,
and decline in family support by weakening family ties (75).
Most of these factors have been considered risk factors for
depression in a previous study (76) and may correlate with the
increased depression prevalence rate found in females with SUD.
In the present study, 78.2% of the sample was unmarried or
divorced, which was likely to cause difficulties in the availability
of family support, one of the most important sources of social
support in Chinese culture. Second, compared to general women,
females with SUD may experience more stressful events, such as
underemployment, broad socioeconomic disadvantage and poor
health status, which are potential risk factors for depression.
Third, compared to male with SUD, substances could have
more serious negative consequences in females with SUD. These
consequences include higher substance use dependence, easier
relapse, less response to treatment, more severe SUD syndrome,
and higher comorbidity of SUD and depression (14, 15).

Compared to the positive predictors of high BIS and BAS
levels for SUD found in a previous study (24, 25), the current
results indicated that high BIS levels and low BAS levels directly
positively predict depression in females with SUD, which is
supported by the theory that both avoidance motivation and
approach deficits play an important role in weakening positive
experiences and reinforcement for non-depressed behaviors,
leading to the onset and maintenance of depression (11). On
the one hand, individuals with reward hypersensitivity are more
likely to be susceptible to SUD by means of substance-triggered
excessive reward activation states. When their reward systems
switch to excessively deactivate responsivity to unresolved
failures or losses because of the termination of substance
use in the compulsory substance abuse detention center, they
become more vulnerable to depression, which is supported by
electrophysiological studies (30). For example, a previous study
found that low BAS levels measured by ERPs prospectively
predict depression onset in adolescent girls (77). Furthermore,
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TABLE 2 | Mean, standard deviation, and correlations among all variables.

M SD 1 2 3 4 5
1.BIS 15.73 2.45 1
2. BAS 43.29 6.12 0.54" 1
3.1U 78.79 15.62 0.29” 0.08 1
4. Anhedonia 22.71 5.97 —0.22" —0.40" —0.09 1
5. Depression 14.93 9.14 0.08 —0.20" 0.19” 0.28" 1

BIS, behavioral inhibition system; BAS, behavioral activation system; IU, intolerance of uncertainty; **p < 0.01.

BIS 0.27%*%¥

0.20%**

/

0.54*x%

Intolerance of Uncertainty w

Depression

Anhenodia

M

-0:22%**

FIGURE 2 | The relationships between BIS/BAS and depression mediated by intolerance of uncertainty and anhedonia. ***o < 0.001.

a longitudinal fMRI reward process study has indicated that
compared with healthy controls, individuals with depression who
consistently exhibited less striatal activation to reward stimuli
suffered from increasing depressive symptoms (78). On the
other hand, females with high BIS levels, who are more likely
to show hypersensitivity to punishment stimuli (e.g., failure or
loss, criticism or scolding), are more vulnerable to substance
overuse to escape loneliness and life problems. Meanwhile,
females with SUD with high BIS levels have been shown to be
prone to depression because the BIS is positively correlated with
neuroticism, which is a risk personality trait for depression (79).

In the current study, we found that IU mediated the
relationships between the BIS and depression and that anhedonia
served as a mediator of the relationships between the BAS
and depression among females with SUD, which shows that
these variables serve as indicators of differential risk factors
with great importance to support the unique mechanisms
corresponding to depressive symptoms in females with SUD
within the RDoC framework (19). On the one hand, the
BIS can intensify individual reactions to withdraw from or
avoid novel, uncertain or threatening contexts, which may
trigger individuals to interpret ambiguous information more
negatively (41). Especially for females with SUD who suffer
from more negative life events and more uncertainty within
their environment, high BIS levels could induce high IU, thus
leading to a higher level of depression than the individuals
with low BIS levels. Because individuals with high levels of TU
show blunted reward responsiveness (40), the BAS cannot have

an indirect impact on depression through IU. On the other
hand, the BAS has a close relationship with reward seeking, and
individuals with high BAS sensitivity show a high preference
for novelty processing and reward dependence (23). The BAS
may play an important role in individuals’ motivations to
conduct goal-directed behavior (52). However, individuals with
a high level of anhedonia take part in less pleasant activities
on the non-substance-related activities list and less physical
activities (e.g., walking frequency, moderate-intensity physical
activity frequency and duration, and vigorous-intensity physical
activities and duration), which are associated with higher physical
activity enjoyment and a lower level of depressive symptoms
(51, 52). Thus, females with SUD with low BAS levels lose their
motivation to pursue meaningful and rewarding stimuli and
experience more anhedonia in daily life, which exacerbates their
depression. However, individuals with high BIS sensitivity show
an enhanced preference for punishment and threat stimuli rather
than pleasure or reward stimuli (23), which could explain why
the BIS did not indirectly influence depression via anhedonia in
females with SUD in the present study.

The present study may have some theoretical and practical
implications. From a theoretical perspective, these results provide
strong evidence in support of the RDoC initiative. First,
consistent with previous findings (29, 46, 47, 55), the present
study found that the BIS, the BAS, IU, and anhedonia have
close relationships with depression in females with SUD, which
indicates that these variables are transdiagnostic features across
different psychiatric disorders. Second, the BIS had an indirect
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influence on depression through IU, while the BAS had an
indirect influence on depression via anhedonia in the present
study, which suggests that it is imperative to explore the specific
mechanisms unique to specific psychiatric symptoms (19). From
a practical perspective, the current results could aid evidence-
based prevention and interventions to decrease depression
among females with SUD. Based on our model, prevention and
interventions considering the BIS/BAS, IU, and anhedonia may
be helpful for establishing effective strategies for females with
SUD with depression. First, when identifying a target population
for further prevention and intervention programs among females
with SUD, combinations of these risk factors (e.g., low BAS
levels, high BIS levels, high IU, and high anhedonia) should
be adopted according to the present results. Second, and even
more importantly, our results provide invaluable knowledge on
how to prevent and intervene in depression among females with
SUD. Specifically, interventions to decrease BIS levels and to
increase BAS levels could decrease depression in females with
SUD. In addition, the findings of this study that IU mediates the
associations between the BIS and depression and that anhedonia
mediate the relationships between the BAS and depression has
important implications for practice. On the one hand, to prevent
and intervene in depression in females with SUD with high BIS
levels, CBT-IU techniques should be exploited to enhance females
with SUD’ acceptance of uncertainty because these techniques
include psychoeducation on reappraising uncertainty, cognitive
modifications for unrealistically positive illusions about seeking
certainty, and exposure training for uncertainty (37). On the
other hand, to prevent and intervene in depression in females
with SUD with low BAS levels, specific behavioral activation
therapy unique to these populations should be given more
attention and deserve further exploration (57).

However, there are some limitations in the present study that
have to be addressed. First, there was the absence of structured
assessment data to validate the clinical diagnoses of depression in
the sample, although the CES-D has been widely used to assess
depression in epidemiological research (75). Thus, future studies
should try to assess depression in females with SUD based on
a clinical diagnosis system (e.g., DSM-V or ICD-11). Second,
this study was a cross-sectional survey study, which prevented
the identification of any causal relations among these variables.
Future studies should conduct experimental research or use
longitudinal designs to strictly explore the causal relationships
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Previous researches indicated that emotional regulation can be associated with
depression and anxiety, which may be an important mediating factor between emotional
regulation and internet addiction. However, the mechanism between these associations
has received little attention and it is still unclear. This study has examined 716 Chinese
adolescents, 341 were males (47.6%), aged 13 to 18(Mean = 14.58, SD = 1.50), using a
cross-sectional survey involving Young’s Diagnostic Questionnaire for Internet Addiction,
the nine-item Patient Health Questionnaire (PHQ-9), the seven-item Generalized Anxiety
(GAD-7) scale, and the Emotion Regulation Questionnaire (ERQ). Correlation analysis,
multiple-group analysis and structural equation modeling were carried out in SPSS
Statistics version 23 (IBM, Armonk, NY) and AMOS version 21. Cognitive reappraisal
had a significantly negative direct effect on Internet addiction (8 = —0.118, p <
0.05). Furthermore, negative emotions mediated the relationships between expression
suppression and Internet addiction [ = 0.149, 95% CI = (0.099, 0.212)] and the
relationship between cognitive reappraisal and Internet addiction [8 = —0.101, 95%
Cl = (-=0.147, —0.065)]. The differences in the structure path coefficients for different
development stages demonstrated that recognitive reappraisal showed more protective
roles for negative emotion (p < 0.01), and negative emotion also predict Internet addiction
more effectively in high school students (p < 0.001). However, cognitive reappraisal
directly predicted negative Internet addiction in junior high school students. Therefore,
the intervention on adolescents for internet addiction should not only focus on emotional
regulation and negative emotion, but also development stages of adolescents.

Keywords: depression, anxiety, stress, internet addiction, expressive suppression, cognitive reappraisal

INTRODUCTION

With the development of society and information technology, the internet has brought
convenience, but also some problems, especially for adolescents. Physical and psychological
characteristics show that adolescents have relatively poor self-control and immature psychology
and behavior. Adolescents may be prone to internet addiction (IA), which can affect their physical
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(1) and mental health (2) and academic performance (3),
even generating suicidal ideation (4). Internet addiction
is characterized by psychological dependence, tolerance,
and withdrawal symptoms and is included in the “Internet
Addiction” chapter of the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-V; American Psychiatric
Association, 2013) (5). The prevalence of internet addiction
among Chinese adolescents was found to be 10.4% (6). Many
adolescents with internet addiction show more problematic
internet usage, which may be associated with significantly more
negative emotion and greater deficits in emotional regulation
(7). There are obvious differences between boys and girls in
Internet addiction. For example, adolescents with masculine
temperament prefer competitive games, while adolescents with
feminine temperament show low preference for competitive
games. However, due to the virtuality of cyberspace, there may
be cross gender behavior in adolescents’ online behavior (8).
Meanwhile, adolescents experience more negative emotions,
which may be related to the contradiction between the demand
for emotional autonomy and immature emotion regulation in
adolescence (9). However, fewer studies simultaneously focused
on the mediating roles of cognitive reappraisal and expressive
suppression in internet addiction and the model invariance
across gender and age.

Depression, Anxiety and Internet Addiction
Owing to factors that pertain to academic performance (10),
interpersonal problems (11), and family (12), many adolescents
suffered from emotion problems, especially negative emotion
of depression and anxiety (13). Many studies have considered
that depression and anxiety may be the main risk factors
for internet addiction among adolescents (14, 15). Internet
addiction should be a negative coping style of avoiding
problems. Therefore, the behavior of internet addiction may
further aggravate the symptoms of negative emotions. The
internal mechanism between emotion problems and internet
addiction has played an important role in intervention and the
treatment of internet addiction (16, 17). A possible explanation
for these associations is that individuals with depression and
anxiety may try to self-regulate emotional states through
internet addictive behaviors (18). Positive emotional regulation
strategies may be mediating roles between emotion problems and
internet addiction.

According to Cognitive Behavior Theory (CBT), anxiety
and depression of adolescents may be the mediator variables
between emotional regulation and problem behavior (19). The
problem behaviors of adolescents mainly include internalization
and externalization. Internalization problems include all kinds
of over-inhibited or inward-directed behavior, such as anxiety
and depression, while externalization problems include all kinds
of uninhibited or outward-focused behavior, such as internet
addiction and aggression. Therefore, internet addiction as an
externalized behavior may also be influenced by emotion
regulation, but few researches have explored the relationship
and psychological mechanism between emotion regulation and
internet addiction.

The Mediating Role of Expressive

Suppression and Cognitive Reappraisal
Emotional regulation deficits have been theoretically and
empirically associated with affective disorders and addiction.
Some studies have tried to intervene in internet addiction
in adolescents with cognitive behavioral therapy (CBT) (20).
Cognitive factors may be key factors in internet addiction.
Some studies have supported the notion that the ability to
regulate emotions may predict internet addiction, and therefore
producing changes in cognition may be an effective intervention
method (21, 22). Cognitive reappraisal, as an adaptive strategy,
is defined as cognitively transforming a situation in order to
modify its impact on one’s emotions (23). Cognitive reappraisal
may help individuals to re-evaluate a situation of maladjustment
and improve the ability of self-control. However, expressive
suppression is a maladaptive strategy defined as inhibiting
emotion expressive behavior (24). Some studies have shown
that adolescents with internet addiction had greater difficulty
in emotional regulation, manifested by excessive expressive
suppression and too little cognitive reappraisal (25, 26). Owing
to excessive suppression of negative emotional experiences,
the correlation between negative and internet addiction may
be enhance. Therefore, a deficit of emotional regulation may
further strengthen the association between negative emotions
and internet addiction.

According to previous studies, depression (27) and anxiety
(28) are positively associated with internet addiction, and
emotional regulation may have a mediating role between negative
emotion and internet addiction.

The Effect of Age and Gender

Many related studies have shown that internet addiction and
emotional features of adolescents vary with age and sex (29).
Although the related research supports the fact that negative
emotion, such as depression and anxiety, play important roles
in the severity of internet addiction, gender also plays an
important role in the structural equation model (30). In addition,
compared with boys, girls were found to be at a higher risk
of mood symptoms only and of comorbid IA and mood
symptoms (13). However, few studies have referred to the
invariance of the structural model relating negative emotion
and internet addiction, and some research shows that the path
relating emotion and internet addiction shows no difference,
which assumed negative emotion as mediator between school
climate problematic internet use and ignore the comparison of
progressive equivalence models (31). According to the different
psychological mechanisms of age and gender, the treatment of
internet addiction should consider the variables of age (32) and
gender (33, 34).

The Present Study

Emotion problems, such as depression (35) and anxiety (36) have
been associated with internet addiction, so emotion problems
may be risk factors for internet addiction. Expressive suppression
may be a risk mediating factor between emotion problems and
internet addiction. Internet addiction is affected directly by
depression and anxiety, and indirectly by expressive suppression
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and cognitive reappraisal. Given the mediating effects of gender
and age, we also considered the roles of gender and age in
this model to determine whether the model developed for all
participants was suitable for all adolescents regardless of age
and gender.

MATERIALS AND METHODS

Participants

A total of 716 adolescents participated in the study. The valid
data set comprised 690 participants after deleting invalid data,
and the data efficiency was 96.37%. All adolescents gave informed
consent before starting to fill out the form by choosing whether
agree to participate in this study or not.

Procedure

The participants in this study were students who completed a
self-reported questionnaire from the provinces of Sichuan and
Hainan. They were first asked to read an informed consent
declaration and entered the survey only if they agreed by
QR (quick response) code or web page. They could opt to
remain anonymous or use their real name when filling in
the questionnaire.

Ethics Statement

Ethical approval for this study was obtained from the Hainan
Medical University Ethics Committee (HYLL2020005). Parents
and schools were informed to obtain the consent prior to the
study. All participants were volunteered to participate in the
study and receive individual psychometric results at the end of
the measurement.

Measurement

Depression

The nine-item Patient Health Questionnaire (PHQ-9) has been
widely utilized to assess symptoms of depression (37). The
nine items of the PHQ correspond to the diagnostic criteria of
depressive symptoms in DSM-V. The PHQ-9requiresparticipants
to self-report the frequency of related symptoms over the past 2
weeks. As a severity measure, the PHQ-9 score can range from
0 to 27, because each of the nine items is scored from 0 (not at
all) to 3 (nearly every day). Cronbach’s alpha for the PHQ-9 was
0.911 in the current sample.

Anxiety

The seven-item Generalized Anxiety Disorder (GAD) scale
is generally utilized to measure anxiety symptoms among
adolescents (38). The GAD asks participants to self-report on the
status and frequency of symptoms during the last 2 weeks (39).
The score for the GAD can range from 0 to 21, and the Cronbach’s
alpha was 0.924 among all participants in this study.

Expressive Suppression and Cognitive Reappraisal

The Chinese version of the Emotion Regulation Questionnaire
(ERQ) consists of 10 items that measure two factors: expressive
suppression (four items) and cognitive reappraisal (six items).
Each item of the ERQ is scored one (completely disagree) to seven
(completely agree). Scores of for all four expressive suppression

items were summed to generate a single expressive suppression
score, while scores for all six cognitive reappraisal items were
added up to yield a single cognitive reappraisal scores (40, 41).
The Chinese version of the ERQ shows good internal consistency,
adequate validity in Chinese individuals. In the present study, the
Cronbach’s alpha coefficients for the expressive suppression and
the cognitive reappraisal were 0.752 and 0.857, respectively.

Internet Addiction

Young’s Diagnostic Questionnaire for Internet Addiction (YDQ)
was applied to assess Internet addiction (42). The YDQ was
modified according to the DSM-IV criteria for pathological
gambling and consists of eight “yes” or “no” questions. The total
score of the eight items ranged from 0 to 8, which also showed
good reliability and validity in Chinese adolescents. Cronbach’s
alpha was 0.771 in this study.

Data Analysis

First, we conducted descriptive statistics, Students t-test,
correlation analyses using SPSS Statistics version 23 (IBM,
Armonk, NY). Next, Amos 21.0 was adopted to examine the
hypothesized models. Structural equation modeling (SEM) was
performed to test the mediating role of negative emotions
in the relationships among expressive suppression, cognitive
reappraisal and Internet addiction. Specially, The SEM analysis
was conducted in two steps. Firstly, we tested the measurement
model to examine whether the observed variables were properly
chosen for the indicators of the latent variables. Secondly, we
tested the structural model to examine the proposed associations
among the latent variables. Indirect effects were also calculated
using bias-corrected bootstrapping (5,000 bootstrap samples)
with 95% confidence intervals (CIs) (43). The 95% CIs not
including zero shows a significant effect. Furthermore, to assess
the structural equivalence across gender and developmental
stages, two multi-group (by adolescent gender or developmental
stages of adolescents) SEMs were performed.

In the present study, several goodness-of-fit indices were
adopted to assess the model-data fit. The first one was the Chi-
square statistic and its associated p value. If the p value is not
significant, it may show good model-data fit. However, the Chi-
square statistic is sensitive to sample size (44). Therefore, we
adopted the Chi-square to degrees of freedom ratio (x2/df) to
assess the model fit. A x2/df ratio of <3 indicated a good model
fit. Other substitutive indices were also used in the current study,
including the Tucker-Lewis Index (TLI) (45), the comparative
fit index (CFI) (46), the standardized root mean square residual
(SRMR) (47), and the root mean square error of approximation
(RMSEA) (48). A TLI and CFI larger than 0.95 and a SRMR and
RMSEA <0.08 show good model fit (48). For the comparison of
the nested models, differences in the x> (Ax?) and the degree of
freedom (Adf) were employed to compare the models with the
goodness of fit to test the model that best fit the data (49, 50).
Specifically, the standard of comparison between the two nested
models is as follows: when the degrees of freedom increase with a
significant increase in the corresponding Chi-square value (that
is, Ax2/Adf is significant), the better model is the one with
a smaller degrees of freedom. Otherwise, the larger degrees of
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freedom model are better. The predictive and explanatory powers
of the model were assessed using path coefficients and R2.

RESULTS

Descriptive Statistics and t-Tests

The characteristics of the participants and the distribution
of Interent addiction are shown in Table 1. The average age
of the adolescents in the current study was 14.59 (SD =
1.50) years, and the age range was 12 to 18 vyears; the
study included 332 boys (48.1%) and 358 girls (51.9%).
According to the standard definition of Interent addiction,
the prevalence of Interent addiction was 10.72% (n = 74)
among the adolescent internet users in this study. There
were no gender differences in expressive suppression, cognitive
reappraisal, Internet addiction, while depression and anxiety
yielded significant gender differences. Compared with boys,
girls had higher scores on the depression and anxiety scales.
Forthermore, there were no developmental stages differences
in expressive suppression, cognitive reappraisal, and Internet
addiction, while depression and anxiety yielded significant
developmental stages differences. High school students showed
higher level of depression and anxiety than the junior high school
students (Table 1).

Correlation Analysis

For all participants, expressive suppression was significantly
positively related to depression, anxiety and Interent addiction
(r = 0.298, p < 0.001, r = 0.309, p < 0.001, r = 0.08, p <
0.05, respectively), while cognitive reappraisal was significantly
negatively associated with depression, anxiety and Internet
addiction (r = —0.243, p < 0.001 and r = —0.219, p < 0.001, r
= —0.180, p < 0.001, respectively). In addition, depression and
anxiety were significantly correlated to Internet addiction (r =
0.332, p < 0.001 and r = 0.323, p < 0.001, respectively) (Table 2).

Mediational Model Analysis

Firstly, the hypothesized measurement model contained
20 observed variables and five latent variables: expression
suppression, cognitive reappraisal, depression, anxiety and
Internet addiction (Figure1). Depression and anxiety were
loaded on the latent variable of negative emotion, while other all
items were loaded on their corresponding latent variables in the
measurement model. For example, the total eight items in the
YDQ were loaded on the latent variable of Internet addiction. The
measurement model was a good fit to the data, (x> = 275.551,
x2/df = 1.680, TLI = 0.969, CFI = 0.974, SRMR = 0.038,
RMSEA = 0.032). The indicators loaded well-onto each latent
variable with standardized factor loadings ranging from 0.470
to 0.903. When evaluating the structural model, we analyzed
the significance of the entire model as well as the significance of
the relationship and variances among the multiple factors in the
model. According to the fit standards, our model fits well with
the empirical data (x? = 275.551, x2/df = 1.680, TLI = 0.969,
CFI = 0.974, SRMR = 0.038, RMSEA = 0.032). Expression
suppression had no significant direct effect on Internet addiction
B —0.071, p > 0.05), while cognitive reappraisal had a

significantly negative direct effect on Internet addiction (8 =
—0.118, p < 0.05). Furthermore, negative emotions mediated
the relationships between expression suppression and Internet
addiction [ = 0.149, 95% CI = (0.099, 0.212)]. In addition,
negative emotions also mediated the associations between
cognitive reappraisal and Internet addiction [ = —0.101, 95%
CI = (—0.147, —0.065)]. Finally, we found that 17.2% variance
of Internet addiction could be explained by this model.

Structural Invariance of the Mediated
Model Analysis

To assess the structural invariance of the mediated model across
gender and developmental stages of adolescents, two nested
models were estimated, respectively. The first model allowed the
structure coefficient of the two models to be estimated freely
according to gender, while the second model was conducted for
the structure path coefficients to be equal. The results found that
these two models were not significantly different, AY2[(5), N =
676] = 7.012, p = 0.220, indicating that they were not differed
according to gender. In addition, the first model allowed the
structure coefficient of the two models to be estimated freely
according to the developmental stages of adolescents, while the
second model was conducted for the structure path coefficients to
be equal. The results found that these two models were also not
significantly different, Ax2[(5), N = 676] = 18.058, p = 0.003,
indicating that they differed according to the developmental
stages of adolescents. In addition, we utilized critical ratios of
differences (CRDs) as an index to examine the differences in the
structure path coeflicients between junior high school students
and high school students. If the CRD was larger than 1.96, then
the associations between these two variables would demonstrate a
significant developmental stages difference as p < 0.05. First, the
results showed that the structure path from cognitive reappraisal
to negative emotions revealed a significant developmental stages
difference (CRD = —2.065, P < 0.05). More specifically, first, the
path coeflicient for junior high school students was § = —0.23,
p < 0.01, while the path coefficient for high school students was
B = —0.35, p < 0.01. Therefore, cognitive reappraisal had a far
greater protective role against the negative emotions among high
school students than junior high school students. Second, the
results showed that the structure path from negative emotions
to Internet addiction revealed a significant developmental stages
difference (CRD = 3.057, P < 0.001). More specifically, the
path coefficient for junior high school students was g = 0.28,
p < 0.01, while the path coefficient for high school students
was B = 0.70, p < 0.001. Therefore, negative emotions had a
far greater prediction to Internet addiction among high school
students than junior high school students. Finally, the results
showed that the structure path from cognitive reappraisal to
Internet addiction revealed a significant developmental stages
difference (CRD = 2.711, p < 0.01). More specifically, the path
coeflicient for junior high school students was g = —0.19, p
< 0.01, while the path coeflicient for high school students was
B = 0.11, p > 0.05. Therefore, cognitive reappraisal had a far
greater direct prediction to Internet addiction among junior high
school students than high school students. Thus, there were the
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TABLE 1 | Descriptive statistics among the variables.

Variables Gender Developmental stage of adolescents
Girls (N = 358) Boys (N = 332) t Junior high school students (N = 504) High school students (N = 186) t
Mean SD Mean SD Mean SD Mean SD

Expressive suppression 15.20 477 1497 473 0.65 14.99 4.94 16.35 4.20 —0.95
Cognitive reappraisal 29.08 5.92 28.71 6.74 0.77 29.00 6.47 28.63 5.93 0.69
Depression 6.36 6.13 4.69 5.16 3.87" 5.09 5.57 6.83 6.02 —3.58"
Anxiety 6.19 511 4.92 4.56 3.43" 5.29 4.80 6.34 5.06 —2.51*
Internet addiction 1.65 2.38 1.72 2.71 —0.40 1.65 2.58 1.77 2.45 —0.54
*p < 0.05; *p < 0.01.
TABLE 2 | Correlation among the main variables for all sample.

Range Mean + SD 1 2 3 4 5
1. Expressive suppression 4-28 15.09 £+ 4.75 -
2. Cognitive reappraisal 6-42 28.91 £ 6.32 —0.003 -
3. Depression 0-27 5.56 + 5.74 0.298*** —0.243** -
4. Anxiety 0-21 5.58 + 4.89 0.309*** —.219"* 0.804*** -
Internet addiction 0-8 1.85 + 2.01 0.080* —0.180"** 0.332*** 0.323** -

*0 < 0.05; **p < 0.001.

structural invariance of the mediated model across gender, while
the developmental stages of adolescents played the moderating
effects in the structural paths in the mediated model.

DISCUSSION

Gender and Age Differences

Our study showed that symptoms of depression and anxiety
were significantly more common in girls than in boys. This
result is consistent with most previous studies that female sex
may be a risk factor for depression and anxiety (51). Among
adolescents, the high school students showed significantly higher
levels of depression and anxiety symptoms than junior school
students, which may be related to more academic pressure,
as well as emotional problems linked with physical and
mental development.

Correlation Among Main Variables

Expressive suppression showed significant positive correlation
with depression, anxiety and Internet addiction. Depression and
anxiety are highly comorbid, which is broadly characterized by
an overreliance on expressive suppression. Previous researched
also supported that expressive suppression was associated
with negative emotion consequences (52). Negative emotion
of depression and anxiety is also characterized by ineffective
utilization of cognitive reappraisal, which inhibits the potential
positive emotion. Similar with previous researches, cognitive
reappraisal showed negative correlation to depression and
anxiety (53, 54). The high school students may suffer from
stressful or uncontrollable situations, due to underutilization
of cognitive reappraisal. For negative emotion, treatment

intervention may appear to increase cognitive reappraisal
but decrease expressive suppression. In addition, expressive
suppression was negative correlated with Internet addiction,
but cognitive reappraisal was positively correlated with Internet
addiction. The results were consistent with related research
that emotion dysregulation may be a potential risk factor for
Internet addiction (55). Because of the outbreak of COVID-19,
adolescence may also have troubles, for example, lack of social
communication, lack of peer communication and academic
pressure. However, there are some difficulties in emotion
regulation among some adolescents, which may enhance the
negative emotion. Negative emotions may lead to externalized
behaviors, such as Internet addiction. Therefore, dysregulated
negative emotions in adolescents may be a risk factor for
psychopathology, but appropriate emotion regulation strategy
may be a protective factor for psychopathology (56).

Mediating Effect of Negative Emotion

This study demonstrated that expressive suppression couldn’t
predict Interent addiction directly, cognitive reappraisal
could predict Internet addiction directly. Negative emotion of
depression and anxiety conducted mediating variables between
emotional regulation and Interent addiction. On the one hand,
similar to previous research, negative emotion was the partial
mediating factor between cognitive reappraisal and Interent
addiction (57-59). Negative emotion are important mechanisms
in the relationship between emotional regulation and Interent
addiction. The higher the score of cognitive reappraisal
corresponded to the lower the negative emotion and the less the
Interent addiction. On the other hand, depression and anxiety
were also completely mediating factor between expressive
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FIGURE 1 | Standardized estimates of the mediated model. *p < 0.05; ***p < 0.001.
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suppression and Interent addiction. The higher the score of
expressive suppression predicted the higher the negative emotion
and the more the Interent addiction. Cognitive reappraisal allows
individuals to reframe negative emotional situations and reassess
emotional events, which enables them to have better adaptability
to negative situations, and to gain more control (23). Expressive
suppression is a negative coping style, which may enhance
negative emotional experience, leading to deterioration of self-
control, cognitive bias, and maladaptive behavior problems (24).
At the same time, expressive suppression may also be harmful
for an individual’s social functioning and reduce the acquisition
of social support (60, 61). For younger adolescents, there are
a lot of social support from parents, teachers, friends and so
on. Compared with older adolescents, they also confront with
less academy stress. This study demonstrated that expressive
suppression may be not the important mediating role between
negative emotions and internet. Adolescents may still be more
inclined to express their emotions rather than over restrain them.
Cognitive reappraisal could be beneficial in enabling individuals
to distinguish negative emotions, experience lower emotional
intensity, and adopt more and various emotional regulation
strategies. Research has shown that cognitive reappraisal reduced
not only emotional experience but also bilateral amygdala
activation (62).

Invariance of the Model

To determine whether both different genders and different
development stages of adolescents are applicable in the models,
an invariance study of the structural models was conducted.
The results showed that structural invariance across gender was
accepted, but the invariance across different development stages
of adolescents was not established. The structure models could
be suitable for both boys and girls. Previous studies revealed

that over-suppression of negative emotion may be harmful to the
relief of negative emotions and lead to more behavioral problems
and physical diseases, especially in females (63, 64). In our
study, almost of adolescents are in the early stage of adolescents,
psychological and behavioral differences between boys and girls
haven’t appeared particularly significance. With the development
of adolescents, the differences may be more and more significant.
As a result of social expectations, males are less likely to express
themselves when they are faced with depression and anxiety, but
are more willing to take on negative emotions and deal with bad
situations by themselves.

According to invariance across different development stage
of adolescents, the structure models couldn’t also suitable
for different stages of adolescents. Compared with junior
high school students, cognitive reappraisal could be more
protective factors for negative emotion of depression and
anxiety among high school students. With the development
of adolescents, cognitive function gradually improved, high
school students could be better at cognitive reappraisal than
junior high school students (65). The cognitive-affective
process suggested that the improvement of cognitive level
may be beneficial to the improvement of negative emotional
experience. Similar with previous studies, anxiety and depression
positively predicted Internet addiction of adolescents (15).
However, negative emotion of high school students could
be more effectively predicting roles in Internet addiction
than junior high school students. Compared with junior
high school students, high school students have more
academic pressure, which is associated with more negative
emotions. Finally, cognitive reappraisal is more effective
in predicting Internet addiction of junior high school
students. Related studies have demonstrated that emotion
dysregulation is risk factors for Internet addiction. More
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cognitive reappraisal predicted greater reduction in negative
emotion (66).

Conclusion

According to cognitive behavior theory, emotional regulation
plays important roles in Internet addiction. The way of emotion
regulation affects emotional experience, which directly positively
predicts Internet addiction. In this study, expressive suppression
was a risk factor of negative emotion and Internet addiction,
while expressive reappraisal was a protective factor of negative
emotion and Internet addiction. Expressive suppression affects
Internet addiction through negative emotions, while cognitive
reappraisal affects Internet addiction directly. At the same time,
there are some differences in the path coefficient of the model
among the different development stages of high school students.
This found reminds that psychological intervention should
consider emotional regulation and negative emotion, but also
development stages of adolescents.

LIMITATIONS AND IMPLICATIONS

Longitudinal study may be more beneficial to explore the
psychological development mechanism between negative
emotions and Interent addiction. Insufficient of older adolescents
may affect this invariance of age, we should increase the sample
of older adolescents in the future. According to the result, relief of
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Background: Psychopathy and substance use disorders (SUDs) are both characterized
by neurocognitive impairments reflecting higher levels of impulsivity such as
reward-driven decision-making and deficient inhibitory control. Previous studies
suggest that psychopathy may exacerbate decision-making deficits, but it may be
unrelated to other neurocognitive impairments among substance dependent individuals
(SDIs). The aim of the present study was to examine the role of psychopathy
and its interpersonal-affective and impulsive-antisocial dimensions in moderating the
relationships between dependence on different classes of drugs and neurocognitive
domains of impulsivity.

Method: We tested 693 participants (112 heroin mono-dependent individuals, 71 heroin
polysubstance dependent individuals, 115 amphetamine mono-dependent individuals,
76 amphetamine polysubstance dependent individuals, and 319 non-substance
dependent control individuals). Participants were administered the Psychopathy
Checklist: Screening Version (PCL:SV) and seven neurocognitive tasks measuring
impulsive choice/decision-making (lowa Gambling Task; Cambridge Gambling Task;
Kirby Delay Discounting Task; Balloon Analog Risk Task), and impulsive action/response
inhibition (Go/No-Go Task, Immediate Memory Task, and Stop Signal Task).

Results: A series of hierarchical multiple regressions revealed that the
interpersonal-affective dimension of psychopathy moderated the association between
decision-making, response inhibition and both amphetamine and heroin dependence,
albeit differently. For amphetamine users, low levels of interpersonal-affective traits
predicted poor decision-making on the lowa Gambling Task and better response
inhibition on the Stop Signal task. In contrast, in heroin users high interpersonal-affective
psychopathy traits predicted lower risk taking on the Cambridge Gambling Task and
better response inhibition on the Go/No-Go task. The impulsive-antisocial dimension of
psychopathy predicted poor response inhibition in both amphetamine and heroin users.
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Conclusions:

Our findings reveal that psychopathy and its dimensions had both

common and unique effects on neurocognitive function in heroin and amphetamine
dependent individuals. Our results suggest that the specific interactions between
psychopathy dimensions and dependence on different classes of drugs may lead to
either deficient or superior decision-making and response inhibition performance in
SDls, suggesting that psychopathy may paradoxically play a protective role for some
neurocognitive functions in specific subtypes of substance users.

Keywords: opioid use disorder, stimulant use disorder, psychopathy, impulsivity, decision-making, response

inhibition

INTRODUCTION

Impulsivity and Substance Use Disorders
Impulsivity, defined as a “predisposition toward rapid,
unplanned reactions to internal or external stimuli without
regards to the negative consequences of these reactions” (1) is
considered a key etiological factor in current conceptualizations
of substance use disorders (SUDs) (2). Deficits in impulse
control are considered both as vulnerability factors that
increase the risk of initiation and maintenance of SUDs
(3, 4), as well as consequences of chronic drug use reflecting
long-term neuroadaptive changes in the brain linked to
specific neurocognitive impairments (5, 6). Despite the strong
associations of impulsivity with SUDs, recent advances in the
literature have drawn attention to the multifactorial nature
of impulsivity and the heterogeneity of SUDs, suggesting
that specific impulsivity dimensions might be differentially
implicated in distinct types of SUDs and in different stages of the
addiction cycle (2, 4, 7).

Impulsivity is a multidimensional construct comprised of a
variety of characteristics reflecting the personality dimensions
of trait impulsivity, as well as a number of neurobehavioral
manifestations, reflecting more fluctuating neurocognitive
dimensions of state impulsivity (8). Trait impulsivity is a
stable personality dimension, widely acknowledged as a
general risk factor for SUDs (9), which is usually measured by
self-report questionnaires such as the Barratt Impulsiveness
Scale-11 [BIS-11; (10)] and the UPPS Impulsive Behavior
Scale [UPPS; (11)]. Trait impulsivity is considered to be
on a continuum between lower, more adaptive levels and
higher, more extreme and maladaptive levels, which feature
prominently in externalizing psychiatric disorders that originate
in childhood and are commonly comorbid with SUDs,
such as attention deficit hyperactivity disorder (ADHD),
oppositional defiant disorder (ODD), conduct disorder, and
antisocial personality disorder (ASPD) (12). In contrast to trait
impulsivity, neurocognitive dimensions of impulsivity are more
fluctuating and dependent on environmental influences and the
current state of the individual (9). Therefore, neurocognitive
domains of impulsivity reflect more imminent risk and are
typically measured in the laboratory with performance-based
computerized tasks.

Neurocognitive impulsivity is additionally subdivided into
two broad domains: impulsive action, involving deficits in

rapid response inhibition (13) and impulsive choice, indicating
deficits in decision-making (14). This distinction is supported
by findings from preclinical studies, which show that impulsive
choice and impulsive action are differentially involved in
distinct stages of the addiction cycle and are mediated by
different neural circuits (15). Impulsive action reflects response
disinhibition and is typically measured by Stop Signal Tasks
[SST; (16)], which examine the ability to cancel an already
initiated motor response, and/or Go/No-Go type of paradigms
(17, 18), measuring the ability to inhibit a prepotent or
dominant behavioral response. Impulsive choice reflects a
reward-driven decision-making style associated with higher risk-
taking and preference for immediate over delayed rewards.
Common tasks of impulsive choice include delay discounting
tasks (19, 20) such as the Monetary Choice Questionnaire
[MCQ; (21)] and simulated gambling tasks measuring sensitivity
to risk and reward, such as the Iowa Gambling Task [IGT;
(22)] measuring decision-making under ambiguity or the
Cambridge Gambling Task [CGT; (23)] and the Balloon
Analog Risk Task [BART; (24)], measuring decision-making
under risk.

Neurocognitive Impulsivity in Substance

Use Disorders

Impairments in neurocognitive impulsivity have long been
implicated in SUDs. Increased response disinhibition and
aberrant decision-making are some of the most common findings
in people with SUDs (23, 25-31). Deficits in neurocognitive
dimensions of impulsivity have gained increased research interest
in the addiction literature as predictors of drug initiation and
poor treatment outcomes. Studies reveal that higher delay
discounting and compromised decision-making are predictive
of post-treatment relapse and can negatively affect one’s ability
to achieve and maintain abstinence from substance use (32-37).
Although response disinhibition on Stop Signal and Go/No-Go
tasks has not been consistently related to treatment retention and
abstinence (34, 35), it has proven to be among the most reliable
predictors of drug use initiation (38-41).

Though individuals with SUDs manifest marked impairments
on virtually all tasks of impulsive choice and impulsive action
(23, 25, 28, 30, 31), recent studies suggest that the type of
deficits demonstrated by individuals with SUDs might also be
affected by the unique properties of the type of substance
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they are using. In line with the precision medicine approach,
current models of addiction emphasize the increasing need
for identifying substance-specific personality and neurocognitive
risk profiles that reflect the specific psychopharmacological
effects of different classes of drugs and the distinct positive and
negative reinforcement mechanisms implicated in different types
of SUDs (2, 42, 43). Research increasingly reveals differences
in neurocognitive dimensions of impulsivity in individuals with
different SUDs, such as stimulant and opioid use disorder.
Although there is accumulating evidence for impaired response
inhibition on impulsive action tasks in individuals with both
stimulant- (28, 31, 44-46) and opioid use disorders (47-49),
studies directly comparing opiate and stimulant users reveal that
stimulant users are characterized by more pronounced response
inhibition deficits than opiate users (31, 50). Studies investigating
impulsive choice in individuals with stimulant and opioid use
disorders have yielded somewhat mixed findings. Some studies
have shown that individuals who preferentially use stimulants
are characterized by more impulsive decision-making than opiate
users (20, 23, 50, 51), whereas others have failed to find any
performance differences between stimulant and opiate users (31,
52, 53). Machine-learning approaches also reveal that heroin
and amphetamine dependence are characterized by unique
substance-specific neurocognitive impairments (54, 55), with
heroin dependence uniquely predicted by impaired decision-
making, lower risk-taking and intact response inhibition,
whereas amphetamine dependence was predicted by higher delay
discounting and longer reaction times (54).

However, there are several methodological limitations that
limit the conclusions that can be drawn from previous studies
in the field. Polysubstance use is one of the most significant
confounds in studies aiming to dissociate the specific effects
of different classes of drugs. With few exceptions (7, 52, 54),
most studies examining differences in neurocognitive impulsivity
between opiate and stimulant users are based on samples of
polysubstance users whose drug of choice was either opiates or
stimulants (23, 31, 50, 51, 53). Another methodological limitation
is related to differences in the length of abstinence across studies
of neurocognitive function in substance users. The majority
of neurocognitive studies on impulsivity explore the effects of
chronic substance use or the effects of early remission (<12
months) (20, 23, 25, 28, 31, 45-47, 50, 51, 53). A few studies have
focused on elucidating the effects of protracted abstinence (>12
months) on different dimensions of neurocognitive impulsivity
(7, 52, 53, 56-58). Differences in the length of abstinence (early
vs. protracted) of participants with SUDs may explain some of
the conflicting findings in the literature, as some neurocognitive
deficits have been shown to recover with abstinence (59-61).
However, few neurocognitive studies in SDIs have addressed
the protracted abstinence stage of the addiction cycle. Finally,
neurocognitive studies often fail to control for the confounding
effects of externalizing traits among people with SUDs, such
as antisocial and psychopathic traits, which are characterized
by similar neurocognitive impairments as those observed in
substance users and may further exacerbate neurocognitive
impairments in SDIs.

Effects of Psychopathy on Neurocognitive

Impulsivity in Substance Users

Psychopathy is a personality disorder characterized by a cluster
of personality and behavioral traits, which fall into two factors.
Factor 1 is characterized by affective (e.g., callousness, lack
of remorse) and interpersonal traits (e.g., manipulativeness,
superficial charm), whereas Factor 2 consists of lifestyle
(e.g., impulsivity, irresponsibility) and antisocial traits (e.g.,
early behavior problems, poor behavioral controls) (62).
This distinction is reflected in the Psychopathy ChecKklist-
Revised [PCL-R; (63, 64)], the most widely used instrument
for measuring psychopathy, which differentiates between
interpersonal-affective and impulsive-antisocial features of
psychopathy (65, 66), closely resembling the traditional
distinction between primary and secondary psychopathy (67-
69). Studies with the PCL-R reveal that Factor 1 is uniquely
related to lower levels of anxiety and impulsivity, whereas Factor
2 is associated with negative emotionality, impulsivity, and
substance misuse (63, 70, 71).

Psychopathy often co-occurs with SUDs (72-74) and is
associated with a variety of negative outcomes in people with
SUDs, including high treatment attrition, substance use during
treatment, high relapse rates, and increased risk for post-
treatment violent offending (73, 75-77). Studies using machine-
learning approaches reveal that psychopathy is the highest and
the only common predictor of dependence on different classes
of drugs, including heroin, amphetamine, cannabis, nicotine,
and alcohol (54, 55). This suggests that psychopathy may
be an important diagnostic marker for SUDs, regardless of
drug class.

Psychopathy has been associated with impairments in
neurocognitive domains of impulsivity, similar to those observed
in individuals with SUDs. With few exceptions (78, 79), most
studies on impulsive choice in psychopathy have found that
psychopathic individuals manifest suboptimal decision-making,
associated with risky decision-making style and inability to
learn from feedback (80-86). Results are less consistent in
the impulsive action domain, with some studies reporting
higher response disinhibition (87-90), whereas others suggest
intact or even superior response inhibition in psychopathic
individuals (87, 91-93). Inconsistencies across findings may be
explained by the heterogeneity of psychopathy, which has not
been addressed by the majority of studies, which are typically
based on PCL total sum scores that do not take into account
the distinction between interpersonal-affective and impulsive-
antisocial aspects of psychopathy. Focusing exclusively on total
sum scores may lead to conflicting results and conceal important
differential relationships that could deepen our understanding
of psychopathy (94). Studies that have addressed the distinction
between the interpersonal-affective and impulsive-antisocial
dimensions of psychopathy reveal that only Factor 2 (impulsive-
antisocial) is related to impulsive choice, manifested by risky and
less advantageous decision-making (80, 95, 96). With regards to
impulsive action, studies demonstrate that higher scores on PCL-
R Factor 2 and lower scores on Factor 1 were related to poor
response inhibition, suggesting that the affective-interpersonal
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aspects of psychopathy may in fact exert some protective effects
on neurocognitive functioning (97, 98).

Given that both psychopathy and SUDs are associated with
neurocognitive deficits in impulsivity, it has been suggested
that their co-occurrence may increase some impulse-control
deficits in individuals with SUDs (86). In two related studies,
Vassileva et al. (86, 92) examined differences in various
neurocognitive domains of impulsivity in psychopathic and
non-psychopathic mono-substance dependent (“pure”) heroin
users. Findings revealed that comorbid psychopathy exacerbated
decision-making deficits in heroin dependent individuals (86),
but psychopathy was unrelated to delay discounting and
response inhibition in this population (92). However, the role of
psychopathy and its dimensions on neurocognitive functioning
in SUDs is still not well-understood and has been particularly
understudied among individuals dependent on different classes
of drugs and in different stages of the addiction cycle. This is an
important line of inquiry as Factor 1 and 2 may be differentially
related to neurocognitive functioning and impulsivity (99, 100),
which could in turn influence the associations between SUDs and
neurocognitive function.

The aim of the current study was to examine if psychopathy
and its dimensions moderate the relationships between addiction
to different classes of drugs (stimulants vs. opiates) and
neurocognitive domains of impulsivity (impulsive choice and
impulsive action) in substance users in protracted abstinence.

MATERIALS AND METHODS

Participants

Participants were recruited from a larger study on impulsivity
among substance users in Bulgaria via flyers placed at
substance abuse clinics, therapeutic communities, social venues,
as well as through the study’s web page and Facebook page.
Participants were initially screened via telephone on their
medical and substance use histories. All participants had
to meet the following inclusion criteria: (1) age between
18 and 50 years, (2) Raven’s Progressive Matrices (101)
estimated IQ higher than 75; (3) minimum of 8th grade
education; (4) being able to read and write in Bulgarian;
(5) HIV-seronegative status; (6) negative breathalyzer test for
alcohol and negative urine toxicology screen for amphetamines,
methamphetamines, cocaine, opiates, methadone, cannabis,
benzodiazepines, barbiturates, and MDMA. Exclusion criteria
included history of neurological illness, head injury with loss
of consciousness of more than 30 min, and history of psychotic
disorders and/or use of antipsychotic medication.

Participants included 693 individuals (64% male), with a mean
age of 28.57 years (SD = 7.09). Three hundred seventy-four
participants (74.1% male) had a DSM-IV history of substance
dependence, of whom 183 were dependent on heroin (77%
male) (112 mono-dependent, 71 polysubstance dependent) and
191 were dependent on amphetamines (71.2% male) (115
mono-dependent, 76 polysubstance dependent). The majority
of participants with a history of substance dependence (69%)
were in protracted abstinence at the time of testing (i.e., full
sustained remission for more than 12 months by DSM-IV

criteria) (102). In addition, 319 participants (53% male) had no
past or current history of abuse or dependence on any substance,
of whom 62 were non-substance dependent siblings of heroin
users (44% male), and 48 were non-substance dependent siblings
of amphetamine users (40% male).

Procedures

The study was approved by the Institutional Review Boards of
Virginia Commonwealth University and the Medical University
in Sofia on behalf of the Bulgarian Addictions Institute. Subjects
who met inclusion criteria were invited to participate in the
study. All participants gave written informed consent. Abstinence
from alcohol and drug use at the time of testing was verified by
breathalyzer test (Alcoscan AL7000) and urine toxicology screen
for amphetamines, barbiturates, benzodiazepines, cannabis,
cocaine, MDMA, methadone, methamphetamines, and opiates.
All participants were HIV-seronegative, determined by rapid
HIV testing.

Testing was conducted by an experienced team of trained
psychologists at the Bulgarian Addictions Institute in Sofia,
Bulgaria. Data were collected in two sessions of approximately
4 hours each, conducted on two separate days. The assessment
battery included a combination of clinical interviews, self-
report questionnaires and computer-based neurobehavioral
tests. The first session included assessment of substance use
disorders, externalizing psychopathology (e.g., psychopathy,
antisocial personality disorder, ADHD) and intelligence. The
second session included completion of neurocognitive tasks
and self-report measures of externalizing and internalizing
personality traits and disorders (e.g., impulsivity, sensation
seeking, depression, alexithymia). Participants were paid a total
of 80 Bulgarian leva (approximately 50 USD) for participation in
the study.

Measures

Assessment of SUDs and Psychopathy

Substance dependence was assessed with the Structured Clinical
Interview for DSM-IV—Substance Abuse Module [SCID-SAM;
(103)]. The SCID-SAM is a semi-structured clinical interview
designed to determine whether an individual meets criteria for
any SUD (alcohol-, cannabis-, stimulant-, hallucinogen-, opioid
use disorders) according to the DSM-IV (102). Raters assess
the presence of DSM-IV symptoms of substance abuse and
dependence using a three-point scale (0 = not present, 1 =
subthreshold, 2 = present). A diagnosis of substance dependence
is made if the participant displayed three (or more) of the
seven substance dependence criteria within a 12-month period.
A symptom count of the number of criteria met for heroin- and
amphetamine dependence (range 0-7) was used as the main SUD
index in the analyses.

The Psychopathy Checklist: Screening Version [PCL:SV; (104)],
an abbreviated version of the Psychopathy Checklist-Revised
[PCL-R; (63)] was used to measure psychopathy. The PCL:SV
consists of a semi-structured interview, which involves the
assessment of 12 characteristics of psychopathy scored on a
3-point rating scale (0 = absent, 1 = somewhat present, 2 =
definitely present). The PCL:SV is comprised of two factors.
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Factor 1 consists of six items reflecting the interpersonal
and affective characteristics of psychopathy (grandiosity,
manipulativeness, lack of empathy, lack of remorse), while
the remaining six items from Factor 2 measure impulsive
and antisocial behaviors (impulsivity, irresponsibility, poor
behavioral controls, antisocial behavior in adolescence and
adulthood). Items reflecting interpersonal-affective (Factor
1) and impulsive-antisocial (Factor 2) characteristics of
psychopathy were summed to provide a total factor scores
ranging from 0 to 12 points for each psychopathy dimension.

The semi-structured interview for the PCL:SV was conducted
by researchers who were initially trained by the senior author,
who is the author of the Bulgarian version of the PCL-R with
its publisher Multi Health Systems. Additional training and
supervision were further provided by two of the co-authors, who
had participated in formal training workshops led by Robert
Hare, the author of the PCL instruments. In line with earlier
findings (105), the PCL:SV showed good internal consistency for
its total score (o = 0.89) and its two factors (@ = 0.78, and o =
0.85) in the current sample.

Neurocognitive Measures of Impulsivity

Measures of Impulsive Choice

TIowa Gambling Task [IGT; (22, 106)] measures decision-
making under uncertainty and requires learning by trial-and-
error. Examinees are presented with four decks of cards and
instructed to select cards to maximize earnings. Decks A and
B are associated with higher rewards but also higher occasional
penalties. Selecting from Decks C and D yields lower rewards and
lower occasional penalties and is a more advantageous long-term
strategy. The performance measure used was the “net score” (IGT
Net score), reflecting the total number of advantageous choices
minus the total number of disadvantageous choices.

Cambridge Gambling Task [CGT; (23)] assesses risky decision-
making, which does not involve learning. Examinees are
presented with 10 boxes colored red or blue and are asked to
guess whether a token is hidden under a red or a blue box. The
ratios of red:blue boxes vary from 1:9 to 9:1 in pseudorandom
order. Participants earn points based on correct performance.
The second phase of the task asks participants to gamble points
based on the confidence of their decisions, by selecting from
an array of bets ranging from 5 to 95% of their earned points,
presented in ascending and descending order. Two performance
indices were used in the analyses: (1) Quality of decision-making
(CGT Quality of decision-making), reflecting the tendency to
bet on the more likely outcome; and (2) Risk taking (CGT Risk
taking), the average number of points scored after the most
probable result has been selected.

Monetary Choice Questionnaire [MCQ; (21)] was used to
measure delay discounting. The questionnaire consists of 27
choices between smaller rewards available on the day of testing
and larger rewards available from 1 week to 6 months in the
future, thereby capturing the tendency to discount rewards that
are delayed in time. The 27 questions were grouped in one
of three categories based on the approximate magnitudes of
the delayed rewards: small ($25-35), medium ($50-60) and
large ($75-85). Analyses utilized the discount-rate parameter k,

calculated using the hyperbolic discount function V. = A/[1 +
kD], where V is the value of reward A available at delay D. Two
performance indices were used in the analyses: (1) the overall
temporal discounting rate (i.e., MCQ Overall k); (2) the temporal
discounting rate of small magnitude rewards (i.e., MCQ Small
k), which typically has the highest effect sizes from the three
reward magnitudes. We used the log transformed values of both
discounting rates due to the non-normal distribution of MCQ
scores in our sample.

Balloon Analog Risk Task [BART; (24)] is a decision-making
task assessing risk-taking behavior. The participant is presented
with a balloon on the computer screen, along with a balloon
pump, a button for collecting the monetary rewards earned by
pumping the balloon, a temporary bank, and a permanent bank,
where the collected money from each balloon are kept. The task
consists of a total of 30 balloons (trials) presented sequentially
one at a time. At any point during each trial, the examinee
can stop pumping the balloon and click the button to collect
the money, which transfers the earnings accumulated from that
balloon to the permanent bank. In contrast, when a balloon
explodes, the balloon disappears, the money in the temporary
bank is lost for that trial, and the next trial begins. The adjusted
average number of pumps on unexploded balloons (BART
Pumps adjusted average) was used as a measure of risk-taking,
with higher scores indicative of greater risk-taking propensity.

Measures of Impulsive Action

Go/No-Go Task [GNGT; (18)] is a measure of response inhibition
where a series of two-element visual stimuli arrays are presented
on a screen for 500ms and examinees are instructed to
respond when the two elements are identical (“Go”) and to
inhibit responding when the stimuli are discrepant (“No-Go”).
On “No-Go” trials, the position of the inhibitory element is
random, requiring the examinee to scan both elements. Errors
of commission/false alarms (GNG False alarms) were used as an
index of impulsivity in the regression analyses.

Immediate Memory Task [IMT; (17)] is a modified continuous
performance task with higher complexity and sensitivity. A series
of five-digit numbers are shown on a computer screen for 500 ms
each, with examinees instructed to respond only if a stimulus is
identical to the preceding one. Errors of commission (i.e., false
alarms), measuring incorrect responding to a non-target stimulus
(IMT Commission errors) were used as an index of impulsivity.

Go Stop Task [SST; (107)] is a stop-signal paradigm, which
presents examinees with a series of five-digit numbers displayed
for 500 ms each. Examinees are instructed to respond when
a stimulus is identical to the previous display (“Go”) and
to withhold responding when the stimulus matches, but then
changes color from black to red (“Stop”). Stop signals occurred
at 50, 150, 250, and 350 ms intervals after the appearance of
the target “go” stimulus. The performance measure used in the
analyses was the 150 ms inhibition ratio (SST 150 ms inhibition),
calculated by dividing the failures to inhibit a response on
“Stop trials” by correct detections on “Go trials” at the 150 ms
stop-signal delay, which is the index most commonly used in
the literature (107). Higher scores reflect better inhibition or
lower impulsivity.
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Data Analytic Plan

Our main goal was to examine the moderating role of
the two psychopathy dimensions on neurocognitive domains
of impulsivity in heroin and amphetamine users. First,
descriptive statistics and group differences in demographic
characteristics, psychopathy scores and indices of impulsive
choice and impulsive action were performed. Second, a series
of hierarchical multiple regressions were conducted to examine
the moderating role of psychopathy dimensions on the relation
between substance dependence (heroin and amphetamine) and
neurocognitive function (impulsive choice and impulsive action).
All regressions followed the same steps. Step 1 included
biological sex (1 = male, 2 = female), Raven’s estimated I1Q,
heroin dependence symptoms, and amphetamine dependence
symptoms. Step 2 added Factor 1 (interpersonal-affective)
and Factor 2 (impulsive-antisocial) of psychopathy. Step 3
included the interaction terms between heroin dependence
and psychopathy factors, and amphetamine dependence and
psychopathy factors. All tests were conducted using an alpha of
0.05. Significant interactions were probed using simple slopes
analysis (108).

RESULTS

Descriptive Statistics and Group

Differences

Group differences in demographic characteristics were examined
using ANOVA. There were significant differences in age [F(», ¢s9)
= 41.92, p < 0.01], estimated IQ [F(3, 690y = 5.90, p < 0.01]
and years of education [F(y ¢s7) = 29.46, p < 0.01] across
groups. Tukey’s post-hoc comparisons showed that amphetamine
users were significantly younger than the two other groups,
followed by control participants and heroin users (ps <
0.01) With regards to estimated IQ, both control participants
and amphetamine users scored higher than heroin users (ps
< 0.05). In addition, control participants reported higher
education as compared to both substance dependent groups
(ps < 0.01). Group differences in substance use variables
were examined using Independent Sample ¢-test. Amphetamine
dependent individuals had lower length of abstinence [f(250)
= 510, p < 0.01] and lower symptoms count [ty =
9.82, p < 0.01] compared to heroin dependent individuals.
Group differences in indices of psychopathy and neurocognitive
domains of impulsivity were examined using ANOVA followed
by Tukey’s post-hoc comparisons. There were significant group
differences in both interpersonal-affective [F(y 690y = 173.22,
p < 0.01] and impulsive-antisocial [F(y, g90) = 384.09, p <
0.01] psychopathy dimensions, as well as in psychopathy
total score [Fy o0y = 343.71, p < 0.01], where heroin
users scored the highest, followed by amphetamine users and
control participants (ps < 0.01). With regards to neurocognitive
indices of impulsivity, groups differed in MCQ Overall k
index of delay discounting [F(;, 653) 6.66, p < 0.01].
Tukey’s post-hoc comparisons reveal that control participants
had lower discounting rates than heroin users. In addition,
there were group differences in MCQ Small k index of delay

discounting, measuring the temporal discounting rate of small
magnitude rewards [F(y, 653y = 7.66, p < 0.01], where both
amphetamine- and heroin users had higher discounting rates
than control participants (p < 0.05). Please see Tables1, 2
for participants’ characteristics. Table 1 provides descriptive
statistics and group differences in demographic and substance
use variables. Table 2 provides descriptive statistics and group
differences in indices of psychopathy, impulsive choice, and
impulsive action.

All main analyses were performed using groups of heroin and
amphetamine users, consisting of both mono-dependent, and
polysubstance dependent individuals. For detailed participants
characteristics across groups of heroin- and amphetamine
mono- and polysubstance dependent individuals, please see
Supplementary Tables 1, 2.

Regression Analyses

Impulsive Choice

Towa Gambling Task (IGT Net score). Step 1 was significant,
Fu 675 = 725, p < 0.001. Higher IGT Net scores were
associated with higher IQ (p < 0.001) and fewer symptoms of
heroin dependence (p = 0.042) and amphetamine dependence
(p = 0.031). Step 2 added the PCL:SV factors to step 1
[Fe, 673 = 5.17, p < 0.001]. Both heroin (p = 0.229) and
amphetamine dependence (p = 0.221) became nonsignificant,
and the psychopathy factors were not significant predictors of
IGT Net score. Step 3 added the interaction term between
psychopathy and substance dependence, [F(jo, 669y = 3.61, p <
0.001]. The change in R? was not significant (p = 0.283). The
interaction between factor 1 and amphetamine was significant (p
= 0.044). Probing this interaction using simple slopes analysis
revealed that amphetamine dependence symptoms were related
to IGT Net score at low levels of Factor 1 (p = 0.031) and
not at high levels of Factor 1 (p = 0.401). Thus, lower Factor
1 scores contribute to the association between amphetamine
dependence symptoms and poor performance on IGT Net score,
whereas higher Factor 1 scores may serve as a buffer in the
association between amphetamine dependence and IGT Net
score performance, as indicated by the nonsignificant difference
(see Figure 1, Table 3).

Cambridge Gambling Task. (1) CGT Quality of decision-
making. Step 1 was significant, F4 e45) = 5.03, p = 0.001. IQ (p
< 0.001) and biological sex (p = 0.038) were positively related
to CGT Quality of decision-making (p < 0.001). Step 2 [F, ¢46)
= 3.46, p = 0.002] and step 3 were significant [F(j 642) =
2.13, p = 0.020], but no significant variables emerged. Therefore,
higher IQ and being female was associated with higher quality of
decision-making (see Table 3). (2) CGT Risk taking. Step 1 was
significant, F4 ¢4g) = 8.53, p < 0.001. Being male (p < 0.001) and
higher amphetamine dependence symptoms (p = 0.028) were
related to higher CGT Risk taking scores. Step 2 was significant
[F(6, 646) = 6.30, p < 0.001] but no new variables were significant.
Step 3 was significant [F(1, 642) = 4.67, p < 0.001] and R? change
approached significance (p = 0.071). The interaction between
heroin dependence and PCL:SV Factor 1 was significant (p =
0.009). The simple slopes analysis was significant for high levels
of Factor 1 (p = 0.022) but not for low levels (p = 0.177; See
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TABLE 1 | Descriptive statistics and group differences in demographic and substance use variables.

Controls (1) HDIs (2) ADIs (3) P Contrasts
N 319 183 191 - -
Age 28.41 (7.64) 31.96 (5.98) 25.61 (5.57) 0.000 2>1>3
Biological sex (N/% male) 169 (563%) 141 (77%) 136 (71.2%) 0.000 -
Raven’s estimated IQ 109.19 (13.94) 105.20 (12.87) 109.05 (12.68) 0.003 1,3>2
Years education 14.51 (2.76) 12.86 (2.55) 13.20 (2.18) 0.000 1>2,8
Length of abstinence - 5.67 (6.57) 2.96 (3.00) 0.000 2>3
N of symptoms heroin/amphetamine dependence - 6.20 (0.97) 4.74 (1.76) 0.000 2>3

HDlIs, heroin dependent individuals; ADIs, amphetamine dependent individuals. Values in bold are significant.

TABLE 2 | Descriptive statistics and group differences in indices of psychopathy, decision-making, and response inhibition.

Controls (1) HDIs (2) ADiIs (3) P Contrasts
PCL:SV factor 1 1.52 (1.76) 5.45 (2.75) 3.81(2.75) 0.000 2>3>1
PCL:SV factor 2 1.81(2.15) 7.79 (2.74) 6.39 (2.92) 0.000 2>3>1
PCL:SV total score 3.32 (3.46) 13.25 (4.96) 10.20 (4.98) 0.000 2>3>1
IGT net score 417 (27.52) —1.41 (26.09) 0.58 (26.27) 0.069 -
CGT quality of decision-making 0.89 (0.13) 0.86 (0.14) 0.87 (0.14) 0.073 -
CGT risk taking 0.57 (0.15) 0.59 (0.14) 0.59 (0.15) 0.161 -
MCQ overall k —3.66 (1.55) —3.17 (1.36) —3.35(1.46) 0.001 2>1
MCQ small k —3.18 (1.47) —2.69 (1.29) —2.82(1.38) 0.001 2,3>1
BART pumps adjusted average 40.06 (12.99) 39.77 (13.20) 41.05 (14.95) 0.622 -
GNG false alarms 15,15 (9.3.) 17.16 (16.67) 17.35 (9.28) 0.063 -
IMT commission errors 38.17 (14.92) 39.47 (14.41) 39.18 (13.12) 0.568 -
SST 150 ms inhibition 71.68 (21.34) 71.58 (19.94) 71.79 (21.26) 0.995 -

HDIs, heroin dependent individuals; ADIs, amphetamine dependent individuals. PCL:SV Factor 1, Psychopathy Checkiist: Screening Version Factor 1; PCL:SV Factor 2, Psychopathy
Checkiist: Screening Version Factor 2; PCL:SV Total score, Psychopathy Checklist: Screening Version Total score; MCQ Overall k, MCQ Overall temporal discounting rate; MCQ Small k,
MCQ Temporal discounting rate of small magnitude rewards; BART Pumps adjusted average, adjusted average number of pumps on unexploded balloons. Values in bold are significant.

0
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4 High Interpersonal-Affective (+1 SD)
-10
-20

B=1.70, p= 401
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B=-4.16, p=.031
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FIGURE 1 | The moderating effect of Interpersonal-affective psychopathy dimension on the association between amphetamine dependence and IGT Net score. Low
and high values represent +1.0 and —1.00 SD from the mean.

Figure 2). High PCL:SV Factor 1 scores in individuals with more Monetary Choice Questionnaire. (1) MCQ Overall k. Step 1
symptoms of heroin dependence was associated with less risky ~ was significant, F4 ¢60) = 5.78, p < 0.001. Biological sex (p =
decision-making (see Table 3). 0.036) and IQ (p = 0.001) were related to MCQ Overall k. Step 2
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TABLE 3 | Substance use and psychopathy as predictors of (1) IGT Net score, (2) CGT Quality of decision-making, and (3) CGT Risk taking.

IGT net score CGT quality of decision-making CGT risk taking

B SEB [} AR? B SEB B AR? B SEB B AR?
Step 1 0.04** 0.03** 0.05**
Biological sex -2.13 2.15 —0.04 0.02 0.01 0.08* —0.06 0.01 —0.20"**
Raven’s estimated IQ 0.34 0.08 0.17** 0.00 0.00 0.14** 0.00 0.00 -0.02
Heroin -2.13 1.05 —-0.08* —0.01 0.01 -0.04 0.00 0.01 -0.02
Amphetamine —2.21 1.02 —-0.08* 0.00 0.01 —0.01 0.01 0.01 0.09*
Step 2 0.00 0.00 0.01
Biological sex —1.88 2.32 —0.03 0.02 0.01 0.08 —0.06 0.01 -0.18
Raven’s estimated 1Q 0.33 0.08 0.16"* 0.00 0.00 0.13** 0.00 0.00 —0.01
Heroin —1.63 1.35 —0.06 0.00 0.01 —0.01 —0.01 0.01 —0.08
Amphetamine —1.54 1.26 —-0.06 0.00 0.01 0.01 0.01 0.01 0.03
Factor 1 1.78 1.60 0.07 0.00 0.01 0.01 0.00 0.01 0.02
Factor 2 —2.41 1.79 —0.09 —0.01 0.01 —0.05 0.02 0.01 0.10
Step 3 0.01 0.00 0.07
Biological sex -2.20 2.33 -0.04 0.02 0.01 0.07 —0.05 0.01 -0.17
Raven’s estimated IQ 0.34 0.08 0.17 0.00 0.00 0.13** 0.00 0.00 -0.01
Heroin -2.29 1.55 —0.09 0.00 0.01 0.00 —0.01 0.01 —0.03
Amphetamine —1.23 1.34 —0.05 0.00 0.01 0.00 0.00 0.01 0.02
Factor 1 0.83 1.68 0.03 0.00 0.01 0.01 0.01 0.01 0.06
Factor 2 —1.65 1.82 —0.06 —0.01 0.01 —0.05 0.01 0.01 0.08
Heroin X factor 1 0.65 1.51 0.02 0.00 0.01 —0.01 -0.02 0.01 -0.15*
Heroin X factor 2 0.76 1.74 0.03 0.00 0.01 —0.01 0.01 0.01 0.04
Amphetamine X factor 1 2.93 1.45 0.11* 0.00 0.01 0.02 —0.01 0.01 —0.05
Amphetamine X factor 2~ —2.06 1.62 -0.07 0.00 0.01 0.00 0.01 0.01 0.04

Biological sex, Male (1), Female (2); *p < 0.05; **p < 0.01; **p < 0.001.
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high values represent +1.0 and —1.00 SD from the mean.

FIGURE 2 | The moderating effect of Interpersonal-affective psychopathy dimension on the association between heroin dependence and CGT Risk taking. Low and

High Heroin

[F6, 658) = 4.71, p = 0.001] and step 3 were significant [F(;, 654
= 3.32, p < 0.001], but no significant predictors emerged.
Therefore, being male and having lower IQ were related to higher
delay discounting (see Table 4). (2) MCQ Small k. Step 1 was
significant, F(4, 660y = 5.71, p < 0.001. Lower IQ (p = 0.004) and
higher amphetamine dependence symptoms (p = 0.042) were

associated with MCQ Small k. Step 2 [F(g, ¢58) = 4.03, p = 0.001]
and step 3 were significant [F(j, ¢54) = 3.16, p = 0.001], but no
significant predictors emerged (see Table 4).

Balloon Analog Risk Task (BART Pumps adjusted average).
Results of the hierarchical regression analyses with BART
Pumps adjusted average are displayed in Table 4. Step 1, which
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TABLE 4 | Substance use and psychopathy as predictors of (1) MCQ Overall k, (2) MCQ Small k, and (3) BART Pumps adjusted average.

MCQ overall k MCQ small k BART pumps adjusted average

B SEB [} AR? B SEB B AR? B SEB [} AR?
Step 1 0.03*** 0.03*** 0.03**
Biological sex -0.25 0.12 —-0.08* -0.22 0.12 —0.08** -1.70 1.09 —0.06
Raven’s estimated IQ —0.01 0.00 -0.13* —0.01 0.00 —0.11 0.15 0.04 0.15*
Heroin 0.09 0.06 0.06 0.10 0.06 0.07 0.11 0.54 0.01
Amphetamine 0.09 0.06 0.06 0.11 0.06 0.08* 0.29 0.52 0.02
Step 2 0.01 0.00 0.00
Biological sex -0.15 0.13 —0.05 -0.18 0.12 —0.06 —1.65 1.18 —0.06
Raven’s estimated 1Q —0.01 0.00 —0.11* —0.01 0.00 —0.11** 0.15 0.04 0.15*
Heroin —0.02 0.08 —0.01 0.05 0.07 0.03 -0.14 0.69 —0.01
Amphetamine 0.00 0.07 0.00 0.06 0.07 0.05 0.03 0.64 0.00
Factor 1 0.08 0.09 0.05 0.01 0.08 0.00 -0.36 0.81 -0.03
Factor 2 0.13 0.10 0.09 0.09 0.10 0.07 0.76 0.91 0.06
Step 3 0.01 0.01 0.00
Biological sex -0.15 0.13 —0.05 -0.18 0.12 —0.06 —1.51 1.19 —-0.05
Raven’s estimated IQ —0.01 0.00 -0.11* —0.01 0.00 -0.10* 0.15 0.04 0.15*
Heroin 0.03 0.09 0.02 0.07 0.09 0.05 0.05 0.79 0.00
Amphetamine 0.03 0.08 0.02 0.11 0.07 0.08 —0.01 0.68 0.00
Factor 1 0.09 0.09 0.06 0.02 0.09 0.02 —0.01 0.85 0.00
Factor 2 0.11 0.10 0.08 0.07 0.10 0.05 0.48 0.93 0.04
Heroin X factor 1 -0.02 0.08 -0.02 —0.05 0.08 -0.04 -0.32 0.77 -0.02
Heroin X factor 2 -0.10 0.10 —0.06 —0.05 0.09 —0.03 -0.18 0.89 —-0.01
Amphetamine X factor 1 0.01 0.08 0.01 —0.01 0.08 0.00 —0.96 0.73 -0.07
Amphetamine X factor 2 -0.12 0.09 -0.08 —0.15 0.09 -0.10 0.49 0.82 0.03

Biological sex = Male (1), Female (2); *p < 0.05; **p < 0.01; **p < 0.001.

included biological sex, IQ, heroin dependence symptoms, and
amphetamine dependence symptoms was significant, F(4 s6)
= 4.33, p = 0.002. IQ was positively related to BART Pumps
adjusted average (p < 0.001). Step 2 added the psychopathy
factors, which was significant, F(s ¢34y = 29.99, p = 0.007.
However, no new significant variables emerged. Step 3 added
the interaction between the psychopathy factors and substance
dependence, which was significant, F(j, ¢s0) = 2.02, p = 0.029 but
no interaction terms were significant. In sum, the only predictor
to emerge was IQ, which was positively associated with risk
taking (BART Pumps adjusted average).

Impulsive Action

Go/No-Go Task (GNG False alarms). Step 1 was significant,
F4, 683y = 6.72, p < 0.001. Higher GNG False alarms were
associated with lower IQ (p = 0.001) and higher amphetamine
dependence symptoms (p < 0.001). Step 2 added the psychopathy
factors to step 1 [F(g 681) = 5.52, p < 0.001]. Amphetamine
dependence (p = 0.221) became non-significant, and Factor
2 was positively associated with GNG False alarms (p =
0.021). Step 3 added the interaction terms between psychopathy
and substance dependence [F(jp 6777 = 5.04, p < 0.001]
but the change in R? was not significant (p = 0.573). The
interactions between heroin dependence and Factor 1 (p =
0.003) and Factor 2 (p < 0.001) were significant. In addition,

the interaction between amphetamine dependence and Factor
2 was significant (p = 0.041). Each of these interactions were
probed using simple slopes analysis, which revealed that GNG
False alarms performance was related to high heroin dependence
symptoms for those with high Factor 1 scores (p = 0.031; See
Figure 3; Table 5).

Simple slopes analysis testing the interaction between heroin
dependence and Factor 2 indicated that higher GNG False alarms
scores were related to high heroin dependence symptoms at high
Factor 2 scores (p = 0.010), while lower GNG False alarms scores
were related to high heroin at low Factor 2 scores (p = 0.007;
see Figure 4).

The simple slopes model for the interaction term between
amphetamine and Factor 2 suggests that higher scores of GNG
False alarms are related to high amphetamine dependence
symptoms at high factor 2 scores (see Figure 5).

Immediate Memory Task (IMT Commission errors). Step 1
was significant, Fy 93y = 6.16, p < 0.001, which showed that
higher IMT Commission errors were associated with lower IQ
(p = 0.001). Step 2 [F(s, 601y = 4.60, p < 0.001] and step 3
were significant [F(j, ¢37) = 3.21, p < 0.001], but no significant
variables emerged. Thus, lower IQ was related to higher errors of
commission (see Table 5).

Go Stop Task (SST 150ms inhibition). Table 5 presents the
results of the hierarchical regression. Neither step 1 [F(4 ¢gs) =
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FIGURE 3 | The moderating effect of Interpersonal-affective psychopathy dimension on the association between heroin dependence and GNG False alarms. Low and
high values represent +1.0 and —1.00 SD from the mean.

TABLE 5 | Substance use and psychopathy as predictors of (1) GNG False alarms, (2) IMT Commission errors, and (3) SST 150 ms inhibition.

GNG false alarms

IMT commission errors

SST 150 ms inhibition

B SEB B AR? B SEB B AR? B SEB B AR?
Step 1 0.04*** 0.03*** 0.04**
Biological sex 1.30 0.93 0.05 —0.86 1.14 —0.08 —4.45 1.69 —-0.10
Raven’s estimated IQ -0.12 0.03 -0.13* -0.19 0.04 —0.18"* -0.04 0.06 —0.03**
Heroin 0.65 0.46 0.06 -0.19 0.56 —0.01 0.17 0.83 0.01
Amphetamine 1.60 0.44 0.14** 0.82 0.54 0.06 0.33 0.80 0.02
Step 2 0.01* 0.00 0.00
Biological sex 1.77 1.01 0.07 -0.14 1.23 —0.01 -5.17 1.83 -0.12
Raven’s estimated IQ -0.10 0.03 -0.12* -0.18 0.04 —0.17"* —0.05 0.06 —0.03**
Heroin -0.16 0.58 —0.01 -0.93 0.71 —0.06 0.44 1.06 0.02
Amphetamine 0.83 0.54 0.07 0.24 0.66 0.02 0.36 0.99 0.02
Factor 1 -0.33 0.68 —0.08 0.61 0.83 0.04 —1.59 1.23 —0.08
Factor 2 1.79 0.77 0.15* 0.88 0.95 0.06 0.85 1.41 0.04
Step 3 0.02** 0.01 0.01
Biological sex 1.83 1.00 0.08 -0.27 1.23 —0.01 —4.84 1.82 —0.11
Raven’s estimated IQ -0.10 0.03 -0.12* -0.17 0.04 —0.16"* —0.05 0.06 —0.03**
Heroin —0.48 0.66 -0.04 —1.08 0.82 -0.08 -0.35 1.21 -0.02
Amphetamine 0.66 0.57 0.06 0.44 0.71 0.03 0.30 1.05 0.01
Factor 1 0.02 0.71 0.00 0.34 0.87 0.02 -0.82 1.29 —0.04
Factor 2 1.76 0.78 0.15* 1.15 0.97 0.08 0.40 1.43 0.02
Heroin X factor 1 —1.93 0.64 -0.17* —0.64 0.80 —0.04 —0.03 1.18 0.00
Heroin X factor 2 2.61 0.74 0.21** 0.72 0.92 0.05 1.69 1.37 0.07
Amphetamine X factor 1 —0.60 0.61 —0.05 1.20 0.75 0.08 —3.05 1.1 —0.15"
Amphetamine X factor 2 1.40 0.69 0.11* —-1.18 0.85 —0.08 2.73 1.26 0.12*

Biological sex = Male (1), Female (2); *p < 0.05; **p < 0.01, **p < 0.001.

2.11, p = 0.078) nor step 2 [Fg, 6s36) = 1.68, p = 0.122] were
significant. Step 3, which included the interaction terms between
psychopathy and SUD was significant, F(jo, ¢s2) = 2.05, p =
0.027. SST 150 ms inhibition was associated with amphetamine
dependence when moderated by Factor 1 (p = 0.006) and Factor
2 (p=0.031). Factor 1 of psychopathy moderated the association

between amphetamine dependence and SST 150 ms inhibition
at low levels of Factor 1 (p = 0.025) but not at high levels of
Factor 1 (p = 0.079; Figure 6). In contrast, Factor 2 moderated
the relation between amphetamine dependence and SST 150 ms
inhibition at high levels of Factor 2 (p = 0.032) but not at low
levels of Factor 2 (p = 0.187; Figure 7). Thus, amphetamine
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FIGURE 4 | The moderating effect of Impulsive-antisocial psychopathy dimension on the association between heroin dependence and GNG False alarms. Low and
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FIGURE 5 | The moderating effect of Impulsive-antisocial psychopathy dimension on the association between amphetamine dependence and GNG False alarms.

dependence was related to higher SST 150 ms inhibition scores
(i.e., lower impulsivity) when individuals had either low Factor
1 psychopathy scores or high Factor 2 psychopathy scores. This
result highlights that psychopathy factors can differentially serve
as both risk and protective factors for neurocognitive function in
people with amphetamine dependence.

DISCUSSION

The aims of the present study were to examine the effects of
psychopathy and its two dimensions (interpersonal-affective and
impulsive-antisocial) on the relationships between dependence
on different classes of drugs (stimulants and opioids) and
distinct neurocognitive domains of impulsivity (impulsive
choice/decision-making and  impulsive  action/response
inhibition). Our findings suggest that the two dimensions of
psychopathy had both common and unique moderating effects

on decision-making and response inhibition in individuals
dependent on stimulants or opiates.

Within the domain of impulsive choice, our results
demonstrate that the interpersonal-affective dimension of
psychopathy (Factor 1) moderates the associations between
quality of decision-making, risk-taking, and dependence in a
similar manner for opiates and stimulants. Specifically, lower
risk taking on the CGT was predicted by the combination
of more symptoms of heroin dependence and high scores
on the interpersonal-affective dimension of psychopathy
(PCL:SV Factor 1). With few exceptions (78, 79), previous
studies conducted separately with psychopathic individuals
(80-84, 95) and with opioid dependent individuals (47-
49, 56, 61, 109) report that both groups are characterized
by riskier and less advantageous decision-making. To our
knowledge, only one study to date has examined the effects
of co-occurring psychopathy and opioid dependence on
decision-making. Vassileva et al. (86) reported that psychopathic
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FIGURE 6 | The moderating effect of Interpersonal-affective psychopathy dimension on the association between amphetamine dependence and SST 150 ms
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FIGURE 7 | The moderating effect of Impulsive-antisocial psychopathy dimension on the association between amphetamine dependence and SST 150 ms inhibition.

heroin users were characterized by more impaired decision-
making than non-psychopathic heroin users, suggesting that
psychopathy may exacerbate decision-making deficits in
opiate dependent individuals. However, Vassileva et al. (86)
considered psychopathy as a unitary categorical construct
rather than examining its underlying dimensions, therefore it
remained unclear which features of psychopathy were associated
with more impaired decision-making in heroin users and
whether some psychopathic traits may act as a buffer against
disadvantageous and risky decision-making within the context
of opioid addiction. The current study builds upon previous
findings and indicates that the interpersonal-affective features of
psychopathy (Factor 1) may paradoxically play a protective role
and reduce the predisposition toward risky decision-making in
heroin users.

Findings related to the utility of the two psychopathy
dimensions for predicting decision-making in individuals with
amphetamine dependence were somewhat consistent with those

observed among heroin users. Specifically, results revealed
that poor performance on the IGT was predicted by the
combination of more symptoms of amphetamine dependence
and lower scores on the PCL:SV Factor 1, suggesting that
the interpersonal-affective dimension of psychopathy may have
similarly protective effect on decision-making in amphetamine
dependent individuals as it does in heroin dependent individuals.
Interestingly, these results reveal that although the PCL:SV
Factor 1 might have common protective effect on reward-
based decision-making in both opiate and stimulant dependent
individuals, it affects different types of decision-making in heroin
and amphetamine users. Specifically, it was related to decision-
making under ambiguity in amphetamine users, whereas it was
associated with decision-making under risk in heroin users
(58, 110). Therefore, our data suggest that the interpersonal-
affective dimension of psychopathy may be a key factor that may
account for the differential neurocognitive impulsivity profiles
observed in individuals dependent on opiates vs. stimulants.
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Our findings are also consistent with previous studies that
have found that the interpersonal-affective traits of psychopathy
were either unrelated or negatively related to overall decision-
making deficits (80, 95, 96). Unlike previous studies, which
fail to address the unique effects of different dimensions of
psychopathy on decision-making in substance users, our study
was focused on the predictive utility of the two psychopathy
dimensions on the quality of decision-making in different types
of SUDs and on different reward-based decision-making tasks.
Our findings reveal that the interpersonal-affective rather than
the impulsive-antisocial dimension of psychopathy contributes
significantly to intact decision-making in the context of both
opioid and stimulant addictions, and appears to be the key factor
of psychopathy that moderates reward-based decision-making in
individuals with SUDs, regardless of specific drug class.

Within the domain of impulsive action, both the
interpersonal-affective and the impulsive-antisocial dimensions
of psychopathy predicted varying levels of response disinhibition
among individuals dependent on opioids or stimulants. High
scores on the impulsive-antisocial Factor 2 of psychopathy
exacerbated response inhibition deficits on the Go/No-Go task
in both amphetamine- and heroin users. These results are in line
with previous findings from studies conducted separately with
psychopathic individuals (87, 88, 97) and individuals dependent
on stimulants (28, 31, 44-46) and/or opioids (31, 47-49),
suggesting that psychopathy and dependence on both classes
of drugs are related to poor response inhibition. Some studies
on psychopathy have also implicated specifically the impulsive-
antisocial dimension of psychopathy as the key factor underlying
the response inhibition deficits observed in psychopathic
individuals (97, 98, 111). Our findings suggest that increased
levels of impulsive-antisocial psychopathic traits in the context of
addiction may exert additive effects on the already compromised
response inhibition performance in substance users.

In contrast, the interpersonal-affective (Factor 1) dimension
of psychopathy had differential effects on response inhibition
in individuals dependent on opiates vs. stimulants, such that
it exacerbated the response inhibition deficits in amphetamine
dependent individuals, whereas it was related to better response
inhibition in heroin dependent individuals. These results are
in line with studies reporting opposite relationships between
trait impulsivity and neurocognitive impulsivity in heroin
and amphetamine users, where increased trait impulsivity was
associated with worse response inhibition in amphetamine
dependent individuals, but with better response inhibition
in heroin dependent individuals (7). There are reports that
the interpersonal-affective dimension of psychopathy is
related to superior response inhibition among psychopathic
individuals (92, 97, 98). However, research findings to date
are equivocal, with some studies finding positive associations
between interpersonal-affective psychopathic traits and response
inhibition (97, 98), while others have failed to find any
relationships or have reported negative relationships (112, 113).
These conflicting findings may be explained at least partially
by the highly heterogenous samples across studies, e.g.,
criminal offenders (97, 98) vs. students (112, 113). In addition,
inconsistencies between studies could be due to differences in the

assessment of psychopathy [interview-based measures such as
the PCL (97, 98) vs. self-report measures (112, 113)], differences
in the paradigms used to assess response inhibition which may
lead to task-specific effects, and the lack of control for concurrent
SUDs. Our results are limited to opiate and stimulant use
disorders and are focused on the effects of specific combinations
between dependence on different classes of drugs (stimulants
and opioids) and psychopathy dimensions as predictors of
response inhibition. Our findings suggest that drug of choice
may interact uniquely with the interpersonal-affective traits
of psychopathy and result either in better response inhibition
in heroin dependent individuals, or poor response inhibition
in amphetamine dependent individuals. It is important to
note that in the current sample the levels of the interpersonal-
affective dimension of psychopathy were significantly higher
among heroin users than in amphetamine users. Therefore, it
is possible that more pronounced interpersonal-affective traits
can contribute to intact response inhibition, irrespective of the
unique effects of the drug of choice. In addition, our results
suggest that the effects of the PCL:SV Factor 1 on response
inhibition might be task dependent in heroin and amphetamine
users. That is, in amphetamine dependent individuals the
interpersonal-affective ~ psychopathy dimension predicted
diminished ability to cancel an already initiated response as
measured by the Go Stop task, whereas in heroin dependent
individuals it was associated with the ability to inhibit a prepotent
motor response that has not been triggered yet as measured by
the Go/No-Go task.

One surprising finding was that the combination of more
symptoms of amphetamine dependence and higher impulsive-
antisocial features of psychopathy predicted increased inhibitory
control on the Stop Signal Task. This indicates that the impulsive-
antisocial dimension of psychopathy had differential effects
on different tasks of impulsive action in amphetamine users,
facilitating the cancellation of an already triggered prepotent
motor reaction, while exacerbating the difficulties in the ability
to inhibit a dominant response that has not been triggered yet.
These findings are in line with previous studies, which have
suggested that distinct impulsive action tasks (e.g., Go/No-Go,
Stop Signal Tasks) reflect independent cognitive processes, such
as “controlled top-down inhibition” in Stop Signal Tasks vs.
“automatic bottom-up inhibition” in Go/No-Go Tasks (114) that
are mediated by different neural circuits (115-117). Therefore,
our results provide further evidence for the distinction between
different types of neurocognitive impulsivity and the need to
evaluate them separately when examining the specific profiles of
neurocognitive impairments in individuals with different types
of psychopathology.

In summary, our findings suggest that psychopathy
dimensions could play an important role in explaining the
decision-making and response inhibition deficits commonly
observed in substance users, which may have important
clinical implications. First, our results suggest that although
screening for psychopathy is rarely conducted in SUDs treatment
programs, it would provide valuable information, which could
facilitate the development of more personalized interventions
aimed at decreasing the negative treatment outcomes related
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to specific personality and neurocognitive risk factors. For
example, the development and implementation of treatment
interventions targeting the impulsive-antisocial aspects of
psychopathy could be of particular importance when working
with substance users with impaired response inhibition
and higher scores on PCL:SV Factor 2. On the other hand,
detecting higher interpersonal-affective psychopathic traits
could be a resource for improving the quality of decision-
making among substance users. Such interventions could
potentially help reduce relapse rates in substance users, which
are commonly predicted by higher response disinhibition and
impaired decision-making (32-37) and may be significantly
influenced by certain personality characteristics. Nevertheless,
our findings require further investigation and replication in
samples with other types of SUDs (e.g., alcohol-, cannabis
use disorders) and at different stages of the addiction cycle.
In addition, other personality profiles could be tested as
predictors of neurocognitive impairments among substance
users, which could lead to the development of enriched variety of
interventions and therapeutic techniques that are not uniformly
applied among substance users, but are rather tailored to the
individual characteristics of the highly heterogeneous group of
substance users.

LIMITATIONS AND FUTURE DIRECTIONS

A few important limitations need to be considered. First,
our findings are specific to the protracted abstinence stage of
opiate and stimulant addiction and should not be generalized
to other stages of the addiction cycle or to other types of
SUDs. Future studies should examine whether psychopathy
dimensions have similar moderating effects on decision-making
and response inhibition in individuals dependent on other classes
of drugs. Second, our findings were based on the traditional
two-factor model of psychopathy and should be examined
with other models, such as the 4-facet model, which includes
interpersonal, affective, lifestyle and antisocial dimensions (118)
and has been proposed to provide a more sensitive approach
in studying the associations between psychopathy and other
variables (119). Future studies should also examine whether
psychopathy dimensions predict neurocognitive impairments
differently in mono- vs. polysubstance-dependent individuals.
Third, we used a community sample of Bulgarian substance users.
Therefore, caution is warranted in generalizing the conclusions
of our findings before they are replicated cross-culturally.
Another limitation of the current study is that there was no
comprehensive evaluation of co-occurring psychiatric disorders,
that are commonly comorbid with SUDs, such as affective,
neurodevelopmental and personality disorders. Future studies
could examine more thoroughly the possible effects of comorbid
psychopathology on the relationships between psychopathy
dimensions and neurocognitive impulsivity among substance
users. Finally, statistical tests were uncorrected for multiple
comparisons and conducted using an alpha level of 0.05. An
alternative would be to apply the Bonferroni correction, which
may change the interpretation of some results. However, this

method could be overly conservative when conducting multiple
regressions, resulting in a type I error rate much smaller than
the desired alpha, therefore all tests were conducted using an
unadjusted alpha (120).

CONCLUSION

In summary, our results reveal that distinct dimensions of
psychopathy have both common and unique moderating effects
on neurocognitive impulsivity in individuals in protracted
abstinence who are dependent on different classes of drugs
(stimulants vs. opiates). In heroin dependent individuals the
interpersonal-affective features of psychopathy may play a
protective role on both response inhibition and decision-
making, whereas in amphetamine dependent individuals lower
scores on this dimension of psychopathy were associated
with poor decision-making and superior response inhibition.
These findings suggest that the interpersonal-affective features
of psychopathy have similar effects on decision-making
and opposite effects on response inhibition in heroin- and
amphetamine dependent individuals. In contrast, higher scores
on the impulsive-antisocial dimension of psychopathy predicted
response disinhibition in both heroin- and amphetamine
dependent individuals, suggesting that the PCL:SV Factor
2 had common deleterious effects on the ability to inhibit
prepotent motor responses in people with SUDs, regardless of
drug of choice. In addition, impulsive-antisocial psychopathic
traits were uniquely related to increased ability to cancel
an already initiated response in amphetamine dependent
individuals. Overall, our results suggest that not psychopathy per
se, but rather the interaction between its two dimensions
and dependence on specific classes of drugs may lead
to either deficient or superior response inhibition and
decision-making performance in individuals with SUDs in
protracted abstinence.
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Rationale: Among the serious consequences of alcohol use disorder (AUD) is the
reduced ability to process visual information. It is also generally agreed that AUD tends
to occur with disturbed excitation—inhibition (El) balance in the central nervous system.
Thus, a specific visual behavioral probe could directly qualify the EI dysfunction in
patients with AUD. The tilt illusion (T1) is a paradigmatic example of contextual influences
on perception of central target. The phenomenon shows a characteristic dependence
on the angle between the inducing surround stimulus and the central target test. For
small angles, there is a repulsion effect; for larger angles, there is a smaller attraction
effect. The center-surround inhibition in tilt repulsion is considered to come from spatial
orientational interactions between orientation-tuned neurons in the primary visual cortex
(V1), and tilt attraction is from higher-level effects of orientation processing in the visual
information processing.

Objectives: The present study focuses on visual spatial information processing and
explores whether chronic AUD patients in abstinence period exhibited abnormal Tl
compared with healthy controls.

Methods: The participants are 30 male volunteers (20-46 years old) divided into two
groups: the study group consists of 15 clinically diagnosed AUD patients undergoing
abstinence from alcohol, and the control group consists of 15 healthy volunteers. The
Tl consists of a center target surround with an annulus (both target and annulus are
sinusoidal grating with spatial frequency = 2 cycles per degree). The visual angle
between center and surround is a variable restricted to 0°, £15°, £30°, or £75°. For
measuring the Tl, participants have to report whether the center target grating orientation
tilted clockwise or counterclockwise from the internal vertical orientation by pressing
corresponding keys on the computer keyboard. No feedback is provided regarding
response correctness.

Results: The results reveal significantly weaker tilt repulsion effect under surround
orientation +£15° (p < 0.05) and higher lapse rate (attention limitation index) under all
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tested surround orientations (all ps < 0.05) in patients with chronic AUD compared with

health controls.

Conclusions: These results provide psychophysical evidence that visual perception of
center-contextual stimuli is different between AUD and healthy control groups.

Keywords: alcohol use disorder, tilt illusion, visual perception, inhibition, primary visual cortex

INTRODUCTION

Chronic extensive alcohol consumption affects basically all
organs, including most brain areas (1-4). Particularly, the
primary visual cortex (V1) is vulnerable to any noxious input,
such as bisphenol A (5), methanol (6), or organic solvents
(7). Alcohol consumption, sporadically or chronically, impairs
visual function, as documented in animal research (8-11),
human imaging studies (12), and psychophysical measurements
(13-15).

Alcohol use disorder (AUD) is characterized by a chronic
disorder of alcohol dependence (16). AUD patients who
have been craving alcoholic beverage, developing tolerance to
the intoxicating effects, and developing neurologic signs of
withdrawal when they stop drinking (17-19). The neurotoxic
effects of chronic alcohol ingestion on the central nervous
system include structural, cognitive, and behavioral dysfunctions
(20-23). Moreover, an abnormal excitation/inhibition ratio is
associated with ethanol-related cortical deficits in AUD patients
(24). Tt is demonstrated that chronic alcohol consumption
increases the number of glutamate receptors and reduces the
number of GABA receptors (24). Particularly, the impaired
visual processing abilities induced by chronic extensive alcohol
consumption are explained by altered metabolism in the primary
visual cortex (12), impaired brain electrical activities (25), and
reduced activation of occipital areas (26).

The perceived orientation of center target was biased by
the simultaneously presented surround stimulus (Figure 1A), a
phenomenon known as tilt illusion (TI) (27). Particularly, the
physical orientation of center target was strongly misperceived
by participants when the surround orientation had an angular
difference between 0° and 50° (repulsion effect), while a
systematic weaker effect was observed when angular difference
was around 75° (attraction effect) (example in Figure 2A)
(28, 29). Lateral inhibition between neurons tuned to different
orientations at the same location, as well as between those tuned
to the same orientation at different locations, is proposed as the
neural mechanism of repulsive and attractive TI (28, 30, 31).
The TI has been proven a valuable tool in establishing the
extent of unconscious processing in human visual cortex and in
investigating the degree of cue invariance with which orientation
is processed (27).

Given that AUD patients suffer from disturbed
excitation/inhibition balance (24), for example, increased
glutamate receptors and reduced GABA receptors (24), we expect
that AUD patients should possess decreased overall inhibition.
We investigate this hypothesis by using the center-surround
TI scenario as a probe of inhibition changes, such that the

weakened inhibitory system should decrease the magnitude
of TL

MATERIALS AND METHODS

Subjects

The study includes 15 AUD subjects and 15 healthy
individuals. All study participants are male between 20
and 46 years of age. The alcohol-dependent subjects are
recruited from the Anhui Mental Health Center and meet
the criteria for alcohol dependence (Table1). All subjects
are examined by an ophthalmologist before psychophysical
testing. No subject has anatomical abnormalities that
could be detected by ophthalmological examination. This is
particularly important for the chronic AUD subjects because
permanent damage to the papillomacular bundle can occur
in advanced forms of alcoholism, which can be detected by
retinoscopy (32).

Patients are included in the present study if they fulfilled
the following criteria: (1) current diagnosis of AUD as defined
in the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-V); (2) normal or corrected to normal
visual acuity (20/20 visual acuity) and no history of past
or present ocular or neural diseases that could affect visual
functions; (3) no current blood alcohol and alcohol misuse
maintained until hospitalization (in order to ensure that all
patients are tested within their first month of detoxification,
most of the subjects are abstinent for more than 20 days
before the date of the study). Patients are excluded if
they (1) are diagnosed with a disorder in the psychotic
spectrum or (2) regularly used other addictive substances
(except nicotine).

Control participants are recruited from the local community,
who have normal or corrected to normal visual acuity (20/20
visual acuity) and no report of current or past history
of alcoholism, neurological and/or psychiatric disease, or
medication. None of them presents a personal or family history of
chronic alcoholism. Alcohol-related data of patients and controls
are shown in Table 1.

Ethics Statement

This research has been approved by the ethics committee of the
Mental Health Center of Anhui Province. All participants are
provided with informed consent forms before taking part in the
psychophysical assessment, which followed The Code of Ethics
of the World Medical Association (Declaration of Helsinki) for
experiments involving humans.
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FIGURE 1 | Example stimuli and experiment scenario. (A) The stimulus configuration for the tilt repulsion condition. In this case, the orientation of the surround
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inducer is +15°, and the central target is oriented vertically (0°), which induces a repulsion in the perceived orientation of the center grating, now appearing to be tilted
left of vertical. (B) The scenario of the tilt illusion (T1) experiment. The classical one-interval task was used in the current experiments. The surround orientation could
have one of seven values (—75°, —30°, —15°, 0°, +15°, +30°, +75°) relative to the orientation of the center grating, and we manipulated the center orientation in

each trial with respect to vertical according to the participant’s responses to measure each subject’s perceived vertical.
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FIGURE 2 | Tilt illusion (TI) results. (A) Tl effects, indicated by perceptual orientation bias necessary to perceive the center as vertical, as a function of various angles
between surround inducer and center target for patients with chronic alcoholism (broken line) and healthy controls. Perceptual biases of +15° and £30° are tilt
repulsion effects, while those under £75° were attraction effects. (B) Lapse rate values for chronic alcoholics (broken line) and controls. (C) Orientation thresholds
around perceived verticality for chronic alcoholics (broken line) and controls (blue). Error bars are SEM.
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Equipment and Stimulus

The visual stimuli are displayed on a 17-inch CRT monitor
(Sony G520, Sony Corporation, Tokyo Japan; 85 Hz, resolution
of 1,280 x 960 pixels) and generated by self-programmed Matlab
functions (MathWorks Inc.) with PsychToolBox-3 extensions
(33). The original 8 bits per pixel luminance range digitization
is extended above 10 bits with the contrast box switcher (34),
and the monitor is calibrated daily with a custom laboratory
automated procedure.

A chair is set at 200 cm from the video screen, with a support
for the chin and forehead to control the distance, and the
stimuli are viewed binocularly. A black cardboard with a 30-cm-
diameter circular window is delimited in front of the monitor
to avoid any local cues of the vertical/horizontal position (35).
All tests are performed in a dark room with 0.01 cd/m? of

background luminance. The stimuli used to measure the TT are
defined by center-surround configuration with a central Gabor
patch (target) surrounded by an annulus of the sine-wave grating
(inducer). The Gabor patch is defined as previous reports (35, 36).

The stimulus in each trial is presented for nine frames
(~100ms) after 17 frames (~200 ms) fixation, and no feedback
is provided regarding the response correctness (Figure 1B).
The orientation of the inducer is defined with respect to the
orientation of the central target and is one of seven predefined
values (—75°, —30°, —15°, 0°, +15°, 4+-30°, +75°). Particularly,
a 0° inducer indicates that the orientation of the inducer
has the same orientation as the central target. Positive and
negative values corresponded to clockwise and counterclockwise
orientations from 0°, respectively (Figure1). There are 280
trials (40 trials x 7 surround orientations) in the orientation
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TABLE 1 | Demographic and alcohol-related data for patients and controls.

Alcohol-dependent Healthy subjects
subjects
N 15 15
Age, years 36.53 + 1.74 33.93 + 1.52
Education, years 8.80 + 0.64 14.87 £ 1.03
Left eye (logMAR)? 0.09 + 0.05 0.03 + 0.03
Right eye (logMAR) 0.04 £+ 0.03 0.04 £+ 0.03
Alcohol consumption® 195.90 £ 21.31 /
Abstinence, days® 31.73 £ 2.95 /
Age in years at first drinking 17.93 £ 0.92 /
Age in years at onset of dependence 27.13 £ 1.59 /
Duration of dependence, years 10 +£ 1.58 /

alogMAR indicates the logarithm of the minimum angle of resolution. PAlcohol
consumption was defined as grams of pure alcohol per day preceding detoxification. ©The
abstinence for these subjects was calculated from the date of admission to the hospital
to the date of the study. Data are expressed as mean + SEM.

discrimination task, and all conditions are pseudo-randomly
presented to each subject. The target orientation is altered across
the trials to estimate each subject’s perceived upward orientation
of the target under a surround orientation. A weighted up-
down adaptive procedure is used for psychometric curve
measurement. For each surround orientation, two staircases are
assigned with up/down steps of 3/1 and 1/3 in steps of 1°,
respectively. Each staircase contains 20 trials, with a starting
direction of —21°/421° positioned at the opposite side of the
convergence point, which allows for rapid measurement within
the transition region of the psychometric function. All stimuli
are achromatic and are presented in real time at the center of
the screen.

Psychophysical Procedures

Before the examination, the trial procedures and aims are clearly
and carefully explained to each of the subjects. Each participant
undergoes an ophthalmological visual examination and answers
questionnaires with demographic questions (information
about age, gender, education, duration of abstinence and
dependence, alcohol consumption, age at first drinking, and
onset of dependence).

Experiments are initiated by subjects with a predefined
keyboard press. A small red dot in the center of the CRT is
provided as a fixation point on which observers are to hold
their gazes. After the stimulus disappeared from the screen,
participants have to report whether the target orientation is tilted
clockwise or counterclockwise from his internal vertical upward
orientation by pressing corresponding keys (right or left arrows)
on the computer keyboard. Each observer has a practice session
prior to the collection of actual experimental data. That is, a few
easy trials (strong target tilts) are conducted to ensure that each
observer could understand and perform the trial accurately. The
duration of the visual tilt procedure is about 10 min.

Data Analysis

The magnitude of the TI at each surround orientation is
determined by the angular difference between the perceived and
physical orientations. The raw data of each surround orientation
and condition is fitted with a logistic function that consisted of
the proportion of clockwise responses as p; = y;/n;, where n; is
the number of occurrences under the current target orientation
(x), and y; is the number of clockwise responses. Thus, the
psychometric function is:

1-2I

p(x) =1+
1+ exp (— gD (x — u))

where [ is the subject’s lapse rate, u and o are the perceived
vertical orientation (also called “bias”) for the given surround
orientation and the threshold of the subject for perceiving
a deviation from verticality, respectively. The “perceptual
bias” corresponds to the perceived vertical reference direction
(midpoint) in a given surround condition. The discrimination
threshold describes the deviation from the seen reference value
for reliably (above p = 0.84) seeing a deviation from the perceived
reference. The function is adjusted to the data using Bayesian
fitting. Prior parameters are: [-beta probability distribution with
parameters Beta (1.2, 15); 0 —gamma probability distribution
with parameters Gamma (2.5, 2.5); and p has a uniform prior.
The perceptual biases of a given block of measures are adjusted
to a mean of zero by subtracting the average. The perceptual bias
(), threshold (o), and lapse () are extracted using the above
methods for each subject, surround direction, and condition.

Statistical Analysis

The differences between patients with alcoholism and healthy
controls are analyzed using t-test for age, education, and visual
acuity. For the data of the magnitudes of repulsion, a repeated
measures analysis of variance (ANOVA) is calculated using
“group” (patients—controls) as the between-subject factor and
“surround orientation” (0°, £15°, +30°, and =£75°) as the
within-subject factor. We also perform Bonferroni post-hoc
multiple comparisons for the repulsions of each test’s orientation.
All statistical levels used Geisser-Greenhouse epsilon hat when
appropriate. Data are expressed as mean =+ SE.

RESULTS

Basic demographic information such as age, education, and
visual acuity (VA) was collected for all participants and alcohol-
related data for patients with chronic alcohol misuse (Table 1).
All subjects had normal visual acuity or decreased visual
acuity that could be corrected to normal using spectacle lenses
with appropriate dioptric values, and there was no significant
difference [F(3, 56y = 0.59, p = 0.62] in the VA. No significant
difference between the groups was observed in age (t = 1.13,
df = 28, p = 0.27). Higher levels of education (¢t = 5.04, df
= 28, p < 0.0001) were observed in controls compared with
AUD patients. The experiment was conducted 3 weeks later of
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monitored alcohol abstinence for chronic AUD, and the average
duration of abstinence was 31.73 & 2.95 days. The abstinence for
these subjects was calculated from the date of admission to the
hospital to the date of the study. Age in years at first drinking and
age at onset of alcohol dependence were 17.93 £ 0.92 years and
27.13 & 1.59 years, respectively. By questionnaire investigation,
patients with alcoholism reported a mean daily consumption
of 195.90 & 21.31 g/day alcohol during the last month before
admission to the hospital and a mean alcoholism history of 10
=+ 1.58 years (Table 1).

Decreased Tilt Repulsion in Patients With

Chronic Alcoholism

A 2 x 4 repeated ANOVA with group (chronic AUD and
controls) as the between-subjects factor, surround orientation
(0°, £15°, £30°, and £75°) as the within-subject factor, and
education as the covariate was conducted. The results revealed
that there were significant main effects of surround orientation
on TI [F(3 g1y = 8.25, p < 0.001, 7712, = 0.23] and a significant
interaction between surround orientation and group [F3, 1) =
3.17,p = 0.05, nﬁ = 0.11]. This interaction effect was driven by a
reduced (p =0.03, 7712; =0.16) tilt repulsion in chronic AUD under
+15° surround orientation compared with controls (Figure 2A).

Increased Lapse Rate in Patients With

Chronic Alcoholism

The lapse rate of an observer indicated an overall attentional
state the observer paid to the current task, which was suggested
as an indicator of plausible attentional limit changes or deficits.
There was no statistical difference between various surround
orientations [F(3 g;) = 0.61, p = 0.52, r]f, = 0.02] or interaction
effects [F(3, g1y =1.32,p=0.27, r;; = 0.05]. However, a significant
main effect of group on the lapse rate [F(; 27y = 6.67, p =
0.016, 2 = 0.2] was observed. Bonferroni posttests revealed a
higher lapse rate of patients with alcoholism in 0 (p < 0.01),
£30° (p < 0.05), and £75° (p < 0.05) conditions compared with
healthy controls (Figure 2B).

Similar Orientation Discrimination

Performance in the Two Groups

The discrimination threshold described the deviation of the
orientation from the perceived verticality in which the participant
reported reliable deviation in 84% of trials. The deviation
indicates the difficulty of discriminating two close orientations
of the center target. Higher deviation values reflect a worse
discrimination ability of the participant. The average thresholds
for each group were presented in Figure 2C. There was no
distinction in orientation discrimination thresholds among
various conditions [F(3 g1y = 1.81, p = 0.17, 7712, = 0.06] and
between groups [F(;, 27y = 0.03, p = 0. 86, 17; = 0.001]. There
was no interaction overall [F(3 g1) = 0.22, p = 0. 80, 15 = 0.008]
(Figure 2C).

DISCUSSION

The present study investigated the changes in inhibitory
mediated TI in abstinent individuals with AUD vs. healthy
controls using human psychophysiological measures. Results
showed an obvious center-surround interaction in both the
patient and control groups. Patients with chronic AUD had no
significant difference in the tilt attraction compared with healthy
controls, and the threshold values between two groups were
similar. However, there was a weaker tilt repulsion effect in
individuals with AUD compared with healthy controls, which
was demonstrated by the decreased magnitude of tilt repulsion
in the chronic AUD patients compared with those of matched
controls. Additionally, there was a significantly elevated lapse rate
(attention limitation index) in patients with chronic alcoholism
compared with healthy controls in all conditions. The current
findings provided evidence for the detrimental effect of alcohol
dependency on the early visual information processing.

One of the most important aspects of our results was that
it allowed to rule out explanations of reduced repulsive TI in
chronic AUD patients due to higher-level effects of orientation
processing. TI patterns were systematically modulated by
surround orientations consistently across all conditions, which
meant participants, both chronic AUD patients and healthy
controls, reliably represented individual perceptual sensitivities
under all conditions. The decrease in perceptual bias only
occurred at surround orientations of 15°, while the attractive T1I
effect was unchanged, which meant there was abnormal visual
processing in early levels of visual processing and perception,
while these deficits such as more global, higher-order orientation
processing were not visibly affected in chronic AUD patients
compared with healthy controls. Another was that the current
findings allowed to discard specific explanations of reduced
repulsive TT in chronic AUD patients due to attentional changes
targeting the exact conditions where the repulsive TI appears.
The lapse rates globally increased across all surround orientations
and indicated that subjects had global changes in attention to the
task, and these “high cognitive” effects were unrelated to specific
surround conditions. In other words, deteriorated cognition, that
is, attention, represented generalized effects.

Several population changes of center orientation tuning
characteristics could contribute to the observed TI effect:
amplitude inhibition, tuning width change, shift of neuronal
preferred orientation, etc. (37, 38). Additionally, by comparing
human psychophysics and neurophysiology (39), TI effects
involved two spatial mechanisms: one narrowly tuned
orientation that was spatially restricted and the other broadly
tuned that was spatially widespread. We inferred, for the
moment, that the reduced repulsive TT effect in AUD patients
came from either broader orientation tuned neuron populations
or a weaker surround amplitude of inhibition, until further
evidence is available. Future work on training AUD animal
model to perform TI task while simultaneously recording
single-unit activities in V1 would clarify the present position.

Several neurotransmitter systems [e.g., gamma-aminobutyric
acid (GABA), glutamate, dopamine, acetylcholine, and serotonin
systems] were vulnerable to effects of alcoholism. Disrupted
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GABA, the major inhibitory neurotransmitter, might contribute
to the deficits in the V1 inhibition that we observed. Available
evidence suggested that acute alcohol potentiated GABA’ effects
(i.e., it increases inhibition, and often the brain became mildly
sedated). However, prolonged and excessive alcohol ingestion
reduced the number of GABA receptors. When the person
discontinued drinking, decreased inhibition combined with a
deficiency of GABA receptors might contribute to overexcitation
throughout the brain, including V1. GABAergic system was a
major determinant of the level of activity in V1. In the current
study, the participants in the patient group were chronic alcohol-
dependent people on withdrawal for about 20 days, which
meant that the disturbed balance between the inhibitory and the
excitatory still exists even during abstinence for about 3 weeks.

It was reported that GABA enhancers ameliorated ethanol
withdrawal reaction, which suggested that the GABAergic system
is one of the key targets for alcohol toxicity (40). Additionally,
levels of GABA(A)-benzodiazepine receptor were reduced in
alcohol dependency in the absence of gray matter atrophy (41).
Together with current findings of weaker tilt repulsion in chronic
AUD, ethanol and GABA interplay might modulate a visual
cortical dysfunction in such subjects (11). The inhibitory function
was considered to play an important role in the tilt repulsion;
the findings of weaker contextual modulations of orientation in
chronic alcoholism might imply an altered inhibitory processing
in orientation-sensitive neurons in the primary visual cortex (V1)
in alcoholism.

There was a significantly elevated lapse rate (attention
limitation index) in patients with chronic alcoholism compared
with healthy controls. Using the visual probe task, Sinclair
et al. (42) explored attentional biases to alcohol, depression,
and anxiety related cues and found the reduced attention
to depressive and anxiogenic material in abstinent patients.
Previous studies suggested an attentional bias toward alcohol-
related stimuli at the cost of other stimuli in problematic drinkers
(43-45). Research suggested that these stimuli not only attracted
attention but that problematic drinkers also found it difficult to
disengage their attention from them. Melaugh McAteer et al. (46)
investigated both adolescent and adult social drinkers and found
comparable alcohol attention bias between them. Recent studies
identified abnormal cortical thickness in the superior frontal
gyrus, lateral orbitofrontal cortex, and transverse temporal gyrus
in alcohol dependence (47). The current findings that increased
lapse rate in patients with chronic alcoholism might suggest
abnormal attention function in patients with chronic alcoholism.

The “perceptual bias” corresponded to the perceived vertical
reference direction (midpoint) in a given surround condition,
while the discrimination threshold described the deviation
from the seen reference value for reliably (above p =
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It has been suggested that the altered function of reward and punishment is an important
vulnerability factor leading to the development of drug use disorders. Previous studies
have identified evidence of neurophysiological dysfunction in the reward process of
individuals with substance use disorders. To date, only a few event-related potential
(ERP) studies have examined the neural basis of reward and punishment processing
in women with methamphetamine (MA) use disorders. The current ERP research aims
to investigate the neurophysiological mechanisms of reward and punishment in women
with MA use disorder using a monetary incentive delay task. Nineteen women with
MA use disorder (MA group) and 20 healthy controls (HC group) were recruited in
this study. The behavioral data showed that the reaction time (RT) was faster and the
response accuracy (ACC) was higher for the potential reward and punishment conditions
compared to neutral conditions. During the monetary incentive anticipation stage, the
Cue-P3, and stimulus-preceding negativity (SPN) were larger in the MA group than
in the HC group. The SPN under the potential reward condition was larger than that
under the neutral condition in the MA group but not in the HC group. During the
monetary incentive consummation stage, the feedback-related negativity and feedback
P3 (FB-P3) following positive feedback were significantly larger than negative feedback
in the potential reward condition for the HC group, but not for the MA group. However,
the FB-P3 following negative feedback was significantly larger than positive feedback
in the potential punishment condition for the MA group, but not the HC group. The
results suggest that women with MUD have stronger expectations of generic reward
and stronger response of generic harm avoidance, which could be targeted in designing
interventions for women with MA use disorder.

Keywords: methamphetamine (MA) use disorder, reward processing, punishment processing, Cue-P3,
stimulus-preceding negativity (SPN), feedback-related negativity (FRN), feedback P3 (FB-P3)
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INTRODUCTION

Substance use disorder (SUD) is characterized by chronic relapse,
compulsive drug use, and loss of control over drug-taking
behavior despite adverse consequences (1). Methamphetamine
(MA) is the second most widely used illegal drug worldwide (2),
and the use of MA in China has exceeded heroin use as the
most widely abused drug in recent years (3). MA can stimulate
the rewarding system of the brain and has highly reinforcing
effects that lead to abuse and dependence. Chronic MA abuse is
associated with significant neurological damage and psychiatric
impairment in the cognitive, intellectual, and affective domains
(4-6). However, the neural correlates in individuals with MA use
disorder (MUD) are not well-understood.

The outcomes of a particular behavior, choice, or environment
have a significant influence on motivation and decision-
making. These results, whether positive (rewards) or negative
(punishments), can strongly influence an individual’s behavior
(7). Rewards can be defined as stimuli that an organism tries to
obtain, while punishments are stimuli that an organism tries to
avoid. By definition, reinforcement is a stimulus that can increase
the frequency of a behavior, and positive reinforcement and
rewards are generally considered to be synonymous. Negative
reinforcement refers to a decrease in aversive stimuli leading
to an increase in individual behavioral responses. Punishment
consists of the presentation of an aversive stimulus or the removal
of an appetitive stimulus. Researchers have suggested that the
brain mechanisms of positive and negative reinforcement have
been considered key to the etiology and maintenance of the
pathophysiology of addiction (8-11). Instead of seeking rewards
and avoiding punishment, addicts are driven to seek special
rewards to compromise other needs or attribute rewards to
maladaptive behaviors (12). Therefore, understanding the neural
processing mechanisms of rewards and punishments is very
important for understanding the brainpower of substance users.

Various experimental paradigms have been used to explain
reinforcement processing for individuals with and without
mental health disorders. One of the most well-established
paradigms is the monetary incentive delay (MID) task (13).
A typical trial requires a quick response to a target following
a cue-signaling contingency for that trial. Performance-specific
feedback is delivered based on the response. The MID
task has been used in many functional magnetic resonance
imaging (fMRI) studies to effectively delineate the dynamics
of brain activity in reward processing [i.e., anticipation and
consummation; for a meta-analysis, see (14)]. Individuals with
SUD show enhanced reward-related responses to drug-related
cues [see meta-analyses (15, 16)]. However, there are still
inconsistencies regarding the response to non-drug rewards in
the anticipatory and consummatory stages in SUD. Using fMRI,
researchers identified that regular smokers show reduced ventral
striatum (VS) recruitment in response to monetary anticipatory
cues or monetary notifications compared to controls (17-19).
However, research on the use of other substances is more
inconsistent; several studies found no decrease in VS recruitment
by non-drug reward cues or delivery in substance users (20, 21).
The results also varied as a function of whether the anticipatory

or consummatory component was emphasized. Schmidt et al.
(22) found that individuals with gambling disorder showed
greater left orbitofrontal cortex and VS activity to erotic relative
to monetary reward anticipation compared to healthy volunteers,
but generally stronger activity in the VS, ventromedial and
dorsolateral prefrontal cortex, and anterior cingulate cortex to
both erotic and monetary rewards relative to healthy volunteers.
Using an image-based meta-analysis, a systematic literature
review (23) concluded that substance users show decreased
striatal activation during monetary reward anticipation and
increased VS activation during monetary reward consummation.

In addition to the neural mechanisms underlying reward
processing, drug-seeking behavior is also a function of
punishment processing (9). In the development of addiction,
the negative effects of drug withdrawal have become the main
motivation for drug use. That is, negative reinforcement plays
an important role in the maintenance of addiction. In drug
addiction, the withdrawal response brought on by an individual
ceasing drug use and that individual’s negative emotional
state are important reasons for their drug-taking behavior.
Compared to reward processing, the neural bases of punishment
processing remain largely unexamined in substance users. An
fMRI study investigating responses to monetary gains and
losses demonstrated that individuals with MUD exhibited less
response in the VS to loss anticipation than controls, but more
response in the caudate to loss outcomes than to gain outcomes
(24). However, other studies indicated that substance users
have a blunted response to punishment. For example, one
study illustrated that cocaine-dependent participants showed
diminished behavioral punishment sensitivity, which was
associated with significant deactivation in the dorsal anterior
cingulate cortex, right insula, and right prefrontal regions (25).
Romanczuk-Seiferth et al. (26) investigated the neural correlates
of loss processing in pathological gamblers compared with
alcohol-dependent patients and healthy controls, and found
that pathological gamblers showed increased activity in the
right VS during loss anticipation compared with controls and
alcohol-dependent patients. Moreover, pathological gamblers
showed decreased activation in the right VS and right medial
prefrontal cortex during successful loss avoidance compared
with controls. Other studies also confirmed that smokers have a
lower error-correction rate and are less sensitive to punishment
(27, 28). Compared to reward processing, significant work
is required to link punishment processing to specific neural
mechanisms in individuals with SUD.

Studies using fMRI demonstrated dissociable patterns of
activation in response to monetary outcomes (29, 30). As a
complement to neuroimaging research, event-related potentials
(ERPs) provide superior millisecond-by-millisecond temporal
resolution, thus enabling a full characterization of reward
processing. The MID task also allows for exploration of
the neurophysiological correlates of reward and punishment
processing in one experimental paradigm (31, 32). According to
the framework of the MID, several candidate ERP components
may be relevant to different stages of reward and punishment
processing. The reinforcement anticipatory stage is associated
with three ERP components: Cue-P3, contingent negative
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variation (CNV), and stimulus-preceding negativity (SPN). First,
Cue-P3 is involved in the attention allocation of incentive-
contingent cues. Cue-P3 is a late positive-going component that
peaks between 300 and 600 ms post-stimulus at centroparietal
sites. Cue-P3 is generally more positive for salient, task-relevant,
or unexpected stimuli (33), and it is increased for incentive vs.
neutral cues in MID tasks (31, 32). Second, the CNV is a slow
negative-going potential that occurs between a warning stimulus
(cue) and an imperative stimulus (target) (34), and can reflect
anticipatory attention, motivation, and motor preparation (32).
The third sub-stage within reinforcement anticipation is the
interval following the motor reaction, and in anticipation of the
outcome present, which should elicit an SPN. Compared to CNV,
SPN reflects pure anticipatory processing due to the exclusion of
motor preparation (35).

Regarding the consummatory stage, feedback-related
negativity (FRN) and feedback P3 (FB-P3) are the relevant
ERP components. FRN is typically defined as a negative-going
component that peaks at ~250 ms after outcome onset. It is
thought to encode the reward prediction error (the difference
between predicted and obtained outcomes) when feedback
is better or worse than expected (36). However, more recent
research supports the view that FRN is driven by reward delivery
(37). FB-P3 is a centroparietal positive-going component
approximately peaking at 300-600 ms following feedback. FB-P3
involves the classification of important attentionally driven
information related to outcomes, such as context updating and
integration of the contents of working memory to maximize
future rewards (38). Additionally, FB-P3 may reflect affective
processes by signaling the motivational salience of reward
feedback (39).

Using ERPs, Morie et al. (40) found that cocaine users
demonstrated increased neural response to monetary incentive
cues indexed by cue-related negativities and CNV; however,
Zhao et al. (41) demonstrated that heroin users showed
blunted neural response indexed by disrupted SPN during
the reward anticipation stage. In the reward consummatory
stage, many studies found that individuals with cocaine and
alcohol use disorder showed blunted sensitivity to monetary
reward outcomes indexed by decreased FRN and FB-P3 (42—
45). However, Zhao et al. (41) found that heroin users showed
enhanced neural response to monetary feedback indexed by
FRN. In our previous research, using a simple gamble task
in a separate MUD group, we found an enhanced neural
response to monetary cues and feedback indexed by SPN,
FRN, and FB-P3 (46). With the ERP and fMRI studies taken
together, the contradictory evidence as to whether individuals
with SUD show an enhanced or blunted neural response
to monetary rewards calls for more detailed research in
this field.

Much of the initial research on SUD came from the studies
conducted with male substance users. However, in recent
years, some studies have found that, compared with male
substance users, female substance users have more sensitive
psychomotor-related responses to addictive substances (47), and
can more easily transition from recreational use to SUD (48—
50). Therefore, exploring the female-specific MA use behaviors

is crucial to the development of appropriate MA use prevention
and treatment strategies.

The current ERP study aimed to investigate the
neurophysiological ~mechanisms underlying anticipation
and consummation of reward and punishment in women with
MUD. Therefore, we used the MID task, which included a
separate punishment and reward condition. We focused on
Cue-P3, CNV, and SPN to examine anticipatory processes and
on FRN and FB-P3 to examine consummatory processes. Based
on our previous ERP study on women with MUD indicating
enhanced neural responsivity to reward, we expected enhanced
ERP components (Cue-P3/CNV/SPN/FRN/FB-P3) during
reward anticipation and consummation in women with MUD
compared to controls. Regarding punishment consummation, as
our prior study showed that women with MUD made more risky
choices following a loss outcome in a previous trial, we expected
blunted ERP components (Cue-P3/CNV/SPN/FB-P3/FRN)
during punishment anticipation and consummation in women
with MUD compared to controls.

MATERIALS AND METHODS

Participants

Nineteen female MA users (age = 25 £ 4.41 years; drug
experience = 23.42 £ 10.05 months; abstinence duration = 14.53
=+ 3.84 months) participated in the study as the experimental
group (MA group). They were patients from an addiction
rehabilitation center in Hebei Province, China. All patients were
subjected to a 24-month compulsory isolation treatment, during
which they were unable to use cigarettes, alcohol, or addictive
substances. Twenty healthy female participants without a history
of substance use (age = 27.05 £ 4.75 years) were selected for
the healthy control group (HC group). They were recruited using
advertisements on the Internet and via word-of-mouth from the
same geographic area.

The inclusion criteria for the MA group were as follows:
(1) a history of MA use corresponding to the diagnosis of
stimulant addiction disorder using Diagnostic and Statistical
Manual of Mental Disorders Fifth Edition (DSM-5) (51); (2) a
drug withdrawal period from 3 to 24 months before the date of
screening. The selection criteria for the HC group were similar
to the selection criteria for the MA group. In the HC group, all
participants reported having no history or current use of illegal
drugs. The exclusion criteria were as follows: (1) a history of
using other kinds of drugs (e.g., heroin, cocaine), (2) a history of
brain injury leading to loss of awareness of more than 30 min, (3)
current or a history of brain pathology, and (4) a history of using
any psychotropic drug within 2 months of this study registration.

The screening process was similar to that used in a previous
study (40). After entering the test room, all participants were
asked about their drug use time, abstinence time, cumulative drug
dosage, the number of cigarettes consumed, and alcohol usage
per day for the month before their treatment. Furthermore, all
participants were asked to complete the Barratt Impulsiveness
Scale Version 11 (BIS-11) (52) and the Sensation Seeking Scale
Version V (SSS-V) (53). Each received a base payment of ¥40
for participating and a bonus of up to ¥10 based on their
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FIGURE 1 | Trial structure and timeline of the MID task. [T, intertrial interval.

performance in the MID task. All participants were right-handed
and had normal or corrected-to-normal visual acuity. Written
informed consent was obtained from all participants. The study
was conducted under the Declaration of Helsinki and approved
by the ethical review board of the Institute of Psychology of the
Chinese Academy of Science.

ERP Task—The MID Task

The participants completed the test in a sound-attenuating room.
At the start of the experiment, participants were informed
that they needed to respond as quickly as possible, and their
performance was related to the bonus.

All participants were asked to complete a modified version of
the MID (32, 54) (see Figure 1). In each trial, one of the three cues
depicting the monetary contingency for that trial was presented
for 1,000 ms. The plus sign indicated a potential monetary reward
(potential reward condition), the minus sign indicated a potential
monetary punishment (potential punishment condition), and
the empty circle indicated that no monetary outcome would be
delivered irrespective of performance (neutral condition). Thus,
following a jittered interstimulus interval (ISI; 2,000-2,500 ms),
a black square was presented as the target stimulus, and the
participants were instructed to respond by pressing a button as
quickly as possible. The duration of the target presentation was
set to 250 ms initially and then was adapted between 100 and
400 ms according to participants’ response times. Specifically,
the target duration was decreased by 25ms after a successful
response (i.e., pressing the button during target presentation) and
increased by 25 ms after an unsuccessful response (i.e., pressing
the button either before or after target presentation). This
staircase process resulted in a success rate of ~50% for all three
conditions. Following another ISI (2,000 ms), the performance

feedback was presented for 1,000ms. Positive feedback was
indicated by a black tick and negative feedback by a black cross.
In potential reward trials, the tick feedback signaled a win of ¥2,
whereas the cross feedback signaled a win of ¥0. In potential
punishment trials, the tick feedback indicated a loss of ¥0,
whereas the cross feedback signaled a loss of ¥2. In neutral
trials, both crosses and ticks led to ¥0. All trials in the three
conditions were randomly presented during the experiment. The
task consisted of three blocks, 240 trials in total (80 trials for
each condition), and there was a short break between blocks.
Before the formal experimentation, there was a practice session
to familiarize participants with the task.

Psychophysiological Recording and Data

Analysis

Continuous scalp electroencephalographic (EEG) activity was
recorded using an electrode cap with 64 electrodes according to
a modified expanded 10-20 system (Brain Products Company,
Munich, Germany). The signals were recorded online using
the reference electrode FCz and the ground electrode AFz. An
electrode was placed ~2 cm below the right eye to record vertical
electrooculogram. The impedance between all the electrodes and
the scalp was <5 k€.

EEGLAB (55) and ERPLAB (56) were used to analyze the
EEG data. All signals were re-referenced to the bilateral mastoid
average (TP9/10) and low-pass filtered of 30Hz (roll-off 6
dB/octave). For the Cue-P3 and CNV, the EEG data were
segmented from —200 to 3,000 ms relative to cue onset, with
—200 to 0 as the baseline. For the SPN, the EEG data are
segmented from —2,000 to 200 ms relative to feedback onset,
with —1,900 to —1,700ms as the baseline. For the FRN and
FB-P3, the EEG data were segmented from —200 to 1,000 ms
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relative to feedback onset with the activity from —200 to 0
serving as the baseline. Epochs containing artifacts outside —80
to 80 WV were eliminated. Independent component analysis
(ICA) (runica) was performed. Subsequently, eye blinking and
movement artifacts were selected and removed manually. Thus,
the epochs in the same condition were averaged for each
participant. In the anticipatory stage, there were 73.58 £ 5.82
(72.45 £+ 8.18), 72.79 £ 5.52 (71.1 £ 9.67), and 72.79 + 5.83
(70.55 £ 11.62) artifact-free trials obtained for the monetary
reward, monetary punishment, and neutral conditions in the
MA group (HC group). In the consummatory stage, there were
44.79 £ 4.85 (42.40 & 5.31), 35.47 £ 4.36 (37.30 + 4.99), 42.79
+ 3.41 (41.75 £ 4.94), 36.53 & 3.64 (37.90 £ 5.07), 33.36 +
5.73 (35.75 £ 5.97), and 47.05 £ 5.33 (44.65 * 6.08) artifact-
free trials obtained for the hit and miss of the monetary reward,
monetary punishment, and neutral condition in the MA group
(HC group), respectively.

Following a previous study, ERP components were quantified
using a region-of-interest (ROI) approach (40, 41). Cue-P3 and
FB-P3 were measured as the mean amplitude from 300 to 450 ms
post-cue or feedback onset over a centroparietal ROI (Cl1, Cz,
C2, CP1, CPz, CP2, P1, Pz, and P2) and the CNV from 2,800
to 3,000 ms post cue onset over the frontal-central ROI (F1, F2,
Fz, FC1, FC2, FCz, C1, C2, and Cz). Given a plateau-shaped
distribution with a right hemisphere dominance (28), in this
study, the SPN was measured as the mean amplitude from —200
to 0ms before feedback onset over the right frontotemporal
ROI (F8, FT8, T8, F6, FC6, C6, F4, FC4, and C4). The FRN
was measured as the mean amplitude from 200 to 300 ms post-
feedback onset over the frontocentral ROI (F1, F2, Fz, FC1, FC2,
FCz, Cl1, C2, and Cz).

Statistical Analysis

For the demographic characteristics, independent samples ¢-
tests were used to compare group differences (MA vs. HC).
For behavioral data from the MID task, a 2 (group: MA vs.
HC) x 3 (incentive: potential reward vs. potential punishment
vs. neutral) repeated-measures ANOVA was performed on the
response time (RT) and the response accuracy (ACC), where the
group was a between-subjects variable and the incentive was a
within-subjects variable.

Separate repeated-measures ANOVAs were used for all ERP
data. A 2 (group: MA vs. HC) x3 (incentive: potential reward
vs. potential punishment vs. neutral) repeated-measures ANOVA
was performed on the Cue-P3, CNV, and SPN data, with group
as a between-subjects variable and incentive as a within-subjects
variable. For the FRN and FB-P3, a 2 (groups: MA vs. HC) x 3
(incentive: potential reward vs. potential punishment vs. neutral)
x 2 (feedback: positive vs. negative) repeated-measures ANOVA
was performed, with group as a between-subjects variable,
and incentive and feedback as within-subjects variables. When
significant interaction effects were indicated, further simple effect
analyses were performed. The Greenhouse-Geisser correction
was applied when detecting violations of sphericity, and statistical
significance was set at p < 0.05. The measures of the proportion
between the variance of one experimental factor and the total
variance were reported in partial eta squared (npz).

RESULTS

Behavioral Data
Table 1 shows the group differences regarding drug use time,
abstinence time, cumulative drug dosage, the number of
cigarettes consumed, and alcohol usage per day for 1 month
prior to treatment. There were no significant differences between
the two groups in age or education (ps > 0.05). The MA group
scored significantly higher than the HC group on the subscales
for motor impulsiveness and non-planning impulsiveness (ps <
0.05). Similarly, the MA group had significantly higher scores on
the Sensation Seeking Scale and its subscales of disinhibition and
experience seeking compared with the HC group (ps < 0.01).
Descriptive behavioral data are presented in Table 2. RTs were
analyzed using a 2 x 3 ANOVA. There was a significant main
effect of group [F(;, 37y = 4.93, p < 0.05, and 77p2 = 0.12]. RTs
in the MA group (202.16 ms) were significantly faster than those
in the HC group (226.94ms). An independent ¢-test on three
incentive conditions showed that RTs in the MA group were

TABLE 1 | Sample characteristics (M & SD).

HC group MA group  p-values
(n=20) (n=19)
Age (years) 27.05 £ 4.75 25 + 4.41 0.17
Education (years) 9.15 + 0.67 8.82 +£ 2.16 0.51
Drug experience (months) - 23.42 + 10.05
Abstinence time (months) - 14.53 + 3.84
Methamphetamine use, lifetime (g) - 266.13 £ 407.42
Number of cigarettes per day - 8 +8.27
Alcohol use per day (g) - 23.08 + 63.23
BIS-11 63.75 £ 11.02  69.84 + 9.83 0.08
Attentional impulsiveness 18.3 £ 5.18 17.07 £ 2.99 0.37
Motor impulsiveness 20.56 + 3.97 23.28 + 3.78 <0.05*
Non-planning impulsiveness 25.27 £ 5.55 29.49 + 5.51 <0.05*
SSS-V 12.7 £ 4.07 17.32 £ 4.85 <0.01**
Disinhibition 235+ 2 416 £ 2.54 <0.01*
Experience seeking 36+19 523 +£1.65 <0.01**
Thrill and adventure seeking 4.5+ 297 5.39 +£ 2.19 0.3
Boredom susceptibility 225+ 1.4 256 + 1.4 0.5

BIS-11, Barratt Impulsiveness Scale, Version 11; SSS-V, Sensation Seeking Scale Form V.
*o < 0.05, *p < 0.01.

TABLE 2 | Group means and standard deviations (in brackets) of reaction times
(RTs) and response accuracy (ACC) for MA and HC group.

HC group MA group
(n =20) (n=19)

RTs in potential monetary reward trials 224.41 (43.68) 199.23 (22.05)
RTs in potential monetary punishment trials 224.5 (42.95) 202.41 (24.4)
RTs in neutral trials 231.91 (44.01)  204.73 (26.24)
ACC in potential monetary reward trials 0.53 (0.07) 0.56 (0.06)
ACC in potential monetary punishment trials 0.51 (0.1) 0.54 (0.04)
ACC in neutral trials 0.43 (0.09) 0.41 (0.08)
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FIGURE 2 | Cue-P3 waveforms after cue presentation for the MA and HC group over centroparietal ROI (C1, Cz, C2, CP1, CPz, CP2, P1, Pz, and P2) (left);

significantly fast than those in the HC group in the potential
reward [t37) = 2.25, p < 0.05] and neutral conditions [t(37)
= 2.33, p < 0.05]; the group difference in RTs was marginally
significant in the potential punishment condition [£37) = 1.96, p
= 0.06]. The main effect of the incentive condition was significant
[F(2, 74y = 6.69, p < 0.01, and npz = 0.15]. Pairwise comparisons
revealed that the RTs were faster for potential reward (211.82 ms)
and potential punishment trials (213.46 ms) compared to neutral
trials (218.32 ms, ps < 0.05). There were no significant differences
between the potential reward and potential punishment trials (p
> 0.05). The interaction effect of group and incentive condition
was not significant [F(;, 37y = 0.96, p = 0.34, and 77p2 =0.03].
The ACC was subjected to a 2 x 3 ANOVA. There was a
significant main effect of incentive condition [F(, 74 = 27.46, p
< 0.001, and npz = 0.43]. Pairwise comparisons revealed that the
ACC was higher for the potential reward (0.54) and punishment
trials (0.53) compared to neutral trials (0.42, ps < 0.001). There
were no significant differences between the potential reward and
potential punishment trials (p > 0.05). The main effect of group
[F(1,37) = 1.25, p = 0.27, and npz = 0.03] and the interaction
effect of group and incentive condition were not significant
[F(2, 74y = 1.35, p = 0.26, and npz = 0.04]. Thus, these results
indicate incentive-related accuracy and speed in the MID task.

Electrophysiological Data

Anticipatory ERPs

Cue-P3

A 2 x 3 ANOVA was performed on the Cue-P3 data. There was
a significant main effect of incentive condition [F(,, 74) = 18.34,
p < 0.001, and 7, = 0.33]. Pairwise comparisons revealed that
the Cue-P3 was more positive for potential reward (3.66 V) and

punishment trials (2.84 |LV) compared to neutral trials (1.81 uV,
ps < 0.001), and marginally positive for reward trials compared
to punishment trials (p = 0.07). The main effect of group was
also significant [F(;, 37y = 4.7, p < 0.05, and r;p2 = 0.11], with the
Cue-P3 being more positive in the MA group (3.69 wV) than in
the HC group (1.85 V). The interaction effect between group
and incentive conditions was not significant [F(, 74y = 0.19, p =
0.83, and n,% = 0.005] (Figures 2, 7).

CNV

A 2 x 3 ANOVA was performed on the CNV data. There was
no significant group effect on CNV [F(;, 37y = 0.61, p = 0.44, and
npz < 0.01]. Neither the incentive effect [F(, 74y = 2.23, p = 0.12,
and 7,% = 0.06], nor the interaction effect between group and
incentive conditions was significant [F(,, 74) = 0.8, p = 0.45, and
np® = 0.02] (Figures 3,7).

SPN

A 2 x 3 ANOVA was performed on the SPN data. The main
effect of the group was marginally significant [F(; 37y = 3.03,
p = 0.09, and 7np? = 0.08], and the SPN in the MA group
(—2.59 WV) was larger than that in the HC group (—0.47 pnV).
The main effect of incentive was not significant [F(,, 74y = 0.03,
p = 0.97]. The interaction between incentive and group was
significant [F(y, 74y = 4.31, p < 0.05, and npz = 0.1]. Simple
analysis showed that the incentive effect was significant in the
MA group, the SPN under the potential reward condition (—3.36
V) was larger than in the neutral condition (—1.93 pV, p <
0.05), and no significant difference existed between potential
punishment and neutral conditions. However, the incentive effect
was not significant in the HC group. The SPN in potential reward
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Neutral

condition was significantly larger in the MA group (—3.36 LV,
p < 0.05) compared to the HC group (0.41 nV), but not in the
potential punishment (p = 0.14, —0.68 LV in the HC group) and
neutral conditions (Figures 4, 7).

Consummatory ERPs

FRN

A 2 x 3 x 2 ANOVA was performed on the FRN data. The
main effect of group was significant [F(; 37 = 4.6, p < 0.05,
and npz = 0.11], and the FRN in the MA group (10.96 wV)
was more positive than that in the HC group (8.6 nV). The
main effect of the incentive condition was significant, [F(y, 74)
= 2943, p < 0.001, and 7,> = 0.44], and the FRN in the
potential reward (10.7 V) and potential punishment (10.39 wV)
conditions was more positive than that in the neutral condition
(8.25 wV). The main effect of feedback outcome was significant
[Fa,37 = 7.02, p < 0.05, and n,> = 0.16], and the FRN for
positive feedback (10.26 V) was significantly higher than that
for negative feedback (9.3 wV). The interaction effect of feedback
and incentives was significant [F(, 74y = 16.53, p < 0.001, and
np® = 0.31]. Simple analysis showed that the feedback effect
was significant in the potential reward condition (p < 0.001,
M = 11.82 pV following positive feedback, and M = 9.49 pV
following negative feedback), potential punishment condition (p
< 0.05, M = 9.79 uV following positive feedback, and M =
10.92 nV following negative feedback), and neutral condition (p
< 0.01, M =9.07 nV following positive feedback, and M = 7.39
nV following negative feedback). Neither the interaction effect of
incentives and group [F(y, 74y = 2.81, p = 0.07, and 7> = 0.07],

nor the interaction effect of feedback and group was significant
[F(1,37) < 0.01, p = 0.99, and npz < 0.01]. The three-way effect
of feedback, incentives, and group was not significant [F, 74) =
0.92, p = 0.4, and n,* = 0.02].

We further compared the feedback effect under different
incentive conditions for the MA and HC groups. Using paired
t-test, we identified that the FRN following positive feedback
was more positive than following negative feedback in the
reward condition in the HC group [t9) = 4.44, p < 0.001,
and M = 10.46 pV following positive feedback and M = 7.71
WV following negative feedback], but not in the MA group
[t(13) = 2.45, p = 0.025 > 0.008 (after Bonferroni correction),
M = 1325 pV following positive feedback, and M = 11.38
WV following negative feedback]. The FRN following positive
feedback compared to negative feedback in the punishment
condition was not significant in either the HC group [t
= —1.58, p = 013, and M = 8.69 uV following positive
feedback, and M = 9.82 uV following negative feedback] or
the MA group [tu5) = —2.37, p = 0.029 > 0.008 (after
Bonferroni correction), M = 10.96 wV following positive
feedback, and M =12.07 wV following negative feedback].
The FRN following positive feedback compared to negative
feedback in the neutral condition was not significant in either
the HC group [tn9) = 1.37, p = 0.19, and M = 8.1 nV
following positive feedback, and M = 6.82 pV following negative
feedback] or the MA group [t;5) = 2.68, p = 0.015 >
0.008 (after Bonferroni correction), M = 10.1 wV following
positive feedback, and M =8 pV following negative feedback]
(Figures 5, 7).
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FB-P3
A 2 x 3 x 2 ANOVA was performed on the FB-P3 data. The
main effect of incentive was significant [F(y 74) = 26.99, p <
0.001, and npz = 0.42], the FB-P3 in the reward condition (15.84
V) and punishment conditions (14.45 nV) was significantly
higher than that in the neutral condition (11.57 wV, ps < 0.001),
and the FB-P3 in the reward condition was significantly higher
than that in punishment condition (p < 0.01). The main effect
of feedback was significant [F(; 37y = 4.4, p < 0.05, and npz
= 0.11], and the FB-P3 after positive feedback (14.4 nV) was
higher than that of negative feedback (13.5 wV). The main effect
of group was not significant [F(; 37y = 2.21, p = 0.15, and
r}pz = 0.06]. The interaction effect of feedback and incentive
was significant [F(y, 74y = 14.25, p < 0.001, and npz = 0.28].
Simple analysis showed that the feedback effect was significant
under the potential reward condition (p < 0.001, M = 17.66
wV following positive feedback, and M = 13.96 nV following
negative feedback), potential punishment condition (p < 0.01,
M = 13.58 nV following positive feedback, and M = 15.27 uV
following negative feedback), but not the neutral condition (p =
0.36, M = 11.92 nV following positive feedback, and M = 11.15
WV following negative feedback). The interaction effect of the
incentive and group was not significant [F(,, 74) = 0.41, p = 0.67,
and 1,? = 0.01]. The interaction effect of feedback and group was
not significant [F(y, 74y = 3.61, p = 0.07, and 7,* = 0.09]. The
three-way interaction effect of incentive, feedback, and group was
not significant [F(,, 74) = 0.52, p = 0.6, and npz =0.01].

We further compared the feedback effect under different
incentive conditions for the MA and HC groups. Using paired

t-test, we identified that FB-P3 following positive feedback was
significantly larger than that following negative feedback in the
potential reward condition in the HC group [t(19) = 5.34, p <
0.001, and M = 17.02 pnV following positive feedback and M =
11.96 pnV following negative feedback], but not the MA group
[tas) = 1.64, p = 0.12, and M = 18.33 pV following positive
feedback and M = 16.07 pV following negative feedback].
However, the FB-P3 following positive feedback was significantly
lower than that following negative feedback in the potential
punishment condition in the MA group [f;5 = —5.19, p <
0.001, and M = 14.11 pV following positive feedback, and M
=16.44 1V following negative feedback], but not in the HC group
[tq9) = —1.44, p = 0.17, and M = 13.07 wV following positive
feedback, and M =14.16 pV following negative feedback]. The
FB-P3 following positive feedback was similar to that following
negative feedback in the neutral condition in the MA group [t(;3)
=0.23, p = 0.82, and M = 12.9 pV following positive feedback,
and M =12.58 nV following negative feedback] and the HC
group [t(19) = 1.29, p = 0.21, and M = 10.99 nV following
positive feedback, and M =9.8 LV following negative feedback]
(Figures 6, 7).

DISCUSSION

In this study, we utilized the MID task to identify the
electrophysiological brain responses to potential reward and
punishment during the anticipatory and consummatory stages of
monetary incentive processing in women with MUD and healthy
controls. In particular, we determined that in the anticipatory
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stage of monetary incentive processing, the women with MUD
have sensitive neural correlates to the potential reward cues, while
in the consummatory stage of the monetary incentive processing,
they have more sensitive neural correlates to the delivery of
the punishment.

In line with previous research (57, 58), the current study
showed that women with MUD had significantly higher scores
on the subscales of the BIS and SSS compared with healthy
controls, which suggests that women with MUD tend to
be impulsive and sensation-seeking. Impulsivity is the core
pathological characteristic of SUD (59, 60), which may arise via
two alternative mechanisms, which are not mutually exclusive.
First, a highly impulsive personality may create a vulnerability to
recreational substance use when available, and second, chronic
substances use can induce changes in brain function, leading to
increased impulsivity.

In the current study, for both groups, the behavioral data
showed that the response latency under the potential reward
and potential punishment conditions was significantly faster than
that under neutral conditions, but there were no differences
between potential reward and punishment conditions. Similarly,
the ACC under the potential reward and punishment conditions
was significantly higher than that under the neutral condition,
with no differences between potential reward and punishment

conditions. The behavioral results of this study confirm previous
MID research that the RT in monetary incentive conditions is
faster than that in neutral conditions (61-63), which indicated
that individuals are more motivated to secure a monetary
gain or avoid a monetary loss (64). This study also identified
that the RT of women with MUD was faster than that of
HC. This finding supports Anderson et al.’s (65) research that
links attentional bias for a monetary reward with addiction,
which suggests that substance users have heightened attentional
capture by stimuli associated with drug and non-drug rewards.
However, we also found that under neutral conditions, the
RT of the women with MUD was faster than that of the
HC. A meta-analysis showed that individuals with MUD have
greater deficits in reward- or impulse-related functions and social
cognition, and moderate deficits in global cognition, attention,
executive functions, language/verbal fluency, language learning
and memory, visual memory and working memory, and related
control (6). In the current study, individuals with MUD were
required to undergo mandatory isolation treatment for 2 years,
during which time they could not use drugs or smoke. Thus,
the behavioral activation effects caused by the use of substances
or cigarettes can be ruled out. Gray proposed the existence
of two independent motivational systems: behavioral inhibition
system (BIS) and behavioral activation system (BAS) (66, 67).
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The BIS is activated by conditioned signals of punishment and
termination of reward. In contrast, the action of the BAS is
engaged only by conditioned signals of reward and termination
of punishment, which promotes approach and active avoidance
behavior. A previous study found that college students’ illegal
substances use correlated positively with BAS and negatively with
BIS personality characteristics (68). Therefore, the faster response
in women with MUD in the current study is consistent with
a hyper-sensitive “go” or BAS. Prolonged abstinence may have
afforded an opportunity to recover whatever deficits active MA
or other substance use might have done to undermine the “stop”
or BIS.

The findings from this study demonstrate distinct ERP
components in the anticipatory and consummatory stages
of monetary incentive processing. Concerning anticipatory
processes, the Cue-P3 was shown to reflect the allocation of
attention to signals for monetary incentive conditions in both
groups, such that amplitudes were more positive for potential
reward and punishment conditions than neutral conditions.
These results are consistent with previous reports (31, 32, 61,
62, 69-71) that confirmed the sensitivity of this component to
the salient features of incentives. Moreover, the Cue-P3 was not
sensitive to cue valence during incentive processing, in which
both reward and punishment cues elicited greater Cue-P3 than
neutral stimuli. The results of Cue-P3 are also congruent with a
stronger motivation, which accounts for faster response latency

and a higher accuracy rate in the monetary incentive conditions.
The amplitude of Cue-P3 was significantly higher in the MA
group than in the HC group, which indicates that MA users have
an increased neural response to cues of monetary incentives than
healthy controls.

Furthermore, in this study, the MA group had a greater
amplitude of SPN compared with the HC group under the
potential reward condition, but there were no differences in
the amplitude of SPN between the MA and HC groups under
the potential punishment and neutral conditions. The results
of Cue-P3 and SPN in this study showed that women with
MUD have increased motivation for monetary rewards. These
results are consistent with the previous fMRI results indicating
increased neural activity during monetary reward anticipation
in individuals with alcohol dependence and gambling disorder
(22, 72). However, Luijten et al. (23) indicated that individuals
with substance and gambling addiction showed decreased striatal
activation compared with healthy controls in a meta-analysis.
Compared with previous ERP studies, these results are consistent
with our previous finding that women with MUD have an
increased SPN to reward anticipation in a simple gambling task
(46). These results are also consistent with those of Morie et al.
(40), who demonstrated that cocaine users showed amplified
anticipatory responses to reward predictive cues. However,
Zhao et al. (41) showed that abstinent heroin users showed
neural hypoactivation during the reward anticipation stage. This
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differs from the findings of this study. According to reward-
deficiency theory, SUD is associated with a hypodopaminergic
reward system (73), which suggests reduced neural responses
to non-drug rewards (74). However, substance users have also
been shown to exhibit impulsive behavior, particularly involving
hyperactive responses to monetary rewards (75). The results
could also support the incentive-sensitization theory, which
proposes that substance users are characterized by hypersensitive
anticipatory reward processing (i.e., the “wanting” process) (76).
The focus of sensitized “wanting” in addiction is supposed to
be primarily toward drug cues, rather than non-drug rewards
(77). However, a previous study further indicated that chronic
exposure to substances of abuse could lead to sensitization,
which enhances the pursuit of natural rewards in animals (78).
Therefore, these results support the impulsivity and incentive-
sensitization theories in addiction.

The incentive effect was not observed for CNV, which is
consistent with previous studies adopting the MID task to an
ERP design (62, 69, 70). However, this is in contrast with other
studies that observed a greater CNV following reward and loss
cues relative to neutral cues (32, 79). The CNV is hypothesized
to consist of anticipatory attention and preparation of the
movement (35). The current results suggest that although the
substance users had increased anticipatory monetary incentive
processing, they also had similar motor preparation for pressing

the button in both the monetary incentive and neutral conditions
of this study.

Regarding consummatory ERPs, the FRN is sensitive to
performance evaluation and reward evaluation during feedback
processing and signals greater negativity when an outcome is
worse than expected (80, 81). In this study, we identified that the
FRN of the negative feedback was significantly greater than that
for the positive feedback under the potential reward condition
in the HC group, but no feedback effect was indicated under
the potential punishment condition. However, the feedback effect
of the FRN was displayed in neither the reward context nor
the punishment context in the MA group. Similarly, previous
studies showed that FRN was more negative for negative feedback
than for positive feedback in the gain or win frame, but with
no difference between the positive and negative frames in the
loss frame (82-84). The framing effect is a well-established
phenomenon, in which most people tend to be risk-averse in the
gain frame but risk-seeking in the loss frame in risky decision-
making (85). The current results support the existence of frame
effects in healthy controls, but not women with MUD. The MA
users were not sensitive to negative feedback in the potential
reward context. Previous studies found that individuals with
cocaine and alcohol use disorder showed blunted sensitivity to
monetary reward outcomes indexed by decreased FRN (53, 86).
The present findings suggest that prolonged abstinence from
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stimulants in women with a history of heavy MA use does
not alter this deficit, raising the possibility that low FRN may
predispose a person to substance addiction. However, there are
also studies that showed enhanced FRN to monetary feedback in
heroin or MA users (41, 46).

In the monetary incentive consummatory stage, under the
potential reward conditions, the FB-P3 of the positive feedback
was significantly greater than that of the negative feedback in
healthy controls, while the no feedback effect of FB-P3 existed in
the MA users. The results suggest that under the potential reward
condition, healthy controls were more sensitive to positive. In
this study, the HC group was sensitized to positive feedback
under the potential reward condition, while the MA group
showed a significantly higher neural response to both the positive
and negative feedback. However, the MA group was sensitive
to negative feedback under the potential punishment condition,
while the HC group showed a similar neural response to both
positive and negative feedback. The FB-P3 is sensitive to more
unexpected outcomes (87) but not sensitive to performance
evaluation (88, 89). The current results suggest that the MA
users are hyperactive to monetary loss under the potential
punishment condition.

Similarly, one previous study identified that MA users
exhibited more response in the caudate to loss outcomes than to
gain outcomes (36). Another study indicated that smokers had
higher academic scores from punishment feedback than non-
smoking controls (90). According to early models of addiction
(91), addicted individuals take drugs to alleviate or avoid aversive
withdrawal syndrome. Solomon and Corbit (92) postulated that
the initial effects of addictive drugs are appetitive, but these
effects trigger the activation of a negative or opponent process.
Solomon concluded that negative reinforcement has the most
potent motivational influence on drug use. Recent researchers
(8, 93) posit that a negative affect addiction stage, which involves
avoidance of negative emotional after-effects of drug use, plays
an important role in addiction. According to these theories,
withdrawal-based learning makes drug users have a sensitive
response to negative affect, which leads to drug use. In our
previous study, we found that the individuals with MUD were
more likely to make risky decisions following negative feedback
(46). Therefore, the MA users’ sensitivity to negative feedback
under the potential punishment condition may be related to
negative reinforcement. However, previous studies have also
identified that individuals with SUD or pathological gamblers are
less sensitive to punishment than healthy controls (25-27, 94).
Since there are relatively few studies on the neural mechanism of
addicted individuals in punishment processing, more research is
required to clarify this issue.

Although our results provide some new information, some
limitations still need to be considered. This study only included
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