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Abstract
Up to 80% of individuals seeking treatment fail in their attempts at sobriety. This study investigated whether
1) a cognitive remediation therapy (CRT) program augmented with a brain-computer interface (BCI) to
influence brain performance metrics would increase participants' self-agency by restoring cognitive control
performance; and 2) that ability increase would produce increased sobriety rates, greater than published
treatment rates. The study employed a retrospective chart review structured to replicate a switching
replication methodology (i.e., waitlist group) using a pre-test and post-test profile analysis quasi-
experimental design. Participants' records were organized into treatment and non-treatment groups. Adult
poly-substance users were recruited from alcohol and other drugs (AOD) use outpatient programs and AOD
use treatment centers in the United States. Participants volunteered for pre- and post-testing without
treatment (n = 121) or chose to enter the treatment program (n = 200). The treatment group engaged in a 48-
session BCI/CRT augmented treatment program. Pre- and post-treatment measures comprised 14 areas from
the Woodcock-Johnson Cognitive Abilities III Assessment Battery. An 18-month follow-up assessment
measured maintenance of sobriety. After testing the difference for all variables across time between test
groups, a significant multivariate effect was found. In addition, at 18 months post-treatment, 89% of the
treatment group maintained sobriety, compared to 31% of the non-treatment group. Consistent with
addiction neurobehavioral imbalance models, traditional treatment programs augmented with BCI/CRT
training, focused on improving cognitive control abilities, may strengthen self-control and improve sobriety
rates.

Categories: Neurology, Psychiatry, Substance Use and Addiction
Keywords: quantitative electroencephalography, brain mapping, brain-computer interface, addiction recovery,
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Introduction
Alcohol and other drugs (AOD) dependence and its associated mental health disorders are among the most
severe health, economic, and social problems facing the United States [1]. According to the WHO, the cost of
AOD dependence worldwide is in the trillions of dollars, with an estimate of over $700 billion in the United
States alone [1]. However, the economic costs are not the only costs involved. Social ramifications are
significant when families are torn apart. AOD use adversely affects children, spouses, parents, relatives, and
other relationships.

According to the National Institute on Drug Abuse (NIDA), addiction is a chronic condition characterized by
compulsive cravings, drug-seeking, and drug use that persist despite adverse consequences. Moreover,
addiction can reoccur after long periods of abstinence [2-4]. Addiction is a natural, neural adaptation
process consequential to drug use, resulting in an inability to make mature decisions regarding drug use, and
requires repeated and persistent treatment [2-4]. Although overcoming substance use is one goal of therapy,
returning people to productive functioning within the family, workplace, and community is a more
compelling and longer-lasting goal.

Meta-analyses of AOD treatment program outcomes report that the average short-term abstinence rates are
20% for untreated individuals, compared with 40% for treated individuals [2-4]. Overall, these reports
suggest that treated individuals achieve higher short-term remission rates than untreated individuals.
However, these figures also indicate that 60%-80% of individuals who seek treatment fail in their quest to
maintain sobriety. Current AOD treatment models address addictive behaviors with a wide range of
treatment modalities, including different forms of psycho-education, traditional therapy, pharmacology, 12-
step recovery programs, or some combination therein. However, outcome reports that include treatments
focused on brain recovery or actual brain repair of self-regulation abilities are absent from addiction
treatment literature; lacuna is the focus of this study.

Neurobiological models of addiction seek to broaden the understanding of addiction as a brain disease.
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These models integrate classic psychological models (such as dual-process theory) with neurobiological
responses. According to dual-process theory, individuals learn social rules, which are handled by a reflective
system in the brain to control impulsive responses [5-10]. Dual-process theory research suggests that
addictive behavior results from an imbalance between two independent, interacting neural systems that
control decision making. These systems include a reflexive or automatic system used in signaling immediate
pain or pleasure responses (i.e., the reward motivation system) mediated by mesolimbic dopamine circuitry
and a reflective system used to evaluate the long-term choice effects (i.e., the executive control system)
which is located in the prefrontal and parietal networks [5-10].

According to the dual-process theory, vulnerabilities in these two systems contribute to the development
and maintenance of AOD addiction behaviors [8]. For example, the brain's neural focus on high levels of
reward motivation likely increases one's inclination toward drug experimentation/use, whereas weakness in
executive control is related to the progression of AOD use and compulsive forms of drug use [8-12]. This
process is understood to occur in the following sequence: 1) AOD use desensitizes the brain's reward circuits,
dampening the ability to feel pleasure and reducing the motivation to pursue everyday activities; 2)
conditioned responses to AOD use and stress reactivity increase, which increases cravings for AOD and
negative emotions when these cravings are not sated; and 3) brain regions involved in executive functions
(e.g., decision making, inhibitory control, and self-regulation) weaken. In combination, this neurobehavioral
imbalance/progression leads to repeated relapse. From a neurological systems perspective, this process likely
results from a hypoactive prefrontal-mediated executive control system that fails to adequately control a
hyperactive striatal reward system [10-12]. In an attempt to confirm this premise, Khurana A et al. compared
youths with high impulsivity and sensation-seeking characteristics to those with high and low executive
control abilities [13]. They found that weak executive control and heightened reward-seeking predicted the
early progression of drug use. Conversely, increased reward-seeking, balanced by a strong executive control
system, predicted only occasional experimentation [13].

Implications for breaking the relapse cycle
Individuals early in the recovery process are faced with multiple situations every day in which they must
choose to remain sober. Many of these situations compel addicts to maintain a strong sense of self-agency
to break non-sobriety supporting habits. As Khurana A et al. reported, habit-breaking abilities require not
only good intentions but also robust and resilient cognitive functioning to exercise cognitive control and
cultivate new sobriety behavioral habits [13].

According to Chatham CH et al., habit-breaking skills are acquired by progressing through four transitional
stages in which individuals learn new skills and then integrate those skills into their daily lives [14,15]. To
successfully break the relapse cycle, recovering individuals must effectively navigate through all the
transitional stages of recovery. Thus, one must not only intend to remain sober and understand the
environmental context of the relapse cycle but also be cognitively equipped to exercise volitional control
when that control is needed. Each transitional stage requires the recruitment of different sets of cognitive
functions to acquire and execute new skills. The rate of learning, the ability to retain a new skill, and the
execution of this skill depend on the learner's health and the functional strength of his or her cognitive
function. Unfortunately, many cognitive functions are significantly compromised for many individuals in
AOD addiction recovery [14-17].

The capacity and performance of an individual's executive control capabilities dynamically vary in the
moment, based on one's current cognitive load, stress level, and resilience to stress [17-20]. For individuals
in recovery, low capacity and low stress-resilient cognitive function increase the risk of making poor
decisions. As supported by dual-process theory and as evidenced by addiction studies [14-17], unless the
individual in recovery can maintain strong reflective abilities (including the abilities to learn, integrate, and
self-monitor) and has the neural resilience to withstand daily stress, that individual will remain at risk for
relapse. From a brain perspective, the functional strength, health, and ability of the executive control
functions are critical to ongoing success.

Strengthening cognitive control abilities
Cognitive remediation therapies (CRTs) fall within the class of cognition-based strengthening interventions
[20-22]. Many forms of CRT interventions have been applied successfully among individuals with acquired
CNS disorders, including traumatic brain injury, stroke, mental health issues, depression, substance use, and
neurodegenerative conditions [20-22]. The brain-behavior relationship and the mechanisms of injury,
disease, and recovery inform these therapies. Such interventions reflect two broad conceptual frameworks of
functional brain recovery: compensatory and restorative approaches [22,23]. Compensatory interventions
focus on translating underlying neuropsychological impairments into environmental adaptations, thereby
enabling participation in daily life. The primary goal of compensatory approaches is to help individuals
achieve real-world objectives and participate in activities that might be blocked by unrecoverable cognitive
impairments.

Conversely, restorative approaches use repetitive exercises, similar to the exercises in standardized
cognitive abilities tests, to restore dysfunctional cognitive functions (e.g., attention, organization, memory,
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reasoning, and problem solving). Restorative CRT strengthens underlying neuropsychological impairments
located within the brain rather than teaching compensatory or adaptive skills [22,23]. Increased brain
activation likely occurs by a progression of synaptic growth and repair generated by repeated practice or the
stimulation of specific neuropathways. Supporting evidence for this approach includes a recent functional
MRI (fMRI) study that exhibited increased memory-related brain activation following cognitive training in
several brain regions in individuals at high risk for dementia due to mild cognitive impairment (MCI) [22,23].
The restorative methods used in this study have been applied successfully to patients with schizophrenia,
substance use, or brain injuries, children and adults with ADHD, and for the cognitive deficits associated
with major depression [21-23].

Materials And Methods
The study design employed a retrospective chart review methodology to formulate results derived from
participants who had previously participated in a brain-computer interface (BCI)-augmented CRT program
as a component of their AOD use recovery treatment program. In addition, this study used a profile analysis
quasi-experimental design, using participant retrospective records arranged into two non-randomized
groups: control and treatment, to explore treatment effects.

Participant records were structured with dependent pre- and post-test sampling in both groups. Profile
analysis is an application of a multivariate analysis of variance (MANOVA) in which several dependent
variables (DVs) are measured on the same scale [24,25], with the more common application where subjects
are measured repeatedly on the same DV. Profile analysis offers a multivariate alternative to the univariate F
test for the within-subjects effect and its interactions. The analysis asks if the two groups have the same
pattern of means on the subscales.

Both treatment and non-treatment group participants were concurrently involved in some form of
traditional addiction recovery therapy, either through a residential treatment center or an outpatient
program. Each participant in the treatment group received an individualized program designed to address
neurobehavioral imbalances in their executive function. Targeted treatment variables focused on
remediating deficiencies observed in participants' cognitive control, memory, attention, and executive
function. Neurobehavioral imbalances were addressed using an advanced form of a CRT employing a BCI
method to influence CRT training activities based on the cognitive information processing strength of each
imbalance in real-time [15, 21, 26].

Participants
Participants were adults (aged 18 or older), poly-substance users recruited from AOD use outpatient
programs and AOD use treatment centers across the United States. Data were collected from 2012 to 2016,
with follow-up data regarding maintenance of sobriety collected through 2018. All records were de-
identified to protect the anonymity of individual health information. By request of the treatment centers
from which participants were recruited, the records of participants were included only when individuals had
accrued a minimum of 60 days of sobriety for the treatment group, with 120 days or more for the waitlist
group. The participants had been poly-substance users for an average of 17 years and had an average of 10
residential treatment program failures. Participants were matched with regard to age, education, and
gender. Treatment and non-treatment group record selection was based on a deliberate self-selection
convenient sample method in which participants either volunteered for pre- and post-testing without
treatment or chose to enter the treatment program. The treatment group was tested before treatment and
upon treatment completion.

The treatment group was composed of 200 participant records (n = 200; 100 males and 100 females); the
non-treatment comparison group included 121 records (n = 121; 61 males and 60 females). The following
exclusion criteria were used for all groups: 1) <60 days of sobriety; 2) a history of severe traumatic brain
injury with a loss of consciousness of >30 minutes; and 3) histories of schizophrenia, bipolar disorder, or
obsessive-compulsive disorder. All participants provided written consent to participate in the study.
Participants' records were divided into a non-treatment group and a treatment group. Each group received
the same pre-test.

Experimental pre- and post-test measures
To support a profile analysis of the effect of treatment status (no treatment or treatment) on cognitive
ability, participants were measured on 14 subtests of the Woodcock-Johnson Test of Cognitive Abilities III
(WJIII) [27]. The WJIII is a set of cognitive ability subtests based on the Cattell-Horn-Carroll theory (CHC) of
cognitive abilities. The CHC theory provides a comprehensive framework for understanding the structure of
cognitive information processing abilities. The 14 subtest areas were: iQT (fluid intelligence), thinking
efficiency, concept formation, working memory, numbers reversed, visual-auditory learning, visual-auditory
learning-delayed, verbal ability, phonemic awareness, verbal comprehension, incomplete words, sound
blending, spatial relationships, and visual matching. The grouping variable was for BCI/CRT treatment vs.
non-treatment.
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Tracking sobriety and social reintegration rates
For this study, sobriety was defined as maintaining abstinence from any form of substance use. Social
reintegration was defined as maintaining financial independence (i.e., living on one's own and working to
support oneself by living independently or being in school). The records of random sets of treatment (n = 50)
and non-treatment (n = 50) participants at 18-month follow-up interviews were reviewed to track the
integrative effect of the program. In addition, answers to three questions were recorded: 1) How long
participants had maintained sobriety? 2) What is the status of their current living situation? and 3) What is
their work status?

Procedure and training
The CRT training method used in this study was implemented through a set of training tools composed of a
collection of working memory and executive function activities, routinely employed by the primary author
in clinical settings to address brain-based deficiencies, called the NeuroCoach program (NTLGroup Inc.,
Scottsdale) by clients and staff [21, 26]. Each activity was designed to develop cognitive functional capacity
within a chosen cognitive ability (e.g., auditory working memory capacity, impulse control on go/no-go
tasks, or cognitive flexibility with variations of modified Stroop activities) and to develop resilience when
encountering stress. Resiliency was enhanced by demanding greater performance under a larger, more
demanding cognitive load based on varying working memory load demands and performance in conjunction
with changing response time constraints. In addition, an EEG BCI interface was used to monitor and adjust
cognitive loads based on previously identified EEG protocols of addictive drive mechanisms and working
memory cognitive load, both of which were used to influence activity presentation [21, 26, 28, 29].

Participants sat in front of a computer screen and performed tasks derived from the WJIII battery, presented
by the EventIDE task management program (OkazoLab, Delft, The Netherlands). Each participant performed
tasks attached to a 19-channel EEG monitor (impedance below 5 kOhms). Sensors were placed at positions
FP1, FP2, F3, Fz, F4, F7, F8, C3, C4, Cz, T3, T4, P3, Pz, P4, T6, T8, O1, and O2, using a BrainMaster 24E
acquisition system (BrainMaster Technologies, Bedford, OH) with sampling at 256 Hz. Artifacts detection
and removal were performed using the artifact subspace reconstruction (ASR) artifact algorithm (EEGLAB;
Swartz Center for Computational Neuroscience, San Diego, CA). Neural metric measures were computed
from the preprocessed EEG data using Independent component analysis (ICA)/principal component analysis
(PCA) methods. Testing began with a collection of resting-state, eyes-closed and eyes-open conditions as
baseline measures. Next, classical, age-normed neurometrics were obtained based on standardized measures
of resting-state quantitative EEG (qEEG).

All training group participants completed 48 extensive training sessions (approximately 30-40 minutes per
session) before re-evaluation. Immediately after the initial evaluation, the training group used the
remediation program three times per week for eight weeks (approximately 30-40 minutes per session); these
participants were then reassessed. The training group participated in their traditional addiction therapy
program provided by a residential treatment center or outpatient program. The non-training group did not
participate in the remediation program but continued with traditional addiction therapy provided by the
residential treatment center or outpatient program.

Results
The mean age of participants was 34 years old and ranged from 24 to 44 years old. Group means were used
for data screening. All participants had complete data sets (i.e., no missing data). No univariate or
multivariate outliers were detected, with p = 0.001, and assumptions regarding normality of sampling
distributions, homogeneity of variance, covariance matrices, linearity, and multicollinearity were met.

Effects on cognitive abilities
Table 1 displays mean scores, SDs, and the number of participants between subject groups (treatment, no
treatment) for all 14 subtests of the WJIII. After testing the difference for all variables across time between
test groups, a significant multivariate effect was found. In addition, the test results revealed a significant
multivariate effect for all variables (Table 1). Thus, results imply that participants' measured cognitive
abilities in the treatment group increased significantly more across tests administrations than those in the
non-treatment group. In Table 2, the eta-squared coefficients are displayed, revealing that between 10% and
53% of the reason why the variables varied across time was due to treatment group status. Figure 1 displays
the estimated marginal mean scores for each group across test administrations. The set of changes in
pre/post marginal mean scores across each tested WJIII domain constitutes a profile for each treatment
group (treated vs. untreated).
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 Treatment (n = 200) Non-Treatment (n = 121) Combined (n = 321)

 Pre Post  Pre Post  Pre Post  

WJIII Domain x̅ σ x̅ σ x̅ x̅ σ x̅ σ x̅ x̅ σ x̅ σ x̅

Fluid Intelligence 100.5 12.6 115.4 13.1 14.9 99.5 11.4 100.6 11.5 1.1 100.2 12.3 109.5 14.7 9.3

Thinking Efficiency 100.1 15.3 113.4 14.9 13.4 95.8 13.0 97.2 13.3 1.4 98.5 14.6 107.3 16.4 8.8

Concept Formation 102.4 15.7 113.2 12.2 10.7 100.8 14.2 101.9 14.7 1.1 101.9 15.3 108.9 14.3 7.0

Working Memory 102.1 17.5 117.2 17.8 15.1 106.5 12.2 107.4 12.4 0.9 103.8 15.9 113.6 16.7 9.8

Numbers Reversed 101.5 19.6 119.5 19.0 18.1 102.4 14.3 103.2 14.3 0.9 101.9 17.8 113.4 19.1 11.5

Visual-Auditory Learning 95.6 18.5 114.0 19.0 18.3 96.8 9.7 97.5 10.0 0.7 96.1 15.9 108.1 18.0 12.0

Visual-Auditory Learning - Delayed 74.4 33.6 103.6 31.8 29.3 91.6 20.6 92.9 20.7 1.3 81.0 30.6 99.5 28.8 18.5

Verbal Ability 97.6 9.7 105.1 11.0 7.5 106.0 13.5 106.9 13.7 1.0 100.9 12.2 105.8 12.5 4.9

Phonemic Awareness 104.9 13.0 114.8 13.5 9.9 105.4 11.6 106.4 12.0 1.1 105.2 12.5 111.7 13.7 6.5

Verbal Comprehension 97.6 9.8 105.2 11.1 7.7 102.2 13.0 103.4 13.3 1.1 99.4 11.4 104.4 12.0 5.0

Incomplete Words 101.2 18.0 113.1 18.9 12.0 100.8 12.7 101.6 13.4 0.8 101.1 16.2 108.8 17.8 7.7

Sound Blending 106.3 11.8 113.5 11.3 7.2 101.5 16.8 102.5 17.5 0.9 104.6 14.2 109.6 14.8 5.0

Spatial Relations 103.7 12.7 112.2 11.4 8.5 106.8 16.0 107.3 16.8 0.5 104.8 14.1 110.4 13.6 5.6

Visual Matching 98.7 13.1 104.2 12.9 5.5 65.5 36.3 66.2 36.3 0.7 86.4 29.3 90.2 30.5 3.8

TABLE 1: Descriptive statistics of results from pre- and post-tests.
Summary of the mean (x̅) and SD (σ) of pre-treatment and post-treatment scores across 14 domains of the Woodcock-Johnson III battery for the treatment
group, non-treatment comparison group, and the combined total of all participants. Differences between pre-treatment means and post-treatment means
are listed under x̅.
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WJIII Domain Wilk’s Lambda (λ) (1,319) F p Partial 

Fluid Intelligence 0.463 370.1 <0.001 0.537

Thinking Efficiency 0.651 171.0 <0.001 0.349

Concept Formation 0.774 93.0 <0.001 0.226

Working Memory 0.689 144.1 <0.001 0.311

Numbers Reversed 0.700 137.0 <0.001 0.300

Visual-Auditory Learning 0.688 144.7 <0.001 0.312

Visual-Auditory Learning - Delayed 0.677 152.5 <0.001 0.323

Verbal Ability 0.747 107.8 <0.001 0.253

Phonemic Awareness 0.726 120.6 <0.001 0.274

Verbal Comprehension 0.752 105.2 <0.001 0.248

Incomplete Words 0.808 75.7 <0.001 0.192

Sound Blending 0.834 63.4 <0.001 0.160

Spatial Relations 0.814 73.0 <0.001 0.186

Visual Matching 0.900 35.5 <0.001 0.100

TABLE 2: Multivariate analysis of variance.
Multivariate analysis shows an inferential response to treatment based on scores across 14 Woodcock-Johnson III battery domains, for subjects in
treatment and non-treatment groups. Shown for each domain are Wilk’s Lambda, F statistic, p-value and squared partial eta (Partial ).
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FIGURE 1: Profile analysis of response to BCI-CRT treatment across 14
domains of the WJII battery.
Each subplot shows marginal mean pre- and post-treatment scores for the treatment group (blue, n = 200) and
non-treatment comparison group (red, n = 121). Bars represent plus/minus one SD of each mean score.

BCI: Brain-computer interface; CRT: Cognitive remediation therapy; WJIII: Woodcock-Johnson Test of Cognitive
Abilities III.

Effects on sobriety and social re-integration
A random set of treatment and non-treatment participants were followed for 18 months to track the
integrative effect of the program. At the 18-month follow-up assessment, 89% of the treatment group had
maintained sobriety, and 98% had transferred to sober living facilities and maintained an independent
residence. Conversely, the sobriety rate of the non-treatment group was 31%, which is consistent with the

2022 Cripe et al. Cureus 14(1): e21429. DOI 10.7759/cureus.21429 7 of 10

https://assets.cureus.com/uploads/figure/file/306380/lightbox_4b544cf0690d11ecb86b17361e569a4d-sobriety-cureus-fig1-hr.png


sobriety rates reported in the literature [2-4]. In addition, the 89% abstinence rate marks a substantial
improvement compared with the 20%-40% sobriety rate reported in the literature.

Discussion
Individuals in recovery exhibit persistent neurophysiological deficits affecting cognitive performance. For
example, regarding cognitive control, abstinent cocaine users show reduced metabolism in the left anterior
cingulate cortex (ACC) and right dorsolateral prefrontal cortex (DLPFC), including greater activation in the
right ACC [16]. The ACC contributes to two essential aspects of executive control: inhibitory control and
performance monitoring [16]. Performance monitoring processes include error detection and conflict
monitoring, whereas inhibitory control restrains desired behaviors [30-32].

Neuroscience models of cognitive control emphasize that when the ACC detects erroneous or conflicting
behavior, a signal is sent to the DLPFC [30-32]. The DLPFC modulates and sustains goal-oriented behaviors
by influencing top-down cognitive control, directing behaviors away from incorrect, conflict-causing
responses and toward correct, conflict-reducing responses [30-32]. With regard to addiction and sobriety,
these monitoring and modulating processes are valuable for detecting hazardous situations or behaviors
that increase the likelihood of relapse [33]. Importantly, previous studies have shown that reduced metabolic
activity in these brain regions predicts relapse behaviors in both abstinent and active cocaine users [34-36].
In addition, individuals demonstrating healthier ACC activity at the onset of abstinence are less likely to
relapse [33-36]. Equally important, performance scores on behavioral monitoring tasks in conjunction with
neuroimaging data (using Stroop and decision-making activities known to activate cognitive control
neuronal circuits) predict the probability of completing treatment [37,38]. Thus, cognitive control circuits are
reliable targets for relapse prediction and neuronal rehabilitation training. The current study posited that
similar tasks help evaluate functional changes in cortical circuits that underlie inhibitory control and the
action monitoring of abstinence.

In a pilot study of poly-substance users, Gunkelman J and Cripe C used EEG-based neurometrics to identify
and establish two joint neural factors observed in most addiction cases [26]. Each factor was considered to
represent a separate pathophysiologic drive toward addictive behaviors: a) over-arousal of CNS involving
DLPFC disruptions and b) cingulate issues (ACC disruptions and compulsive hyper/hypo foci). After applying
EEG phenotype modeling methods [39], the authors derived a standard set of BCI protocols to monitor the
EEG responses acquired during CRT training [21,26]. This training targeted executive function and ACC
engagement to influence the level of difficulty of the activity [21, 26]. The activities included a collection of
modified Stroop activities, go/no-go activities, working memory activities, attention-binding activities, and
other executive function activities [21]. Cripe has previously detailed the design and development of these
training tools [21, 26]. The present study employed the BCI-monitoring methodology explained earlier with
the addition of executive function and working memory activities. These activities aimed to simulate neuro-
resilience training by varying cognitive load during training. In addition, the study investigated whether 1)
BCI-augmented CRT methods can increase participants' cognitive control abilities and 2) this increase may
allow recovering participants to maintain sobriety at higher rates than the 20%-40% treatment average.

Conclusions
A BCI-augmented CRT treatment method targeted at strengthening executive self-control abilities showed a
significant impact on a treatment group's cognitive abilities and sobriety performance compared to
untreated control. Comparisons of the pre- and post-treatment results between treated and non-treated
participants suggested a causal inferential response to positive treatment effects, suggesting that using a
BCI-augmented CRT method increases cognitive control abilities in recovering participants. Furthermore,
when considering participants' qualitative sobriety/social reintegration reports, increased abstinence rates
in treated versus non-treated participants raise the possibility that increased executive function abilities
contribute to a participant's ability to maintain sobriety more effectively than the currently published
recovery rates of 20%-40%. Nevertheless, the current results only suggest that BCI-augmented CRT training
helps strengthen executive self-control abilities, which might improve sobriety rates. The principal
limitations of this study were 1) the fact that it employed a retrospective design and 2) the fact that
participants were paid. Follow-up studies that compare BCI plus CRT versus CRT alone versus no treatment
or sham BCI study conditions are needed to determine which combination of BCI and CRT treatment
methods is most effective.

Additional Information
Disclosures
Human subjects: Consent was obtained or waived by all participants in this study. Quietmind Foundation
Institutional Review Board issued approval QMF2015.124. The study was conducted in accordance with the
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(QMF2015.124) approved the protocol. Animal subjects: All authors have confirmed that this study did not
involve animal subjects or tissue. Conflicts of interest: In compliance with the ICMJE uniform disclosure
form, all authors declare the following: Payment/services info: All authors have declared that no financial
support was received from any organization for the submitted work. Financial relationships: Curtis T.
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consultancy and data analysis for Neurologics. To account for this situation, and as described in the text of
the manuscript, all data analyzed to assess impact were provided in an anonymized fashion to the data
analysis team, none of whom were involved in the collection of raw data. Other relationships: All authors
have declared that there are no other relationships or activities that could appear to have influenced the
submitted work.

References
1. United Nations Office on Drugs and Crime, World Drug Report 2016 . (2016). Accessed: December 21, 2021:

https://www.unodc.org/doc/wdr2016/WORLD_DRUG_REPORT_2016_web.pdf.
2. Moyer A, Finney JW: Outcomes for untreated individuals involved in randomized trials of alcohol

treatment. J Subst Abuse Treat. 2002, 23:247-252. 10.1016/S0740-5472(02)00264-7
3. Miller WR, Walters ST, Bennett ME: How effective is alcoholism treatment in the United States? . J Stud

Alcohol. 2001, 62:211-220. 10.15288/jsa.2001.62.211
4. Dawson DA, Goldstein RB, Grant BF: Rates and correlates of relapse among individuals in remission from

DSM-IV alcohol dependence: a 3-year follow-up. Alcohol Clin Exp Res. 2007, 31:2036-2045. 10.1111/j.1530-
0277.2007.00536.x

5. Lewis MD, Todd RM: The self-regulating brain: cortical-subcortical feedback and the development of
intelligent action. Cognit Dev. 2007, 22:406-430. 10.1016/j.cogdev.2007.08.004

6. Dalley JW, Everitt BJ, Robbins TW: Impulsivity, compulsivity, and top-down cognitive control. Neuron.
2011, 69:680-694. 10.1016/j.neuron.2011.01.020

7. Gawronski B, Bodenhausen GV: Associative and propositional processes in evaluation: an integrative review
of implicit and explicit attitude change. Psychol Bull. 2006, 132:692-731. 10.1037/0033-2909.132.5.692

8. Everitt BJ, Robbins TW: Neural systems of reinforcement for drug addiction: from actions to habits to
compulsion. Nat Neurosci. 2005, 8:1481-1489. 10.1038/nn1579

9. Koob GF, Volkow ND: Neurocircuitry of addiction. Neuropsychopharmacology. 2010, 35:217-238.
10.1038/npp.2009.110

10. Tarter R, Vanyukov M, Giancola P, Dawes M, Blackson T, Mezzich A, Clark DB: Etiology of early age onset
substance use disorder: a maturational perspective. Dev Psychopathol. 1999, 11:657-683.
10.1017/s0954579499002266

11. Zucker RA, Heitzeg MM, Nigg JT: Parsing the undercontrol/disinhibition pathway to substance use
disorders: a multilevel developmental problem. Child Dev Perspect. 2011, 5:248-255. 10.1111/j.1750-
8606.2011.00172.x

12. Heitzeg MM, Nigg JT, Yau WY, Zucker RA, Zubieta JK: Striatal dysfunction marks preexisting risk and
medial prefrontal dysfunction is related to problem drinking in children of alcoholics. Biol Psychiatry. 2010,
68:287-295. 10.1016/j.biopsych.2010.02.020

13. Khurana A, Romer D, Betancourt LM, Brodsky NL, Giannetta JM, Hurt H: Experimentation versus
progression in adolescent drug use: a test of an emerging neurobehavioral imbalance model. Dev
Psychopathol. 2015, 27:901-913. 10.1017/S0954579414000765

14. Chatham CH, Claus ED, Kim A, Curran T, Banich MT, Munakata Y: Cognitive control reflects context
monitoring, not motoric stopping, in response inhibition. PLoS One. 2012, 7:e31546.
10.1371/journal.pone.0031546

15. Munakata Y, Snyder HR, Chatham CH: Developing cognitive control: three key transitions . Curr Dir Psychol
Sci. 2012, 21:71-77. 10.1177/0963721412436807

16. Garavan H, Hester R: The role of cognitive control in cocaine dependence . Neuropsychol Rev. 2007, 17:337-
345. 10.1007/s11065-007-9034-x

17. Hariri AR, Brown SM, Williamson DE, Flory JD, de Wit H, Manuck SB: Preference for immediate over delayed
rewards is associated with magnitude of ventral striatal activity. J Neurosci. 2006, 26:13213-13217.
10.1523/JNEUROSCI.3446-06.2006

18. McClure SM, Laibson DI, Loewenstein G, Cohen JD: Separate neural systems value immediate and delayed
monetary rewards. Science. 2004, 306:503-507. 10.1126/science.1100907

19. Lavie N: Attention, distraction, and cognitive control under load . Curr Dir Psychol Sci. 2010, 19:143-148.
10.1177/0963721410370295

20. Kane MJ, Conway AA, Hambrick DZ, Engle RW: Variation in working memory capacity as variation in
executive attention and control. Conway A, Jarrold C, Kane M, Miyake A, Towse J (ed): Oxford University
Press, Oxford, United Kingdom; 2007. 3:21-48. 10.1093/acprof:oso/9780195168648.003.0002

21. Cripe C: Neuroengineering: brain recovery methods-applied to substance abuse recovery . Psychology's New
Design Science: Theory and Research. Imholz S, Sachter J (ed): Common Ground Research Networks,
Champaign, IL; 2014. 100-135. 10.18848/978-1-61229-478-0/CGP

22. Wykes T, Spaulding WD: Thinking about the future cognitive remediation therapy--what works and could
we do better?. Schizophr Bull. 2011, 37:S80-S90. 10.1093/schbul/sbr064

23. Houben K, Havermans RC, Nederkoorn C, Jansen A: Beer à no-go: learning to stop responding to alcohol
cues reduces alcohol intake via reduced affective associations rather than increased response inhibition.
Addiction. 2012, 107:1280-1287. 10.1111/j.1360-0443.2012.03827.x

24. Tabachnick BG, Fidell LS, Ullman JB: Using Multivariate Statistics. Pearson India Education Services Pvt.
Ltd, Uttar Pradesh, India; 2020.

25. Harris AD, McGregor JC, Perencevich EN, Furuno JP, Zhu J, Peterson DE, Finkelstein J: The use and
interpretation of quasi-experimental studies in medical informatics. J Am Med Inform Assoc. 2006, 13:16-
23. 10.1197/jamia.M1749

26. Gunkelman J, Cripe C: Clinical outcomes in addiction: a neurofeedback case series . Biofeedback. 2008,
36:152-156.

27. Ullsperger M, von Cramon DY: Subprocesses of performance monitoring: a dissociation of error processing
and response competition revealed by event-related fMRI and ERPs. Neuroimage. 2001, 14:1387-1401.

2022 Cripe et al. Cureus 14(1): e21429. DOI 10.7759/cureus.21429 9 of 10

https://www.unodc.org/doc/wdr2016/WORLD_DRUG_REPORT_2016_web.pdf
https://www.unodc.org/doc/wdr2016/WORLD_DRUG_REPORT_2016_web.pdf
https://dx.doi.org/10.1016/S0740-5472(02)00264-7
https://dx.doi.org/10.1016/S0740-5472(02)00264-7
https://dx.doi.org/10.15288/jsa.2001.62.211
https://dx.doi.org/10.15288/jsa.2001.62.211
https://dx.doi.org/10.1111/j.1530-0277.2007.00536.x
https://dx.doi.org/10.1111/j.1530-0277.2007.00536.x
https://dx.doi.org/10.1016/j.cogdev.2007.08.004
https://dx.doi.org/10.1016/j.cogdev.2007.08.004
https://dx.doi.org/10.1016/j.neuron.2011.01.020
https://dx.doi.org/10.1016/j.neuron.2011.01.020
https://dx.doi.org/10.1037/0033-2909.132.5.692
https://dx.doi.org/10.1037/0033-2909.132.5.692
https://dx.doi.org/10.1038/nn1579
https://dx.doi.org/10.1038/nn1579
https://dx.doi.org/10.1038/npp.2009.110
https://dx.doi.org/10.1038/npp.2009.110
https://dx.doi.org/10.1017/s0954579499002266
https://dx.doi.org/10.1017/s0954579499002266
https://dx.doi.org/10.1111/j.1750-8606.2011.00172.x
https://dx.doi.org/10.1111/j.1750-8606.2011.00172.x
https://dx.doi.org/10.1016/j.biopsych.2010.02.020
https://dx.doi.org/10.1016/j.biopsych.2010.02.020
https://dx.doi.org/10.1017/S0954579414000765
https://dx.doi.org/10.1017/S0954579414000765
https://dx.doi.org/10.1371/journal.pone.0031546
https://dx.doi.org/10.1371/journal.pone.0031546
https://dx.doi.org/10.1177/0963721412436807
https://dx.doi.org/10.1177/0963721412436807
https://dx.doi.org/10.1007/s11065-007-9034-x
https://dx.doi.org/10.1007/s11065-007-9034-x
https://dx.doi.org/10.1523/JNEUROSCI.3446-06.2006
https://dx.doi.org/10.1523/JNEUROSCI.3446-06.2006
https://dx.doi.org/10.1126/science.1100907
https://dx.doi.org/10.1126/science.1100907
https://dx.doi.org/10.1177/0963721410370295
https://dx.doi.org/10.1177/0963721410370295
https://dx.doi.org/10.1093/acprof:oso/9780195168648.003.0002
https://dx.doi.org/10.1093/acprof:oso/9780195168648.003.0002
https://dx.doi.org/10.18848/978-1-61229-478-0/CGP
https://dx.doi.org/10.18848/978-1-61229-478-0/CGP
https://dx.doi.org/10.1093/schbul/sbr064
https://dx.doi.org/10.1093/schbul/sbr064
https://dx.doi.org/10.1111/j.1360-0443.2012.03827.x
https://dx.doi.org/10.1111/j.1360-0443.2012.03827.x
http://www.pearson.com/us/higher-education/program/Tabachnick-Using-Multivariate-Statistics-6th-Edition/PGM332849.html
https://dx.doi.org/10.1197/jamia.M1749
https://dx.doi.org/10.1197/jamia.M1749
http://www.aapb.org/files/publications/biofeedback/2008/biof-36-04-152-156.pdf
https://dx.doi.org/10.1006/nimg.2001.0935


10.1006/nimg.2001.0935
28. Gevins A, Smith ME, Leong H, McEvoy L, Whitfield S, Du R, Rush G: Monitoring working memory load

during computer-based tasks with EEG pattern recognition methods. Hum Factors. 1998, 40:79-91.
10.1518/001872098779480578

29. Howard MW, Rizzuto DS, Caplan JB, et al.: Gamma oscillations correlate with working memory load in
humans. Cereb Cortex. 2003, 13:1369-1374. 10.1093/cercor/bhg084

30. Botvinick M, Nystrom LE, Fissell K, Carter CS, Cohen JD: Conflict monitoring versus selection-for-action in
anterior cingulate cortex. Nature. 1999, 402:179-181. 10.1038/46035

31. MacDonald AW, Cohen JD, Stenger VA, Carter CS: Dissociating the role of the dorsolateral prefrontal and
anterior cingulate cortex in cognitive control. Science. 2000, 288:1835-1838. 10.1126/science.288.5472.1835

32. Fassbender C, Hester R, Murphy K, Foxe JJ, Foxe DM, Garavan H: Prefrontal and midline interactions
mediating behavioural control. Eur J Neurosci. 2009, 29:181-187. 10.1111/j.1460-9568.2008.06557.x

33. Garavan H, Stout JC: Neurocognitive insights into substance abuse. Trends Cogn Sci. 2005, 9:195-201.
10.1016/j.tics.2005.02.008

34. Kosten TR, Scanley BE, Tucker KA, et al.: Cue-induced brain activity changes and relapse in cocaine-
dependent patients. Neuropsychopharmacology. 2006, 31:644-650. 10.1038/sj.npp.1300851

35. Paulus MP, Tapert SF, Schuckit MA: Neural activation patterns of methamphetamine-dependent subjects
during decision making predict relapse. Arch Gen Psychiatry. 2005, 62:761-768. 10.1001/archpsyc.62.7.761

36. Wexler BE, Gottschalk CH, Fulbright RK, Prohovnik I, Lacadie CM, Rounsaville BJ, Gore JC: Functional
magnetic resonance imaging of cocaine craving. Am J Psychiatry. 2001, 158:86-95.
10.1176/appi.ajp.158.1.86

37. Brewer JA, Worhunsky PD, Carroll KM, Rounsaville BJ, Potenza MN: Pretreatment brain activation during
stroop task is associated with outcomes in cocaine-dependent patients. Biol Psychiatry. 2008, 64:998-1004.
10.1016/j.biopsych.2008.05.024

38. Streeter CC, Terhune DB, Whitfield TH, et al.: Performance on the Stroop predicts treatment compliance in
cocaine-dependent individuals. Neuropsychopharmacology. 2008, 33:827-836. 10.1038/sj.npp.1301465

39. Gunkelman J: Transcend the DSM using phenotypes . Biofeedback. 2007, 34:95-98.

2022 Cripe et al. Cureus 14(1): e21429. DOI 10.7759/cureus.21429 10 of 10

https://dx.doi.org/10.1006/nimg.2001.0935
https://dx.doi.org/10.1518/001872098779480578
https://dx.doi.org/10.1518/001872098779480578
https://dx.doi.org/10.1093/cercor/bhg084
https://dx.doi.org/10.1093/cercor/bhg084
https://dx.doi.org/10.1038/46035
https://dx.doi.org/10.1038/46035
https://dx.doi.org/10.1126/science.288.5472.1835
https://dx.doi.org/10.1126/science.288.5472.1835
https://dx.doi.org/10.1111/j.1460-9568.2008.06557.x
https://dx.doi.org/10.1111/j.1460-9568.2008.06557.x
https://dx.doi.org/10.1016/j.tics.2005.02.008
https://dx.doi.org/10.1016/j.tics.2005.02.008
https://dx.doi.org/10.1038/sj.npp.1300851
https://dx.doi.org/10.1038/sj.npp.1300851
https://dx.doi.org/10.1001/archpsyc.62.7.761
https://dx.doi.org/10.1001/archpsyc.62.7.761
https://dx.doi.org/10.1176/appi.ajp.158.1.86
https://dx.doi.org/10.1176/appi.ajp.158.1.86
https://dx.doi.org/10.1016/j.biopsych.2008.05.024
https://dx.doi.org/10.1016/j.biopsych.2008.05.024
https://dx.doi.org/10.1038/sj.npp.1301465
https://dx.doi.org/10.1038/sj.npp.1301465
http://www.aapb.org/files/publications/biofeedback/2006/biof_34_3_DSM.pdf

	Improved Sobriety Rates After Brain-Computer Interface-Based Cognitive Remediation Training
	Abstract
	Introduction
	Implications for breaking the relapse cycle
	Strengthening cognitive control abilities

	Materials And Methods
	Participants
	Experimental pre- and post-test measures
	Tracking sobriety and social reintegration rates
	Procedure and training

	Results
	Effects on cognitive abilities
	TABLE 1: Descriptive statistics of results from pre- and post-tests.
	TABLE 2: Multivariate analysis of variance.
	FIGURE 1: Profile analysis of response to BCI-CRT treatment across 14 domains of the WJII battery.

	Effects on sobriety and social re-integration

	Discussion
	Conclusions
	Additional Information
	Disclosures

	References


