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Editorial on the Research Topic 
Substance use disorder: above and beyond addiction


Substance use disorder (SUD) has been, for an extended period, seen as a form of addiction and a chronic brain illness. The Research Topic “Substance use disorder: above and beyond addiction” adopts a wider perspective, delving into the multi-dimensional aspects of SUD and its numerous driving factors that result in its development, maintenance, and relapse, in addition to the management of the disease. We received a substantial number of submissions for this Research Topic, and 31 articles were finally published.
Alcohol use disorder (AUD) affects millions of individuals worldwide. Reflecting its widespread impact, we received multiple submissions addressing this critical area of addiction. Beaurepaire and Rolland reported that high-dose baclofen significantly reduced alcohol consumption and alcohol cravings and increased the number of subjects with minimal or no-risk alcohol consumption, based on data from a French program between 2014 and 2017. Building upon this, Driver et al. illuminated that web-based educational tools can be effective in improving the public’s understanding of polygenic risk scores for AUD, as demonstrated by a randomized controlled trial involving 325 college students. Meanwhile, Fortinguerra et al. found that medications to treat AUD in Italy accounted for only 0.018% of all medications. Almost half of these medications were dispensed through public healthcare facilities, 23.5% through community pharmacies, and 23.3% through private purchases. Expanding our understanding to regional perspectives, Mulualem Belay et al. systematic review and meta-analysis, revealed that in East Asian adults, Korea had the highest 1-year and lifetime pooled prevalence of AUD, with being male and smoking recognized as the strongest risk factors for developing AUD. In line with these findings, Chen et al. investigated how male patients with alcoholic pancreatitis post-recovery perceive withdrawal and life management, covering five themes such as staying sober, change in role, status of illness, life management, and family influence. The findings from this study would help develop targeted interventions for these patients to maintain a healthy lifestyle. Truque et al. added another layer by examining the cognitive ramifications of binge drinking among college students, revealing associations between binge drinking and impaired verbal memory and reduced use of memory strategies when recalling information. Additionally, binge drinkers also made more mistakes in memory tests.
Opioid use, be it illicit or prescribed use, is a significant public health concern, due to its high addiction liability, and other adverse effects. In a pilot study, Jovin et al. unveiled a concerning trend, where one-third of the 64 opioid-dependent patients in Serbia were using synthetic cannabinoids, and most of them were using other substances such as alcohol, marijuana, and multiple psychoactive substances. Furthermore, Goulete et al. shed light on the unique demographic profile of veterans navigating the dual healthcare system. They found that veterans who receive opioid prescriptions at the Veterans Administration (VA) healthcare system and private healthcare (dual system) are more likely to be female, younger than mono users, and less likely to be white. Dual-system users face a heightened risk of receiving excessive opioid prescriptions, underscoring the need for improved coordination between both healthcare systems. Meanwhile, Yuen et al. explored a novel therapeutic avenue, such as the potential of deep brain stimulation to mitigate the rewarding effects of oxycodone and associated respiratory changes. Their findings merit further exploration as a potential therapy for managing the impact of oxycodone on the reward center and respiration. Bringing additional depth in understanding opioid effects, Gao et al. reported that paternal chronic heroin self-administration may affect analgesic responses to heroin among male offspring without impacting attention behavior or reinforcing the effects of cocaine. Furthermore, Kaplan and Thompson, in their review, elucidated how neuroplasticity occurring in the extended amygdala during opioid withdrawal contributes to the emergence of negative emotions and cravings.
Like other drugs of abuse, cocaine has profound impact on individual wellbeing. In a study by Merritt et al., rats were trained to self-administer cocaine and categorized them as “high cue” or “low cue” responders based on their lever pressing response to previously linked cocaine cues. They observed a significant difference in the expression of 309 genes in the medial prefrontal cortex between these two groups of rats, with particular emphasis on the gene encoding the serotonin 5-HT2C receptor (5HT2CR), which exhibited downregulation in the “high cue” group. This suggests that 5HT2CR could be a potential target in pharmacotherapy for cocaine use disorder (CUD). Shedding light on the human experience, Maahs et al. noted that individuals with CUD hesitate to seek treatment for their drug use problem due to stigma, privacy concerns, being labelled as drug seekers, lack of time, and treatment affordability. According to the survey findings, patients also underscored the importance of safe and effective therapy in alleviating withdrawal symptoms and cravings. Further insights into the neurological impact of CUD were provided by Schinz et al., who reported that individuals with CUD had significantly thinner cortex in brain areas involved in memory, planning, and attention. Furthermore, the duration of cocaine use was associated with accelerated brain aging.
COVID-19 pandemic had significant impact on mental health worldwide. In a study by Mielau et al., findings revealed that the use of cannabis during the early stages of the COVID-19 pandemic (1 month after its onset) was nearly identical to usage levels prior to the pandemic. Transitioning to neurological insights, Li et al. uncovered significant hyperconnectivity between the left lateral amygdala and the left inferior/middle occipital gyrus, as well as the left middle/superior temporal gyrus, which gradually normalizes after long-term abstinence in individuals abstaining from methamphetamine (METH). Extending these insights, Jiang et al. research in the Chinese Han population, identified gene prokineticin 2 (PROK2) as important for susceptibility to developing methamphetamine use disorder and cravings.
In an intriguing research work, Sanchez and Amaro discovered that increased exposure to traumatic events and emotional dysregulation are correlated with cravings for substances of abuse, suggesting that interventions targeting emotional regulation and mindfulness could be beneficial in managing substance use disorder (SUD) in racial and ethnic minority women. Echoing this sentiment, Pereira et al. highlighted the potential of the Interpersonal Theory of Anxiety Management in People with Substance Use Disorders (ITASUD) to enhance treatment outcomes by assisting SUD patients in managing their anxiety levels. Transitioning to innovative approaches in addressing substance use Research Topic, Gray et al. aimed to evaluate the effectiveness of a novel approach called iDECIDE (Drug Education Curriculum: Intervention, Diversion, and Empowerment), a skill-based program developed as an alternative to punishment for addressing students with substance use problems. In alignment with the theme of integrated treatment approaches, Khalid et al. revealed that the community reinforcement approach (CRA) is an effective tool to be integrated with other treatment models for treating SUD in Pakistan. Further exploring the psychological aspects of substance use, Maftei and Opariuc-Dan found that a low level of happiness is associated with self-criticism, narcissistic perfectionism, substance use, and internet addiction. Furthermore, a high level of perfectionism is associated with health-risk behaviors, subsequently leading to unhappiness. Building upon the understanding of substance-related harms, through a retrospective study, Liu et al., investigated the characteristics of individuals hospitalized for acute poisoning between 2017 and 2022, it was revealed that drugs of abuse were the most frequently reported poisons, followed by pesticides, carbon monoxide, and alcohol. Suicide emerged as the primary cause of poisoning, with underlying medical conditions and female gender being identified as risk factors for suicide attempts or suicide. Proposing a paradigm shift in addiction therapy, Unterrainer introduced a novel approach to addiction therapy by relooking at addiction as an existential neurosis, hence exploring hope, meaning, and purpose in recovery. Adding to the discourse on holistic approaches to addiction treatment, Tyler et al. discovered that high-intensity interval workouts markedly enhanced the binding of dopamine receptor 2 (DR2) in the nucleus accumbens shell, in comparison to the sedentary group. The researchers also reported male rats having higher D2R binding. The findings offer insight on how HIIT could potentially assist in addiction treatment. Furthermore, Amanollahi et al. found patients suffering from AUD are more likely to develop liver and kidney-related complications, whereas heart problems are more common in opioid and simulant-using patients. Men were more likely to develop liver and kidney problems as well as mortality, and psychoactive substance use appears to offer some protection against cardiovascular-related complications and mortality in this group of patients.
The use of e-cigarettes has become increasingly prevalent in recent years. Elucidating this aspect further, Liu et al. reported that among Taiwanese high school students, 9.3% used e-cigarettes, and favorable reactions of close friends towards e-cigarettes, tobacco smoking, and use of other substances were risk factors for e-cigarette use. In addition to this, Zhang and Wen, in their narrative review, explored the effects of electronic nicotine delivery systems on oral health compared to conventional cigarettes. Transitioning to perceptions of harm and addiction, Atem et al. uncovered that adolescents who perceived tobacco products or hookah as less harmful were more prone to initiate their use at a young age, while those who viewed hookah as less addictive were less inclined to start using it at a younger age. These findings emphasized on the significance of tackling misconceptions and enhancing awareness among youth regarding the risks associated with tobacco and hookah use.
Behavioral addictions associated with technologies have garnered significant attention lately. In a notable study, Park et al. found that adults with internet gaming disorder and AUD are more vulnerable to stress due to their lower heart rate variability (HRV). This suggests that HRV could serve as a common transdiagnostic marker of addiction. Expanding on this notion, Zhao et al. uncovered a reciprocal relationship between meaning in life and smart phone addiction among Chinese college students and highlighted gender variations in the associations.
We hope that this Research Topic will shed insight on the multifaceted nature of SUD, extending beyond its traditional focus solely on brain illness or addiction. We anticipate that the articles published on this Research Topic would hold value for clinicians, researchers, and policymakers in the field of SUD. Consequently, this is expected to foster further development of comprehensive and holistic approaches to both understanding and managing SUD.
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Alcohol use disorder (AUD) is a devastating illness for which effective treatments are lacking. Studies over the last two decades have shown that baclofen, a GABA-B agonist, could be a promising treatment for AUD. However, the efficacy of baclofen is still controversial, and studies have shown that it may be associated with an excess of hospitalizations and deaths. In March 2014, the French Health Safety Agency granted a “Temporary Recommendation for Use” (TRU) regulating the prescription of baclofen in subjects with AUD. The TRU allowed physicians to prescribe high-dose baclofen (up to 300 mg/d). The doses were adjusted, and tailored to the needs of each patient. Between March 2014 and March 2017, TRU clinical data were collected for a total of 6,939 subjects. The recorded data included information on alcohol consumption, the intensity of alcohol cravings, and adverse events. The present article proposes an analysis of the data provided by the TRU. Subjects for which data were missing regarding baclofen daily dosage, alcohol consumption or craving scores were discarded from the analyses. A cohort of two groups of subjects was analyzed. The first group included all TRU subjects suitable for analyses (5,550 subjects), and the second group included subjects followed for at least 365 days (169 subjects). Comparisons were made between baseline and endpoint of the follow-up period. The results show that a majority of subjects in the whole cohort had received doses of over 80 mg/d. The mean dose of baclofen at the endpoint was >110 mg/d in the second group of subjects. Doses of >80 mg/d were not associated with an increase in adverse events after adjustment for the follow-up duration. In terms of efficacy, comparisons between baseline and endpoint show that baclofen treatment significantly decreased alcohol consumption and alcohol cravings, and significantly increased the number of subjects with null or low-risk alcohol consumption according to WHO criteria.

KEYWORDS
 alcohol consumption, alcohol craving, high-dose baclofen, baclofen adverse effects, tailored prescription


Introduction

Alcohol use disorder (AUD) is a devastating illness that affects hundreds of millions of people throughout the world. The disorder comes at a huge medical and societal cost estimated at €120 billion per year in France (1). Medications approved for the treatment of alcohol dependence include acamprosate, naltrexone, nalmefene and disulfiram. These medications are of limited efficacy, and alcohol dependence remains a difficult to treat condition (2). Another medication, baclofen, was recently approved in France by the French Health Safety Agency (ANSM – Agence Nationale de la Sécurité du Médicament) for the treatment of AUD (3). Baclofen is a gamma-aminobutyric acid-B (GABA-B) receptor agonist developed five decades ago for the treatment of spasticity secondary to brain and medulla lesions. For more than 30 years, baclofen was used exclusively by neurologists, and at the beginning of the 2000s, it was shown that baclofen could be effective in the treatment of AUD (4–6). The efficacy of baclofen in AUD has been examined in many observational and randomized controlled trials (RCTs), but still remains controversial because of between-study discrepancies [see references (7, 8) for review]. Between-study discrepancies may be related to many factors (9), one of which is the baclofen dose (low or high) (10, 11).

In France, off-label use of baclofen in the treatment of alcohol dependence increased dramatically following the publication, in 2008, of the book “Le dernier verre” (“The end of my addiction”) (12, 13) by Olivier Ameisen, where the author relates how he cured himself with a high dose of baclofen. The book was a great editorial success, and as a consequence a very large number of alcohol-dependent subjects sought baclofen treatment. In France, the estimated number of subjects taking off-label baclofen for alcohol dependence exceeded 200,000 between 2008 and 2013 (14). To respond to this unexpected situation, the ANSM granted in March 2014 a “Temporary Recommendation for Use” (TRU) regulating the prescription of baclofen in the treatment of alcohol dependence (15). The TRU allowed physicians to prescribe high-dose baclofen (up to 300 mg/d) to AUD subjects under certain conditions. Between March 2014 and March 2017, TRU clinical data were collected for a total of 6,939 subjects. The recorded data included information on daily alcohol consumption, the intensity of alcohol cravings and adverse events. Preliminary results from the TRU study were released by the ANSM in March 2015 (16), and no further analysis of the TRU has been released since. The preliminary TRU results showed a reduction in alcohol consumption and craving in 65 and 74% of the subjects, respectively. The results also showed that at least one adverse event was reported in 14% of the subjects, and a serious adverse event was reported in 1.7%. Another study dedicated to evaluating the security of baclofen was released in 2017 (17). This study showed that, in comparison to other AUD treatments (acamprosate and naltrexone), high doses of baclofen (>80 mg/d), but not low doses (≤80 mg/d), produce an excess of hospitalizations and deaths. The study did not address the question of the efficacy of baclofen. Although the methodology of the study has been critically analyzed (18), the study nevertheless raises the question of the benefits/risks of high-dose baclofen in the treatment of AUD. The TRU database could be a valuable tool for evaluating the efficacy and safety of baclofen, and could provide interesting insights into low-dose/high-dose benefits/risks.

The objective of the present study was to analyze the clinical information provided by the TRU database. The primary objective was to analyze the efficacy and safety of doses of <80 mg (low doses) and doses >80 mg (high doses) for the whole TRU cohort. The aim of the present study was also to compare the effects of baclofen in the TRU with those of studies already published in the literature using high doses of baclofen. Previous studies suitable for comparison with data from the TRU include RCTs and observational studies. RCTs include the BACLAD study (19), the Dutch study (20), the ALPADIR study (21), and the Bacloville study (22). Comparative observational studies include those that, similar to the TRU, used WHO criteria (23) to evaluate the effects of baclofen (10, 11, 24). Previously published RCTs which did not use high doses [including the Garbutt et al. study (25) that was limited to 90 mg/d], and observational studies that used high doses but not WHO criteria as an outcome measure (26–29), were not taken into account in the present article. In terms of efficacy, the results of RCTs were contradictory: BACLAD (19) and Bacloville (22) demonstrated a significant effectiveness of baclofen on alcohol consumption, but no effect on craving, while the ALPADIR study (21) showed a significant effect of baclofen on craving but not on alcohol consumption, and the Dutch study (20) showed no positive effect on both measures. All observational studies using high doses showed positive results on alcohol consumption, none of them evaluated craving. Given that the maximum length of treatment in the published RCTs was 1 year (22), a separate analysis of the efficacy of baclofen in TRU subjects treated for at least 365 days was performed. This analysis was designed to reproduce the conditions of the Bacloville study as much as possible, because the Bacloville study has similarities with the TRU: the use of tailored doses, up to 300 mg/d, and a pragmatic protocol designed to be nearly a real-world study, while other RCTs used fixed doses, lower than 300 mg/day, and more stringent protocol conditions. The efficacy of baclofen in this group of one-year treated TRU subjects was analyzed globally, and by dose (<80 mg and >80 mg). The 80 mg dose was picked as the high vs. low dose cut-off for several reasons: It is the cut-off dose that the ANSM used for baclofen approval in AUD (3); It is the cut-off dose that the ANSM used in their preliminary analyses of the TRU data in 2015 (16); It is the cut-off dose in the study that evaluated the security of baclofen in France in 2017 (17); And the dose that most often separates the high-dose vs. low-dose studies in the literature [see reference (7)].



Methods

In general, a TRU is a “regulatory framework” granted by the French ANSM allowing physicians to prescribe an off-label medication. The objectives of a TRU are to allow physicians to prescribe a non-approved medication, to collect clinical data, and to implement a pharmacovigilance supervision of prescriptions. The TRU for baclofen was granted for a 3-year period running, from March 2014 to March 2017. Any kind of physician (general practitioner [GP], psychiatrist and other specialists) could include subjects in the cohort. Criteria for inclusion in the baclofen TRU were alcohol dependence, the failure of previous treatment attempts, an absence of significant somatic disorder (kidney and liver diseases, and a history of epilepsy) and mental disorder (severe depression, bipolar disorder, schizophrenia and other psychoses), and an absence of baclofen contra-indication. Medications for alcohol-dependence (acamprosate, naltrexone, nalmefene, disulfirame) were not allowed, these treatments had to be stopped at least 2 weeks before inclusion. Subjects could use any other treatments, including psychosocial treatments, these other treatments were not recorded. Procedures of the baclofen TRU protocol were as follows: tailored prescription of baclofen adjusted to each subject, allowing a maximum daily dose of 300 mg; regular visits to the prescribing physician; and measuring or recording specific variables at each visit. All data were recorded on an online internet portal. The TRU database used for analyses in the present article was exclusively based on the online database. Subjects all gave oral informed consent to participate in the study. The TRU database was acquired by Zentiva Laboratories that performed the statistical analyses and invited the authors to write the present article using the results of these analyses.


Population

The study pertained to the 6,939 subjects recorded in the TRU online national register. The criteria for inclusion were being diagnosed with AUD, and being started with a treatment of baclofen for AUD, in accordance with the TRU prerequisites, that is, being aged 18 years or older and having no contraindication for baclofen (pregnancy, epilepsy, hypersensitivity or allergy to baclofen or excipients).



Outcomes

At each recorded visit, which could occur at no predefined time points, prescribers had to note the following variables: (a) average daily consumption, in grams per day (the physicians converted volumes in grams), in the week preceding the visit, (b) average intensity of alcohol cravings in the week preceding the visit (assessed by using a visual analog scale [VAS] graded from zero [no craving] to 10 [permanent and intense craving]), (c) at-risk status using the WHO criteria (that is, high risk for consumption of ≥40 g/d for men and of ≥20 g/d for women), and (d) adverse events: the recording of adverse events was presented in two ways on the Internet portal, first as a list of severe adverse events (fall and fracture, public road accident, severe depression or anxiety, suicidal ideation or behavior, mania, seizures, coma), and, second, as a free-text format space where the physician reported other adverse events. For its part, the ANSM was always informed of the occurrence of the death of a participant. The ANSM decided whether the reported adverse events, or deaths, were related or not to baclofen treatment. Therefore, five categories of adverse events were analyzed: any adverse event, all adverse events related to baclofen treatment, severe adverse events related to baclofen treatment, deaths, deaths related to baclofen treatment.

Subjects included could be either baclofen-free or already taking baclofen. The duration of the follow-up period for each participant ranged from a single visit to the 3-year period of the TRU. The study included 6,939 subjects during the 3-year period. The analyses were separated into two groups:

- Group 1 included all subjects for whom baclofen dosage, alcohol daily consumption and craving scores were available. Once these filters were applied, from a total of 6,939 subjects in the overall population, 1,389 were excluded because of missing information. This left 5,550 subjects for analyses: 1,614 (29%) women and 3,936 (71%) men.

- Group 2 included subjects who had been followed for at least 365 days and were still under baclofen treatment at their first visit after Day 365, for which baclofen dosage, alcohol daily consumption and craving scores were available. Once these filters were applied, a total of 169 subjects (51 [30.18%] women and 118 [69.82%] men) were available for analyses.

Given that the schedules of the visits in the TRU were not regular, but left to the discretion of the physician, the first visit made after 365 days was selected as equivalent to the 12-month visit. This first visit after 365 days took place between exactly 1 year and slightly under 2 years; 50% of the subjects made their visit after Day 399, i.e., approximately 1 month after 1 year, and 75% made their visit after Day 429, i.e., within 2 months of the one-year period. All subjects from group 2 also belong to group 1, but there was actually no comparison between groups. Analyses were essentially sensitivity analyses on both groups. To collect further information regarding the baclofen dosage (low vs. high), another series of analyses was performed in a subgroup of Group 2. This subgroup was limited to subjects who were treated at any time with doses over 80 mg/d (147 subjects).



Statistics

Descriptive results providing effectiveness measures of the treatment were obtained by calculating the differences between baseline and endpoint scores (any treatment duration in Group 1, at least 365 days of treatment in Group 2) for daily alcohol consumption, alcohol cravings, and at-risk status using the WHO criteria (23). We compared the above scores for the ≤80 mg and >80 mg groups. Two-way ANOVA calculations were performed for daily alcohol consumption, craving scores and at-risk status in the groups and according to the treatment dose reached: ≤80 mg and >80 mg. Two treatment dimension features were analyzed during the treatment periods, with one studied according to the last recorded dose and one studied according to the maximum recorded dose. P-values were obtained from Wilcoxon Signed Rank Test and Chi-square test results. The five categories of adverse events were analyzed by posology groups (≤80 mg and >80 mg) in Group 1, and the Incidence of the number of adverse events was adjusted to the follow-up duration (adverse events/subject-year).




Results


Group 1

Among the 5,550 subjects, the last recorded dose was ≤80 mg/d in 2,740 subjects (49.37%), and >80 mg/d in 2,810 subjects (50.63%) (Table 1A). The maximum recorded dose was ≤80 mg/d in 2,296 subjects (41.37%), and >80 mg/d in 3,254 subjects (58.63%) (Table 1B). Therefore, a majority of subjects had a last dose and a maximum dose of over 80 mg/d. The average last recorded dose was 48.2 mg in subjects taking ≤80 mg/d and 140.6 mg in subjects taking >80 mg/d (Table 2A). The average maximum recorded dose was 50.8 mg in subjects taking ≤80 mg/d and 146.4 mg in subjects taking >80 mg/d (Table 2B).


Table 1A. Percentage of subjects with last recorded dose ≤ or > to 80 mg/day.
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Table 1B. Percentage of subjects with maximum recorded dose ≤ or > to 80 mg/day.
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Table 2A. Last recorded dose for the overall population.
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Table 2B. Maximum recorded dose for the overall population.
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The average alcohol consumption according to the last recorded dose was 69.9 g/d at baseline and 36.6 g/d at the last visit for subjects taking ≤80 mg/d (p < 0.0001) and 74.2 g/d at baseline and 38.6 g/d at the last visit for subjects taking >80 mg/d (p < 0.0001) (Table 3A). There were no significant differences between the two dose groups (p = 0.45). Alcohol consumption according to the maximum dose was 70.5 g/d at baseline and 39.1 g/d at the last visit for subjects taking ≤80 mg/d (p < 0.0001) and 73.1 g/d at baseline and 36.6 g/d at the last visit for subjects taking >80 mg/d (p < 0.0001) (Table 3B). There were no significant differences between the 2 dose groups (p = 0.1).


Table 3A. Alcohol consumption for the overall population – last recorded dose.
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Table 3B. Alcohol consumption for the overall population – maximum recorded dose.
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The average alcohol craving scores according to the last recorded dose were 5.4 at baseline and 3.5 at the last visit for subjects taking ≤80 mg/d (p < 0.0001) and 5.3 at baseline and 3.6 at the last visit for subjects taking >80 mg/d (p < 0.0001) (Table 4A). There were no significant differences between the two dose groups (p = 0.58). Alcohol craving scores according to the maximum dose were 5.5 at baseline and 3.7 at the last visit for subjects taking ≤80 mg/d (p < 0.0001) and 5.3 at baseline and 3.4 at the last visit for subjects taking >80 mg/d (p < 0.0001) (Table 4B). There were no significant differences between the two dose groups (p = 0.78).


Table 4A. Alcohol craving for the overall population – last recorded dose.
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Table 4B. Alcohol craving for the overall population – maximum recorded dose.
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The percentage of subjects with null or low-risk alcohol consumption according to the last recorded dose was 46.53 at baseline and 68.58% at the last visit for subjects taking ≤80 mg/d (p < 0.0001) and 46.98 at baseline and 67.76% at the last visit for subjects taking >80 mg/d (p < 0.0001) (Table 5A). There were no significant differences between the two dose groups (p = 0.77 at baseline and p = 0.51 at the last visit). The percentage of subjects with null or low-risk alcohol consumption according to the maximum dose was 45.25 at baseline and 66.59% at the last visit for subjects taking ≤80 mg/d (p < 0.0001) and 47.72 at baseline and 69.27% at the last visit for subjects taking >80 mg/d (p < 0.0001) (Table 5B). There were no significant differences between the two dose groups at baseline (p = 0.11), but the difference was significant at the last visit (p = 0.035), possibly demonstrating a better effectiveness of high-dose baclofen treatment. However, the duration of treatment was different according to the dose: 271.5 days according to the last recorded dose and 225.4 days according to the maximal recorded dose in the ≤80 mg/d group vs. 389.9 days according to the last recorded dose and 406.5 days according to the maximal recorded dose in the >80 mg/d group (Tables 5A,B). There was, therefore, a decrease in the percentage of alcohol dependent subjects according to WHO criteria in the two groups, with the high-dose treatment potentially being superior. The fact that a substantial proportion of subjects were at null or low risk at baseline is addressed in the discussion section.


Table 5A. Percentage of subjects with null or low-risk alcohol consumption for the last recorded dose.
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Table 5B. Percentage of subjects with null or low-risk alcohol consumption for the maximum recorded dose.
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Adverse events were analyzed according to the posology groups. In the ≤80 mg/d group, 14.98% of subjects reported an adverse event, while 9.89% had an adverse event attributed to baclofen, 1.87% had a severe adverse event, 0.13% died, and in 0.04% of the cases of death, the death was attributed to baclofen. In the >80 mg/d group, the same percentages were 23.26, 15.46, 3.75, 0.15 and 0.09%, respectively (Table 6A). When adjusted to the duration of treatment, incidences of adverse events were 0.472, 0.304, 0.049, 0.002 and 0.001 in the ≤80 mg/d group, and 0.489, 0.316, 0.055, 0.002 and 0.001 in the >80 mg/d group, respectively (Table 6B). Therefore, after adjusting for the follow-up duration, the incidence of the different types of adverse events was similar between the two groups.


Table 6A. Adverse events by posology groups.
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Table 6B. Incidence of the number of adverse events/subject-year.

[image: Table 6]

Comparisons between women and men showed no significant gender difference for any of the variables (data not shown).



Group 2

Daily mean alcohol consumption significantly decreased from 88.4 g/d at baseline to 24.3 g/d at their first visit after Day 365 (p < 0.0001) (Table 7). The craving score significantly decreased from 6.8 at baseline to 2.7 at their first visit after Day 365 (p < 0.0001) (Table 8). Overall, 28.4% of the group had null or low-risk consumption (WHO criteria) at baseline and 75.15% did so at their first visit after Day 365, and the difference was statistically significant (p < 0.0001) (Table 9). The significant decrease in consumption and craving and the significant increase in null or low-risk consumption (always p < 0.0001) were similar in men and women (data not shown). Therefore, globally, baclofen treatment in this group of subjects significantly decreased alcohol consumption and craving and improved recovery according to WHO criteria. The mean daily dose of baclofen at their first visit after Day 365 was 110.3 mg/d for the whole group (Table 10) (111.2 mg/d in women and 109.9 mg/d in men, a non-significant difference [p < 0.65]).


TABLE 7 Alcohol consumption in Group 2.
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TABLE 8 Craving for alcohol in Group 2.
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TABLE 9 Percentage of subjects with a null or low-risk consumption in Group 2.
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TABLE 10 Daily dose for the global population in Group 2 (first visit after 1 year of treatment).
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Analyses of the subgroup of subjects treated at any time with doses >80 mg/d show that this group included 140 subjects (86.98% of Group 2), 41 women (29.28%) and 99 men (70.71%), with an average follow-up of 409.8 days. Daily mean consumption significantly decreased from 95.6 g/d at baseline to 25.0 g/d at their first visit after Day 365 (p < 0.0001) (Table 11). The craving score significantly decreased from 6.9 at baseline to 2.7 at their first visit after Day 365 (p < 0.0001) (Table 12). The proportion of subjects with null or low-risk alcohol consumption significantly increased from 27.14 at baseline to 74.29% at their first visit after Day 365 (p < 0.0001) (Table 13). The mean daily dose at 12 months was 123.9 mg/d (Table 14). The significant decrease in consumption and craving, and the significant increase in null or low-risk consumption were similar in men and women (always p < 0.0001) (data not shown).


TABLE 11 Alcohol consumption in Group 2 subjects who were administered more >80 mg/day at any timepoint.
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TABLE 12 Craving scores in Group 2 subjects who were administered more >80 mg/day at any timepoint.
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TABLE 13 Percentage of subjects with a null or low-risk consumption in Group 2 subjects who were administered >80 mg/day at any timepoint.
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TABLE 14 Daily dose at the first visit after one year of treatment in Group 2 subjects who were administered >80 mg/day at any timepoint.
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Discussion

The present analyses of the TRU database show that, in clinical practice, using tailored doses of baclofen in AUD subjects was associated with significant decreases in alcohol consumption, alcohol cravings, and high-risk consumption status according to WHO criteria. The findings were similar for both group doses. Even though these results are not controlled, which does not allow us to affirm that the effect is due to baclofen, they suggest that the global treatment allows us to significantly support drinking reduction in subjects treated with baclofen for AUD. The results also show that a majority of subjects took doses over 80 mg/d during the period observed. Doses of over 80 mg/d were not associated with a substantial increase in serious adverse events. The individualization of Group 2 subjects in the present study makes it particularly suitable for comparison to the Bacloville study, a pragmatic prospective study where outpatients were given tailored doses of baclofen up to 300 mg/d, and were followed for 1 year (22). The analysis of this subgroup of subjects showed that a large majority of subjects treated for a long period of time during the TRU had a high dose of baclofen (86.98% of the whole group) and that this high-dose treatment was very effective in terms of consumption and craving and increased the number of null or low-risk alcohol consumption cases according to WHO criteria.

The follow-up period was relatively short (<1 year) for a large majority of the subjects since only 169 of them could be reliably followed for at least 1 year. A loss of participants during the follow-up can be explained in several ways: A substantial loss of participants is common in clinical trials testing baclofen in AUD (40% discontinuation rate in the ALPADIR study, 32% in the Bacloville study). Adverse effects are a frequent cause of early treatment cessation. A number of subjects are satisfied with a period of treatment limited to a few months (sometimes, baclofen is effective after a short period of treatment). The TRU was a real-world study and some participants may have changed of practitioner during the follow-up (GPs often take over when treatment has stabilized). Baclofen is not a well-established treatment of AUD and, during the 2014-2017 period, many negative messages were delivered in the media and social networks that could have discourage participants to continue their treatment. Moreover, many subjects were already treated by baclofen when included into the cohort, and therefore had a much longer period of treatment than that recorded in the study.

In the Group 2 analysis set, the daily consumption of alcohol dropped from 88.4 g/d at baseline to 22.3 g/d at their first visit after Day 365. The 88.4 g/d consumption at baseline was lower than the 129 g/d consumption in the Bacloville study (22). However, given that 28.40% of subjects in the TRU were in detox at baseline, the pretreatment alcohol consumption of subjects before they started baclofen was likely higher than 88.4 g/d, presumably in the range of that of the Bacloville study (22). At the endpoint, the 24.3 g/d consumption in the TRU cohort did not differ much from the 34 g/d consumption in the Bacloville study (22). However, in the Bacloville study, daily alcohol consumption at 12 months was estimated by multiple imputation for missing data, a method that cannot be compared to the TRU data analyses, as the data were not collected according to a fixed monthly schedule as in the Bacloville study. The consumption at the endpoint in Bacloville (22) was 45 g/d in the placebo group, and the difference between the baseline and endpoint was not significant. In the ALPADIR study (21), the mean baseline and endpoint alcohol consumption in the treated group were 93.6 g/d and 38.5 g/d, respectively, a difference not significantly different from the placebo group. Mean baseline consumption of alcohol was higher in the BACLAD study (19) at 191.6 g/d, but the endpoint consumption is not given in the article. Endpoint alcohol consumption was not measured in the Dutch RCT (20) or observational studies (10, 11, 24).

The craving score for alcohol, evaluated by a VAS, decreased significantly between the baseline and endpoint from 6.8 to 2.7. The VAS evaluation of craving was used in the Bacloville (22) and BACLAD (19) studies and not in other studies. The VAS score at the endpoint is not given in the Bacloville study. No significant effect of treatment on the VAS was found in the BACLAD study (19). The Obsessive-Compulsive Drinking Scale (OCDS) is another method for evaluating craving. It was used in the four RCTs, and comparisons between the baseline and endpoint were made in the four studies. No significant effect was found in the studies, except in the ALPADIR (21) study where a significant decrease was found between the baseline and endpoint. The craving score was not measured in the observational studies (10, 11, 24). Although the method of evaluation was different, the ALPADIR (21) study is the only study in accordance with the TRU regarding the measurement of alcohol cravings.

The proportion of subjects with null or low-risk consumption increased from 28.40 to 75.15% between the two time points, which is a 46.5% increase. The reasons why 28.40% of the subjects were at null or low risk consumption at baseline were, first, that certain prescribers required their subjects to be detoxified from alcohol before starting baclofen, a common practice in alcohol dependence treatment in France, and, second, that a number of subjects included in the TRU cohort were already treated with baclofen, with baclofen treatment being already effective in many of them. The existence of 28.40% of subjects rated as null or low-risk at baseline strengthens the significant increase in subjects who went from being at risk at baseline to having a null or low-risk case at endpoint. The percentages of abstinence or low-risk subjects at endpoint is 57% in the treatment group vs. 36% in the placebo group (a statistically significant difference) in the Bacloville study (22), and respectively 11.9 and 10.5% (a non-significant difference) in the ALPADIR study (21). In the BACLAD study (19), 68.2% of subjects were abstinent during the treatment phase, but it is not mentioned whether this was set as the endpoint percentage. This percentage is in accordance with the range in the TRU. Percentages in high-and low-risk subjects at the baseline and endpoint are not mentioned in the Dutch study (20). The 46.5% increase in subjects with null or low-risk consumption between the two time points in the TRU is in the range of that of observational studies, where the number of subjects at null or low risk at 1 year was 80% in Rigal et al. study (10) and 62% in de Beaurepaire study (11), and 63% at 3 years (the number at 1 year is not given) in the Pinot et al. study (24).

In our study, analyses did not integrate time-dependent variables, and the dose considered was merely the maximum dose reached throughout the follow-up duration, which could be very variable between subjects. The mean maximum dose of baclofen at the endpoint was 110.3 mg/d. The mean dose of baclofen at the endpoint is not given in RCTs but is available in two observational studies as 129 mg/d in the Rigal et al. study (10) and 100 mg/d in the Pinot et al. study (24). These doses are very similar to those of the TRU register. On the other hand, the mean maximum doses prescribed were mentioned in all RCTs and observational studies. Among RCTs, the levels are: 191.3 mg/d for BACLAD (19), 153 mg/d for ALPADIR (21), 93.6 mg/d for the Dutch study (20), and 180 mg/d for Bacloville (22). Among observational studies, the levels are: 145/d for the Rigal et al. study (10), 147/d for the de Beaurepaire study (11), 211/d for the Pinot et al. study (24). These results indicate that in studies demonstrating the effectiveness of baclofen (10, 11, 19, 22, 23), the mean maximum dose was always elevated. This supports the use of tailored but possibly high doses of baclofen in AUD, when the tolerability is correct, as high doses can also contribute to the triggering of sedation (30).

The present study has several limitations. The first is the amount of missing data: In Group 1, 1,389 (20%) of the 6,939 TRU subjects were discarded from the analyses due to missing data. Another limitation is that in Group 2, the visit considered as the 12-month visit for TRU subjects varied from 1 year to nearly 1 years for some subjects. However, this visit occurred within 14 months for the vast majority of subjects. There may also have been bias in the selection and follow-up of participants because physicians who included subjects in the TRU cohort were often very interested in the use of baclofen in AUD and therefore particularly attentive to the management and prevention of severe adverse effects; this could in part explain the discrepancies between the results of the present study and those of the study sponsored by the ANSM (17) in terms of severe adverse events. The comparison of the TRU with RCTs is also problematic, since the methodologies of the TRU and RCTs are very different, possibly too different to allow reliable comparisons.

In conclusion, the present analysis of the data from the TRU cohort shows that high doses of baclofen were commonly used in France for the treatment of AUD subjects in the period of time studied. A majority of subjects in the cohort took doses of over 80 mg/d. Doses of over 80 mg/d were not associated with a dramatic increase in adverse events or serious adverse events. In terms of effectiveness, the results show that tailored doses of baclofen in AUD subjects were associated with a significant decrease in the average level of alcohol consumption, in the average intensity of alcohol cravings, and in the proportions of subjects with high-risk consumption according to WHO criteria. Globally, the TRU real-life study shows that when baclofen doses are adapted to each subject, they can be very useful in the treatment of AUD.
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Introduction: As gene identification efforts have advanced in psychiatry, so have aspirations to use genome-wide polygenic information for prevention and intervention. Although polygenic risk scores (PRS) for substance use and psychiatric outcomes are not yet available in clinical settings, individuals can access their PRS through online direct-to-consumer resources. One of these widely used websites reports that alcohol use disorder is the third most requested PRS out of >1,000 conditions. However, data indicate that there are misunderstandings about complex genetic concepts, with a lower understanding of PRS being associated with a more negative impact of receiving polygenic risk information. There is a need to develop and evaluate educational tools to increase understanding of PRS.

Methods: We conducted a randomized controlled trial to evaluate the impact of web-based educational information on understanding of PRS for alcohol use disorder. A total of 325 college students (70.4% female; 43.6% White; mean age = 18.9 years) from an urban, diverse university completed the study.

Results: Overall, participants were highly satisfied with the educational information. Results from a one-way ANOVA indicated that there was a significant increase in overall understanding of PRS for alcohol use disorder (p-value < 0.001), among individuals who received educational information about PRS and alcohol use disorder, as compared to receiving no accompanying information (adj. p-value < 0.001), or educational information about alcohol use disorder only (adj. p-value < 0.001).

Discussion: These findings suggest that the web-based educational tool could be provided alongside polygenic risk information in order to enhance understanding and interpretation of the information.

Clinical trial registration: [ClinicalTrials.gov], identifier [NCT05143073].
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polygenic risk scores, alcohol use disorder, personalized medicine, genetic risk, prevention


Introduction

The basis of precision medicine is to use an individual’s personal genetic information, along with lifestyle information and personal medical history, to make more effective clinical decisions regarding health outcomes (1). For many common complex health outcomes, including psychiatric conditions, an individuals’ genetic liability is calculated using estimates from genome-wide association studies (GWAS), with risk estimates provided in the form of polygenic risk scores (PRS) which sum information about risk-enhancing variants detected across the genome (2).

Providing genetic risk information in the form of a PRS is quite different from genetic feedback that has typically been provided in medicine. Historically, genetic testing has focused on single gene disorders, with results indicating either the presence or absence of a disease-causing variant. These genetic testing results have traditionally been presented in clinical settings by health care professionals such as genetic counselors, who are trained to educate people about the inheritance of genetic conditions and communicate genetic test results (3). However, there are limited numbers of genetic counselors (4) and PRS are most commonly accessed through online direct-to-consumer (DTC) websites, not in a clinical setting (5, 6).

Although PRS are not yet commonly used in clinical settings, they are already available through free, online resources. There has been an exponential increase in the provision of DTC genetic information, with more than 26 million individuals having participated in DTC genetic testing by 2019 (7). Public websites allow individuals to upload raw genetic data obtained from DTC genetic testing companies to compute PRS for a variety of health conditions, including cancer, coronary artery disease, and psychiatric conditions (6). User data from one of these websites illustrates a parallel exponential increase in individuals accessing PRS over the last several years, with the third most frequently accessed PRS being for alcohol dependence (6). Additionally, a recent study found that 80–90% of young adults were interested in receiving their genetic feedback for alcohol use disorder, depression, and anxiety (8).

However, there are concerns about how individuals will understand and interpret PRS for complex health outcomes. PRS represent complex genetic risk information and their interpretation is further complicated by logistical constraints surrounding the calculation of genetic liability in the form of PRS (9, 10). PRS currently only capture a small amount of the variance in a trait which limits their predictive ability (9). Additionally, GWAS are primarily conducted in samples of European ancestry which limits the utility of PRS in diverse populations because PRS based on samples of European ancestries predict poorly in samples of non-European ancestries (9). Many people may not be aware of these issues and limitations when receiving and interpreting PRS information. These complexities may require individuals to have greater genetic and statistical knowledge to understand PRS information as compared to what is needed to understand genetic test results for a single gene disorder.

Indeed, there is evidence of substantial misunderstandings about the contribution of genetic and environmental factors to complex conditions (8, 11, 12), which may impact one’s ability to accurately interpret complex genetic feedback. For example, one study found that 25% of young adults did not know whether substance use and psychiatric conditions were influenced by only one gene or many different genes (8). Results of a recent study showed that 74.4% of the individuals who accessed PRS through a DTC website incorrectly answered at least one of the questions that assessed understanding and interpretation of PRS (13). Concerningly, the individuals who had a lower understanding of PRS had a more negative psychological reaction to receiving their PRS (13).

Given the misunderstandings related to complex genetic concepts and the increasing access to PRS via public resources, there is an urgent need to design and evaluate educational materials that can be used to help individuals understand and interpret their PRS information. One of the first efforts in this area has been led by a team of geneticists, clinicians, data visualization specialists, and software developers at the Broad Institute (14). They created a mock PRS report for cardiovascular disease with educational information about PRS, cardiovascular disease, and ways to reduce disease risk. User feedback (n = 10) suggested that the use of color, simple graphics, and percentiles helped with PRS interpretation, but the use of static reports were not ideal for disclosure and education of complex genetic results. The team adapted the mock report to create a user-centered, dynamic narrative visualization tool composed of animated graphics aided by simple, repetitive text to help communicate information about PRS and personalized medicine (14). In the present study, we adapted the visualization tool to include additional text and graphics that communicate information about alcohol use disorder since alcohol use disorder is one of the most accessed PRS through DTC resources (6). More importantly, alcohol use disorder is influenced by both genetic factors and environmental factors and there are actionable ways to reduce one’s risk for developing alcohol use disorder through behavior, such as reducing or eliminating alcohol consumption. This uniquely positions alcohol use disorder as a starting phenotype as researchers begin to explore the feasibility and appropriateness of returning PRS for substance use and psychiatric outcomes.

The primary goal of the present study was to adapt the web-based educational tool from Brockman et al. (14) for alcohol use disorder and use a randomized controlled trial to evaluate the impact of the tool on understanding of PRS for alcohol use disorder in a sample of emerging adults. We recruited a sample of college students to participate in the randomized controlled trial because emerging adulthood is a critical period for the onset of problematic alcohol use behavior (15), with college students engaging in high rates of risky drinking behavior and typically using more alcohol than their non-college attending peers (16). The randomized controlled trial consisted of three conditions: (1) A control condition in which participants only received a survey assessment, (2) an intervention condition in which participants received general information about alcohol use disorder, and (3) an intervention condition in which participants received information about PRS and alcohol use disorder. We evaluated the efficacy of the educational information by assessing participants’ understanding of PRS for alcohol use disorder across the three conditions. We hypothesized that receiving information about PRS and alcohol use disorder would result in greater understanding of PRS for alcohol use disorder compared to both the control condition and intervention condition in which participants received information only about alcohol use disorder. Additionally, we assessed satisfaction with the educational information and whether the effect of the intervention varied across participants’ demographic characteristics.



Materials and methods


Participants and recruitment

Participants for the study were recruited through Psychology’s SONA (PsychSONA) system at an urban, public university during the fall 2021 semester. PsychSONA is a cloud-based participation and experiment management software that allows researchers to schedule both online and lab studies, recruit participants, monitor participants’ study related activities, and grant study completion credit. Undergraduate students aged 18 years or older had the option of signing up for the study through PsychSONA. The study was described as an hour-long study in which participants could complete an online survey and learn more about alcohol use disorder and genetic risk. Participants were randomly assigned to one of three conditions: (1) A control condition in which participants received only the survey assessment, (2) an intervention condition in which participants received general information about alcohol use disorder, and (3) an intervention condition in which participants received general information about alcohol use disorder and information about PRS. Participants were emailed a unique study link to a REDCap survey which provided additional information about the study and a consent form. Following consent, participants were directed to initial survey items that assessed demographic information, personality, and current alcohol use. Depending on which condition the participants were assigned to, participants were either directed to (1) the remaining survey items, (2) a website that provided educational information about alcohol use disorder and ways to reduce risk, or (3) a website that provided educational information about PRS, alcohol use disorder, and ways to reduce risk. At the bottom of the website, participants were instructed to click a link in order to be redirected back to the survey. The remaining survey items assessed understanding and interpretation of PRS for alcohol use disorder through the use of hypothetical PRS scenarios. Participants within each condition of the randomized controlled trial were randomly assigned to receive the PRS scenarios in one of two different orders: (1) Below-average PRS, average PRS, above-average PRS or (2) above-average PRS, average PRS, below-average PRS. Approximately 50% of the participants in each condition received the scenarios in the first order and 50% received the scenarios in the second order. The additional randomization ensured that there were no order effects associated with the presentation of the various levels of genetic risk in the scenarios. A flow chart of the study design can be visualized in Supplementary Figure 1. After completion of the study, the research coordinator granted one credit to each participant through the PsychSONA system. All data was collected through REDCap (17). All procedures were approved by the University’s Institutional Review Board.



Educational information

The educational information evaluated in this study was adapted from the coronary artery disease PRS dynamic explainer that was designed and developed by a team of geneticists, clinicians, software developers, and data visualization experts as a collaboration between the Broad Institute’s Cardiovascular Disease Initiative, IBM Research, and Massachusetts General Hospital (14). The original content was developed to help educate users about PRS and ways to reduce risk for cardiovascular disease using both text and visual aids. The website URL for the original PRS dynamic explainer can be found in the footnote1. The development of this PRS dynamic explainer was informed by interview feedback on mock PRS reports. Scroll-based techniques were used to introduce concepts in manageable chunks, step-by-step, with corresponding graphics that animate as the user scrolls, allowing users to control the pace of information they receive and create a clear connection between the textual explanation and graphical representation of each concept. Short sentences that use simple wording and repetitive phrases were used throughout the site to enhance comprehension. Color coding was used as the key element to communicate different levels of genetic risk with teal indicating lower genetic risk, gray indicating average genetic risk, and red indicating higher genetic risk (14). These colors were used to highlight key terms throughout the written narrative and to encode the risk information in the corresponding graphics and labels, in order to establish a continuum between the written explanation and visual representation of each concept. The educational information in the present study was adapted from the original site to focus on alcohol use disorder rather than coronary artery disease. See Supplementary Figures 2–5 for more details about the educational information.


Intervention condition 1 (AUD Edu)

The information provided to participants in the AUD Edu condition was related to alcohol use disorder, including a definition, prevalence, consequences, risk factors, and risk-reducing strategies. The content was developed based on educational information available through public websites, including the National Institute of Alcohol Abuse and Alcoholism, Mayo Clinic, and the National Survey on Drug Use and Health. Simple graphics were designed to easily communicate risk-reducing strategies, such as measuring drinks, finding alternative activities, and avoiding places that trigger drinking.



Intervention condition 2 (PRS + AUD Edu)

The information provided to participants in the PRS + AUD Edu condition explained PRS by discussing genetic variation, risk variants, how PRS are calculated, and how they can be interpreted. The participants also received the same information as the AUD Edu condition that related to alcohol use disorder, including a definition, prevalence, consequences, risk factors, and risk-reducing strategies.



Control condition

Participants in the control condition did not receive an educational intervention prior to completing the study.




Measures


Time spent accessing educational information

For participants in the AUD Edu condition and PRS + AUD Edu condition, time spent accessing the website which contained the educational information was calculated using timestamps recorded through REDCap. The first timestamp was recorded when participants were presented with the link to the educational information and the second timestamp was recorded when participants clicked the link at the end of the website containing the educational information and returned to the survey. The time between these two time points was calculated in order to best estimate how long participants spent accessing the educational information presented to them.



Satisfaction with the educational materials

Satisfaction was assessed using a series of items directly related to the presentation of information and content provided. Example items included “The animation helped explain concepts,” “I learned new information about alcohol use disorder as part of this program,” and “The pacing of the information was manageable.” These items were rated on a five-point scale from strongly disagree to strongly agree. Participants were also asked to rate how useful and satisfied they were with the different sections of the educational material on a five-point scale.



Understanding of polygenic risk scores

The items used to assess understanding of PRS for alcohol use disorder were adapted from items used in Peck et al. (13). Two items were used to assess general understanding of PRS with response options of “true,” “false,” and “don’t know.” An example item was “A genetic risk score includes only some of the genetic factors that can contribute to risk for the condition.” Additionally, 12 items were used to assess understanding of different levels of PRS for alcohol use disorder. Participants were asked to imagine that they received each PRS for alcohol use disorder (below-average, average, and above-average) and respond to a series of questions. Below-average risk was indicated using a graph in which the PRS was in the 30th percentile, average risk was indicated using a graph in which the PRS was in the 50th percentile, and above-average risk was indicated using a graph in which the PRS was in the 75th percentile. See Supplementary Figure 6 for additional details regarding the display of hypothetical PRS. Example items for the below-average PRS scenario included “You will definitely develop alcohol use disorder” and “You have a lower chance than the average person to develop alcohol use disorder.” Response options included “agree,” “disagree,” and “don’t know.” The 14 items were scored as either correct or incorrect, with “don’t know” also being scored as incorrect, to create an overall sum score (range 0–14). Separate scores were calculated for understanding of each hypothetical PRS (range 0–4).



Drinking status

Drinking status was measured using the frequency item from the Alcohol Use Disorder Identification Test (AUDIT) (18). A total of 34.8% of the full sample “never” used alcohol, 27.4% used alcohol “monthly or less,” 23.4% used alcohol “2 to 4 times a month,” 10.5% used alcohol “2 to 3 times a week,” 1.5% used alcohol “4 or more times a week,” and 2.5% chose not to answer. In view of the distribution, participants who responded “never” to the alcohol frequency item were coded as 0 to indicate that they had not previously used alcohol and participants who responded at least “monthly or less” were coded as 1 to indicate that they had previously used alcohol.



Personal history of alcohol problems

Personal history of having an alcohol use disorder was assessed using the question “Have you ever been diagnosed with an alcohol use disorder by a healthcare professional?” Response options were “yes,” “no,” and “don’t know.”



Family history of alcohol problems

Participants answered separate questions about alcohol problems for four types of biological relatives: Mother, father, aunts/uncles/grandparents, and siblings (19). An example question was: “Do you think your biological mother has ever had a drinking problem? (By drinking problem we mean that her drinking caused problems at home, at work, with her health, or with the police, or that she received alcohol treatment.).” The questions were repeated for each type of relative. Response options for each question were “yes,” “no,” and “I don’t know.” Family history items related to alcohol problems were combined into an overall binary variable to indicate whether or not the participant had any first- or second-degree relatives with a history of alcohol problems.



Personality

Six items from the Big Five Inventory (BFI) (20) were included to assess extraversion and neuroticism. Three items from the short UPPS-P Impulsive Behavior Scale (SUPPS-P) (21) were included to assess sensation seeking. Items were coded according to the scoring guidelines of the BFI and SUPPS-P and averaged to create an overall score for each personality dimension (extraversion, neuroticism, and sensation seeking).



Demographic variables

Sex assigned at birth, race/ethnicity, and age were the primary demographic variables included in the analyses. A detailed breakdown of race/ethnicity is reported in Table 1. Because approximately half of the sample self-identified as White (43.6%), race/ethnicity was coded as a binary variable. Individuals who self-identified as White were coded as 0, and individuals who self-identified as Asian, Black/African American, Hispanic/Latino, American Indian/Alaska Native, Native Hawaiian/Pacific Islander, or more than one race were coded as 1.


TABLE 1    Demographic characteristics for participants in each condition of the randomized controlled trial and for the total sample.
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Analyses

Descriptive analyses were used to describe demographic information for each condition and for the full sample. ANOVA methods and chi-squared tests were used to ensure that randomization was successful across the three conditions of the randomized controlled trial. Counts and frequencies were used to examine satisfaction items presented to participants in the AUD Edu condition and PRS + AUD Edu condition. Counts and frequencies were also used to investigate individual items that assessed understanding and interpretation of PRS. To examine the effectiveness of the educational information, a one-way ANOVA was used to compare mean understanding of PRS for alcohol use disorder between the control condition, AUD Edu condition, and PRS + AUD Edu condition. Post-hoc tests were conducted to examine where the differences occurred. To examine moderators influencing the effects of the educational information, two-way ANOVAs were conducted to examine interactions between the interventions and demographic characteristics (i.e., sex, race/ethnicity, drinking status, and family history of alcohol problems) on understanding of PRS for alcohol use disorder. Additionally, a linear regression model was conducted to assess the robustness of the effect of the intervention on overall understanding of PRS for alcohol use disorder while controlling for demographic characteristics (e.g., sex, age, and race/ethnicity) and characteristics that influence individual risk for alcohol use disorder (e.g., family history of alcohol problems, drinking status, and personality). Only three participants in the sample indicated a previous diagnosis of alcohol use disorder so this variable was not included in the model. Two variables were included to indicate whether or not participants received educational information about alcohol use disorder and received educational information about PRS. In order to assess whether understanding varies across levels of genetic risk, one-way ANOVAs were used to compare whether there were mean differences in the understanding of below-average, average, and above-average PRS within each condition. All analyses were conducted using R 4.0.4 software (22). The analytic plan and hypotheses were pre-registered through the Open Science Framework (osf.io/efh6j). The study was also registered on ClinicalTrials.gov (Identifier: NCT05143073).




Results


Sample characteristics

Figure 1 displays the recruitment details for each condition of the randomized controlled trial. A total of 477 participants signed up to participate in the study and were randomly assigned to a study condition, 371 participants (77.8%) consented to participate in the study, and 338 participants (70.9%) completed the study. In total, 12 participants were removed from analyses due to high response rates of “I choose not to answer” (>25% of all survey items). One participant completed the study twice, and the participant’s second survey completion was removed from the analyses.
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FIGURE 1
Consort diagram illustrating recruitment details for the study.


The final analytic sample included 325 participants: 109 participants in the control condition, 105 participants in the AUD Edu condition, and 111 participants in the PRS + AUD Edu condition. Participant demographic characteristics for each condition of the randomized controlled trial, as well as characteristics of the entire study sample, are displayed in Table 1. A total of 70.4% of the sample self-reported sex assigned at birth as female. A total of 43.6% of the sample self-identified as White, 24.3% of the sample self-identified as Black/African American, and 18.7% of the sample self-identified as Asian. The demographic characteristics of the full sample are generally reflective of overall university demographics, with a greater percentage of females (62%) than males (38%) and 45.8% of the undergraduate student population self-identifying as White, 17.5% as Black/African American, and 13.3% as Asian. The mean age of the sample was 18.93 years. Using a series of comparison tests with a Bonferroni corrected p-value threshold of 0.005, there were no significant differences in demographic characteristics across the three conditions, indicating that randomization of participants was effective.



Satisfaction with educational websites

On average, participants in the AUD Edu condition spent 0.87 min (SD = 0.8) accessing the educational information regarding alcohol use disorder and participants in the PRS + AUD Edu condition spent 1.77 min (SD = 1.4) accessing the educational information regarding PRS and alcohol use disorder. Overall, participants in both the AUD Edu condition and the PRS + AUD Edu condition appeared to be satisfied with different aspects of the educational websites, including length, order of the content, pacing, and online delivery method. A total of 73 participants (69.5%) in the AUD Edu condition and 87 participants (78.4%) in the PRS + AUD Edu condition agreed or strongly agreed that they enjoyed the website. Additionally, almost all of the participants in the PRS + AUD Edu condition (96.4%) reported that they learned new information about complex genetic risk through the website. Over 90% of participants in the PRS + AUD Edu condition thought that the way in which the genetic risk information was displayed, including the animation and color choice, was helpful.



Responses to items that assess understanding of polygenic risk scores

Descriptive analyses were used to investigate responses to the individual items which assessed understanding and interpretation of PRS for alcohol use disorder. Counts and frequencies of response options for each item are displayed in Table 2. Strikingly, participants across the three conditions had the highest incorrect response rate to the item “you have a chance of over X% to develop alcohol use disorder” in each PRS scenario. On average approximately 30% of participants in the PRS + AUD Edu condition correctly responded to these statements, while approximately 15% of participants in both the control condition and AUD Edu condition correctly responded to these statements. Interestingly, there was a discrepancy in understanding one’s own risk compared to understanding one’s risk as it relates to others in the population. For example, in the control condition, 93 participants (85.3%) understood that they had a higher chance than the average person to develop alcohol use disorder when provided with the above-average genetic risk score, but 84 participants (77.1%) incorrectly agreed that their chance of developing alcohol use disorder was over 75% when provided with a PRS that was greater than the 75th percentile. This pattern occurred across the three conditions, as well as for each level of PRS provided.


TABLE 2    Counts and frequencies of response options for each item that assessed understanding of polygenic risk scores for alcohol use disorder.

[image: Table 2]



Overall understanding of polygenic risk scores for alcohol use disorder

There was a significant difference in overall understanding of PRS between the three conditions (p-value < 0.001). The mean score for the control condition was 7.86 (SD = 3.06), the mean score for the AUD Edu condition was 8.38 (SD = 2.62), and the mean score for the PRS + AUD Edu condition was 9.67 (SD = 2.79), where higher scores indicated a greater understanding of hypothetical PRS for alcohol use disorder. Significant mean differences occurred between the control condition and PRS + AUD Edu condition (diff = 1.81; adj. p-value < 0.001) and between the AUD Edu condition and the PRS + AUD Edu condition (diff = 1.29; adj. p-value < 0.005). There was not a significant difference in understanding of PRS between the control condition and the AUD Edu condition (diff = 0.52; adj. p-value = 0.37). These results are summarized in Table 3.


TABLE 3    Mean (SD) understanding of polygenic risk scores for alcohol use disorder across the three conditions of the randomized controlled trial.
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There were no significant interactions between the intervention condition and demographic characteristics (i.e., sex, race/ethnicity, drinking status, and family history of alcohol problems) on understanding of PRS for alcohol use disorder (Table 4). The effect of the intervention was consistent across females and males, individuals who self-identified as White and individuals who self-identified as other races/ethnicities, individuals who use and do not use alcohol, and individuals with and without a family history of alcohol problems. Additional exploratory analyses demonstrated no significant interactions between the intervention condition and race/ethnicity when categorized as White, Black/African American, and Asian.


TABLE 4    Results of two-way ANOVAs examining interactions between the study condition and demographic characteristics.
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Additionally, the effect of receiving information about PRS on understanding appears to be robust while controlling for demographic characteristics and characteristics generally associated with substance use behaviors (e.g., family history of alcohol problems, drinking status, and personality). Receiving educational information about PRS was significantly associated with understanding of PRS for alcohol use disorder (p < 0.01) while controlling for individual characteristics (Supplementary Table 1).



Understanding of different levels of polygenic risk scores

Lastly, we assessed whether understanding of PRS varies across different levels of genetic risk. Table 5 displays the mean understanding scores for each level of PRS (below-average, average, and above-average) for alcohol use disorder in each condition. Participants in the AUD Edu condition and PRS + AUD Edu condition had a similar understanding of each PRS regardless of whether the PRS was below-average, average, or above-average. There was a significant difference in understanding of the different PRS in the control condition (p-value < 0.01), with post-hoc analyses demonstrating a significant mean difference between understanding of below-average PRS for alcohol use disorder and understanding of average PRS for alcohol use disorder (diff = −0.32; adj. p-value < 0.05). The mean difference between understanding of a below-average PRS and an above-average PRS was −0.25 (adj. p-value = 0.08). This suggests that participants in the control condition had a slightly better understanding of below-average PRS compared to average or above-average PRS.


TABLE 5    Mean (SD) understanding of each level of hypothetical polygenic risk score for alcohol use disorder.
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Discussion

This is the first randomized controlled trial designed to evaluate the efficacy of educational information delivered through a web-based educational tool intended to increase understanding and interpretation of PRS for alcohol use disorder. The randomized controlled trial consisted of a control condition in which participants only received a survey assessment, an intervention condition in which participants received educational information about alcohol use disorder, and an intervention condition in which participants received information about PRS and alcohol use disorder. The educational information which explained PRS focused on genetic variation, risk variants, how PRS are created, and how they can be interpreted. Results showed that the educational information about PRS and alcohol use disorder significantly increased participants’ ability to understand and interpret hypothetical PRS for alcohol use disorder. The effect of receiving educational information about PRS was consistent across several demographic characteristics, including sex and race/ethnicity, demonstrating that the intervention has the potential to be equally effective across individuals of diverse backgrounds.

Additionally, participants in the PRS + AUD Edu condition had a similar understanding of each PRS regardless of whether the PRS was below-average, average, or above-average, suggesting that the intervention increased general understanding of PRS. However, participants in the control condition had a slightly better understanding of below-average PRS compared to average or above-average PRS. This could further exacerbate a negative impact of receiving an above-average PRS, as a lower understanding of PRS has been previously shown to be associated with more negative psychosocial reactions (13). These findings further demonstrate the importance of providing individuals with educational information about PRS prior to receiving genetic risk information.

It is important to note that although understanding of PRS did increase significantly, participants on average answered approximately 10 out of 14 items correct (69.1%). This suggests that there are still ways that the educational information and provision of PRS could be improved. Response rates for the individual items that assessed understanding and interpretation of PRS revealed that a majority of participants understood how the PRS impacted their chance of developing alcohol use disorder as compared to others but less than 30% of participants understood how the PRS related to their overall chance of developing alcohol use disorder. Presenting PRS as percentiles may have confused participants, as a majority of participants seemed to believe that the percentile reflected their chance of developing alcohol use disorder. Our data support existing evidence (23, 24) that providing absolute risk information to participants may aid in their understanding and interpretation of PRS. At the time of this study, translating PRS into absolute risk was complex, and not yet being routinely performed so we focused on ways to improve the comprehensibility of available PRS information. Currently, new tools have been developed that can convert PRS into absolute risk (25), and future studies could assess the outcomes of using these strategies in risk communication interventions. Further, it is possible that the limited amount of variance currently accounted for by PRS (9), and limitations in portability of PRS across ancestral groups (9) may be contributing to confusion about how PRS relate to one’s risk of developing problems.

Promisingly, participants assigned to the intervention conditions were highly satisfied with the educational information. Participants liked many aspects of the website, including the animation, colors, and presentation of the information. In the future, the content can be adapted to discuss genetic risk for many different complex disorders and diseases, which can be easily implemented as the PRS dynamic explainer is currently an online, publicly accessible website. Additionally, providing educational information about PRS through an effective online website can be a cost-effective strategy for education and can broaden access to education. As demand is high for genetic counseling services, an effective educational resource that can accompany the provision of PRS could be well-utilized and allow genetic counselors to operate to the top of their scope of practice focusing on counseling rather than providing information.

These findings should be interpreted in light of several limitations. First, the randomized controlled trial was conducted in a sample of college students. Although the educational information regarding PRS effectively increased understanding and interpretation of PRS for alcohol use disorder in this sample, the results may not be generalizable to other populations. Replicating these findings in diverse samples is important. Efficacy of the PRS dynamic explainer should be assessed in unaffected populations with diverse educational backgrounds and ages, a sample of clinicians, and affected patient populations. Second, the sample disproportionately consisted of female participants (comprising 70%); accordingly, we did not have power to test for potential sex differences. Our results may be more representative for females. Future studies should aim for equal representation of males and females. Third, the PRS were presented as hypothetical scenarios and may not reflect how an individual would understand and interpret their true PRS for alcohol use disorder. Additional research should be conducted to assess understanding of one’s true PRS information for a variety of different disorders. Additionally, the time participants spent accessing the website was estimated using two timestamps recorded with the survey software; however, we cannot assume that participants used that time to engage with the website. Due to the online nature of this study, there is no way to guarantee that participants read through all of the educational information provided to them or to assess level of engagement with the website.



Conclusion

In conclusion, the educational information utilized in this randomized controlled trial effectively increased understanding of PRS for alcohol use disorder in a sample of emerging adults. As the possibility of providing PRS information to inform prevention programing, screening, and treatment increases, the need to educate individuals about complex genetic concepts increases as well. Findings of the present study suggest that the PRS dynamic explainer could be used alongside the return of polygenic risk information in order to enhance understanding and interpretation of the genetic risk information. Future research should focus on assessing the effectiveness of the educational information in diverse samples across different age groups and educational background and assess how the information may impact one’s understanding of their true genetic risk information.
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Objective: Strong evidence links exposure to traumatic life events with subsequent substance use disorders (SUD). Compared to men, women in SUD treatment are more likely to have a history of trauma, characterized in part by emotion dysregulation known to negatively influence treatment outcomes. Existing research has been conducted with predominantly male and non-Hispanic White samples, with an emphasis on adverse childhood experiences. Little is known about how exposure to cumulative traumatic events across the lifespan affects emotion dysregulation and how this may influence craving, particularly among racial and ethnic minoritized women with SUD. Mindfulness disposition may serve as a protective factor that could buffer the impact of trauma exposure and emotion dysregulation on substance use craving among underrepresented minoritized women with SUD. This study examined the association between cumulative exposure to traumatic events, emotion dysregulation, and mindfulness disposition on substance use craving in a sample of predominantly Hispanic and non-Hispanic Black women in residential treatment for SUD.

Method: Cross-sectional data were analyzed for a baseline sample of 241 women (56.96% Hispanic, 20.7% non-Hispanic White, 20.7% non-Hispanic Black; age: M = 32.11) entering a SUD residential treatment facility who agreed to participate in a parent randomized controlled trial.

Results: Findings indicated that greater cumulative exposure to traumatic events and emotion dysregulation were associated with higher levels of craving. Cumulative traumatic event exposure was indirectly associated with higher craving via lower levels in the mindfulness dimension of acting with awareness. Interaction effects also revealed greater exposure to traumatic events was associated with higher levels of craving among women with low and average (but not high) levels of mindfulness disposition.

Conclusion: These findings provide insight into the potential benefits of targeting emotion regulation and mindfulness-building strategies such as acting with awareness in interventions among racial-ethnically diverse women with SUD. These strategies may be particularly beneficial among those that have experienced extensive histories of trauma exposure. Overall, knowledge gained from the present study can be particularly valuable towards informing treatment models in minoritized groups that currently experience disparities in treatment utilization and outcomes.

KEYWORDS
 trauma, women, emotion dysregulation, craving, SUD, mindfulness


Introduction

Substance use disorders (SUD) have been defined as a chronic relapsing condition (McLellan et al., 2005), in which approximately 50% of users relapse within 6 months of treatment completion (McKay and Weiss, 2001). Further, up to 80% of those who relapse experience cycles of treatment, relapse, and problematic use (Scott et al., 2005).

Craving, the subjective urge or desire to consume substances over a long time (Kozlowski and Wilkinson, 1987), strongly predicted relapse across all major drugs of abuse (Serre et al., 2015) in investigations ranging from neurological to psychosocial (Donovan and Witkiewitz, 2012; Witkiewitz et al., 2013b; Moore et al., 2014). As such, craving is a particularly useful target for SUD interventions that aim to reduce the likelihood and severity of relapse (Witkiewitz and Bowen, 2010).


Craving, trauma, and emotion regulation

Strong evidence links exposure to traumatic life events with subsequent SUD, as indicated by disproportionately higher rates of trauma among substance abusers (Ghorbani et al., 2019; Giarratano et al., 2020; Prangnell et al., 2020). Compared to men, women in SUD treatment are more likely to have a history of trauma, characterized in part by emotion dysregulation known to negatively influence treatment outcomes (Walitzer and Dearing, 2006; Greenfield et al., 2007). Emotion dysregulation has been posited as one mechanism whereby trauma exposure is linked with SUD. As conceptualized by Gratz and Roemer (Gratz and Roemer, 2004), emotion dysregulation is a multifaceted construct consisting of six dimensions: a lack of emotional awareness, limited access to emotion regulation strategies, nonacceptance of emotional responses, difficulties controlling impulses, lack of emotional clarity, and difficulties engaging in goal-directed behaviors. Emotion dysregulation is particularly evident among individuals with SUD and a history of childhood abuse (Ghorbani et al., 2019). Indeed, among individuals in SUD treatment, higher emotion dysregulation has been found among those with a history of childhood trauma exposure, compared to those without such exposure (Weiss et al., 2013).

Notably, most of the research in this area has focused on interpersonal trauma such as exposure to emotional and physical abuse. Much less is known about cumulative lifetime effects of multiple and intersecting traumatic experiences such as exposure to incarceration, discrimination, violent crimes, serious economic instability, and homelessness. Exposure to these traumatic experiences tend to co-occur in the lives of women and can make them particularly vulnerable to SUD (Amaro et al., 2021).

Associations among trauma exposure, emotion dysregulation, and substance use behaviors including craving have also been identified (Szasz et al., 2012; Tull et al., 2016; Garland et al., 2019; Ghorbani et al., 2019; Khosravani et al., 2019). Although growing evidence suggests emotion dysregulation is a possible mediating mechanism between trauma and craving (Ghorbani et al., 2019), the bulk of this research has been conducted with predominantly male, non-Hispanic White and college samples, with an emphasis on adverse childhood experiences (Szasz et al., 2012; Tull et al., 2016; Garland et al., 2019; Ghorbani et al., 2019; Khosravani et al., 2019). Little is known about how exposure to traumatic events across the lifespan affects emotion dysregulation and how this may influence craving, particularly among racial and ethnic minoritized populations with SUD. This knowledge can be particularly valuable towards informing treatment models in minoritized groups that often experience substantial disparities in treatment utilization and outcomes (Guerrero et al., 2013; Pinedo, 2019). Additionally, there is a limited understanding in the current literature base regarding the distinct dimensions of emotion dysregulation that may be linked to craving among women with extensive histories of trauma exposure. This knowledge can be vital in designing SUD treatments for women that are tailored to promote skills in emotion regulation.



Mindfulness disposition, emotion regulation, and craving

Mindfulness has been defined as the awareness that results from paying attention on purpose, in the present moment, and nonjudgmentally (Kabat-Zinn, 2009). There is growing evidence for the salutary health effects of mindfulness, including its protective effects on substance use behaviors (Bowen et al., 2014; Karyadi et al., 2014; Tomlinson et al., 2018). A meta-analysis by Karyadi et al. (2014) revealed a significant negative association between mindfulness disposition and substance use (i.e., higher levels of trait mindfulness were associated with lower levels of substance use), with larger effects among problematic (vs. nonproblematic) substance use behaviors and for inpatient (vs. outpatient and nonclinical) samples.

Mindfulness has been conceptualized and investigated as both a state (modifiable characteristic) and a trait (i.e., stable characteristic; Tomlinson et al., 2018). The present study focused on trait mindfulness, also known as mindfulness disposition. Mindfulness disposition refers to an individual’s tendency to maintain awareness in a nonjudgmental and nonreactive way to present situations (Carpenter et al., 2019). Mindfulness disposition is thought to be composed of five facets: ability to observe internal and external experiences (observe), acting with awareness in the present moment (awareness), ability to describe internal experiences (describe), not judging inner experiences (nonjudgment), and letting go of thoughts and feelings rather than reacting (nonreactivity Bohlmeijer et al., 2011). Levels of mindfulness disposition vary across the general population, regardless of mindfulness practice (Kabat-Zinn, 2009). Nevertheless, mindfulness disposition can be enhanced through mindfulness training (Kiken et al., 2015). Current theory suggests that including mindfulness training in SUD treatment can improve outcomes by altering the craving–use relationship (Brewer et al., 2013; Elwafi et al., 2013; Witkiewitz et al., 2013a). Mindfulness practices have the potential to increase the ability of individuals in SUD treatment to respond to the unpleasant physical, affective, and cognitive experiences of craving, in nonreactive ways and resist engaging in substance-seeking behavior to alleviate the discomfort (Witkiewitz et al., 2013a,b).

A critical theoretical component of mindfulness is the ability to better regulate responses to emotional experiences. Scholars have posited that key aspects of mindfulness such as present moment awareness and nonjudgmental acceptance result in greater ability to regulate emotions (Teper et al., 2013). Mindfulness practices have also been found to increase emotion regulation and connectivity in areas of the brain associated with these behaviors in populations with SUD (Tang et al., 2016). Taken together, these findings suggest that mindfulness disposition may serve as a protective factor that buffers the impact of trauma exposure and emotion dysregulation on alcohol and drug craving among women with SUD.

The present study examined the associations among cumulative exposure to traumatic events (CETE), emotion dysregulation, mindfulness disposition, and craving in a racially and ethnically diverse sample of women in residential SUD treatment. There is a paucity of knowledge about how these processes function among women with SUD, especially those from diverse racial and ethnic backgrounds (Greenfield et al., 2007). Indeed, underserved groups such as racial-ethnic minoritized populations have not been well represented in the mindfulness research, and particularly as it relates to SUD (Spears, 2019). What is established is that Hispanics and Blacks with SUD are less likely to successfully complete SUD treatment than non-Hispanic Whites (Jacobson et al., 2007; Guerrero et al., 2013) and have inequitable exposure to the criminal justice and child welfare systems (Amaro et al., 2005, 2021; Jones et al., 2011). Indeed, these findings underscore the long-standing need for greater attention to the integration of racial and ethnic minorities in SUD research, the importance of addressing the cumulative effects of traumatic exposure, and the identification of barriers and effective strategies for reducing disparities during SUD treatment (Institute of Medicine US, 2003; National Institute on Drug Abuse, 2016–2020). In an effort to address some of these gaps, the present study pursues the following aims as stated below.



Research aims

Aim 1: Examine the direct and indirect associations between CETE, emotion dysregulation and alcohol and drug craving (see Figure 1).


Hypothesis 1: CETE is positively associated with emotion dysregulation and craving.

Hypothesis 2: Emotion dysregulation is positively associated with craving.

Hypothesis 3: CETE is indirectly associated with craving via higher emotion dysregulation.
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FIGURE 1
 Results for direct and indirect associations between cumulative exposure to traumatic events, emotion dysregulation, and craving. *p < 0.05; **p < 01; Dashed red line denotes marginal significance at p = 0.05; Models controlled for race-ethnicity.


Aim 2: Determine the direct and indirect associations between mindfulness disposition, CETE, and craving (see Figure 2).


Hypothesis 4: CETE is negatively associated with mindfulness disposition.

Hypothesis 5: Mindfulness disposition is negatively associated with craving.

Hypothesis 6: CETE is indirectly associated with craving via lower levels of mindfulness disposition.
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FIGURE 2
 Results for direct and indirect associations between cumulative exposure to traumatic events, mindfulness, and craving. *p < 0.05; **p < 01; Models controlled for race-ethnicity.


Aim 3: Test the moderating effect of mindfulness disposition on the associations among CETE, emotion dysregulation, and craving (see Figure 3).


Hypothesis 7: Mindfulness disposition moderates the associations between CETE, emotion dysregulation, and craving, such that the relationships between (a) CETE and craving, (b) CETE and emotion dysregulation, and (c) emotion dysregulation and craving are stronger among women reporting low levels of mindfulness disposition.
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FIGURE 3
 Results for moderating effects of mindfulness disposition on the associations between cumulative exposure to traumatic events, emotion dysregulation, and craving. *p < 0.05; NS = non-significant; X = predictor; M = mediator; Y = outcome; W = Moderator; Model controlled for race-ethnicity.
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FIGURE 4
 Two-way interaction with mindfulness disposition moderating the association between cumulative exposure to traumatic events and craving.





Materials and methods


Participants

Data for the present study came from the baseline interview of a larger randomized clinical trial of Amaro and Black (2021), a mindfulness-based relapse prevention adjunctive intervention program for women (N = 245) in residential SUD treatment. Participants in the parent study were recruited at treatment entry and assessed early in the treatment process. Approximately 2–3 weeks after residential treatment entry, the names of clients who assented to be contacted by the research team were provided to the research interviewer. The research interviewer made appointments with prospective participants, conducted the informed consent and HIPAA processes, and were administered the baseline assessment. All data used in the present study was collected during the baseline interview. Inclusion criteria were: aged 18–65, SUD diagnosis, ability to provide consent (i.e., English fluency, no cognitive impairment), and willingness to be audio recorded and provide broad consent for other studies using the collected data. Exclusion criteria included conditions for which the intervention was contraindicated or that could potentially interfere with the intervention (i.e., suicidal ideation in the last 30 days, untreated psychotic disorder, or other untreated chronic serious mental health disorder), current imprisonment, or advanced pregnancy. See Amaro Black (2017) a full description of study methods. Data were collected via in-person interviews by a trained research staff using Research Electronic Data Capture. All parent study procedures were approved by the University of Southern California Institutional Review Board (IRB; UP-14-00391).



Measures


Cumulative exposure to traumatic events

The Life Stressor Checklist-Revised (Wolfe and Kimerling, 1997) is a 30-item measure of traumatic events and stressors (with yes-or-no responses). Items include various aspects of traumatic exposure, including but not limited to interpersonal abuse, exposure to violent crimes and the criminal justice system, and homelessness. The scale has been validated among women with comorbid SUD and mental health disorders with histories of interpersonal violence victimization (McHugo et al., 2005). In the present study, we used the sum of dichotomously scored responses (range: 0–30), reflecting events at any point in the lifetime.



Emotion dysregulation

The Difficulties in Emotion Regulation Scale (Gratz and Roemer, 2004), a 36-item self-report scale (rated from 1 to 5), examines six dimensions of emotion regulation problems, with higher scores indicating greater emotion dysregulation. In the present study, internal consistency of the full scale (α = 0.96) and subscales (nonacceptance, goals, impulse, awareness, strategies, and clarity: 0.89, 0.84, 0.86, 0.82, 0.90, and 0.77, respectively) were adequate.



Alcohol and drug craving

The Penn Alcohol Craving Scale (Flannery et al., 1999), a 5-item self-report measure, was adapted to include craving for alcohol and other drugs. The scale measures frequency, intensity, and duration of craving, as well as an overall rating of craving for the previous week, with higher scores reflecting greater craving. Internal consistency in the current sample was excellent (α = 0.93).



Mindfulness disposition

The Five Facet Mindfulness Questionnaire (Bohlmeijer et al., 2011) short version is a 24-item scale assessing the tendency to be mindful in everyday life. Items are rated on a 5-point Likert scale (1 = never true to 5 = very often true) and assess five mindfulness dimensions, with higher scores indicating greater mindfulness disposition. All five subscales and the overall scale had adequate internal consistency in this sample (Cronbach’s α: observe = 0.72, describe = 0.72, act aware = 0.81, nonjudgment = 0.73, nonreactivity = 0.66, overall = 0.81).



Covariates

The following covariates were assessed: age, race and ethnicity (1 = non-Hispanic White, 2 = non-Hispanic Black, 3 = Hispanic), marital status (1 = married or common law, 2 = separated, divorced, or widowed), education (1 = less than high school, 2 = high school or equivalent, 3 = some postsecondary education), housing in the 8 months prior to treatment (1 = homeless, 2 = non-stable accommodation, 3 = institution, 4 = own place, 5 = someone else’s place) and employment in the 8 months prior to treatment entry (1 = full time, 2 = part time, and 3 = not employed).



Analytic plan

Correlations were computed to assess the unadjusted zero-order relationships between all key observed variables in the research model. Potential covariates were race and ethnicity, age, education, housing, marital status, and alcohol and drug addiction severity in 30 days prior to treatment. One-way analysis of variance was used to evaluate the potential influence of categorical covariates (race and ethnicity, education, housing, employment, and marital status).

Primary data analysis consisted of mediation analyses, wherein bootstrap resampling techniques (k = 10,000) were used to generate 95% bias-corrected confidence intervals (CIs) of indirect effects using PROCESS version 3.2 for SPSS 25. We tested CETE’s direct and indirect influence on craving via emotion dysregulation. Six individual models were tested (one for each emotion dysregulation dimension). Indirect effects of CETE on craving via mindfulness disposition were also tested. Five individual models were conducted (one for each mindfulness disposition dimension). Bias-corrected CIs that did not include zero for the indirect effect indicated statistical significance.

PROCESS version 3.2 was used to conduct moderation models to test whether mindfulness disposition moderated associations between (a) CETE and craving, (b) CETE and emotion dysregulation, and (c) emotion dysregulation and craving (see Figure 2). All analyses controlled for significant covariates (race and ethnicity). No missing data were evident in the primary analysis.





Results


Preliminary analyses

The analytic sample (n = 241) excluded four participants from the original study sample who identified as “other” race and ethnicity besides the three primary groups. As presented in Table 1, on average, participants were 32.11 years old, and more than half identified as Hispanic and never married. The most common substances used in the 8 months prior to treatment entry were methamphetamines, marijuana, and other drugs (alcohol to intoxication, cocaine or crack, and opiates). Notably, most participants reported use of multiple substances. The total possible range of reported traumatic experiences was 0–30. The mean number of traumatic events experienced across the lifetime was 13.59 (SD = 5.11).



TABLE 1 Sample characteristics (N = 241).
[image: Table1]

Preliminary data screening indicated that all key variables in the models were normally distributed. Zero-order bivariate correlations among all key observed variables are presented in Supplementary Table S1. The examination of potential covariates indicated that age, education, housing, employment, and marital status were not significantly associated with emotion dysregulation or craving, whereas significant differences in both emotion dysregulation and craving were found by race and ethnicity. One-way analysis of variance results indicated significant differences in specific dimensions of emotion dysregulation, specifically lack awareness [F(2,238) = 5.42, p = 0.01] and emotional clarity [F(2,238) = 4.93, p = 0.01] by race and ethnicity. Post hoc comparisons revealed that Hispanic women on average reported higher scores on the emotion dysregulation dimension of lacking emotional awareness (M = 17.36, SD = 5.93) compared to their non-Hispanic Black counterparts (M = 14.36, SD = 5.58) and higher scores on lack of emotional clarity dimension (M = 13.05, SD = 4.59), compared to non-Hispanic White (M = 11.20, SD = 4.81) and non-Hispanic Black women (M = 11.18, SD = 4.02). Differences in alcohol and drug craving by race and ethnicity were also found [F(2,238) = 6.23, p = 0.02], with Hispanic women reporting higher levels of craving (M = 2.63, SD = 1.70) compared to non-Hispanic Black women (M = 1.66, SD = 1.41). Racial and ethnic differences in exposure to traumatic events were also evident [F(2,238) = 8.33, p < 0.001], with White women (M = 15.94, SD = 5.32) reporting greater exposure to number of traumatic events compared to Hispanic women (M = 12.64, SD = 4.50), with no significant differences among non-Hispanic Black women (M = 13.94, SD = 5.78). Lastly, levels of mindfulness disposition [F(2,238) = 5.26, p = 0.02] differed across race-ethnicity with Hispanic women reporting significantly lower levels of mindfulness disposition (M = 74.42, SD = 12.60) compared to non-Hispanic black women (M = 80.20, SD = 11.37, p = 0.02), and marginally significantly lower than non-Hispanic white women (M = 79.50, SD = 14.79, p = 0.051). Given the results of these preliminary findings, race and ethnicity was included as a covariate in all model testing during the primary analysis.



Primary analyses

The first aim of this investigation was to examine the direct and indirect associations between CETE, emotion dysregulation and craving. As seen in Figure 1, the data revealed that greater CETE was associated with higher levels craving (β = 0.22, 95% CI: 0.09, 0.35, p = 0.001). A positive association between all dimensions of emotion dysregulation and craving was evident. It should also be noted that, a marginally significant indirect association was found whereby more CETE was associated with higher levels of craving via greater difficulties in engaging in goal-directed behaviors (β = 0.05, 95% CI = 0.001, 0.103). Results revealed that 2% of the variance in difficulties engaging in goal-directed behaviors was explained by CETE, whereas all predictor variables in the full model accounted for 19.6% of the variance in craving, ∆R2 = 0.196, F(3, 241) = 19.23, p < 0.001.

The second study aim was to examine the direct and indirect associations between CETE, mindfulness disposition, and craving. As shown in Figure 2, greater CETE was associated with lower levels in the two mindfulness disposition dimensions of nonjudgment and awareness. Greater mindfulness disposition across all dimensions (except nonjudgment) was associated with more craving. Additionally, findings revealed an indirect associations between CETE and craving via the mindfulness dimension of acting with awareness, whereby greater CETE was associated with higher craving via lower levels of awareness (β = 0.03, 95% CI = 0.004, 0.074). Results of the mediation analyses indicated that 3.1% of the variance in awareness was explained by CETE, whereas all predictor variables in the full model accounted for 9% of the variance in craving, (∆R2 = 0.089, F(3, 241) = 7.70, p < 0.001).

The third study aim was to examine the moderating effect of mindfulness disposition on the associations between CETE, emotion dysregulation, and craving. As seen in Figure 3, a significant interaction effect between CETE and mindfulness disposition on craving was found (β = −0.14, p = 0.03; 95% CI = −0.27, −0.02). As seen in Table 2, conditional effects indicated that CETE was significantly associated with craving among women reporting low levels (1 SD below the mean; β = 0.32, p < 0.01; 95% CI = 0.14, 0.49), and average levels of mindfulness disposition β = 0.17, p = 0.01; 95% CI = 0.05, 0.30). However, no significant associations were evident between CETE and craving among women with higher levels (1 SD above the mean) of mindfulness disposition. No significant interaction effects were found between CETE and any dimension of emotion dysregulation or emotion dysregulation and craving. The plotted moderation effect is depicted in Figure 4.



TABLE 2 Conditional effects of cumulative exposure to traumatic events on craving across levels of mindfulness.
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Discussion

To our knowledge, this is the first study to examine the associations between cumulative exposure to traumatic events, emotion dysregulation, and mindfulness disposition on alcohol and drug craving in a racially and ethnically diverse sample of women in SUD treatment. The moderating effect of mindfulness disposition on the associations among exposure to traumatic events, emotion dysregulation, and craving were also explored. Results from the current study partially support our hypotheses.


Cumulative exposure to trauma events, emotion regulation, and craving

As expected, greater cumulative exposure to traumatic events was associated with higher levels of craving. Present study findings build on the limited existing studies conducted with vulnerable female populations (i.e., incarcerated women and those with SUD) that have found positive associations among trauma exposure, emotion dysregulation, and adverse mental health and substance use outcomes (Messina et al., 2014; Garland et al., 2019). However, these studies have focused primarily on interpersonal trauma such as physical and sexual abuse during childhood. Our results suggest the importance of addressing the cumulative effects of multiple and intersecting traumatic events (severe economic insecurity, exposure to violent crimes, involvement with the criminal justice system or child protective services, and homelessness) across the lifespan among women with SUD, as well as the role it may play in craving during the early phases of residential treatment.

Notably, rates of exposure to traumatic events in this sample were particularly high, which is consistent with other studies involving vulnerable women populations (Lynch et al., 2017). Indeed, every participant in the study sample reported experiencing at least one traumatic life event, with a mean of 14 traumatic events endorsed out of 30 possible events—considerably high given the relatively young age of the sample. Unexpectedly, White women reported greater exposure to traumatic events compared to Hispanic women. While it is possible that Hispanic women did indeed have lower levels of exposure to traumatic events, it could also be that Hispanic women were less likely to report traumatic events due to cultural factors associated with stigma, fears of being perceived as weak, or cultural expectations about what is or is not appropriate to share. Differences in trauma exposure between non-Hispanic White and Hispanic women may also be due to culturally specific events and structural barriers not captured in the present study. For instance, Hispanic women in first- and second-generation immigrant families are more likely to be exposed to immigration-related stressors such as fears of family member deportation and limited access to culturally responsive physical and mental health care services (Guerrero et al., 2013; Eghaneyan et al., 2020). These events were not captured in the Life Stressors Checklist used to assess exposure to traumatic events. Additionally, although the present study examined the cumulative impact of exposure to traumatic events, future research is needed to examine whether the types, severity, appraisal, and duration of specific traumatic experiences and the developmental point at which these events occurred (i.e., childhood versus adulthood or both) may have differential effects on emotion dysregulation and craving among women with SUD.

Study findings also revealed greater emotion dysregulation across all dimensions was positively associated with increased craving. These findings are in line with previous research linking emotional dysregulation with craving among individuals with SUD (e.g., Szasz et al., 2012; Khosravani et al., 2017) and corroborates this association in a sample of women in residential SUD treatment from diverse racial and ethnic backgrounds.

Results revealed a marginal positive association between exposure to traumatic events and the emotion dysregulation dimension of engaging in goal-directed behaviors. Indirect associations whereby greater exposure to traumatic events was linked with higher levels of craving via greater difficulties in engaging in goal-directed behaviors were also evident. Future studies with larger samples are needed to further explore the indirect associations found in the present study, as this may have clinical implications for the development of intervention strategies that promote goal directed behaviors during residential treatment among women with extensive histories of trauma exposure.

No other emotion dysregulation dimension was directly associated with women’s cumulative exposure to traumatic events. We posit that limited findings in significant associations between traumatic event exposure, emotion dysregulation and craving may be related to larger macro-level influences not captured by the Life Stressors Checklist. Findings from qualitative studies with Hispanic women in residential treatment (largely methamphetamine users such as those in the present study sample) suggest that perhaps larger social forces, including structural racism that permeates across multiple levels of influence, may play a stronger role in drug use (and overall drug use severity and craving), beyond the individual-level factors assessed in the present study (Cheney et al., 2018). Certainly, further examination is warranted regarding the intersection of structural and individual factors among women of color and its association with emotion dysregulation, mindfulness disposition, and substance use outcomes (such as craving) in this population.

Previous studies have examined associations among trauma, emotion dysregulation, and craving in relation to substances such as alcohol, tobacco, and heroin. Our study lays the foundation to inform how these associations may function in a sample consisting largely of methamphetamine users. Among used substances, methamphetamine is known to have the highest relapse and craving rates. It severely affects the brain’s dopamine system, creating an exceedingly high desire for use. This inevitably results in a cycle of use and cessation, with increased rates of relapse (Breese et al., 2011).

Although scientific understanding regarding targets of drug craving among women methamphetamine users in treatment is limited (e.g., Abdoli et al., 2019), the need to identify these factors in this population is pressing. A recent national historical trend analysis of patients admitted to SUD treatment between 1992 and 2017 found considerable increases in methamphetamine users in treatment, with a maximum growth rate of approximately 1,100% (higher than any other drug, including heroin, alcohol, marijuana, and cocaine or crack; (Mazumder et al., 2020). Unlike other drugs such as heroin or alcohol, which were predominantly endorsed by men, women in treatment were more likely to be methamphetamine users compared to men. Ethnic differences across methamphetamine users were also vast compared with other drugs. Methamphetamine users were 24% more likely to self-identify their ethnic origin as Mexican and 8 times more likely to identify as Cuban than Puerto Rican (Mazumder et al., 2020). Blacks and African Americans were 77% less likely to report methamphetamine use compared to Whites (Mazumder et al., 2020). To that end, the present study sample represents a growing priority group in SUD treatment.



Cumulative exposure to traumatic events, mindfulness disposition, and craving

Our findings reveal that greater exposure to traumatic events were associated with lower mindfulness disposition dimensions of nonjudgment about inner experiences and acting with awareness. Several meta-analyses have examined associations between mindfulness disposition and psychosocial outcomes (Karyadi et al., 2014; Hanley and Garland, 2017; Carpenter et al., 2019). Meta-analytic findings show that acting with awareness, nonreactivity, and nonjudgment are most robustly associated with substance abuse behaviors (Karyadi et al., 2014) and negative affect (Carpenter et al., 2019). Our findings suggest that nonjudgment and acting with awareness are also negatively associated with cumulative exposure to traumatic events. This may be because the acting with awareness and nonjudgment facets of mindfulness disposition require higher-order cognitive processes (Ives-Deliperi et al., 2011), which have been shown to be compromised by trauma exposure (Pechtel and Pizzagalli, 2011). Although further research is warranted, our preliminary findings suggest that the promotion of nonjudgment and acting with awareness may be particularly fruitful targets among women in residential SUD treatment with extensive histories of trauma exposure.

Our findings also revealed that higher levels of exposure to traumatic events were indirectly associated with increased craving via lower levels of acting with awareness. Awareness of physical and emotional sensations and cues is thought to be critical for regulation, supporting healthy decisions and behavior change among individuals in SUD treatment (Price and Hooven, 2018). Current and evolving neurocognitive models highlight the importance of mindful awareness for the development of basic emotional awareness skills and the capacity for new emotion regulation appraisal and reappraisal processes that are critical for improved SUD treatment outcomes (Verdejo-Garcia et al., 2012). Recent randomized clinical trials examining the efficacy of integrating mindful awareness therapies as an adjunct to community-based SUD treatment have found increased emotion regulation, mindfulness skills, and improving substance use outcomes (including craving) among women with SUD. These studies have been conducted in largely White samples in the context of outpatient treatment (Verdejo-Garcia et al., 2012; Greenfield et al., 2018). Our findings suggest that these associations may also hold among racial and ethnically diverse women in residential treatment for SUD. As such, results from the present study build on previous research and suggest that promoting mindful awareness among racially and ethnically diverse women with extensive histories of trauma exposure may potentially curb craving during the early phases of residential treatment. Nevertheless, examining the effectiveness of mindful awareness-focused interventions in this population is necessary before further treatment implications can be posited.



Moderating effects of mindfulness disposition

Our findings revealed a significant interaction effect between exposure to traumatic events and mindfulness disposition on craving whereby greater exposure to traumatic events was associated with higher levels of craving only among women with low and average (but not high) levels of mindfulness disposition. This suggests that dispositional mindfulness may have protective effects on craving among women with substantial histories of trauma exposure, while those with low levels of mindfulness disposition may be especially susceptible to high levels of craving early in residential treatment.

Previous evidence suggests that among racial and ethnic minoritized groups, mindfulness-based treatment approaches may be more effective than relapse prevention and lead to better drug use relapse outcomes compared to Whites, especially when an individual’s racial and ethnic minority status matches that of the majority of the clients participating in a mindfulness group intervention (Greenfield et al., 2018). As a present-centered treatment, mindfulness interventions may be also more aligned with the worldviews of racial-ethnic minoritized groups (Spears, 2019). Mindfulness-based interventions target-specific intra-and interpersonal stressors that may hinder progress of addiction treatment among disadvantaged populations (e.g., coping with discrimination, low self-efficacy, and low social support). These interventions also foster self-compassion and self-acceptance, which may be particularly valuable in the context of marginalization (Witkiewitz et al., 2013a; Iacono, 2019). The utility of mindfulness-based approaches with underserved and vulnerable populations is particularly noteworthy given that racial and ethnic minoritized groups are less likely overall to complete SUD treatment (Guerrero et al., 2013; Mennis and Stahler, 2016) and experience greater barriers to accessing treatment services, lower utilization rates, and less satisfaction with treatment compared to Whites (Guerrero et al., 2013).

Our results build on previous findings and suggest that integration of mindfulness-based interventions, particularly those that focus on awareness, may be beneficial for decreasing craving among women with SUD from diverse races and ethnicities with extensive histories of exposure to traumatic events. Nevertheless, our findings focus on mindfulness disposition, rather than treatment efficacy. Further research is necessary to examine the effectiveness of these approaches in curbing craving in this population. Specifically, future studies with larger sample sizes and sufficient power are needed to examine if racial and ethnic differences exist in these associations throughout stages of SUD treatment. Longitudinal research is also required to examine how associations between exposure to traumatic events, emotional dysregulation, mindfulness disposition, and craving may change throughout the treatment process.

It also important to note that while outside the specific aims of this investigation, our results revealed racial-ethnic differences across scores on various key study constructs. For instance, compared to their non-Hispanic White and non-Hispanic Black counterparts, Hispanic women reported higher average scores across two dimensions of emotion dysregulation, lack of emotional awareness and lack of emotional clarity. These results are consistent with findings from a recent systematic review that provide support for existing differences in emotion regulation across racial-ethnic-groups (Weiss et al., 2021). Researchers posit that worldviews, ideologies, values, and the concept of self vary across racial and ethnic groups and may influence how members of these groups evaluate, appraise, or react to emotional stimuli (Mennis and Stahler, 2016; Weiss et al., 2021). Specific emotion regulation strategies among minoritized racial-ethnic groups may reflect adherence to cultural norms related to emotional expression. Indeed, cultural values in collectivist (such as Asian and Hispanic cultures) and individualistic cultures have been tied to emotion regulation strategies, with individualist cultures preferring expression of emotions and collectivistic cultures being more likely to apply emotional suppression (Ramzan and Amjad, 2017). As such, future research that identifies how specific cultural factors (e.g., ethnic identity, acculturation, and values adherence) may influence racial and ethnic differences in emotion regulation is warranted. Additionally, investigations into treatments that incorporate emotion regulation strategies that align with racial and ethnic cultural worldviews, ideologies, and values may serve to bolster substance use treatment outcomes among racial-ethnic minoritized populations.

Lastly, our findings identifying evident differences by race-ethnicity across key study constructs (i.e., mindfulness, emotion dysregulation, and craving) may also be a function of the psychometric properties of the utilized scales. Recent studies have revealed significant differences in item functioning across scales assessing affect and trauma among underserved groups such as racial and ethnic minoritized populations (i.e., the Clinician-Administered PTSD Scale for DSM–IV (CAPS-IV; Ruglass et al., 2020; Morgan-López et al., 2022) Future studies are needed to examine if these similar psychometric issues are present in other widely used scales such as those utilized in the present study. Indeed, these differences may likely have implications for treatment interventions that target racial-ethnic minoritized groups with substance use dependence.



Limitations

Findings from this investigation should be interpreted in light of its limitations. The cross-sectional data limit causal inferences and interpretation of mediating effects. However, it is important to note the chronological nature of the examined constructs in the research design. The independent variable of interest in the present study was collected retrospectively based on past exposure to traumatic events, whereas the mediator, moderator, and outcomes were collected based on the past 30 days, implying the foundation for temporal ordering and adding support for utilization of the current design (Shrout, 2011; Hayes et al., 2017). Nevertheless, we frame our findings in terms of indirect association and suggest that the present study findings provide theoretical contributions and lay the foundation for further longitudinal mediation analysis of the key study constructs. It is also possible that bidirectional associations exist between emotional regulation, mindfulness disposition and craving. For instance, stronger craving may hinder an individual’s appraisal or capacity to regulate emotions or implement mindfulness practices. While testing bidirectional associations of these constructs was outside the scope investigations it is important to note that future research exploring these relationships is warranted. Additionally, the self-report measures may be prone to social desirability bias, and retrospective reporting may contribute to false negative reports of early adverse childhood events (Hardt and Rutter, 2004). Self-reported alcohol and drug craving may be susceptible to biases of retrospective reporting (Serre et al., 2015). The nonreactivity subscale of the mindfulness scale also demonstrated lower internal consistency in this sample. Future research should develop a scale that more accurately captures the aspect of remaining nonreactive to internal experiences among diverse women with SUD. While bivariate differences across race-ethnicity were found across the key constructs in the present study, the limited sample size precluded testing whether race-ethnicity served as a modifier in the research model. An additional limitation were the relatively small effect sizes found in the present study. Previous meta-analyses have also noted small effect sizes on studies examining associations between mindfulness disposition and substance use behaviors (Karyadi et al., 2014). Despite the small mindfulness disposition–craving association, it is possible that mindfulness could still be an important target in treatment, particularly as it relates to the dimension of acting with awareness serving as an indirect pathway in the association between trauma exposure and craving, as found in the present study. Future studies with larger sample sizes are needed to further examine the clinical utility of integrating these strategies in SUD treatment among women with extensive histories of trauma exposure. Lastly, findings are based on a sample of women with SUD in residential treatment and may not be generalized to men or women being treated in outpatient SUD programs.



Conclusion

The present study contributes to understanding the associations among cumulative exposure to traumatic events, emotion dysregulation, mindfulness disposition, and substance use craving among racially and ethnically diverse women with SUD. While mindfulness disposition is considered a trait, it can be enhanced through mindfulness training, such as that provided by mindfulness-based interventions (Kiken et al., 2015). The buffering effect that mindfulness disposition had on the association between traumatic event exposure and craving warrants further examination into the potential benefits of integrating these mindfulness strategies into SUD treatments for women with extensive histories of exposure to traumatic events. Future research replicating these results in larger samples is needed to further examine these constructs as beneficial treatment targets among diverse racial and ethnic women in SUD interventions.
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Drug overdose deaths involving cocaine have skyrocketed, an outcome attributable in part to the lack of FDA-approved medications for the treatment of cocaine use disorder (CUD), highlighting the need to identify new pharmacotherapeutic targets. Vulnerability to cocaine-associated environmental contexts and stimuli serves as a risk factor for relapse in CUD recovery, with individual differences evident in the motivational aspects of these cues. The medial prefrontal cortex (mPFC) provides top-down control of striatal circuitry to regulate the incentive-motivational properties of cocaine-associated stimuli. Clinical and preclinical studies have identified genetic variations that impact the degree of executive restraint over drug-motivated behaviors, and we designed the present study to employ next-generation sequencing to identify specific genes associated with heightened cue-evoked cocaine-seeking in the mPFC of male, outbred rats. Rats were trained to stably self-administer cocaine, and baseline cue-reinforced cocaine-seeking was established. Rats were phenotyped as either high cue (HC) or low cue (LC) responders based upon lever pressing for previously associated cocaine cues and allowed 10 days of abstinence in their home cages prior to mPFC collection for RNA-sequencing. The expression of 309 genes in the mPFC was significantly different in HC vs. LC rats. Functional gene enrichment analyses identified ten biological processes that were overrepresented in the mPFC of HC vs. LC rats. The present study identifies distinctions in mPFC mRNA transcripts that characterizes individual differences in relapse-like behavior and provides prioritized candidates for future pharmacotherapeutics aimed to help maintain abstinence in CUD. In particular the Htr2c gene, which encodes the serotonin 5-HT2C receptor (5-HT2CR), is expressed to a lower extent in HC rats, relative to LC rats. These findings build on a plethora of previous studies that also point to the 5-HT2CR as an attractive target for the treatment of CUD.
Keywords: cocaine use disorder, cocaine-seeking, medial prefrontal cortex, RNA-sequencing, transcriptomics, 5-HT2CR
INTRODUCTION
Recent sharp rises in cocaine-related overdoses (Ahmad et al., 2022) associate with a history of cocaine use disorder (CUD) in some individuals (Yoon et al., 2014; John and Wu, 2017; Yule et al., 2018). Recidivism rates are high even among CUD individuals who have undergone rehabilitation (Brandon et al., 2007), and the field currently lacks approved pharmacotherapy to aid in sustaining recovery. Abstinence is challenged by sensitivity to stress, withdrawal symptoms, and cocaine-associated stimuli (e.g., cocaine-associated cues) which can trigger craving and relapse (Hendershot et al., 2011). Functional top-down control of the medial prefrontal cortex (mPFC) over striatal circuitry titrates the incentive-motivational properties of cocaine-associated stimuli (McLaughlin and See, 2003) and mPFC neuroadaptations resulting from chronic cocaine use associate with increased relapse vulnerability (for reviews) (Kalivas, 2005; Van den Oever et al., 2010; Jasinska et al., 2014; Cunningham et al., 2020). Preclinical analyses have illustrated persistent changes in mPFC gene transcripts resulting from cocaine exposure and withdrawal (Freeman et al., 2008; Walker et al., 2018). However, variation within the mPFC transcriptome contributory to individual differences in vulnerability to cocaine-seeking remains underexplored. Genes associated with heightened cue-evoked cocaine-seeking could serve as prioritized targets for neuropharmacological intervention to support abstinence and mitigate relapse in CUD patients particularly vulnerable to cocaine cue-evoked relapse.
The present study quantified cocaine-seeking following a 10-days period of abstinence from cocaine self-administration in outbred, male Sprague-Dawley rats to detect “low cue” (LC) and “high cue” (HC) phenotypes. Rats were categorized into phenotypes based on the degree of lever-presses for cocaine-associated cues. Next-generation sequencing (NGS) and bioinformatics analyses were utilized to identify neurobiological signatures within the mPFC transcriptome that correlate with heightened sensitivity to cocaine-associated cues (Geschwind and Konopka, 2009; Wang et al., 2009; Volkow et al., 2015). We established a unique mPFC transcriptomic landscape in the of HC vs. LC rats which validates known, and identifies, new molecular mechanisms to be interrogated in CUD relapse vulnerability.
MATERIALS AND METHODS
Animals
Male, Sprague-Dawley rats (n = 12; Envigo, Houston, TX) weighing 250–275 g upon arrival were housed two per cage and maintained on a 12-h light-dark cycle with monitored and controlled temperature (21°C–23°C) and humidity (45%–50%). Rats were acclimated to the colony room for 7 days prior to handling and experimentation and were allowed ad libitum access to food and water except during daily operant sessions. Rats were 11 weeks old at the start of operant training. Experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011) and with the approval of the University of Texas Medical Branch Institutional Animal Care and Use Committee.
Cocaine self-administration
Rats (n = 12) were anesthetized (8.6 mg/kg of xylazine, 1.5 mg/kg of acepromazine, 43 mg/kg of ketamine in bacteriostatic saline) prior to surgical implantation of indwelling jugular catheters with back mounts; rats were allotted 7 days to permit postoperative recovery (Cunningham et al., 2011; Cunningham et al., 2013; Anastasio et al., 2014a; Anastasio et al., 2014b). Rats received a 0.1 ml infusion of a bacteriostatic saline solution containing heparin sodium (10 µ/ml; American Pharmaceutical Partners, East Schaumburg, IL), streptokinase (0.67 mg/ml; Sigma Chemical, St. Louis, MO), and ticarcillin disodium (66.67 mg/ml; Research Products International, Mt. Prospect, IL) into the catheter immediately following daily self-administration sessions to ensure catheter patency during experimentation.
The cocaine self-administration assay utilized standard operant conditioning chambers (Med Associates, Inc., St. Albans, VT) housed within sound-attenuated, ventilated cubicles equipped with fans (Med Associates, Inc.). Operant chambers were fitted with two retractable response levers, a stimulus light above each response lever, a houselight on the wall opposite the response levers, and an external pellet dispenser. In 180-min sessions, rats were trained to perform a lever press response reinforced by infusions (0.75 mg/kg/0./1 ml) of (-)-cocaine HCl (NIDA Drug Supply Program, Bethesda, MD) dissolved in 0.9% NaCl and delivered through syringes loaded daily into infusion pumps (Med Associates, Inc.) (Cunningham et al., 2011; Anastasio et al., 2014a; Anastasio et al., 2014b; Swinford-Jackson et al., 2016). The infusion pumps were connected to liquid swivels (Instech, Plymouth Meeting, PA) fastened to catheters via polyethylene 20 tubing encased inside a metal spring leash (Plastics One, Roanoke, VA).
Scheduled responses on the active lever resulted in the delivery of a cocaine infusion over a 6-s period; each infusion was simultaneously paired with the illumination of the house and stimulus lights and activation of the infusion pump (i.e., discrete cue complex paired with cocaine delivery). Inactive lever presses were recorded but had no scheduled consequences. The stimulus light and infusion pump were inactivated following the delivery of cocaine. The house light remained on to signal a timeout period (20 s); lever presses committed during the timeout period had no scheduled consequences. Rats were trained on a fixed ratio (FR) 1 schedule of reinforcement and progressed to a FR5 schedule until stability as assessed by achieving <10% variation in the number of infusions and lever presses for a minimum of three consecutive sessions (within-subjects (phenotype), repeated measures (day), two-way ANOVA; GraphPad Prism 9.2.0) (Cunningham et al., 2013; Anastasio et al., 2014a; Anastasio et al., 2014b; Sholler et al., 2019; Anastasio et al., 2020).
Cue-reinforced cocaine-seeking
Once stable cocaine self-administration was achieved, individual levels of cue-reinforced cocaine-seeking were assessed in a 60-min session (see experimental timeline, Figure 1A). Lever presses on the previously active lever were reinforced by the cocaine-associated discrete cue complex (stimulus light illuminated, infusion pump activated) in the absence of cocaine, on a FR1 schedule. Inactive lever presses were recorded with no scheduled consequences. Rats were stratified as HC or LC rats based on a median split analysis of the total number of cue-reinforced lever presses on session 12 (unpaired, one-tailed Student’s t-test) (Anastasio et al., 2014a; Anastasio et al., 2014b; Fink et al., 2015; Sholler et al., 2020).
[image: Figure 1]FIGURE 1 | High cue (HC, red) and low cue (LC, blue) rats are stratified by levels of cue-reinforced lever presses in the self-administration (SA) model prior to transcriptomic analyses. (A) The experimental timeline is shown. (B) The time course of self-administration sessions is presented as the total presses (mean ± SEM) on the active (black circles; left Y-axis) or inactive lever (white circles; left Y-axis), and total number of cocaine infusions obtained in the 180-min session (purple circles; right Y-axis). (C) Total lifetime cocaine intake (mg/kg; mean ± SEM) is presented for HC (red) and LC (blue) rats. An unpaired, one-tailed Student’s t-test revealed HC rats (n = 5) self-administered a significantly higher amount of cocaine (568.31 ± 56.12 mg/kg) relative to LC rats (436.34 ± 33.49 mg/kg) (t8 = 3.546, p = 0.0076) (unpaired, two-tailed, Student’s t-test). (D) Total cue-reinforced lever and inactive lever responding during the first cue test on Day 12 (mean ± SEM) are presented for HC (red) and LC (blue). An unpaired, one-tailed Student’s t-test revealed HC rats (n = 5) displayed significantly higher lever presses (119.8 ± 6.21) for cocaine-associated cues relative to LC rats (n = 5; 87.6 ± 4.57) (t8 = 4.178, *p = 0.0015). An unpaired, one-tailed Student’s t-test revealed inactive lever presses did not differ between HC (16.0 ± 3.49) and LC rats (n = 5; 11.8 ± 2.73) (t8 = 0.9477, p = 0.1855).
Self-administration resumed following the cue probe and continued daily for an additional five maintenance sessions, followed by 10 days of abstinence in home cages and daily handling (Figure 1A). Half of the rats from each phenotype (n = 3/phenotype) were randomly selected and a second cue-reinforced cocaine-seeking test was conducted to interrogate maintenance of HC and LC phenotypes on session 27 (Pearson’s correlation). Total lifetime cocaine consumption [daily intake (mg/kg) = infusions per session * cocaine infusion dose (mg/ml) * infusion volume (0.1 ml/infusion) * body weight (kg)-1] for HC and LC rats was also determined (unpaired, two-tailed Student’s t-test).
RNA isolation from mPFC tissue homogenates
Rats (n = 12) were anesthetized with chloral hydrate (400 mg/kg) on experimental day 27, and brains were dissected. The mPFC, comprised of infralimbic, prelimbic, and anterior cingulate cortex regions (from Bregma: 3.2–1.2 mm anteroposterior, ±1.2 mm mediolateral, −5.2 mm dorsoventral) (Paxinos and Watson, 2005), was microdissected immediately over ice, flash-frozen in liquid nitrogen, and stored at −80°C for subsequent RNA isolation as previously described (Anastasio et al., 2014a; Anastasio et al., 2014b; Fink et al., 2015; Sholler et al., 2020). The mPFC was homogenized in 10 X W/V extraction buffer (20 mM HEPES, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 10 μl/ml protease inhibitor cocktail, 10 μl/ml phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich, St Louis, MO), and 5 μl/ml RNaseOUT™ Recombinant Ribonuclease Inhibitor (Thermo Fisher Scientific, Waltham, MA). Immediately following homogenization, the sample was transferred to 500 μl of TRI Reagent (Life Technologies, Grand Island, NY), and isolated RNA was purified using RNeasy Mini Kit (Qiagen, Germantown, MD). The RNA concentration and quality were analyzed using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek Instruments, Winooski, VT) and preserved at −80°C until assayed.
RNA-sequencing and bioinformatics pipeline
Total RNA-sequencing was performed at the University of California Los Angeles Technology Center for Genomics and Bioinformatics. Libraries were prepared using Kapa Stranded RNA-Seq Kit (Kapa Biosystems, Wilmington, MA). During the library preparation step, samples underwent enrichment, cDNA conversion, end repair, A-tailing, multiplexing, and amplification. Next, libraries were sequenced as single-end, 50 base-pair reads using the Illumina Hiseq3000 instrument generating between 16 and 39 million reads per sample. Two samples (n = 1/phenotype) did not meet quality control standards and were excluded from all analyses, and our final sample size was ten (n = 5/phenotype). The literature supports a minimum of five biological replicates per experimental group for the conduct of transcriptomics analyses in vitro and ex vivo (Ching et al., 2014). CLC Genomics Workbench v21 (Qiagen Bioinformatics) (Sholler et al., 2020) was used for sequencing quality control and mapping of the RNA-Seq data to the Rattus norvegicus reference genome and the collection of the coding sequences (Sholler et al., 2020). Sequencing data were initially trimmed using CLC’s “Trim Reads” module. Reads containing nucleotides below the quality threshold of 0.05 (using the modified Richard Mott algorithm), those with two or more unknown nucleotides or sequencing adapters were trimmed from the dataset. Filtered sequencing reads were then processed using the “RNA-Seq Analysis” module by mapping using a global alignment strategy against the Rat Rnot_6.0.97 annotated reference genome with 95% length fraction and 80% similarity fraction scores. Differential gene expression analysis was performed as part of the “RNA-Seq Analysis” module. The gene expression count was modeled by a separate Generalized Linear Model (GLM), and statistical significance was evaluated using the Wald Test. A volcano plot of differentially expressed genes was rendered using the Volcano Plot tool in Galaxy Version 0.0.5 (Afgan et al., 2018). Functional enrichment analysis was performed separately using Ingenuity Pathway Analysis (IPA) (QIAGEN, Venlo, NL) to determine the biological functions of significantly differentially expressed genes. The most significant functional pathways [−log10 (p-value) ≥ 1.3] were then evaluated. The genes associated with behavioral pathways by IPA were extracted and further evaluated using the Cytoscape (Shannon et al., 2003) application ClueGo (Bindea et al., 2009). As a result, we remapped the significant, differentially expressed genes to a more common open source using Gene Ontology accession numbers (Ashburner et al., 2000; Gene Ontology, 2021) and further dissected into more specific and relevant biological processes specifically related to behavior. The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (Version 11.5; ELIXER, Cambridgeshire, United Kingdom) (Szklarczyk et al., 2019; Szklarczyk et al., 2021) was utilized to determine protein–protein interactions which are predicted based on published experimental data (e.g., co-expression, protein homology) and other bioinformatics databases [(e.g., Kyoto Encyclopedia of Genes and Genomes (KEGG)], Reactome, etc.) to generate the protein-protein interaction (PPI) network [reference genome: Rattus norvegicus, confidence score = 0.4 (default).
RESULTS
High cue and low cue rats are distinguished based upon cue-reinforced lever presses
Outbred rats trained to self-administer cocaine (0.75 mg/kg/infusion) acquired stable self-administration by experimental session 11 (Figure 1B). Across the last three sessions, a two-way ANOVA (factors: phenotype, between-subjects and day, within-subjects) revealed a main effect of phenotype on infusions earned (F1,8 = 38.01, p = 0.0003), but no main effect of day (F2,16 = 0.9057, p = 0.4240) or significant phenotype X day interaction (F2,16 = 0.8262, p = 0.4555). These results indicate differences in cocaine-taking between phenotype, but not across the days preceding the cue test indicating stable self-administration. Total cocaine intake (Figure 1C; mean ± SEM) was higher in HC rats (568.31 ± 56.12 mg/kg) relative to LC rats (436.34 ± 33.49 mg/kg) (t8 = 3.546, p = 0.0076) (unpaired, two-tailed, Student’s t-test).
Rats were stratified as exhibiting greater than (HC rats) or less than (LC rats) the median (102.5) of total cue-reinforced lever presses on the first cue assessment on session 12, respectively (n = 5/phenotype) (Figure 1D) (Anastasio et al., 2014a; Anastasio et al., 2014b; Fink et al., 2015; Sholler et al., 2020). An unpaired, one-tailed Student’s t-test revealed total cue-reinforced lever presses (mean ± SEM) were significantly higher in the HC (119.8 ± 6.21) relative to the LC (87.6 ± 4.57) phenotype (t8 = 4.178, p = 0.0015). Total inactive lever presses (mean ± SEM) were not different between HC (16.0 ± 3.49) and LC (11.8 ± 2.73) rats (t8 = 0.9477, p = 0.1855) (unpaired, two-tailed Student’s t-test). On experimental day 27, cue-reinforced lever presses were reassessed in a subset of randomly selected rats (n = 6) and a positive correlation was observed between their two assessments (R2 = 0.75, p = 0.013), indicating stability of the HC and LC phenotype (Pearson’s correlation analysis).
RNA-sequencing reveals 309 genes in the mPFC differ between HC and LC rats
Genes that were significantly increased or decreased in the mPFC of HC rat relative to LC rats was determined by analyzing gene expression count with a Generalized Linear Model (GLM) followed by the Wald Test (CLC Genomics Workbench v21, Qiagen Bioinformatics) (Sholler et al., 2020). A volcano plot of differentially expressed genes was rendered using the Volcano Plot tool in Galaxy Version 0.0.5 (Afgan et al., 2018). The expression of 309 genes in the mPFC significantly differed between HC vs. LC rats [-Log10 p-value ≥1.3 (y-axis) and |Log2 Fold Change| ≥ 0.58 (x-axis)]. The volcano plot (Figure 2) displays genes with lower (purple symbols; n = 227) and higher (orange symbols; n = 82) expression in the mPFC of HC vs. LC rats.
[image: Figure 2]FIGURE 2 | The volcano plot displays the results of mPFC RNA-seq results (CLC Genomics Workbench v21, Qiagen Bioinformatics) (Sholler et al., 2020) for HC and LC rats (generated by the Volcano Plot tool in Galaxy Version 0.0.5) (Afgan et al., 2018). Purple symbols (n = 227) indicate genes with lower expression in the mPFC of HC vs. LC rats. Orange symbols (n = 82) indicate genes with higher expression in mPFC of HC vs. LC rats. Significance criteria include -Log10 p-value ≥1.3 (y-axis) and Log2 fold change ≤ −0.58 or ≥ +0.58 (x-axis) (see Methods).
Gene enrichment identifies biological processes overrepresented in the mPFC of HC rats
We utilized a combined gene set enrichment analysis approach with Ingenuity Pathway Analysis (IPA) (QIAGEN, Venlo, NL) and ClueGO (Cytoscape plug-in) to provide biological context to the registry of 309 differentially expressed genes (Bindea et al., 2009). A cluster of ten biological processes associated with behavior was found to be overrepresented in the HC phenotype (p < 0.05) (Table 1, top left column). Eighteen differentially expressed genes were found to populate these biological processes (Table 1). For example, adenosine receptor subtype 2A (Adora2a), cell cycle exit and neuronal differentiation 1 (Cend1), dopamine D2 receptor (Drd2), dopamine D3 receptor (Drd3), fibroblast growth factor 14 (Fgf14), serotonin 5-HT2C receptor (Htr2c), proenkephalin (Penk), protein phosphatase 1 regulatory inhibitor subunit 1B (Ppp1r1b), and synaptosome associated protein 25 (Snap25), and thyroid stimulating hormone receptor (Tshr) associate with locomotor behavior (GO:0007626). The computed false discovery rate (FDR)-adjusted p-values for behavior-related genes suggest a possibility of type I error, however the literature supports the involvement of these genes in CUD (see Discussion). A STRING network analysis (Version 11.5; ELIXER, Cambridgeshire, United Kingdom) (Szklarczyk et al., 2019; Szklarczyk et al., 2021) reveals predicted PPIs between nine of the 18 highlighted targets (e.g., Adora2a-Drd2, Figure 3). Network nodes (proteins) (Aci-SeChe et al., 2014) are shown with one or more connections (edges) to representing each line of evidence that predict an interaction between two nodes (e.g., protein homology; see Figure legend).
TABLE 1 | Functional gene enrichment (IPA plus Cytoscape ClueGO) reveals behavior-related biological processes (top, left) that are overrepresented in the mPFC of HC vs. LC rats, significance and associated genes noted in upper middle and right columns, respectively. Full gene names for highlighted genes are noted below. Fold change values (bottom, right) for associated genes (bottom, left) that populate these biological process pathways are presented with significance noted (bottom, middle). Significance criteria include fold change >1.0, p-value <0.05 (see methods).
[image: Table 1][image: Figure 3]FIGURE 3 | STRING bioinformatics analysis identified a network of predicted interactions in a subset of the selected genes. The specific color of network edges corresponds to the source of evidence for each known or predicted interaction (source: teal, curated database; magenta, experimentally determined; green, text mining; black, co-expression; lavender, protein homology). Confidence threshold based upon an interaction score of 0.4 minimum (see Methods).
DISCUSSION
We provide an unbiased evaluation of gene regulation in the mPFC associated with individual differences in cocaine-seeking during abstinence in male, outbred rats. Our interrogation isolated several candidate genes associated with heightened cue-evoked cocaine-seeking. Intriguingly, out of the 309 differentially expressed genes, the majority (∼73%) were decreased in the mPFC of HC rats. It is plausible this translated to a loss of fine-tuned, top-down regulation of downstream striatal circuitry implicated in drug-seeking behavior. Gene enrichment analyses narrowed our focus to genes that contribute to behavior-related biological processes (n = 18). We identified overarching themes (e.g., hyperactivity, heightened stress) connecting several biological processes overrepresented in the HC phenotype. These global themes might have been expected as hyperactivity and heightened stress states are often comorbid in individuals diagnosed with CUD, especially in the preoccupation/anticipation stage modeled here (Koob and Kreek, 2007). Here, we specifically highlight genes implicated in several biological processes (e.g., Htr2c) or predicted to interact at the protein level (e.g., Adora2a, Drd2). Our laboratory (Anastasio et al., 2013; Felsing et al., 2018; Price et al., 2019; Soto et al., 2019) and others (Tao et al., 2017; Hámor et al., 2018; Hasbi et al., 2020) have identified biologically meaningful PPIs which promise to enrich our understanding of SUD mechanisms and perhaps serve as targets for study in the therapeutic space.
The Htr2c gene encodes the serotonin (5-HT) G-protein coupled receptor (GPCR) 5-HT2C receptor (5-HT2CR) and our transcriptomic analyses identified lower Htr2c mRNA expression in the mPFC of abstinent HC vs. LC rats (FC: 1.510), aligning with lower 5-HT2CR protein expression previously observed in the mPFC during abstinence (Anastasio et al., 2014b; Swinford-Jackson et al., 2016). An investigational 5-HT2CR agonist evinced efficacy, but reduced potency, to inhibit cocaine-seeking during abstinence (Swinford-Jackson et al., 2016), supporting the concept that 5-HT2CR agonists (Fletcher et al., 2004; Cunningham et al., 2011; Harvey-Lewis et al., 2016; Anastasio et al., 2020), may ameliorate hypofunctional 5-HT2CR neurotransmission as a core mediator of relapse vulnerability (for reviews) (Howell and Cunningham, 2015; Cunningham et al., 2020). However, while the 5-HT2CR agonist lorcaserin reduced craving in non-treatment seeking CUD participants (Pirtle et al., 2019; Johns et al., 2021), this medication may facilitate continued abstinence in treatment-seeking CUD participants (NCT03007394). While these outcomes may reflect translational challenges in medication development for CUD, future studies are required to define specific molecular strategies to enhance performance of cortical 5-HT2CR function to mitigate relapse in CUD patients. For example, a 5-HT2CR positive allosteric modulator is sufficient to suppress cocaine-seeking in male rats (Wild et al., 2019), perhaps due to its superior selectivity for the 5-HT2CR over the other 5-HT2 receptors (Wold et al., 2019) relative to lorcaserin (Thomsen et al., 2008).
Eight Bardet-Biedl Syndrome (BBS) proteins form the BBsome complex, a stable complex involved in signaling receptor trafficking to and from ciliary membranes of neurons (Nachury et al., 2007; Scheidecker et al., 2014). The Bbip1 gene encodes one of these proteins (BBSome interacting protein 1) (Loktev et al., 2008) which facilitates vesicular trafficking of GPCRs from cytosolic compartments to the plasma membrane in neurons (Domire et al., 2011; Guo et al., 2016; Shinde et al., 2020). Our transcriptomic analysis identified the Bbip1 gene as expressed in the mPFC to a lower degree in HC rats vs. LC rats (FC: 1.642). Interestingly, genetic disruption of the BBsome complex stalled 5-HT2CR trafficking in late endosomal compartments, resulting in decreased 5-HT2CR ciliary membrane expression in neurons (Guo et al., 2019). This induced a biologically significant impact such that the anorectic effect of the 5-HT2CR agonist lorcaserin was blunted in a rodent model of obesity (Guo et al., 2019). It is possible that reduced Bbip1 expression led to diminished BBsome-mediated receptor trafficking and further disruption of 5-HT2CR function in HC rats. In line with this hypothesis, we demonstrated that the ratio of membrane to cytoplasmic 5-HT2CR protein expression in the mPFC is inversely correlated with cocaine-seeking (Swinford-Jackson et al., 2016). Future studies are required to determine the exact impact of Bbip1 loss and BBsome complex disruption on 5-HT2CR trafficking in key neuronal circuitry involved in cocaine-motivated behaviors.
A core network of predicted PPIs generated by the STRING biological database shows several layers of association (edges) between nine of the eighteen genes of interest. Genes coding for the adenosine A2A receptor (Adora2a; FC: 2.531), dopamine receptor D2 (Drd2; FC: 1.843), G protein subunit gamma 7 (Gng7; FC: 1.389), and protein phosphatase 1 regulatory inhibitor subunit 1B (Ppp1r1b; FC: 1.356) were the most interconnected nodes each with edges reaching to five other genes in the network. In contrast to the current findings, a separate study found Adora2a, Drd2, and Ppp1r1b to be increased in the mPFC of “vulnerable” mice that exhibit heightened cocaine-motivated behavior, relative to “resilient” mice; phenotypes were assigned to each animal through multi-factor analysis of operant behavior observed during cocaine self-administration sessions (e.g., cocaine intake) (Navandar et al., 2021). While both studies implicate these genes to be important regulators of cocaine-motivated behaviors, differential gene expression patterns could be expected to be dependent on the given stage of CUD being modeled (active drug consumption vs. abstinence). The adenosine 2A (A2A) and dopamine D2 (D2) receptors, predicted to physically interact in the current PPI analysis, form heterodimers within the striatum (Prasad et al., 2021; Valle-Leon et al., 2021). Activation of the A2A receptor blocks D2 receptor-mediated inhibition of striatal neurons when in complex, while A2A receptor antagonists enhance dopaminergic signaling (Azdad et al., 2009). The A2A-D2 receptor heteromer is under investigation as a therapeutic target for disorders associated with hypodopaminergic tone (i.e., CUD) (Parsons et al., 1991; Moeller et al., 2012). Most of this research is focused within the striatum; the functional impact of this association within cortical neurons remains underexplored.
Our experimental design allowed for the identification of 309 genes differentially expressed in the mPFC within male rats displaying differential responsiveness to cues previously associated cocaine intake. Intriguingly, but perhaps not surprisingly, we observed that total lifetime cocaine intake associated with the highest level of cue-evoked cocaine-seeking. This is consistent with previous observations that demonstrate greater levels of cocaine exposure associate with heightened CUD-like behavior (e.g., cocaine-primed cocaine-seeking) in rodents (Deroche-Gamonet et al., 2004). Conceivably, it is plausible that the transcriptomic differences detected are directly linked with overall heightened cocaine-motivated behavior during both self-administration (cocaine-taking) and cue test (cocaine-seeking) sessions. A recent publication sought to identify the transcriptomic changes occurring in several mesocorticolimbic nodes in rats trained to self-administer saline or cocaine, animals were euthanized 24 h or 30 days following the final self-administration session (Walker et al., 2018). Although animals in the current study were euthanized at 10 days of abstinence from cocaine, the genes we highlight here still do not overlap with those identified as differentially expressed in the PFC in saline versus cocaine self-administration rats. This suggests variation in cocaine-seeking, but not cocaine exposure, is the primary driver of transcriptomic differences in mPFC of HC rats. Although, the discrepancy between these two findings may be related to species and/or timepoint differences. As we have demonstrated in the past, mechanisms associated with self-administration of cocaine are distinct relative to non-drug rewards such as sucrose (Swinford-Jackson et al., 2016). Inclusion of a sucrose self-administration control group in the future would be useful in parceling out neuromolecular drivers of drug and natural reinforcers. Lastly, female rodents frequently exhibit heightened psychostimulant-seeking following cessation of self-administration relative to male rats (for review) (Becker and Koob, 2016). However, the impact of chronic cocaine exposure and variation in cocaine-seeking on the mPFC transcriptome of female rats is underexplored; future studies are warranted to determine if our findings are generalizable across sex. In conclusion, we propose the 5-HT2CR, BBsome complex, and A2A-D2 receptor heteromer should be further investigated as prioritized candidates for the development of pharmacotherapeutics to reduce relapse vulnerability.
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Background: Even in the early stages, global crises such as the COVID-19 pandemic lead to serious dislocations of social life, secondary adjustment reactions to external restrictions and individual concerns. Coping mechanisms may also include dysfunctional strategies like an increase of drug use. Considering the wide-spread use of cannabis, the aim of this study was to elucidate the interplay of social restrictions, psychopathology, concerns related to the pandemic in addition to the users’ experiences, motivations and consumption quantities during the early COVID-19 pandemic. It was presumed that cannabis intake would increase during the early phase of the crisis and that consumption quantities would be related to corona-related restrictions, concerns as well as subjective substance effects and psychopathology.

Materials and methods: As part of an international, cross-sectional, internet-based survey (N = 5,049) available in five languages, consumption quantities and patterns of cannabis use in the early phase of the pandemic from April to August 2020 were examined. Participants retrospectively rated restrictions and concerns related to the pandemic, motives of cannabis use prior to and during 1 month the pandemic, and subjective consumption effects.

Results: Cannabis use behavior showed no significant differences when consumption quantities prior and during 1 month after the COVID-19 outbreak were compared. Higher quantities of cannabis intake prior and during 1 month of the pandemic as well as more corona-related concern were associated with an increased perception of positive effects of cannabis during the pandemic. Predictors of its use during 1 month of pandemic were higher pre-pandemic consumption quantity, older age, quarantinization, a lesser degree of being affected by negative effects of the pandemic and a stronger subjective experience of corona-related positive effects of cannabis. Comparisons of the motives for cannabis intake in the pre-pandemic versus the pandemic period showed that all rationales for consumption were reported less frequently, except boredom.

Conclusion: Frequencies of cannabis intake remained relatively stable in the early pandemic phase. Risk factors for increased use seem related to habitual consumption patterns that become more prominent under quarantinization. The use of cannabis as a dysfunctional coping strategy might not be amenable via self-report and should therefore receive special attention in clinical contexts.
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COVID-19, pandemic, SARS-CoV-2, cannabis, THC


Introduction

The early phase of the spread of the coronavirus can be seen as exemplary for the beginning of a global crisis, being accompanied by considerable insecurity, restrictions of freedom and social dislocations. Healthy individuals as well as psychiatric patients are affected in terms of anxiety levels, symptoms of post-traumatic stress and depression (1), and access to treatment facilities might become limited. Individual reactions and coping attempts might also include dysfunctional strategies, such as the use of psychotropic substances. Scientific literature exploring possible changes in substance use disorders (SUDs) in times of pandemics is scarce (2). It is of special interest that the pandemic modifies the agenda of health professionals (3) and the treatment of SUDs appears to be immensely affected by COVID-19-related restrictions due to its mostly elective access to inpatient care, the voluntary basis of therapy and the transitional closure of outpatient facilities. Moreover, patients with SUDs are at higher risk of complications during treatment of SARS-CoV-2 infection, mainly because of pre-existing lung conditions, co-occurring comorbidities and, in many countries, limited access to public health facilities (4). For these reasons, there is an urgent requirement to highlight alterations caused by the pandemic. Patterns of usage of illicit and non-illicit drugs need to be clearly understood to effectively provide adapted drug treatment facilities for a vulnerable patient group. The global drug survey (GDS) as well as the European Monitoring Center for Drugs and Drug Addiction (EMCDDA) trendspotter briefing provided relevant details on the development on drug use until June 2020 (5, 6). The latter study reported that alcohol use became more frequent, being consumed in larger quantities, in non-social contexts and was combined with an increased use of prescribed medicines such as benzodiazepines. Conflicting international literature stating decreased alcohol consumption amounts during the beginning of the pandemic were published in 2020 and the following year (7–9). Boehnke et al. stated that more than 50% of participants recruited using Amazon Mechanical Turk via Cloud research either started using or increased use of medications or substances (most evident for alcohol and sleeping aids) because of the COVID-19 pandemic (10). Cannabis is a common substance consumed in social as well as non-social contexts. It has been proclaimed that on-going cannabis use results in poorer mental and physical health outcomes (11–15) which seems particularly relevant during ongoing restrictions of daily life.

Aim of this multi-lingual internet survey was to elucidate changes of cannabis consumption behaviors related to the early phase of the SARS-CoV-2 pandemic and associated stressors, to gain insight in motivations and reasons for use, to delineate changes in the subjective experience of cannabis use, and to assess possible interactions of its intake with parameters of mental health.

We hypothesized that cannabis intake would increase during the pandemic compared to the prior period. In addition, it was assumed that quantitative parameters and changes in intake would be related to negative sequelae and subjective concerns aroused by the COVID-19 crisis, and to corona-related positive effects of cannabis as well as psychopathology. Moreover, it was supposed that the consumption quantity during the early pandemic can be predicted by the pre-existing consumption rate, corona-related concerns, self-perceived negative effects of the pandemic, corona-related positive effects of cannabis intake and quarantinization. It was also hypothesized that participants being quarantined would report higher consumption rates and report different subjective effects of cannabis compared to persons who did not have to undergo this measure. On an exploratory basis, we aimed at determining changes of motivations for cannabis use before and during the pandemic. It was hypothesized that social or interactional contexts would be less relevant as common subjective motives for cannabis use during the pandemic, but that other reasons, such as regulation of affective states, would gain importance.



Materials and methods

The study was approved by the Institutional Review Board (ethics committee) of the Charité – University of Medicine Berlin. A task force of psychiatrists and psychologists with experience in treatment of SUDs constructed an online-survey that was internationally available from April 30th until August 25th, 2020 in the following languages: German, English, Korean, Italian, Spanish. The survey was announced on social media, internet platforms such as Erowid, and mailing lists. The first section assessed the current situation in terms of the pandemic, related public conditions and their subjective experiences. Quantitative data regarding consumption patterns prior to the COVID-19 outbreak and during the last 4 weeks preceding the study participation were obtained and basic sociodemographic parameters were retrieved.


Participants

Participants aged at least 18 years, being fluent in one of the aforementioned languages, needed approximately 25 min for anonymous participation. Usage of cannabis in 2019 and/or 2020 was defined as the main inclusion criterion. Demographic questions included age, gender, country of residence and current quarantine as well as an item on being temporarily quarantined during the last month. Current health situation (symptoms of coughing, fever or cold etc., COVID-19 test result in the past), social and professional situation were also asked. Subjects rated the quality and price of the illicit substance and were asked to rate supply difficulties during the pandemic compared to the prior period on a 5-point Likert scale (1-never; 2-rarely; 3-sometimes; 4-frequently, 5-very frequently).



Measures


Symptom checklist-short version-9

All participants completed the 9-item short version of the Symptom-Check-List-90-R as extracted by Prinz et al. in 2008 (16) and constructed by Klaghofer and Brähler (17). The SCL-90-R is a 90-item self-report measure used to assess general psychopathology and overall psychological distress (18). The Symptom Checklist-short version-9 (SCL-K-9) included 3 items on depressive symptoms and one item for each of the following dimensions: anxiety, phobic anxiety, somatization, interpersonal sensitivity, paranoid ideation, hostility (19). Each of the nine items was rated on 5-point-Likert scales, whereby participants were asked to base their rating on the last 7 days (as compared with symptomatology prior to COVID-19 crisis).



Quantity of cannabis consumption

Moreover, participants rated their cannabis consumption frequencies on a 6-point-Likert scale (1–less than once per month; 2–circa once per month; 3–two to three times per month; 4–two to three times per week; 5–at least four times per week; 6–daily). A consumption change score was added to indicate the difference of consumption quantities pre-post-pandemic (i.e., negative values indicate an increasing consumption frequency and vice versa).



Motivations for cannabis consumption

To investigate the motives for cannabis use prior to as well as during the pandemic, respondents were asked to complete closed questions (yes/no) on the following possible rationales behind the respective substance usage: relaxation, partying, curiosity, self-experience, spiritual growth, numbing of anger/sadness, numbing of tension/inner emptiness, prescription by a physician, intensification of life, boredom, anesthetizing oneself, pleasure, cure of physical illnesses, cure of mental illnesses, encouragement by consuming friends/family members.



Negative effects of the pandemic

A sum score for negative effects of the pandemic comprised the following four items: isolation (“How strongly have you felt socially isolated during the last 4 weeks?”), awareness of media (“How intensely did you follow the news on COVID-19 during the last 4 weeks?”), restriction of life (“How severely did you restrict your way of life during the last 4 weeks?”), leaving the house (“How frequently have you left your house during the last 4 weeks?”). The items isolation and restriction of life were rated on the following 5-point Likert scale: 1- not at all; 2-very mild; 3-partially; 4-moderate; 5-severe. The item leaving the house was also rated on a 5-point Likert scale (1-much less frequently; 2-less frequently; 3-neither less or more frequently; 4-more frequently; 5-much more frequently). The item awareness of media has been handled in a similar manner (1-not at all; 2-rarely; 3-sometimes; 4-frequently, 5-very frequently). Recoding of the item leaving the house was executed prior to sum score calculation. Moreover, participants were asked whether they were currently quarantined.

Corona-related concern was assessed on a 4-point Likert scale (“How severely concerned have you felt during the last 4 weeks due to the COVID-19 developments?”) from “not at all” to “very severe.” Additionally, participants were invited to specify their concerns, whereby multiple responses were allowed. The following 14 concerns were available for selection: concern about COVID-19 infection of friends, family or oneself; death of oneself or many people in a short time span; overburdening of health systems; missing capacity for treatment of other diseases; oneself or others lacking social contacts; development of psychic symptoms; threat of an economic crisis; development of a political crisis; intensification of international conflicts; loss of income or jobs; difficulties in acquisition or financing of (illicit) substances; withdrawal; disadvantage with regard to inpatient treatment; other concerns to be specified by participants. A “corona concern” sum-score was created by adding all concern items and division by number of concern items thereafter. A low “corona concern” sum-score indicates less concerns due to impacts of COVID-19 crisis.



Cannabis effects

Ratings of seven items regarding differences in physical and mental effects of cannabis usage during the month of the pandemic as compared with previous experiences with the substance were obtained utilizing 5-point Likert scales (1-much less; 2-less; 3-equally; 4-more; 5-much more; 6-I do not know), respectively. Physical and mental effects considered in this survey were relaxation, intensification of taste, sexual pleasure, more profound knowledge of one’s life and the world, sense of threat, fear of somatic illnesses, fear for the future. The answer option “I do not know” was eventually not considered in the analysis.



Corona-related positive effects of cannabis intake

The items mastery (“Cannabis currently helps me to handle the COVID-19 crisis”), sense-giving (“Cannabis helps me to give a meaning to the COVID-19 crisis”) and handle isolation (“Due to cannabis consumption I can cope with social distancing during the last 4 weeks”) were added to create a sum score to account for experienced positive effects of cannabis intake participants, respectively rated the items mastery and sense-giving on 5-point Likert scales (1-totally disagree; 2-partially agree; 3-mostly agree; 4-agree; 5-strongly agree). The item handle isolation war also rated on a 5-point Likert scale (1-much worse; 2-worse; 3-neither worse or better; 4-better; 5-much better).




Statistics

IBM PASW Statistics 26 was used to execute statistical calculations. Normal distribution was determined utilizing the Shapiro–Wilk test. Statistical significance was defined at a two-sided p < 0.05. Descriptive statistics comprise the calculation of frequencies, mean values and standard deviations of parameters relating to cannabis consumption. To compare cannabis usage prior to the pandemic versus up to 1 month preceding survey participation paired comparisons between variables were undertaken using Wilcoxon’s test. In order to investigate associations between quantitative cannabis intake and corona-related positive effects of cannabis, negative sequelae and concerns related to the COVID-19 crisis non-parametric Spearman correlational analyses were chosen. According to Cohen, effect sizes were classified as follows: weak: r(Spearman) >0.1, moderate: r(Spearman) >0.3, strong: r(Spearman) >0.5 (20). The impact of quarantinization on the experience of cannabis effects, corona-related positive effects of cannabis intake and consumption quantities was investigated using Mann–Whitney-U- and Wilcoxon tests. An ordinal logistic regression was performed using the cannabis consumption during 1 month of the pandemic as the dependent variable and gender and quarantinization as categorical independent variables. The following covariates entered the calculation: age, cannabis consumption quantities prior pandemic, corona concern sum score, sum score for negative effects of the pandemic and the sum-score of corona-related positive effects of cannabis. The predictors were tested a priori to exclude multicollinearity. McNemar tests were executed for all rationales behind consumption of cannabis for the pre-pandemic time span versus during the month of the pandemic.




Results


Demographics

The total sample of participants of the corona drug survey (N = 5,049) derived from 53 countries and contained 3,204 (63.5%) participants who consumed cannabis in 2019 or 2020. Table 1 contains the basic characteristics of the study participants. A total of 1,444 (45.1%) participants were under current quarantine at the time of the interview and 1,813 (56.7%) respondents had experienced quarantine during the preceding month. The compliance of participants regarding restrictive measures revealed the following distribution: none 55 (1.7%); not very compliant 125 (3.9%); partially compliant 804 (25.1%); rather compliant 1,533 (47.8%); very compliant 683 (21.3%). Symptoms of corona disease during the last 4 weeks were affirmed by 488 (15.2%) people, whereby only 133 respondents (4.2%) got a specific laboratory test. Six participants had a positive SARS-CoV-2 result; only one person during the preceding month. Supplementary Table 1 provides further information on pandemic changes of occupational conditions and associated fears of the subsample.


TABLE 1    Characteristics of respondents (N = 3,204).
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Concerns and positive effects of the pandemic

The concern regarding the corona pandemic in the sub-group of cannabis consumers was rated as follows: not at all 374 (11.7%); small 1,633 (52%); severe 905 (28.2%); very severe 292 (9.1%). 2,833 participants of the total sample specified their concerns. 65.7% (N = 1,861) of the respondents feared to acquire a corona infection or to have relatives being infected. 772 (N = 27.3%) participants were concerned to have a lethal course of illness. 41.7% (N = 1,182) of interviewees feared that the capacity for treatments of other illnesses will be limited and 46% (N = 1,304) anticipated associated mental issues. The concern for an economical exigency was raised by 2,097 people (74%), 1,113 participants (39.3%) expected a political crisis and 1,113 persons (39.3%) anticipated an intensification of international affairs. Loss of income or occupation was specified by 2019 (N = 71.3%) people. Financing or provision of substances was seen as a difficulty by 31.9% (N = 903), whereby 301 participants assumed to develop withdrawal symptoms. 68.5% of interviewees also reported a positive effect of the corona crisis: discharge of obligations (N = 1,024; 32%); new liberties (N = 516; 16.1%); new hobbies (N = 793; 24.8%); intensified contact to partner, family and/or friends (N = 880; 27.5%); more leisure time (N = 1,279; 39.9%); others (N = 257; 8%).



Consumption associated conditions

Only 3 percent (N = 96) of the consumers stated to have used cannabis for the first time during corona crisis. N = 175 consumers had been seeking support due to their cannabis intake. A total of 14 participants consulted an emergency department, 42 reported inpatient treatment, 66 had psychotherapy, 37 chose withdrawal treatment, and 16 searched for other forms of support. The majority of the study participants stated that the quality (N = 1,900; 67.7%) and price (N = 1,412; 50.1%) of cannabis remained unchanged. Amongst those participants who affirmed a change in price and quality of cannabis, a minority noticed a diminished prices (N = 79; 2.8%) or improved quality (N = 220; 7.8%). Furthermore, limitations of cannabis supply rose when comparing pre-pandemic conditions with the time span of 1 month of the pandemic. Out of a total of 2,188 subjects, 44.1% (N = 966) specified that they never experienced supply difficulties prior to the pandemic. This statement was upheld by 628 individuals (29%) during pandemic. Likewise, the number of people stating very frequent supply limitations increased from 38 (1.7%) to 279 (12.9%) participants.



Substance use behavior prior to COVID-19 outbreak versus during 1 month of pandemic

The majority of the participants (N = 1,229; 43.1%) denied to have altered the dosage of consumption whereby 890 (31.2%) lowered their dosage of cannabis within 1 month after corona outbreak. 25.6% (N = 730) of the sample increased their cannabis dosages. Faster redosing was reported by 601 patients (21.2%), whereas 420 participants (14.8%) declared a delayed urge for redosing. A total of 3,199 participants specified their consumption quantity prior the pandemic (mean = 4.15; SD = 1.92; median = 5) and 3,202 subjects quantified their consumption of cannabis during 1 month of the pandemic (mean = 4.14; SD = 1.89; median = 5). The Wilcoxon signed rank tests did not reveal a significant difference of the cannabis consumptions at the aforesaid time periods [Z = −0.838; p (2-tailed) = 0.402].



Associations of reported corona-related positive effects of cannabis, negative sequelae and concerns related to the COVID-19 crisis with consumption quantities

As illustrated in Table 2, higher quantities of cannabis consumption prior and during 1 month of the pandemic were associated with an increased perception of positive effects of cannabis during the pandemic. The “corona concern” sum-score was positively correlated with the perception of negative effects of the pandemic (Spearman’s r = 0.269; p < 0.001; N = 2,834), and participants specifying more “corona concern” expressed more positive effects of cannabis during the pandemic (Spearman’s r = 0.103; p < 0.001; N = 2,178). However, no associations were found between “corona concern” and the quantitative cannabis consumptions or its changes during the pandemic.


TABLE 2    Spearman’s correlation coefficients of corona-related positive effects of cannabis, negative sequelae, and concerns related to the COVID-19 crisis with consumption quantities.
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Associations with psychopathology

Correlations between participants’ consumption quantities prior to the pandemic and general psychopathology as rated using the short version of the Symptom Checklist-short version-9 showed negligible effect sizes (cannabis consumption pre-COVID-19 pandemia: Spearman’s r = −0.051; p = 0.025; N = 1,903; cannabis consumption during 1 month of COVID-19 pandemia: Spearman’s r = −0.033; p = 0.145; N = 1,905).



Predictors of the use of cannabis during 1 month of pandemic

Ordinal logistic regression analysis revealed that a significant improvement in fit of the final model over the null model was found [χ2(7) = 1,533.612; p < 0.001; Nagelkerke R2 = 0.538]. Whereas gender and corona-related concerns were not significantly contributing to the model, higher age, being placed in quarantine, a milder experience of the negative effects of the pandemic, a higher pre-pandemic cannabis consumption quantity and a stronger perception of corona-related positive effects of cannabis intake significantly predicted an increased intake during the pandemic. Odd’s ratios and 95%-confidence intervals are illustrated in Table 3.


TABLE 3    Predictors of the consumption quantity of cannabis during 1 month of the pandemic.
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Impact of quarantine on consumption quantities and the experience of cannabis effects

Mann–Whitney-U-tests confirmed a significant difference between quarantined participants and users not being quarantined in their respective cannabis consumption quantities prior [Z(N = 3,206) = −5.965; p < 0.001] and during 1 month of the pandemic [Z(N = 3,208) = −3.27; p < 0.001]. Consequently, in both periods quarantined individuals were consuming cannabis more frequently. As portrayed in Table 4, it can be assumed that participants, who had been quarantined during this month of the pandemic, reported higher levels of relaxation, intensity of taste, knowledge of one’s life and the world and sexual pleasure in relation to cannabis use. Of note, the quarantined participants also affirmed sense of threat and fear of somatic illnesses to a larger degree.


TABLE 4    Impact of quarantine on the experience of cannabis effects, corona-related positive effects of cannabis intake and consumption quantities.
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Rationales behind cannabis consumption prior to COVID-19 outbreak versus during 1 month of pandemic

Frequent motives for cannabis intake prior to corona restrictions were relaxation (N = 2,382; 82.6%), partying (N = 1,744; 60.5%), numbing of anger/sadness (N = 1,138; 39.5%), inner emptiness (N = 1,246; 43.2%) and pleasure (N = 2,206; 76.5%). During the month after corona outbreak all of the elected motives for cannabis consumption were chosen less frequently; especially motives such as partying (N = 639; 22.2%), curiosity (N = 217; 7.5%), pleasure (N = 1,697; 58.8%). Boredom was chosen as a reason for consumption of cannabis by 1,080 participants (37.4%) prior to and by 1,039 participants (36%) during 1 month of the pandemic. McNemar tests showed that there were significant differences regarding all rationales for cannabis consumption, except for boredom (see Table 5). N = 302 consumers who did not use cannabis as a means against boredom beforehand, reported cannabis consumption for this reason during the last 4 weeks. A total of 346 participants affirmed cannabis intake due to boredom prior to the pandemic but negated this rationale thereafter during the pandemic.


TABLE 5    Rationales for cannabis consumption prior versus during the pandemic.
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Discussion

This study examined aspects of cannabis consumption in non-clinical adults during the early phase of the COVID-19-pandemic. Main findings were that consumption quantities remained unchanged after the onset of the pandemic, and were not associated with corona-related concerns or psychopathology. Cannabis consumption amounts were, however, associated with subjectively positive effects of the substance, a milder experience of the negative effects of the pandemic, being placed in quarantine, more frequent pre-pandemic us, and higher age. Boredom was the only motive for its use that was maintained under pandemic conditions.

Although the hypothesis of an increased cannabis use during 1 month of the early SARS CoV-19 pandemic could not be confirmed, it was demonstrated that those individuals consuming greater quantities prior to COVID-19 outbreak were more likely to continue their consumption rate. Expectations of economical exigency were reported by nearly two thirds of the participants, and on the more individual level, of financing shortages of the substance were anticipated by circa one third of cannabis users. The number of users negating supply issues decreased by 15% during 1 month of the pandemic. However, the vast majority of the study participants stated unchanged quality and pricing of cannabis. Therefore, it seems rather unlikely that the absence of the foreseen rise of cannabis consumption during the early pandemic can be solely explained by alterations of its availability. The pandemic might have moreover encouraged particularly non-addicted cannabis consumers to adapt a more health-promoting life style. Our results are in line with another web-based survey completed by 3,632 unselected Belgian residents that yielded no significant changes in the consumption of cannabis when comparing pre-pandemic and pandemic quantities (21). Boehnke et al. found that more than a third of participants had increased, but another 25% had decreased cannabis use in the course of the pandemic (10). In contrast, 1,202 participants of an internet-based questionnaire of whom 76.7% claimed to use cannabis for mental health conditions, reported increased medicinal cannabis use by 91% since the COVID-19 pandemic (22). In the European study of the EMCDDA, 20% of participants reported a decrease and 40% an increase of usage of cannabis (6). Compared to users of other drugs, cannabis consumers were prone to replace their drug of choice by alcoholic beverages (6). It cannot be assumed that the respondents of our survey, originating from more than 50 countries, were exposed to identical pandemic-related confinement measures, and local accessibility of cannabis may have differed substantially. To summarize, our results regarding consumption quantities of cannabis in the early phase of COVID-19 pandemic are comparable to those of other large transnational study projects. The aforementioned, partly conflicting results either surveyed more defined sample groups (adolescent, residents of a certain country/region) and/or dealt with considerably smaller sample sizes.

In this study, more frequent cannabis use before and during the pandemic was associated with a stronger perception of positive effects of cannabis during the pandemic and marginally less awareness of negative effects of the pandemic. However, verbalization of greater corona-related concern was associated with more positively rated effects of cannabis during the pandemic, but not with quantitative features of use. Individuals who gathered experience in using cannabis as a means of regulating negative emotions or to facilitate coping with emotionally demanding situations, might have appreciated its relieving effect with increasing corona-related concerns. Interestingly, a sample of cannabis users in the US, who started their consumption during the pandemic, showed higher COVID-19-related worries than non-users and pre-pandemic users (23). Since our sample only contained 3% of first time cannabis consumers during the pandemic, one cannot draw conclusions concerning COVID-19-related worries in this subgroup. In partial accordance with our results, the authors described a reduction of social motives explaining variance in change of cannabis use, whereby, and similarly to the results of Benschop et al. from 2015, coping motives did not reveal a significant association with changes in cannabis use or symptom severity (24). Although thirty percent of the Dutch cannabis users of Cousijn’s survey experienced job losses and increased loneliness, contact with partners and families improved and their general mental health states remained unaltered (25). Since legal cannabis outlets were opened in Netherlands during lockdown, a great impact on the procurement of the substance cannot be assumed. On the other hand, addicted consumers might tend to downplay corona-associated as well as cannabis-related risks. The present study, however, yielded small respective correlation coefficients, and corona-related concerns were not associated with quantitative changes in cannabis use, indicating that cannabis use as a means for emotion regulation may be a neglectable phenomenon during the early pandemic.

Our survey results reveal that the consumption quantities were not associated with the self-reported psychological symptom load, which also argues against an increased use of THC for coping purposes. This seems counterintuitive, as a deterioration in depression and anxiety symptoms during lockdown was reported for circa one half of a Spanish SUD sample (26). Since our inclusion criteria and clinical self-report did not demand any clinical diagnoses, only a smaller share of participants might have exhibited full blown cannabis addiction or other mental disorders using cannabis for self-regulation or self-medication. Furthermore, this study did not explore non-medical forms of coping that could serve to attenuate symptoms and perceived distress. A reduced capability to perceive or identify symptoms or a bereft of critical thinking of those consumers fulfilling the addiction criteria must also be considered to elucidate our finding.

The present data allowed the identification of predictors of the cannabis intake quantity reported in the early pandemic. Quarantinization, older age, the stronger experience of corona-related positive effects of cannabis and a lower subjectively experienced severity of the restrictions of daily life were contributing to the prediction of higher cannabis consumption levels. Moreover, pre-pandemic usage quantities predicted cannabis consumption during 1 month of the pandemic, but the predictive value of quarantinization was preserved when this confounder was controlled for in the regression analysis. Results could be interpreted in the sense that older, more experienced or dependent users of cannabis consume the substance under pandemic conditions because of its known positive effects and even increase their consumption, when social contacts and activities are restricted, probably corresponding to their habitual problem-solving behavior. Younger, occasional users might not increase their use, when socially motivated consumption, e.g., at parties or festivals, is no longer an option. Of note, the appreciation of cannabis effects as helpful may rather drive consumption, while pandemic-related concerns did not seem to change use patterns and may also motivate health-conscious behavior. Quarantined individuals were more likely to report positive effects of cannabis (relaxation, intensification of taste, knowledge of one’s life and the world, sexual pleasure). In keeping with our result, Bartel et al. stated that Canadian participants in self-isolation used 20% more cannabis during the pandemic than those not being self-isolated (27). Self-isolation appeared to be an independent risk factor for higher cannabis use levels during the pandemic; irrespective of its usage in order to cope with depression during the pandemic (27). Interestingly, findings from a potentially overlapping subsample of our survey indicate a contrary effect of quarantinization on alcohol consumption that might be explained by the dominance of socially motivated use of this substance in non-clinical adults (28).

It can further be speculated that higher pre-pandemic cannabis use might even be associated with a higher risk of quarantinization, possibly due to shared risk factors such as impulsivity (29). Whereas during strict confinement in Spain decreases in cannabis use due to enhancement and social motives were evident (30), Salles et al. identified additional risk factors for cannabis use during the lockdown, such as age, concern for physical health, tobacco and alcohol consumption during lockdown, the pre-lockdown anger level and feelings of boredom during the restrictions (31).

In addition, our study explored changes in users’ motivations to consume cannabis before and during the weeks of the early pandemic. After the onset of the pandemic, social motives and intensification of pleasant feelings seemed to have become less salient than attenuation of negative emotions such as boredom. The most frequently reported rationales behind cannabis consumption during 1 month of pandemic were (1) relaxation, (2) pleasure, (3) numbing of tension/inner emptiness, (4) boredom, (5) numbing of anger/sadness, and (6) self-experience. McNemar testing proved that boredom as a motive of cannabis consumption was the only stable reason of consumption, and all other reasons were mentioned less frequently when comparing the pandemic and pre-pandemic statuses. Boredom has been discussed as a major motivation for cannabis use in psychotic patients as well as emerging adults (32, 33) and was a stable motive for cannabis use prior as well as during the pandemic in this sample. Results from studies investigating the use of other substances and respective consumption behaviors also highlight the role of boredom as a persistent motive (34–36). Vanderbruggen found the following most commonly stated motives for an increased cannabis consumption during COVID-19 lockdown measures: boredom, lack of social contacts, loss of daily structure, reward after a hard-working day, loneliness and conviviality (21). All other motives of cannabis use were chosen significantly less frequently during the pandemic. Motives relating to one’s expansion of consciousness, hedonism, creation of a collective experience were of lesser importance in the early pandemic. In accordance with previous findings concerning the relevance of cannabis intake for emotion regulation and coping (37, 38) the pre-pandemic motives of numbing of tension, anger and emptiness were reported frequently in our sample, but likewise significantly decreased during the early pandemic. It could be speculated that the contact restrictions and work place adjustments limit recreational use, but also the confrontation with interpersonal conflicts and therefore users are able to abstain from the euphoric or calming effects of cannabis. However, individual coping strategies (i.e., object resources, physical objects, personal resources, frustration tolerance) and their respective relevance in terms of substance use and distress relief were not specifically assessed in our study. Moreover, the degree of suffering during quarantine was not evaluated; thus it remains unclear whether individual coping mechanisms had to be implemented at all.

In summary, results of this survey disclose increases of cannabis use in association with corona-related restrictions and boredom and based on individual usage experiences, but do not substantiate motivations for use related to emotion regulation and coping with concerns, anxiety and psychopathology. However, a possible habitual reflection deficit might be more relevant in those cannabis consumers with high daily usage quantities, who might focus the positive effects of the substance, but tend to underestimate a possibly dysfunctional use of the substance for problem-solving.



Limitations

In contrast to some previous studies focusing on illicit and legal substances in times of COVID-19 pandemic (5, 39, 40), this study revealed relatively stable cannabis consumption quantities, whereby cannabis users might idealize its occupying effect and in so doing, risk further social withdrawal. The present survey only assessed substance use during a 4-weeks period of the early pandemic. Therefore, long-term developments of substance usage in case of prolonged confinements and possible aggravation of access restrictions cannot be concluded. Results might, however, be exemplary for individual reaction modes and adaptation strategies that might similarly come into play in the early stages of other disaster situations. Biased sample selection occurred in the recruitment of anonymous cannabis users; hence full representation of the general population cannot be presumed. This sample contains fairly educated participants whereby users in difficult living conditions might be underrepresented in comparison to other recruitment strategies. Data collection was cross-sectional. Associations between pandemic-related measures, as well as reported effects of cannabis and changes of consumption quantities do not allow conclusions on causality. Moreover, pandemic-related restrictions and concerns, subjective effects of the illicit substance and rationales behind cannabis consumption were assessed using pre-set multiple-choice categories. These categories, in all likelihood, did not entail all subjectively important effects of cannabis and/or motives for usage. Despite these impediments, psychiatric carers should address a crucial need to assist cannabis users’ coping mechanisms to diminish substance-related harm. The roles of home hospitalizations, harm-reduction facilities, person-centered and integrated addiction care in people with SUDs will have to be redefined throughout and beyond the pandemic period (41).
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Background: Italy has the highest per capita alcohol consumption among European countries. Several pharmacological treatments for alcohol use disorders (AUDs) are currently available in Italy, but no consumption data are available. A first analysis of national drug consumption, comprising the whole Italian population over a long-term period covering the COVID-19 pandemic, was performed.

Methods: To analyze the consumption of medications indicated for therapy of alcohol dependence, different national data sources were used. Consumption was measured as a defined daily dose (DDD) per 1,000,000 inhabitants per day.

Results: In 2020, the total consumption of medicines used in the treatment of AUDs amounted to 310.3 DDD per 1 million inhabitants per day (0.018% of the overall drug consumption in Italy) with a decreasing gradient from the north (373.9 DDD) to the south (250.7 DDD). 53.2% of the overall doses were dispensed by public healthcare facilities and 23.5% by community pharmacies, while the remaining 23.3% were purchased privately. The temporal trend of consumption seemed to be stable across the last few years, although an impact of the COVID-19 pandemic was observed. Disulfiram was the most consumed medicine over years.

Conclusion: All Italian regions offer pharmacological treatments to patients with AUDs, but differences in the number of dispensed doses suggest a different local organization of patient care, which can be partly explained by the different severity of the clinical condition of residing patients. Pharmacotherapy of alcoholism should be deeply investigated to describe the clinical characteristics of treated patients (i.e., comorbidities) and evaluate the appropriateness of prescribed medications.
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Introduction

Alcohol use disorders (AUDs) represent a major public health problem, affecting over 100 million individuals every year worldwide, with an overall prevalence of 1.3% in 2016 (1.7 among men; 1.0% among women), ranking among the most prevalent of all substance use disorders at the global level (1–3). The risk of AUDs and related mortality follows a socioeconomic gradient, with individuals of low socioeconomic status being at increased risk (4–7).

Per capita alcohol consumption in Europe is the highest in the world, being responsible for ~4% of all deaths and ~5% of the years of life lost due to ill health, disability, or early death (8).

In Italy, specific legislation is in place (9) which describes all the interventions to be implemented at the national level for the prevention, treatment, and rehabilitation of alcohol-related pathologies requiring an annual review on this topic by the Italian Parliament. The 2020 Italian Ministry of Health Report highlighted that 14.3% of the Italian population over 10 years old were at increased risk of developing alcohol-related health harms. Furthermore, the prevalence of adults (>17 years) with a harmful consumption of alcohol to be considered “in need of treatment” (10) and clinically assimilated to alcohol dependence was 2.3% in men and 1.1 in women (11).

Pharmacological treatments for alcohol dependence are available aiming at the maintenance of complete abstinence and the recovery of psychophysical and social skills and cover different phases from acute alcoholic intoxication to alcohol withdrawal syndrome (12). However, in Europe, the treatment rates for AUD are generally low (<20%), partly because of the high stigma associated with the disease (13–16).

According to the international guidelines relating to the pharmacological treatment of patients with alcohol dependence (17–22), pharmacotherapy should be considered on a routine basis for all patients with moderate-to-severe alcohol use disorders in addition to evidence-based psychosocial therapies, professional counseling, and mutual-help group support. The main goals of pharmacological treatment of alcohol dependence or the prevention of relapse to alcohol use are either abstinence or reduction of heavy drinking. In general, the duration of the treatment program should be at least 6–12 months. However, since AUD is a chronic medical problem, patients may need to use medications for a longer period or may require multiple episodes of pharmacotherapy.

Based on available clinical guidelines, acamprosate or naltrexone may be offered as first-line treatments to patients with moderate-to-severe AUD. These medications have a well-established efficacy and can be also used in combination with psychotropic medications. Due to difficulties with adherence and toxicity, disulfiram is recommended as a second-line option and should be reserved for patients who have no contraindications to use it (liver cirrhosis or psychosis), with high motivation to maintain abstinence, or are intolerant to or non-responder to naltrexone or acamprosate.

Sodium oxybate, approved for AUD treatment only in few European countries, such as Italy, Austria, and France, acts as an alcohol substitute as a kind of replacement therapy, reducing craving for alcohol and preventing alcohol withdrawal syndrome. In Italy, it is used in the hospital management of the alcohol withdrawal syndrome for a short term only (7–10 days), while the prolonged treatment of AUDs for the prevention of relapses and the maintenance of abstinence is not approved. This medication should be prescribed to severe alcohol-dependent patients with a very high drinking risk level associated with psychiatric comorbidities (22–25). However, it should be noted that other authors reported different conclusions about the use of sodium oxybate in patients with psychiatric comorbidities (23, 26). In particular, in some subtypes of alcoholic patients, e.g., those affected by co-addiction to heroin or cocaine and/or psychiatric comorbidity, such as borderline personality disorders, sodium oxybate appears to be at high risk of developing a craving for and abuse; therefore, it may not be indicated in these patients.

For the treatment of alcohol withdrawal syndrome and/or alcohol-related symptoms (hallucinations, agitation, convulsions, depression, restlessness, and insomnia), other classes of drugs are (co)-administered, such as benzodiazepines, antipsychotics, antidepressants, and antiepileptics (27).

Patients can be treated by a general practitioner if they agree to abstain from alcohol, or in case of serious medical, social, or psychiatric complications as well as in case of treatment failure can be referred to specialists (27, 28).

Despite AUDs being a relevant public health issue in our country, to date, neither national nor regional studies on drug consumption and expenditure for AUDs treatment have been published in Italy. A few other European countries, such as Norway (29), Sweden (30, 31), Germany (32), and the UK (33), published studies describing the use of drugs for alcohol dependence, but they were not updated or involved a small sample of patients or those with specific characteristics (such as patients admitted to hospital for AUD).

The aim of this article was to describe the use of drugs for alcohol dependence use in Italy, based on national consumption data, also providing details on the type of medicine, type of assistance, geographical distribution, and expenditure. Temporal trends were analyzed to better evaluate the impact of the COVID-19 pandemic on the use of this class of medicines.



Methods

The consumption and expenditure data for medicines authorized in Italy for AUDs and dispensed both by community pharmacies and public health facilities were collected during the period 2016–2020. Data cover the medicines dispensed to the whole Italian resident population either reimbursed by the Italian National Health Service (NHS) or privately purchased.

Medicines included in the analyses were disulfiram (ATC N07BB01), sodium oxybate (ATC N07XX04), acamprosate (ATC N07BB03), naltrexone (ATC N07BB04), nalmefene (ATC N07BB05), and metadoxine (ATC N07BB).

Drug consumption was defined as the number of defined daily doses (DDDs), which is the assumed average maintenance dose per day for a drug used for its main indication in adults.

The consumption and expenditure analyses are also expressed based on the resident population, respectively, in “DDD per 1,000,000 inhabitants per day” and “euros per 100 inhabitants,” to allow regional comparisons. The compounded average growth rate (CAGR) was calculated to estimate the evolution of drug use over time. In addition, the average cost per DDD was also calculated.

Analyses were conducted by stratifying consumption and expenditure data by geographical area, active ingredient, and year. For the impact analysis of the COVID-19 pandemic on AUD drug treatments, monthly consumption data during 2019–2021 were used.



Results

In Italy, there are six drugs authorized for the treatment of AUDs; five medications (disulfiram, acamprosate, naltrexone, metadoxine, and nalmefene) can be prescribed by a general practitioner, and one (sodium oxybate) should be used under medical supervision in a specialist setting only.

During 2020, the total consumption of medicines used in the treatment of AUD amounted to 310.3 DDD per 1 million inhabitants per day (0.018% of the overall drug consumption in Italy), with a total expenditure of 11.3 euros per 100 inhabitants and a total expenditure of 6.75 million euros (0.022% of the overall drug expenditure in Italy) (34) (Table 1). A sum of 86.8% of the total expenditure is public (through the Italian NHS) corresponding to 76.7% of the consumption, while the remaining part represents private spending (23.2%).


TABLE 1 Consumption and expenditure for medicines with the main therapeutic indication relating to the treatment of alcoholic disorders in Italy during 2020.
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In total, 53.2% of the doses were dispensed by public healthcare facilities, while 23.5% were dispensed by community pharmacies; the remaining 23.3% of the doses were purchased privately by the patients.

Considering the overall consumption by geographical areas, a decreasing gradient was observed from the northern area (373.9 DDDs/1,000,000 inhabitants per day) to the south (250.7 DDDs). In all areas, the majority of doses were dispensed by public healthcare facilities (north 58.0%, center 40.3%, and south 51.2%). The central area had the highest percentage of doses dispensed in the community pharmacies (37.5%), while the south had the highest percentage of doses purchased privately by patients (27.0%). The northern area where the highest consumption was observed had the highest coverage by the Italian NHS (78.2%) and the lowest percentage of doses purchased privately (21.8%).

The overall Italian NHS expenditure for medicines for the treatment of AUDs in Italy was similar throughout the three geographical areas (ranging between 85.3 and 88.3 euros per 100 inhabitants). The southern area had a higher expenditure (10 euros per 100 inhabitants) for medicines dispensed by public healthcare facilities than other areas, although the number of doses delivered is half of those in the north (128.4 vs. 216.9 DDDs). Furthermore, for medicines dispensed by community pharmacies, the central area had an expenditure almost three times greater than in the northern regions (3.9 euros vs. 1.4 euros per 100 inhabitants) and four times greater than those of the south (1.0 euro), although it should be considered that dispensed doses by the community pharmacies in the central area were almost double when compared to the south and a half more compared to the north. Regarding private spending, no difference was found between the north, central, and south areas (ranging between 1.3 and 1.6 euros per 100 inhabitants).

During 2020, a strong decrease was observed in the overall drug consumption and expenditure at the national level compared to 2019, respectively, −17.5 and −18.0% for drugs reimbursed by the Italian NHS; similarly, a strong decrease in the private purchase was observed during 2020 (−14.4% in doses and −24.7% in spending).

The reduction in reimbursed doses and public expenditure was less pronounced in the central area compared to the north and the south; the private purchases can be considered stable in the south when compared with the strongest reduction in the central and the north.

Considering the 5-year period 2016–2020, a negative trend in the consumption of medicines reimbursed by the Italian NHS was observed (CAGR −4.3%) (Table 2). However, in 2020, the highest decrease in overall consumption was observed when compared to 2019 (−17.5%). This decrease was stronger for drugs dispensed by public healthcare facilities (−20.1%) than those dispensed by community pharmacies (−10.9%). Considering the period 2016–2019, a smaller variation in overall drug consumption reimbursed by the Italian NHS was observed, highlighting a stable overall consumption over the pre-COVID-19 years.


TABLE 2 Annual pharmaceutical consumption (N. DDD/1,000,000 inhabitants per day) for treatment of alcoholic disorders during the 2016–2020 period.
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During 2020, disulfiram covered 60.4% of the overall dispensed doses for the AUDs' medicines, accounting for 53.1% of doses reimbursed by the Italian NHS; sodium oxybate covering 21.1% of the overall dispensed doses was the second most dispensed medicine, used exclusively within public healthcare facilities (accounting for 27.5% of the publicly reimbursed AUDs' medicines); acamprosate was the third most consumed medicine covering 9.8% of the overall dispensed doses, mostly reimbursed by the Italian NHS. The first three drugs account for 91.3% of the overall dispensed doses in Italy (both public and private purchases) (Table 3).


TABLE 3 Pharmaceutical consumption (N. DDD/1,000,000 inhabitants per day) by medicine during 2020.
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An overall decrease of 16.9% in consumption was observed during 2020 for the whole category of AUDs' medicines, mostly due to the decrease in the number of sodium oxybate doses (−36.8%), dispensed exclusively by public healthcare facilities; naltrexone was the only medicine which increased in consumption (+4.2%) during 2020. The consumption of both metadoxine and nalmefene dispensed exclusively by public healthcare facilities was negligible, accounting for 2.5 and 0.1%, respectively. The most part of the overall private spending was for disulfiram (84.8%).

Despite the strong decrease observed in 2020, the temporal trend of the overall drug consumption was stable over years up to 2019 with almost 300 DDD/million inhabitants per day; moreover, the proportion of the first three drugs most used (disulfiram, oxybate, and acamprosate) was also stable over the 4-year pre-pandemic period 2016–2019 (Figure 1). Considering the 5-year period 2016–2020, a negative temporal trend was observed in the consumption of sodium oxybate (CAGR −9.0%), acamprosate (CAGR −3.8%), and disulfiram (CAGR −2.2%), while the consumption of naltrexone increased over the years (CAGR +6.9%).
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FIGURE 1
 Temporal trend of consumption (N. DDD/1,000,000 inhabitants per day) for medicines reimbursed by the Italian NHS during 2016–2020 period.


The average cost per daily dose of the whole category was 0.97 euros per 100 inhabitants; sodium oxybate (1/4 of consumption) has the highest cost per day (2.6 euros) followed by acamprosate with half of consumption (1.8 euros), while the cost of disulfiram, a generic drug, was very low (0.2 euros) (Table 4). Overall, despite a strong geographical variability in the number of dispensed doses, a low variability was found in the average cost per daily dose (ranging from 0.91 to 1.01 euros per 100 inhabitants); acamprosate (ranging from 1.6 to 2.1 euros) and naltrexone (ranging from 1.0 to 1.7 euros) registered the highest differences, while disulfiram and sodium oxybate, the most dispensed medicines, have no difference. The cost of nalmefene was the highest (4.1 euros) and most variable between geographical areas (ranging from 4.1 to 5.1 euros) with negligible consumption (0.1%).


TABLE 4 Consumption (N. DDD/1,000,000 inhabitants per day) and average cost per DDD (€) for medicines reimbursed by the Italian NHS during 2020 by geographical area.
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An in-depth analysis of the monthly trends of drug consumption reimbursed by the Italian NHS during the 2019–2021 period (Figure 2), covering the COVID-19 pandemic, highlighted overall stability in dispensed doses during the pre-COVID-19 pandemic (January 2019–February 2020) for all AUDs' medicines but sodium oxybate which start decreasing from September 2019. A strongly decreasing during the lockdown period (March 2020–May 2020) was observed for disulfiram and sodium oxybate; then, a slight increase was observed for both, but they did not reach the pre-COVID-19 levels despite the easing and containment measures. Consumptions for acamprosate and others AUDs' medicines seemed weakly influenced by the COVID-19 pandemic.
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FIGURE 2
 Temporal trends of consumption (N. DDD/1,000,000 inhabitants per day) of medicines reimbursed by the Italian NHS in 2019–2021 period.




Discussion

This is the first study conducted in Italy describing the total consumption and expenditure for the six medicines approved for the treatment of alcohol dependence. We found a very low medicine consumption in 2020, ~310 doses per 1 million inhabitants per day considering both public and private purchases. At the national level, over 75% of the doses were reimbursed by the Italian NHS, with a proportion of 1:2 between community pharmacies and public healthcare facilities, while almost a quarter of the remaining dispensed doses are purchased privately by patients. Wide differences in the overall drug consumption were found between geographical areas; the north consumed more doses than the central and south areas, the central area dispensed more doses through the community pharmacies, and the south purchased more doses privately. The strong geographical variability in the number of dispensed doses between the various medicines may suggest a different organization of care for patients with AUDs between geographical areas, which can only be partly explained by the different severity of the clinical condition of patients residing in each area. Despite this, a low variability was found in the average cost per daily dose and expenditure both overall and for each medicine, thus suggesting a comparable purchasing capacity for these medicines throughout the national territory.

Disulfiram, an old generic drug, was the most consumed medicine in Italy over years. Sodium oxybate and acamprosate, medicines still under patent and costing more than disulfiram, had an overall consumption lower than disulfiram (21.1 and 9.8%, respectively). According to our results, a newer medicine, sodium oxybate, was often prescribed for the treatment of alcohol dependence. This framework suggested that the pharmacotherapy of alcoholism in Italy should be deeply investigated to describe the clinical characteristics of treated patients (i.e., comorbidities) and to evaluate whether the prescribed medications were appropriate according to the available clinical guidelines. For example, the high consumption of disulfiram as well as the adherence to naloxone or nalmefene treatments should be further investigated.

The highest decrease in overall consumption was observed in 2020 when compared to 2019 (−17.5%) probably because of the COVID-19 outbreak at the beginning of 2020; this hypothesis seems confirmed by the monthly temporal trend of consumption by medicine during 2019–2021, highlighting a stronger decrease for disulfiram and sodium oxybate. Probably, the measures of containment of the COVID-19 pandemic adopted in Italy affected the drug supply for sodium oxybate and disulfiram but not that for other drugs. This is because these medicines were mostly dispensed by public healthcare facilities, which were strongly engaged in dealing with the pandemic emergency, even in the period following the lockdown.

This study provided extensive data on the overall consumption and expenditure of all AUD medicines used in Italy, both supplied by NHS and purchased privately by patients, showing an exhaustive framework of the pharmaceutical assistance deliverable to the resident population on the entire national territory.

In this context, this is not a problem of cost or expenditure but a treatment gap and/or appropriate treatment prescribed to patients affected by alcohol dependence. Despite the efficacy, safety, and cost-effectiveness of the available medications, clinicians are reluctant to prescribe them to treat individuals with AUD. Insufficient knowledge, lack of access to care, and the few resources available in the management of the problem are major causes of delays in the diagnosis, finally contributing to significant clinical consequences that are much harder and costly to handle (35).

Currently, not all the Italian regions are compliant with the specific legislation in place (Law n. 125/2001), making it difficult to achieve the objectives set by the National Plan on Alcohol and Health. Although the plan has been active since 2007, the recognition of the current local strategies to counter alcohol addiction is still incomplete. Exploring some aspects of the treatment that have not been addressed is crucial to better evaluate the treatment offered both in primary care settings and specialized services for alcohol dependence. This unpleasant situation in Italy is the direct consequence of the failure to implement what was suggested (but not still implemented) by the law on alcohol and alcohol-related problems about the introduction in the university system of teaching on how to deal with substances and behavioral addictions; therefore, physicians answer AUD questions in a non-homogeneous way or delegate to other services or to the private-social sphere that is not recognized for its competence (21).

In general, our analysis confirmed the undertreatment of AUDs in Italy with an increasing gradient by geographical area. These data were in line with what is known about drug therapy to promote abstinence in alcohol-dependent patients, with the majority of patients receiving non-pharmacological therapy. However, studies from other European countries differ from our study because they are based on population-based registries (30, 31, 36) or healthcare databases covering small proportions of the national population (32, 34), while we focused on consumption and expenditure related to the overall national population. Only Norwegian data obtained from the National Prescription-Based Medicines Register (29) evaluated the complete information at the individual level about all prescription drugs dispensed from community pharmacies in Norway, even if drug treatment dispensed in hospitals or public healthcare specialist facilities was not included in the study, as the prescription register does not have such data at the individual level.

To our knowledge, this is the first Italian analysis on the consumption of medicines for the treatment of alcohol dependence in Italy, over a long-term period that also covers the COVID-19 pandemic. The strength of our study is the availability of medication consumption data covering the whole Italian population. However, no individual data were available; consequently, we were not able to fully investigate the drug prescription data by sex and age group, to identify the population subgroups most prescribed, the comorbidities and concomitant therapies, and the duration of treatment.



Conclusion

Several medicines indicated for the pharmacotherapy of AUDs are available in Italy. They are reimbursed by the Italian NHS and dispensed nationwide by community pharmacies and public healthcare facilities. In all Italian regions, there is the possibility to offer pharmacological treatment to patients with AUDs, but the implementation of comprehensive and effective pharmacotherapy for all patients remains still a priority. Drug consumption was very low nationwide, and wide differences between geographical areas were found. The temporal trend of medication consumption seemed to be stable across the last 6 years, although an impact of the COVID-19 pandemic was observed.

Monitoring drug prescriptions for AUDs and investigating the social and clinical characteristics of treated patients (such as lifestyle and comorbidities), the evaluation of both appropriate use of medications and outcome associated with the pharmacological interventions, are urgently needed, especially in light of the available evidence showing an increased alcohol consumption during the COVID-19 pandemic (37–40). Given the high rate of relapse with psychosocial intervention alone, increasing patient access to underutilized treatments has the potential to improve clinical outcomes in this difficult-to-treat population. Furthermore, pharmacological treatment should be continued for a long-term period and should offer patients personalized care integrated for common comorbidities such as mental disorders. Guaranteeing the homogeneity of treatments and a qualitative improvement in the pharmaceutical assistance of patients affected by alcohol dependence, it will be associated with considerable health benefits across all geographical areas to reduce the significant psychosocial and public health consequences related to this important health problem.
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Background: The comorbidity of anxiety and drug use disorders complicates treatment prognosis, and one of the greatest challenges is to address the environmental and behavioral factors involved. The aim of this study was to describe the uses of intervention mapping in the design of a theory and evidence-based complex intervention to develop skills around the management of anxiety for cocaine users in outpatient addiction treatment.

Methods: The six steps of the intervention mapping approach, which are needs assessment, creation of matrices of performance objectives, selection of methods and practical strategies, program development, adoption and implementation, and evaluation were applied to develop the Interpersonal Theory of nursing to Anxiety management in people with Substance Use Disorders (ITASUD) intervention. The theory used for the conceptual model was interpersonal relations theory. All theory-based methods and practical applications were developed at the individual level, acting in behavioral, interpersonal, organizational and community environments.

Results: The intervention mapping provided a broad overview of the problem and outcome expectations. The ITASUD intervention consists of five consecutive sessions of 110-min targeting individual determinants of anxiety (knowledge, triggers, relief behaviors, self-efficacy and relations), delivered by a trained nurse using Peplau's concepts of interpersonal relations. Intervention Mapping is a multi-step process that incorporates theory, evidence, and stakeholder perspectives to ensure that implementation strategies effectively address key determinants of change.

Conclusions: The intervention mapping approach increases the effectiveness of the intervention since the matrices provide a broad view of all factors that affect the problem and facilitate replication through transparency of the determinants, methods, and applications used. ITASUD addresses all factors that play an important role in substance use disorders based on a theoretical basis, which provides the translation of evidence from research into effective practice, policy, and public health improvements.
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Background

The comorbidity of anxiety with drug use disorders has been investigated by several researchers (1), and a strong association has been shown. This association complicates treatment prognosis and increases services utilization and health care costs, generating a global issue. The main challenges are to address both anxiety and substance use disorders by identifying the relationship between them and the environmental and behavioral factors involved.

Anxiety is one of the most prevalent health problems worldwide, generating health care costs, a high burden of disease, and implications associated with untreated illness that affect health, economic, and social sectors (2). According to the World Health Organization (3), the consequences of anxiety disorders occupy the 6th position in the ranks of contributors to global disability. Clinical reviews have shown that the presence of an anxiety disorder is a risk factor for the development of mood disorders and substance abuse (1, 2) and is highly comorbid with other mental disorders (4, 5).

Research has shown a 14.9% increase since 2005 in the number of people living with anxiety (6), and 21% of that estimated number is in the region of the Americas (3). In Brazil, the prevalence of anxiety disorders is 9.3% (3) of the population, and another factor that has been shown to be related to this prevalence is the increase in cocaine users in the country. Currently, cocaine is the most commonly used stimulant in Brazil. One explanation is that Brazil is the largest cocaine market in South America, because of its geographic position (neighboring the world's largest cocaine producers—Peru, Colombia and Bolivia), and leader in the cocaine trafficked from South America to Africa, Europe and Africa (6). A previous study (7) showed that the prevalence of cocaine users in the country is ~3.2 million people. This high prevalence occasioned an increase in cocaine users arriving in emergency care, resulting in Brazilian cocaine users arriving in emergency care at three times higher rates than elsewhere in the world (8, 9). This high demand in emergency care demonstrates that it is necessary to optimize treatment in specialized facilities for people with substance use disorders to avoid this high demand in emergency care.

The major challenge with this population is keeping them in specialized treatment, as high levels of anxiety are the main cause for relapse and withdrawal from treatment. One of the keys for keeping this population in treatment is to treat the anxiety experienced by cocaine users. This article presents the development of an implementation intervention called the Interpersonal Theory of nursing to Anxiety management in people with Substance Use Disorders (ITASUD) that can be incorporated into daily health care programs in early intervention focusing on the management of anxiety in cocaine users with a focus on the steps of the intervention mapping (IM) approach. These steps of IM are guided by theory, evidence, and input from relevant stakeholders perspectives to improve the effectiveness and ensure that implementation strategies effectively address key determinants of change (10, 11). Since, according to studies (12, 13), the implementation strategies often were poorly conceived, with incongruence between strategies and determinants, and the effect is variable and tends to be small to moderate; it remains unclear how determinants should be identified, decisions should be made on which determinants are most important to address, and strategies should be selected to address the important determinants (13). This signals a need for more rigorous processes and methods to guide these key steps of implementation strategy selection and tailoring (10–14).



Peplau's theory

The Peplau's theory provides the concepts that guide in the establishment of a strategic communication with clients by using an observational, experiential, and reflexive approach in structured and unstructured interactions. A central driver of the interpersonal relationship process developed by Peplau is anxiety, which, if strategically approached, can be a key to clients' health problems (15). Anxiety is defined by Peplau as a tension that generates energy transformation, this energy transformation generates physiological and behavioral answers. The main way to work with the tension of anxiety is to learn how to be aware of it and enact strategies that keep the level of anxiety in the mild to moderate range, which allows it to power productive growth. However, the tension of anxiety is often neglected in the interpersonal relationship due to the lack of theoretical knowledge and research addressing anxiety, mainly in the treatment of individuals with substance use disorders. The use of psychoactive substances is a kind of relief behavior used to decrease anxiety, and it can be transformed into a pattern of behavior that changes the self-system. Therefore, to treat people with substance disorders, it is necessary to treat the anxiety felt by them, because it is this anxiety that leads to the initiation of psychoactive substances and that plays an important role in relapse, and to keep patients in treatment.



Method

The methodology used to develop the intervention was the systematic IM (16) development process. IM is a framework consistent with the Medical Research Council (17) guidance on developing complex interventions and has been used to develop intervention programs for many health behaviors (18–23) because it employs an ecological approach that considers environmental influences on behavior and develops methods and strategies to address them (18).

IM is very useful because it specifies processes for integrating theoretical constructs and evidence-based literature for the purposeful development of an intervention through a description of a logical planning process. IM is a six-step process that is structured and sequenced as follows: (1) needs assessment (logic model of the problem); (2) creation of matrices of performance objectives (logic model of change); (3) selection of theory-based methods and practical strategies (program design); (4) program development; (5) adoption and implementation; and (6) evaluation.


Step 1: Needs assessment

The aim of step 1 is to develop the logic model of the problem, which allows for the programming of goals for the intervention related to health and quality of life. The logic model in the present study was based on the combination of a comprehensive understanding of the problem through Peplau's theory, empirical data about the factors that contribute to the problem, and experiential information about the problem. In addition, this step focuses on the description of the intervention context (population, setting and community).



Step 2: Creation of matrices of performance objectives

Step 2 of IM involves the following: (1) developing a statement of expected outcomes related to behavior and the environment, and developing performance objectives related to those behavioral and environmental outcomes; (2) identifying selected determinants related to the behavioral and environmental outcomes; and (3) constructing matrices of change objectives and creating the logic model of change.

The main aim of this step is the development of the logic model of change, which represents pathways of the intervention that act from behavioral and environmental perspectives through the connections between determinants and change objectives, performance objectives, desired outcomes, and improved quality of life in relation to the health problem of anxiety.



Step 3: Selection of theory-based methods and practical strategies

Step 3 is to generate program themes, components, scope and sequence. To accomplish this aim, we chose Peplau's theory as a conceptual model and method and selected evidence-based methods to reach change objectives. We also used published guidance on the intervention mapping approach (16) to choose some methods based on the definition and parameter of each method.



Step 4: Program development

Guided by the matrices, the team started to refine program structure and organization, prepare plans for program materials, and develop specific messages, materials and protocols. The change objectives were converted into practical applications using a range of evidence-based research. At the end of this step, the definitive intervention content and materials were created based on relevant additions made through the team discussion.



Step 5: Adoption and implementation

The aim of the program implementation plan was to determine the balance between what was planned and what could be implemented in the real world through the identification of potential users (adopters, implementers and maintainers) and the context in which the users are inserted, resulting in a better implementation design. Additionally, an intervention manual was adapted to increase the chances of adoption, implementation and sustainability.



Step 6: Evaluation

After step 5, adoption and implementation, this program was evaluated through operational definitions of feasibility, such as acceptability, demand, practicality, and adaptation (24).

The qualitative data were analyzed using thematic analysis described by Braun and Clarke (25) for identify, analyze, and reporting patterns within data. The phases of thematic analysis were: (1) familiarizing with the data—transcription of the data, reading and re-reading the data, noting down initial ideas; (2) generate initial codes—coding interesting features of the data across the entire data set, collating data relevant to each code; (3) searching for themes—collating codes into potential themes, gathering all data relevant to each potential theme; (4) reviewing themes—checking if the themes work in relation to the coded extracts and the entire data set, generating a thematic “map” of the analysis; (5) defining and naming themes—generating clear definitions and names for each theme; (6) producing the report—final analysis of selected extracts.

Although the feasibility study is a component of step 6, the evaluation of this intervention program is not within the scope of the current paper; the feasibility study will be only briefly discussed in the Results and Discussion sections.




Theoretical approach

According to IM, it is important to use a theory and evidence to specify determinants and behavioral and environmental factors that are related to the health problem that the intervention intends to address. The present intervention used Peplau's Interpersonal Theory of Nursing (ITN) (15) as the conceptual model, and we selected some methods associated with other theories to achieve certain intervention outcomes based on empirical findings. The ITN is a middle-range theory used for nursing in psychotherapeutic intervention, and we used some concepts from that theory as determinants of anxiety, such as knowledge, triggers, relief behaviors, self-efficacy and relations.



Results


Intervention development
 
Step 1: Needs assessment

The priority population is adult male cocaine users (age > 18 years) with anxiety who are residents in Brazil and undergoing treatment in specialized outpatient health facilities. We are focusing on male cocaine users due to the higher prevalence of crack use by adults, especially among young males (26–30), and because we understand that there are differences between the sexes in brain chemistry, physiology and the way that they tend to deal with stress and anxiety (1). In Brazil, cocaine users have been identified as a major health and social problem owing to the increase in users presenting at health facilities and the increase in illegal activities affecting urban security (30).

Based on the theoretical explanation provided by Peplau's theory (15), cocaine use is a kind of relief behavior used to decrease anxiety, and it can be transformed into a pattern of behavior that changes the self-system. Therefore, to treat cocaine users, it is necessary to treat the anxiety felt by cocaine users, because it is this anxiety that led to the initiation of cocaine use and that plays an important role in relapse, and to keep patients in treatment.

We developed a logic model of the problem to connect all behavioral and environmental factors that play an important role in anxiety, including its determinants and its consequences on quality of life (Figure 1).


[image: Figure 1]
FIGURE 1
 Logic model of problem.




Step 2: Creation of matrices of performance objectives

To achieve the first step of step 2, we worked from the needs assessment and an integrated theoretical framework to specify behaviors and environmental conditions that the program would promote using the logic model of the problem (Figure 1) as a guide to develop desired behavioral and environmental outcomes and then create performance objectives for each behavioral and environmental outcome (Figure 2).


[image: Figure 2]
FIGURE 2
 Expected outcomes for behavioral and environmental outcomes.


The determinants (knowledge, triggers, relief behaviors, self-efficacy, and relations) were developed by adapting Peplau's concepts from a behavioral and environmental perspective (31). The first step of this adaptation was to choose some of Peplau's concepts that are related to anxiety and substance abusers to develop relational propositions among them.

Finally, we integrated the behavioral and environmental outcomes with performance objectives and determinants. The first thing that we developed was the logic model of change (Figure 3), and through this model, we constructed the matrices of change objectives based on each behavioral and environmental outcome (Table 1). For example, the behavioral outcome “establish a healthy sleep pattern” has four determinants (knowledge, triggers, relief behaviors, and self-efficacy), and for each determinant, we wrote a performance outcome (specific outcome) that would be expected to occur as a result of the intervention.


[image: Figure 3]
FIGURE 3
 Logic model of change.



TABLE 1 Matrices construction of change objectives.

[image: Table 1]



Step 3: Selection of theory-based methods and practical strategies

The first task was to organize all the change objectives created in step 2 (Table 1) together with the performance objectives, according to the determinants which they were associated. The second task was to match change objectives with specific determinants and methods selected. In the third task, the team started to propose applications, that is, strategies to operationalize the delivery of these methods, for each change objective (Supplementary File 1, Step 3).



Step 4: Program development—ITASUD

The selected theories that we used to develop the intervention were behavioral cognitive theory (BCT) (32), Peplau's theory (15), social cognitive theory (33), the trans-theoretical model (34), goal-setting theory (35), theories of information processing, the precaution adoption process model (36), self-affirmation theory (37), theories of automatic, impulsive and habitual behavior (38), attribution theory and relapse prevention theory (39), theories of goal-directed behavior (40), theories of social networks and social support (41), and theories of self-regulation (42). Consensus regarding the theories, methods, and applications was built for final agreement based on the adaptations needed for the intervention prototype structure to provide and equip cocaine users with the tools to manage anxiety in specialized outpatient health facilities.

The program ITASUD (Interpersonal Theory of nursing to Anxiety management in people with Substance Use Disorders) was designed for individual sessions (nurse-client) based on the phases of interpersonal relations proposed by Peplau (orientation, work and resolution) during five consecutive sessions delivered by a trained nurse using Peplau's concepts of interpersonal relationships. The first session would last 30 min, and the subsequent sessions would last 20 min. We chose this duration of time because in Brazil, according to public health minister (43), nurses need to attend three clients in a period of 60 min. However, the first session is scheduled for longer than the others because this session consists of two phases of interpersonal relationships (orientation and work).

The prototype of the intervention manual was guided by the matrices and the ideas about the methods and strategies that make possible the construction of specific messages and the overall content of each program component. During the intervention manual phase, we used the matrices developed during phase 3 and included the structure of each appointment; that is, we thought about the order of the target behavioral and environmental outcomes and the time and material used. All material used, such as notebooks, guidelines, and images, was designed to be appropriate for individuals with low literacy skills and was produced in English and Portuguese.



Step 5: Adoption and implementation of ITASUD

The outcomes of the program were divided into behavioral—to establish a healthy sleep pattern, to establish healthy eating, to manage anxiety, and to manage cocaine use—and environmental outcomes—to decrease social isolation, to have healthy relationships, to get out of homeless situations, and to be reinserted into society. However, these behavioral and environmental outcomes were developed at the individual level. During the outcome development, the reality of the population (homeless people and cocaine/crack users) and how this reality could affect the program were considered. The authors structured the intervention sessions as self-contained due to the potential high rate of dropout. We thought that in this specific population, the client could come to the first session and may not return for the other sessions, and therefore, the minimal dose will be one appointment and the maximum dose will be five appointments.



Step 6: ITASUD evaluation

To evaluate the intervention manual, we conducted a focus group with nurses who worked in a health facility to deeply understand their conceptions about the intervention plan to equip cocaine users to manage anxiety through specific questions that addressed each operational definition of feasibility through a guideline to conduct the focus group (Supplementary File 2).

The focus group was composed of seven nurses who worked in a specialized outpatient health facility in São Paulo. The nurses who participated were composed by four women (57.14%) and three man (42.85%); the majority were married (n = 5; 71.42%), white (n = 6; 85.71%), and to practice a religion (n = 5; 71.42%). We used thematic analysis to investigate the themes (25). Twelve themes related to feasibility adaptation were generated (n = 5; different world, environmental factor as the most important, relation between behavior and environmental factors, food, and specialized outpatient health facilities' focus on the anxiety), demand (n = 3; intoxication level, exclusion criteria, and clients who use crack/cocaine), acceptability (n = 1; answering the scale), and practicability (n = 3; worries about applying the intervention, placing the appointment, and adequate time in the work day).

The most frequent theme was related to adaptation of the intervention to the specificity of the particular population being studied (homeless, illiterate, vulnerable) and the factors that could influence the acceptance of the intervention to decrease the rate of treatment withdrawal. The nurses' opinions were mixed about the scale application in the first and last appointments, mainly because of the large number of scales; some nurses said that once the patient accepted participation in the intervention, they would answer the scales regardless of the number, but other nurses said that the intervention involves too many scales to ask a patient who presents with a high level of anxiety to answer. All nurses considered it important to change the order in which the environmental and behavioral factors that affect anxiety were addressed approached. They suggested approaching environmental situations first and then the behavioral factors, and they suggested taking out two of the identified behavioral factors, sleeping and eating patterns, because of the homeless situation of the participants in the intervention.

In relation to practicability, they raised issues such as the times for the appointment and the complexity of the intervention manual; in particular, all nurses agreed that 20 min to address all the issues related to anxiety in each appointment could be insufficient. The main theme related to demand was intoxication status because the health facility is an outpatient facility, and it is difficult for patients to remain abstinent, mainly at the onset of treatment. After the focus group, the team altered the intervention manual to improve the intervention feasibility for this particular health care facility scenario.

We described above some data from feasibility studies related to the development of the intervention, mainly the intervention manual, to achieve step six. The participants' recruitment process of the feasibility trial was by convenience sampling, totalizing 39 participants in the feasibility trial, what is considered enough for a feasibility study (44). The data was analyzed by the use of the linear mixed effects model to assess the changes in the level of anxiety after the intervention. The feasibility trial indicated that ITASUD appears to be feasible and support the design of a powered larger trial to evaluate the effectiveness of the ITASUD (45).





Discussion

This study describes the development of an intervention to equip cocaine users with strategies to manage anxiety through the IM approach. There is limited literature about the phases of the development of complex interventions, mainly in this theme that includes comorbidities (anxiety and cocaine use). One of the explanations for this sparse literature is that the development of complex interventions is a considerable challenge for researchers, mainly because it is very difficult to identify all the factors that play an important role in the health problem of interest and to present all the steps of a new intervention in such a way that the readers can understand the entire process undertaken to develop the intervention protocol.

IM is based on the creation of matrices to show all the steps in the development of the intervention. The process of creating these matrices is very time consuming but helps the authors of all components during the brainstorming to see the relationships between the determinants, change objectives, performance objectives, and behavioral and environmental outcomes that affect the health problem being studied. In addition, this methodological process assists in the development of the theoretical framework of the intervention, which is necessary for the identification of mediators and moderators of the intervention that will play an important role in the success and failure of any particular intervention.

The needs assessment produced during this study was fundamental to identify the barriers to accessing cocaine users and services based on the logic related to this population of outpatients, such as high rates of dropping out, undocumented status, and environmental factors that directly affect the level of anxiety. IM is a powerful methodological tool that facilitates the comprehensive examination of these environmental factors using an ecological perspective instead of acting only on behavioral factors. We followed all the steps of IM using a mix of quantitative and qualitative methods to achieve a more comprehensive intervention manual that incorporates resources that affect the majority of the identified barriers to accomplish the desired outcomes of the intervention.

The overall structure of the program was adapted to the particular patient population based on the stakeholders' experiences. The structure of the intervention was adapted such that environmental factors are addressed in the 4th appointment rather than the 5th appointment, and this change was taken to enhance clients' acceptability: as demonstrated in the focus group, all nurses said that the environmental factors were the factors that the clients liked to talk about, which would affect each individual's level of anxiety. Additionally, we removed two behavioral factors, sleeping and eating, that we identified as important factors in increasing anxiety, but during the focus group, all nurses identified these factors as difficult topics to broach with the clients, as the majority of them were homeless. The intervention will be applied over five consecutive days, 20 min for each appointment, while taking into consideration the high dropout rates of these clients in the outpatient service.



Conclusion

This study will provide valuable guidance for future researchers, health agencies, and health care professionals who are interested in reproducing this systematic approach to developing a complex intervention, once there is limited literature about the phases of the development of complex interventions. The program has already been implemented in the feasibility study, and demonstrate to be feasible. Additionally, ITASUD can be generalizable to other settings around the world into daily care programs.
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Introduction: Alcohol use disorder is a medical condition characterized by an impaired ability to control or stop alcohol use despite adverse health outcomes. Despite several studies that have analyzed the prevalence and determinants, their results have been equivocal, and the reasons for the differences in prevalence rates and determinants of AUD across nationalities are unknown. Hence, this study estimated the pooled prevalence of alcohol use disorder and its determinant among adults in East Asian countries.

Methods: Articles were searched from PubMed, Web of Science, EMBASE, PsycINFO, and Scopus. All observational study designs that fulfilled the predefined criteria were included in the study. The findings were reported following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA). The quality and heterogeneity of articles were assessed using the new castle-Ottawa scale (NOS) and I2, respectively. Additionally, publication bias was checked through funnel plot and Egger's regression test.

Results: A total of 14 articles with 93, 161 study participants were considered in the study. Of which 9 studies were included in the meta-analysis of the 1-year prevalence of alcohol use disorder, 6 in the lifetime, 9 in alcohol abuse, and 8 in alcohol dependency. Consequently, the overall pooled prevalence of one-year alcohol use disorder was 8.88% (95% CI: 6.32, 11.44), lifetime 13.41% (95%CI: 8.48, 18.34), alcohol abuse 5.4% (95% CI: 2.66, 8.13), and alcohol dependency 4.47% (95% CI: 2.66, 6.27). In the subgroup analysis by country, the highest 1-year and lifetime pooled prevalence of alcohol use disorder was observed in Korea at 9.78% (95% CI:4.40, 15.15) and 16.73% (95% CI: 15.31, 18.16), respectively. Besides, smoking (OR: 3.99; 95% CI: 1.65, 6.33) and male gender (OR: 5.9; 95% CI: 3.3, 8.51) were significant determinants of alcohol use disorder.

Conclusions: The magnitude of alcohol use disorder was high among adults in East Asian countries. Smoking and male gender were the key determinants of alcohol use disorders.
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Introduction

Alcohol use disorder (AUD) is a medical condition characterized by an impaired ability to control or stop alcohol use despite adverse health outcomes (1). According to the Diagnostic and Statistical Manual of Mental Disorders (DSM) and International Classification of Disease (ICD), AUD is defined as continued alcohol use despite negative biological, psychological, behavioral, and social consequences within the last 12 months. In the DSM-4, alcohol abuse and alcohol dependence were defined separately, while DSM-5 integrates these two disorders into a single disorder called AUD (1).

According to a national survey on drug use and health, about 71.4% American people aged >18 years were struggling with alcohol use, while 10.2% of American people aged ≥12 years had AUD (2). In Asia, about 4.9 million (37.2%) people aged ≥26 years were alcohol users in 2020, of whom 993,000 (7.5%) had AUD. Approximately 32.2% (656,000) of young adults (aged 18–25 years) were using alcohol, and 9% of them (184,000) had developed AUD (3). In recent years, the proportion of heavy and binge drinkers among the adult populations of many Asia-pacific countries and territories has increased and is now seen in approximately one in every two men and one in every five women (4). Hence, AUD is a major health problem in Asia (5).

According to a 2022 report from the World Health Organization (WHO), approximately 200 health conditions and injuries are associated with the harmful use of alcohol, including road injuries, violence, suicide attempts, and medical problems such as liver disease, cardiovascular disease, cancer, tuberculosis, and HIV/AIDS (6). The mortality attributable to alcohol consumption was much higher than that related to tuberculosis, HIV/AIDS, and diabetes (7). Globally, approximately 3 million deaths result from the harmful use of alcohol per year. For instance, in 2016, approximately 2.3 and 0.7 million men and women died due to AUD, respectively (7). In particular, an estimated 106.5 and 26.1 million Disability-adjusted life years (DALYs) in men and women were attributed to alcohol use, respectively (8). Generally, AUD results in diminished brain function, stomach complications, liver and kidney failure, and then finally leads to death (9). Besides, high-risk drinking causes societal-related health problems such as the breakdown of social relationships, domestic violence, compromised family care, mental health problems (e.g., depression, anxiety, and related forms of substance misuse), unsafe sex, financial problems, and homelessness (10).

The development of AUD is associated with multiple societal factors, including the availability of alcohol (11), level of economic development (12), and culture (12), as well as with individual factors like age (13, 14), gender (13–15), family history of alcohol use and smoking status (14, 15).

To tackle AUD, the WHO proposed a global strategy for reducing alcohol consumption that has been a public health priority since 2010. Pharmacological and psychosocial management approaches (e.g., brief interventions, cognitive behavioral therapy, acceptance and commitment therapy, and 12-step programs) have been used for treating AUD (16). However, AUD remains a major issue among the adult populations of East Asian countries.

Several studies have analyzed the prevalence and determinants of AUD in East Asian countries, but their results have been equivocal. In addition, the reasons for the differences in prevalence rates and determinants of AUD across nationalities are unknown. Therefore, a systematic review and meta-analysis is required.

The current study aimed to estimate the prevalence of AUD, and to identify its determinants, through the analysis of a large sample of participants. Large-pooled samples provide more precise estimates than individual studies. This study provides timely and comprehensive data for governments and policymakers and could inform the design of new prevention and treatment strategies for people with AUD in East Asian countries.



Methods


Searching strategies and data sources

The study protocol was registered in the International Prospective Register of Systematic Reviews and Meta-Analysis (PROSPERO; registration number: CRD42022361994). The Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guidelines were followed when reporting the results of this study (17) (Supplementary material 1). All potentially relevant articles were retrieved systematically from electronic databases including PubMed, EMBASE, Web of Science, PsycINFO, and Scopus. The search was limited to studies conducted in East Asian countries. The identified articles were exported into citation management software (EndNote version 20; Clarivate, London, UK) for further screening and assessment. The databases were searched using the following terms: “Alcohol abuse” OR “Alcohol depend*” OR “Alcohol use disord*” OR “Alcohol consumption” OR “Alcohol addiction” OR “alcohol intoxication” AND “prevalence” OR “incidence” OR “proportion” OR “magnitude” OR “burden” AND “determinants” OR “reasons” OR “factors” OR “associated factors” OR “risk factors” OR “facto*” OR “predictors” AND “Adults” OR “young adults” OR “adulthood” OR “adolescents” OR “young adult populations” AND “China” OR “Hong Kong” OR “Japan” OR “Taiwan” OR “South Korea” OR “North Korea” OR “Macau” OR “Mongolia.” Searches were conducted from September 10 to October 5, 2022.



Inclusion and exclusion criteria

Articles were selected and screened on the basis of predefined eligibility criteria. All observational studies, including but not limited to case-control, cross-sectional, and cohort studies, reporting the prevalence and/or magnitude of AUD and/or its determinants among adults in East Asian countries were included in this review. The search was limited to articles published in English since 2005. Systematic reviews, editorials, trials, qualitative studies, and conference papers were excluded, as were articles without full text (established through communication with the primary authors of the articles). We also excluded studies of adults with psychiatric or other health problems. This was because mental health issues increase the severity of AUD (18–20), and people with medical conditions are less likely to use alcohol because it exacerbates symptoms and is often contraindicated (21).



Outcome measures

The outcome measures of the current study included the prevalence of AUD and its determinants. In the DSM-IV and DSM-5, AUD is defined as the presence of at least 2 of the following 11 behaviors/symptoms: (I) had times when you ended up drinking more, or for longer, than you intended; (II) wanted to cut down or stop drinking more than once, but could not; (III) spent considerable time drinking, being sick or getting over other aftereffects of drinking; (IV) wanted to drink so badly that you could not think of anything else; (V) being sick from drinking often interfered with taking care of your family or home, or caused problems at school; (VI) continued to drink even though it caused trouble with your family or friends; (VII) gave up or cut back on activities that were important or interesting to you, or put pressure on you to drink; (VIII) entered into situations more than once, while or after drinking, which increased your chances of getting hurt; (IX) continued to drink even though it was making you feel depressed or anxious; (X) had to drink much more than you once did to achieve the effect that you wanted or found that your usual number of drinks had much less effect than before; or (XI) found that, when the effects of alcohol were wearing off, you had withdrawal systems like trouble sleeping, shakiness, restlessness, nausea, sweating, a racing heart or seizure (1).

In the DSM-5, AUD encompasses alcohol abuse and dependence. Alcohol abuse is defined as the continuation of drinking despite recurrent social, interpersonal, health and legal problems caused by alcohol use (22), or by the presence of at least one of the following symptoms: (I) sickness caused by drinking often interfered with taking care of your home or family; (II) entered into a situation more than once, during or after drinking, which increased your chances of getting hurt (e.g., swimming, driving, unsafe sex, or walking in a dangerous area); (III) arrested or held at the police station more than once, or experienced other legal problems, because of drinking; or (IV) continued drinking despite it causing trouble with your family or friends (1).

Alcohol dependence refers to the need for repeated consumption of alcohol or impaired control over drinking (23). According to the DSM-IV, the presence of three of the following symptoms indicates alcohol dependence: (I) spend a lot of time drinking; (II) wanted to cut down or stop drinking more than once but could not; (III) had to drink more than you once did to achieve the effect that you want; (IV) experience withdrawal symptoms; (V) had times when you ended up drinking more, or for longer, than you intended; or (IV) continued drinking despite it making you feel depressed or anxious (1).



Study screening and selection

All articles retrieved from the electronic databases were imported into EndNote, and duplicates were identified and removed. Then, five authors (GMB, KYH, KKWL, CSTW, and QL) screened and reviewed the titles and abstracts of each article. Disagreements were resolved through discussion and repeating the review process if necessary. Finally, the authors reviewed the full texts of the articles selected on the basis of their titles and abstracts.



Data extraction

Data extraction was done using Microsoft Excel (Microsoft Corp., Redmond, WAQ, USA) following the guidelines of Joanna Briggs Institute. The following information was systematically reviewed and extracted by two authors (GMB and KYH): first author, year of publication, country, study area, study population, study design, sample size, prevalence of alcohol abuse, alcohol dependence, and AUD (one year and lifetime), and adjusted odds ratios (AORs) of factors significantly associated with AUD (with 95% confidence intervals [CIs]). Discrepancies were resolved by repeating the data extraction procedure, as well as through discussion with a senior member of the research team (YWM). If additional information was needed, the primary author of the articles was contacted by email.



Quality appraisal

The Newcastle-Ottawa Scale (NOS) risk of bias tool was used for assessing cross-sectional, case-control, and cohort studies (24, 25). The NOS has three components (selection, comparability, and outcome/exposure) and has been validated for application to cross-sectional (rated from 0–10 stars), cohort and case-control studies (rated from 0–9 stars). For the selection component, star ratings of 0–5 are provided for cross-sectional studies, and 0–4 for case-control and cohort studies. For the comparability and outcome/exposure components, star ratings of 0–2 are provided, while study designs are rated as 0–3. Articles with 3 or 4 stars for the selection component, 1 or 2 stars for the comparability component, and 2 or 3 stars for the outcome/exposure component were categorized as “good quality.” Articles receiving 2 stars for the selection component, 1 or 2 stars for the comparability component, and 2 or 3 stars for the outcome/exposure component were classified as “fair quality.” Articles having 0 or 1 star for the selection component, 0 stars for the comparability component, or 0 or 1 star for the outcome/exposure component were classified as “poor quality” (26). The quality of the included studies was systematically and independently appraised by the authors (GMB and KYH) of this study. Disagreements among the two authors were resolved by repeating the quality appraisal procedure, and through discussion with a senior research team member (YWM).



Data synthesis

A narrative description approach was used to present the results of articles that did not report the outcomes of interest. All other articles were included in the meta-analysis, and STATA software (version 14; Stata Corp., College Station, TX, USA) was employed to calculate the overall prevalence rates of AUD, alcohol abuse and alcohol dependency. Pooled ORs were calculated for the determinants of the outcomes of interest. To minimize heterogeneity, a random effects model was employed (27). P-values < 0.05 were considered statistically significant.



Publication bias and heterogeneity

Heterogeneity among the included studies was assessed by visual inspection of the funnel plot and Egger's regression test. Heterogeneity was considered low, moderate, and high when the I2 values were <25%, 25–75%, and >75%, respectively (28).




Results


Search results

A total of 1,805 articles were retrieved (EMBASE, p = 961; PubMed, p = 365; Scopus, p = 284; PsycINFO, p = 164; Web of Science, p = 31; Figure 1). After removing 501 duplicate articles, the titles, and abstracts of 1,304 articles were screened. In total, 1,282 articles were excluded because their titles and abstracts indicate that they were not relevant to this study. The remaining 122 articles were downloaded, and full-text review was conducted by the two reviewers (GMB and KYH). A further 107 articles were then excluded for various reasons, including failure to report the outcomes of interest (p = 85), and unsuitable study populations (p = 12), study designs (p = 6), and study areas (p = 5). Of the excluded articles, one article (29) was not considered in the study as it was done through a meta-analysis which did not meet our inclusion criteria of observational studies. And, the other one (30) did not report the 1-year and lifetime prevalence of AUD, but rather reported the co-occurrence of mental disorders and AUD in past 30 days. As per our inclusion criteria, we excluded studies of adults with psychiatric or other mental health problems. Therefore, 14 peer-reviewed articles (31–44) were included in this systematic review and meta-analysis; 9 of them were suitable for analysis of the 1-year prevalence of AUD, 6 for analysis of the lifetime prevalence of AUD, 9 for analysis of the prevalence of alcohol abuse, and 8 for analysis of the prevalence of alcohol dependence.


[image: Figure 1]
FIGURE 1
 A flow diagram of the process of article identification and selection.




Characteristics of the included studies

The 14 articles in this systematic review and meta-analysis included 93,161 participants (Table 1). The sample size of the included studies ranged from 258 to 36,157 participants, and they were published from 2005 to 2021. Most of the studies (32–36, 38–44) were cross-sectional, although there was one case-control (31), one cohort (37), and one comparative cross-sectional study (38). Most of the included studies were from China (31, 32, 35, 39, 42–44), followed by Korea (33, 38, 41), Japan (34, 40), Taiwan (37), and Hong Kong (36). The highest and lowest prevalence rates of AUD were reported in China, at 16.2% (32) and 1.05%, respectively (42). The highest and lowest lifetime prevalence rates of AUD were also reported in China, at 17.7 and 3.03%, respectively (42, 44).


TABLE 1 Characteristics of included articles in this systematic review and meta-analysis (n = 14).

[image: Table 1]



Quality appraisal

The NOS was used to assess the quality of the included studies. The quality ratings ranged from 6 to 8 stars for cross-sectional studies (32–36, 38–44), seven for case-control studies (31) and six for cohort studies (37). The most common problems were an unsatisfactory response rate, failure to compare respondents and non-respondents (38, 41), and a lack of CIs for the determinants of AUD (32, 37).



Narrative description

Five studies (31, 34, 35, 39, 42) were not considered in the analysis of the 1-year prevalence of AUD: four of them (31, 34, 35, 39) did not report the prevalence rate, while the remaining study, which was conducted in China (42), reported it on the basis of the DSM-5 (which has different diagnostic criteria to the DSM-IV).

Eight articles (31, 32, 35–37, 40–42) were not included in the analysis of lifetime prevalence of AUD because they did not report that outcome. Four of those studies were conducted in China, including one case-control study (31) and three cross-sectional studies (32, 35, 42); the remaining four studies were from Korea (41), Hong Kong (36), Taiwan (37), and Japan (40).

Nine articles (32, 34, 35, 37, 39, 40, 42–44) were excluded from the analysis of determinants of AUD: six of them did not report these data (34, 35, 39, 40, 42, 43) and two did not provide 95% CIs allowing computation of the standard error of the log odds ratio (32, 37). A further study reported that unmarried marital status was a significant factor for AUD; however, because no other studies reported on marital status, this study was not included in the analysis (44). Therefore, five articles were included in the analysis of determinants of AUD, one of which was a case-control study conducted in China involving 129 controls and 129 cases; that study reported that history of family alcohol use (aOR: 4.4; 95% CI: 2.94, 658), smoking (aOR: 3.39; 95% CI: 1.48, 7.77), higher education level (aOR: 0.88; 95% CI: 0.78, 0.99), and induced drinking during childhood (aOR: 6.09; 95% CI:2.56, 14.51) were determinants of AUD (31).



One-year pooled prevalence of AUD

Nine studies were included in the analysis of the 1-year pooled prevalence of AUD. Before computing the pooled prevalence, publication bias was assessed with a funnel plot and Egger's regression test. Visual inspection of the funnel plot revealed a symmetrical distribution of the studies and the Egger's regression test statistic was non-significant (t = 0.04, p = 0.970); therefore, there was no significant publication bias (Figure 2). On the basis of the aforementioned results, nine studies were included in the analysis of the 1-year pooled prevalence of AUD, published from 2008 to 2020. The highest and lowest prevalence rates of AUD were reported in studies from China (16.2%) and Taiwan (1.75%), respectively, and the 1-year pooled prevalence of AUD disorder was 8.88% (95% CI: 6.32, 11.44) (Figure 3).


[image: Figure 2]
FIGURE 2
 Funnel plot of publication bias for 1 year prevalence of AUD.



[image: Figure 3]
FIGURE 3
 Forest plot of the 1-year pooled prevalence of AUD.


A subgroup analysis was conducted for Korea and China because at least two studies conducted in these countries reported the 1-year pooled prevalence of AUD disorder (Korea, 9.78%; 95% CI: 4.40, 15.15; China, 9.66%; 95% CI: 4.31, 15.01).



Pooled lifetime prevalence of AUD

The lifetime pooled prevalence of AUD was estimated on the basis of six studies from Korea, China, Hong Kong, and Japan (total of 30,252 participants). Prior to the analysis, publication bias was assessed with a funnel plot and Egger's regression test. The symmetrical distribution of the articles in the funnel plot indicated that there was no publication bias (Figure 4), as did the non-significant Egger's regression test statistic (t = 0.88, p = 0.427). The overall pooled lifetime prevalence of AUD was 13.41% (95% CI: 8.48, 18.34) (Figure 5). In a subgroup analysis by country, the pooled lifetime prevalence was highest for Korea, at 16.73% (95% CI: 15.31, 18.16), followed by China (13.18%; 95% CI: 4.34, 22.02).


[image: Figure 4]
FIGURE 4
 Funnel plot of publication bias for lifetime prevalence of AUD.
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FIGURE 5
 Forest plot for lifetime pooled prevalence of AUD.




Pooled prevalence of alcohol abuse and dependence

As shown in Figures 6, 7, nine and eight articles were included in the analyses of alcohol abuse and dependence, respectively. Before the analyses, publication bias among studies was checked for by inspecting their distribution on the funnel plot and performing Egger's regression test. There was no significant publication bias among the studies of alcohol abuse or dependence, as evidenced by the Egger's regression test statistics (t = −2.17, p = 0.067 and t = 1.96, p = 0.098, respectively). The prevalence rate of alcohol abuse was highest in China (11.56%) and lowest in Korea (2%), while that of alcohol dependence was highest in China (13.5%) and lowest in Japan (0.9%). The overall pooled prevalence of alcohol abuse was 5.4% (95% CI: 2.66, 8.13), while that of alcohol dependence was 4.47% (95% CI: 2.66, 6.27).


[image: Figure 6]
FIGURE 6
 Forest plot for the pooled prevalence of alcohol abuse.



[image: Figure 7]
FIGURE 7
 Forest plot for pooled prevalence of alcohol dependency.




Determinants of AUD

Among the studies included in the analysis of determinants of AUD, statistically significant factors included male gender (38, 41), history of family alcohol use (31, 41), smoking (31, 36, 41), binge drinking (36), education level (31, 33, 36, 38, 41, 44), income (38, 44), and unmarried status (41).

Studies conducted in China (31), Korea (41), and Hong Kong (36) revealed a positive relationship between smoking and AUD (overall OR: 3.99; 95% CI: 1.65, 6.33). History of family alcohol use was a determinant of AUD in a Chinese study (AOR: 4.4; 95% CI: 2.94, 658), as well as a Korean one (AOR: 1.45; 95% CI: 1.06, 1.97), although this factor was not significantly associated with AUD when all studies were considered (overall OR: 2.79; 95% CI: −0.09, 5.67). Sex was also identified as a determinant of AUD. Male gender was statistically significantly associated with AUD (overall OR: 5.9; 95% CI: 3.3, 8.51). Regarding education level, the results were inconsistent (31, 33, 38, 41); while some studies indicated that a higher education level was a protective factor for AUD (31, 33), others found that a lower education level was a protective factor (33). In the analysis of all studies, the overall odds ratios for lower and higher education levels were 1.68 (95% CI: 0.25, 3.12) and 0.54 (95% CI: −0.16, 1.23), respectively (Figure 8).


[image: Figure 8]
FIGURE 8
 Forest plot for the determinants of AUD.





Discussion

Although various management strategies are emerging, AUD remains a major problem in East Asian countries. However, the reported prevalence and determinants of AUD vary among countries. Therefore, this systematic review and meta-analysis aimed to determine the pooled prevalence of AUD among the adult populations of East Asian countries and calculated pooled odds ratios for its determinants. The pooled 1-year prevalence of AUD was high, at 8.88% (95% CI: 6.32, 11.44), as was the lifetime prevalence, at 13.41% (95% CI: 8.48, 18.34) the rates of alcohol abuse and alcohol dependence were 5.4% (95% CI: 2.66, 8.13) and 4.47% (95% CI: 2.66, 6.27), respectively.

The pooled prevalence of AUD in this study was generally lower than that reported in American at 12% (45), Australia at 18% (46), Canada 19%, and in Brazil at 18.5% (14).

The difference in prevalence of AUD between East Asian and Western countries could be explained by cultural norms and beliefs. In Mediterranean countries, alcohol is integrated into daily life and activities (wet drinking culture) (47). This accords with the results of a comparative study showing that, in cultural terms, Western countries value wine more so than China (48). Second, most young adults in Western countries consider binge drinking normal (49), and some even rely on drinking to cope with stress in their daily lives (50). Such norms and beliefs may explain the high frequency and amount of alcohol consumption in Western countries (51), which would likely lead to a higher prevalence of AUD. In 2020, the alcohol use rate among Asian people aged ≥26 years was only 37.5% (52), which was much lower than the rate reported in the US (54.6%) (2).

The pooled prevalence rates of lifetime and 1-year AUD in the current study were higher than those reported for West Asian countries, including Israel (5.9%), Iraq (0.4%) (53), Lebanon (8.7%) (54), the United Arab Emirates (0.7%) (55), Jordan (0.4%) (56), and Bahrain (1.6%) (57). These differences could be explained by religious norms. In West Asian countries, Islam, which restricts alcohol use for its adherents, is the dominant religion (58–60). Moreover, while our results were derived from a meta-analysis of studies on the prevalence of AUD, studies from West Asian countries reported data for individual countries provided by the WHO. Furthermore, the prevalence variation could be attributed by difference in methodology and data collection tools used, as questionnaires adapted according to each country's culture, norms, language, and definitions may also vary (61, 62).

We performed a subgroup analysis to explore AUD by country. The highest pooled prevalence rates for 1-year and lifetime AUD were observed in Korea, at 9.78% (95% CI: 4.40, 15.15) and 16.73% (95% CI: 15.31, 18.16), respectively. This may be because of the relative affordability of alcohol in Korea, and its strong drinking culture, particularly in the context of dinners and team building activities (63). A qualitative study conducted in Hong Kong revealed that household and parental drinking were associated with increased alcohol consumption (64). According to a WHO report, alcohol use is high in Korea at 9.6 alcohol per capita (15+ liters of pure alcohol) (65). In our meta-analysis, China had the second-highest 1-year AUD prevalence, at 9.66% (95% CI: 4.31, 15.01), and the second-highest lifetime AUD prevalence, at 13.18% (95% CI: 4.34, 22.02). These rates are much higher than those reported in mainland China, possibly because alcohol has become more accessible to the Chinese population because of reduced prices (11, 66, 67), more advertisements, less strict regulation of sales (68), and an increase in the number of outlets providing alcohol (69). Second, incomes in China have been increasing, which would likely increase both alcohol consumption and AUD rates (70); alcohol use is lower among low-income groups (71). Third, exposure to alcoholic beverages is increasing in line with the number of factories producing alcoholic beverages. For instance, a modeling study on global alcohol exposure between 1990 and 2017 revealed that, globally, adult per capita alcohol consumption increased from 5.7 L in 1990 to 7.6 L in 2017 (72). Banning alcohol advertising, and making it less available and more expensive, are potential cost-effective strategies for reducing AUD (73).

In this study, smoking (overall OR: 3.99; 95% CI: 1.65, 6.33) was the main determinant of AUD; smokers were four times more likely than non-smokers to have AUD, in line with studies conducted in the United States (74–76), Brazil (14), and India (77). The association between smoking and AUD may be attributed to the synergetic effect of the chemicals present in tobacco and alcohol. For instance, a glucocorticoid receptor activated by nicotine can alter the sensitivity of the GABAergic system to ethanol (78). In addition, nicotine potentiates the rewarding effects of ethanol (79). In fact, nicotine and alcohol can both potentiate the rewarding effects of the other substance, and nicotine use increases the likelihood of relapse among those who have quit alcohol (80).

Our systematic review and meta-analysis showed that male gender is a risk factor for AUD (overall OR: 5.9; 95% CI: 3.3, 8.51). The AUD rate among males was approximately six times higher than that among females, consistent with a previous study reporting sex differences in the prevalence of AUD (81). This sex difference is mainly attributed to variations in dopamine receptor density and gonadal steroid hormones (82). In addition, the differences in societal roles between males and females may explain the gender difference in the AUD rate. For example, in East Asian countries, females are highly engaged in housework and take a role of caregiver for their family and thus have less opportunities for alcohol use. Besides, females who are pregnant or planning to get pregnant may abstain from alcohol drinking (83, 84).

Unlike Western studies that have identified several risk factors for AUD, such as the presence of mental health problems (85, 86), stigmatization and impulsiveness (87), a religious practice, education levels (88), and anxiety sensitivity (89), few studies of AUD conducted in East Asian countries explored its determinants. Eight of the studies included herein did not report determinants of AUD, such that our analysis of these factors was limited to two or three articles. Similarly, other studies conducted in China also revealed that mood and anxiety disorder (30), comorbid mental disorders, and marital status were significantly associated with AUD (29).

This systematic review and meta-analysis provided comprehensive, up-to-date data on the overall prevalence of AUD in East Asian countries, and also shed light on its determinants. Also, most of the included studies were nationwide epidemiological studies with large sample sizes, and thus high generalizability. The cohort, case-control, and cross-sectional studies in this meta-analysis were of high quality and used the NOS.


Limitations

As well as strengths, the current study also had some limitations. First, there was considerable publication bias among the included studies. Second, some of the studies failed to report all of the outcomes of interest. For example, one study reported on alcohol abuse but not alcohol dependence, while others reported the 1-year prevalence rate of AUD but not the lifetime prevalence (or vice versa). Five articles reported both the 1-year and lifetime AUD prevalence rates, while four reported only the former. Third, the findings may not be representative of Mongolia and Macau, because none of the included articles were conducted in those countries.




Conclusion

This systematic review and meta-analysis revealed that 1-year and lifetime AUD rates are high in East Asian countries, and that smoking and male gender are significant risk factors for AUD. The findings of this study provide baseline information for governments and policymakers that could inform new treatment approaches for AUD. Moreover, this study shows that greater awareness of the consequences of alcohol consumption, including mortality and associated morbidities, is urgently required. Finally, this review highlighted the need to focus on smokers because of their higher likelihood of developing AUD.



Author contributions

GB: conceptualization-equal, data curation-equal, formal analysis-equal, funding acquisition-equal, investigation-equal, methodology-equal, project administration-equal, resources-equal, software-equal, supervision-equal, validation-equal, visualization-equal, writing—original draft-equal, and writing—review and editing-equal. KL: conceptualization-equal, investigation-equal, methodology-equal, supervision-equal, validation-equal, writing—original draft-equal, and writing—review and editing-equal. QL: investigation-supporting, project administration-supporting, resources-supporting, and validation-supporting. CW: conceptualization-equal, methodology-equal, resources-equal, software-equal, and writing—review and editing-equal. YM: conceptualization-equal, methodology-equal, supervision-equal, validation-equal, writing—original draft-equal, and writing—review and editing-equal. KH: conceptualization-lead, data curation-equal, formal analysis-equal, investigation-equal, methodology-lead, project administration-equal, resources-lead, software-equal, supervision-lead, validation-equal, visualization-equal, writing—original draft-equal, and writing—review and editing-equal. All authors contributed to the article and approved the submitted version.



Acknowledgments

We thank Michael Irvine, PhD, from Edanz (www.edanz.com/ac) for editing a draft of this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1144012/full#supplementary-material



References

 1. National Institute. Alcohol Use Disorder: A Comparison Between DSM–IV and DSM−5 on on Alcohol abuse or Alcoholism. (2021). Available online at: https://www.niaaa.nih.gov/publications/brochures-and-fact-sheets/alcohol-use-disorder-comparison-between-dsm (accessed April, 2021).

 2. Miriam E. The National Survey on Drug Use Health: 2020. (2020). Available online at: https://www.samhsa.gov/data/release/2020-national-survey-drug-use-and-health-nsduh-releases (accessed July, 2022).

 3. SAMHSA. 2020 National Survey on Drug Use and Health:Asian/Native Hawaiians and Other Pacific Islanders (NHOPI). (2022).

 4. WHO. Health at a glance: Asia/Pacific 2020 measuring progress towards universal health coverage: Measuring progress towards universal health coverage. OECD Publishing (2020).

 5. Monzavi SM, Afshari R, Rehman N. Alcohol related disorders in Asia Pacific region: Prevalence, health consequences and impacts on the nations. Asia Pacific J Med Toxicol. (2015) 4:1–8.

 6. Organization WH. Alcohol, Fact sheet. (2022).

 7. Word Health Organization. Global status report on alcohol and health. (2018).

 8. WHO. Alcohol key fact sheet. (2022). Available online at: https://www.who.int/news-room/fact-sheets/detail/alcohol (accessed May 09, 2022).

 9. Polansky B. 13 Complications of Alcoholism: How Long-Term Heavy Drinking Affects Your Body, 1st step behavioral health. (2022). Available online at: https://firststepbhcom/blog/13-complications-of-alcoholism-how-long-term-heavy-drinking-affects-your-body/ (accessed September 21, 2020).

 10. NICE National Institute. Alcohol use disorders: The NICE guideline on the diagnosis, assessment and management of harmful drinking and alcohol dependence. (2011). Report No.: 1904671268.

 11. Kruse MI, Radnovich AJ, Kalapatapu RK, Mehdiyoun N, Chambers RA, Davidson D. Effects of alcohol availability, access to alcohol, and naltrexone on self-reported craving and patterns of drinking in response to an alcohol-cue availability procedure. J Stud Alcohol Drugs. (2012) 73:205–15. doi: 10.15288/jsad.2012.73.205

 12. World Health Organization. Alcohol. World Health Organization (2022). Available online at: https://www.who.int/news-room/fact-sheets/detail/alcohol (accessed May 09, 2022).

 13. Nepal R, Priyanka J, Chhetri P, Godar S, Timsina P, Doranga S. Factors Associated with Problematic Alcohol Consumption among Adults in Putalibazar Municipality of Syangja District, Nepal. Adv Public Health. (2022) 2022:7588153. doi: 10.1155/2022/7588153

 14. Reisdorfer E, Büchele F, Pires ROM, Boing AF. Prevalence and associated factors with alcohol use disorders among adults: a population-based study in southern Brazil. Rev Brasileira de Epidemiol. (2012) 15:582–94. doi: 10.1590/S1415-790X2012000300012

 15. Gebre BB. Factors associated with alcohol use disorder among people living with HIV/AIDS attending art Clinic, Mizan Tep University teaching hospital, south West Ethiopia. HIV/AIDS. (2019) 11:239. doi: 10.2147/HIV.S220211

 16. Witkiewitz K, Litten R, Leggio L. Advances in the science and treatment of alcohol use disorder. Sci Adv. (2019) 5:eaax4043. doi: 10.1126/sciadv.aax4043

 17. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gøtzsche PC, Ioannidis JP, et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions: explanation and elaboration. J Clin Epidemiol. (2009) 62:e1–e34. doi: 10.1016/j.jclinepi.2009.06.006

 18. Puddephatt J-A, Jones A, Gage SH, Fear NT, Field M, McManus S, et al. Associations of alcohol use, mental health and socioeconomic status in England: findings from a representative population survey. Drug Alcohol Depend. (2021) 219:108463. doi: 10.1016/j.drugalcdep.2020.108463

 19. Kassew T, Kiflie M, Minichil W, Tilahun AD, Liyew B. Alcohol use disorder and its associate factors relating to patients with severe mental disorders attending psychiatric follow-ups in Northwest Ethiopia. Neuropsychiatr Dis Treat. (2021) 17:1801. doi: 10.2147/NDT.S309704

 20. Puddephatt JA, Irizar P, Jones A, Gage SH, Goodwin L. Associations of common mental disorder with alcohol use in the adult general population: a systematic review and meta-analysis. Addiction. (2022) 117:1543–72. doi: 10.1111/add.15735

 21. Sterling SA, Palzes VA, Lu Y, Kline-Simon AH, Parthasarathy S, Ross T, et al. Associations between medical conditions and alcohol consumption levels in an adult primary care population. JAMA Netw Open. (2020) 3:e204687. doi: 10.1001/jamanetworkopen.2020.4687

 22. Buddy T. Alcohol Dependence vs. Alcohol Abuse: What's the Difference? Available online at: https://www.verywellmind.com/alcohol-abuse-vs-alcohol-dependence-63101#citation-1 (accessed April 02, 2022).

 23. Peter Anderson and Ben Baumberg European Commission. Alcohol in Europe A public health perspective. Institute of Alcohol Studies UK (2006).

 24. Peterson J, Welch V, Losos M, Tugwell P. The Newcastle-Ottawa scale (NO) for assessing the quality of nonrandomised studies in meta-analyses. Ottawa: Ottawa Hospital Research Institute. (2011) 2:1–12.

 25. Modesti P, Reboldi G, Cappuccio F. Newcastle-Ottawa quality assessment scale (adapted for cross sectional studies). PLoS ONE. (2016) 11:e0147601.

 26. Penson D, Krishnaswami S, Jules A, Seroogy J, McPheeters M. Newcastle-Ottawa quality assessment form for cohort studies. Ottawa: Ottawa Hospital Research Institute. (2012).

 27. Higgins JP, Thompson SG, Spiegelhalter DJ, A. re-evaluation of random-effects meta-analysis. J R Stat Soc. (2009) 172:137–59. doi: 10.1111/j.1467-985X.2008.00552.x

 28. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. (2003) 327:557–60. doi: 10.1136/bmj.327.7414.557

 29. Phillips MR, Cheng HG Li X, Zhang J, Shi Q, Xu G, et al. Prevalence, correlates, comorbidity, and age of onset of alcohol use disorders in adult males from five provinces in China. Drug Alcohol Depend. (2017) 173:170–7. doi: 10.1016/j.drugalcdep.2016.12.026

 30. Cheng H, Phillips M, Li X, Zhang J, Shi Q, Xu G, et al. Co-occurrence of DSM-IV mental disorders and alcohol use disorder among adult Chinese males. Psychol Med. (2017) 47:2811–22. doi: 10.1017/S0033291717001337

 31. Chen X, Pan YM, Xu PR, Huang Y, Li N, Song Y. Family alcohol use, rather than childhood trauma, is more likely to cause male alcohol use disorder: findings from a case-control study in northern China. BMC Psychiatry. (2021) 21:1–8. doi: 10.1186/s12888-021-03566-8

 32. Guo W, Lanzi G, Luobu O, Ma X, Zhen P, Ji Y, et al. An epidemiological survey of alcohol use disorders in a Tibetan population. Psychiatry Res. (2008) 159:56–66. doi: 10.1016/j.psychres.2007.09.012

 33. Hahm BJ, Cho MJ. Prevalence of alcohol use disorder in a South Korean community. Changes in the pattern of prevalence over the past 15 years. Soc Psychiat Psychiatr Epidemiol. (2005) 40:114–9. doi: 10.1007/s00127-005-0854-9

 34. Ishikawa H, Kawakami N, Kessler RC. Lifetime and 12-month prevalence, severity and unmet need for treatment of common mental disorders in Japan: Results from the final dataset of World Mental Health Japan Survey. Epidemiol Psychiatr Sci. (2016) 25:217–29. doi: 10.1017/S2045796015000566

 35. Ji A, Lou P, Dong Z, Xu C, Zhang P, Chang G, et al. The prevalence of alcohol dependence and its association with hypertension: a population-based cross-sectional study4 in Xuzhou city, China. BMC Public Health. (2018) 18:364. doi: 10.1186/s12889-018-5276-1

 36. Kim JH, Lee S, Chow J, Lau J, Tsang A, Choi J, et al. Prevalence and the factors associated with binge drinking, alcohol abuse, and alcohol dependence: A population-based study of chinese adults in Hong Kong. Alcohol Alcoholism. (2008) 43:360–70. doi: 10.1093/alcalc/agm181

 37. Lee CS, Liao SF, Liu IC, Lee WC, Cheng AT. Incidence of first onset alcohol use disorder: a 16-year follow-up in the Taiwanese aborigines. Soc Psychiatry Psychiatr Epidemiol. (2013) 48:955–63. doi: 10.1007/s00127-012-0600-z

 38. Lee HK, Chou SP, Cho MJ, Park JI, Dawson DA, Grant BF. The prevalence and correlates of alcohol use disorders in the United States and Korea-a cross-national comparative study. Alcohol. (2010) 44:297–306. doi: 10.1016/j.alcohol.2010.02.005

 39. Lee S, Tsang A, Zhang MY, Huang YQ, He YL, Liu ZR, et al. Lifetime prevalence and inter-cohort variation in DSM-IV disorders in metropolitan China. Psychol Med. (2007) 37:61–71. doi: 10.1017/S0033291706008993

 40. Orui M, Kawakami N, Iwata N, Takeshima T, Fukao A. Lifetime prevalence of mental disorders and its relationship to suicidal ideation in a Japanese rural community with high suicide and alcohol consumption rates. Environ Health Prev Med. (2011) 16:384–9. doi: 10.1007/s12199-011-0209-y

 41. Park SH, Kim CH, Kim DJ, Suk KT, Park HY, Lee JG, et al. Secular trends in prevalence of alcohol use disorder and its correlates in Korean adults: results from Korea National Health and Nutrition Examination Survey 2005 and 2009. Substance Abuse. (2012) 33:327–35. doi: 10.1080/08897077.2012.662209

 42. Zhang T, Liu Z, Li G, Huang Y, Li Y, Geng H, et al. Correlates of transitions from alcohol use to disorder diagnosed by DSM-5 in China. BMC Psychiatry. (2021) 21:1–10. doi: 10.1186/s12888-021-03413-w

 43. Zhi J, Zhang Y, You X, Long Q, Zhu Y, Liu J, et al. An epidemiological cross-sectional study of prevalence of mental disorders in Dulong nationality of Southwest China. Medicine. (2020) 99:e21884. doi: 10.1097/MD.0000000000021884

 44. Zhou L, Conner KR, Phillips MR, Caine ED, Xiao S, Zhang R, et al. Epidemiology of alcohol abuse and dependence in rural chinese men. Alcoholism. (2009) 33:1770–6. doi: 10.1111/j.1530-0277.2009.01014.x

 45. The Recovery Village. Facts and Statistics about Alcohol Abuse in the United States. (2022). Available online at: https://www.therecoveryvillage.com/alcohol-abuse/alcohol-facts-statistics/ (accessed January 03, 2023).

 46. Teesson M, Hall W, Slade T, Mills K, Grove R, Mewton L, et al. Prevalence and correlates of DSM-IV alcohol abuse and dependence in Australia: findings of the 2007 National Survey of Mental Health and Wellbeing. Addiction. (2010) 105:2085–94. doi: 10.1111/j.1360-0443.2010.03096.x

 47. National Institute. International Comparisons of Alcohol Consumption. (2003). Available online at: https://pubs.niaaa.nih.gov/publications/arh27-1/95-109.htm (accessed December, 2003).

 48. Jiang L. Comparison of the difference between Chinese and Western drinking culture. Asian Soc Sci. (2011) 7:251. doi: 10.5539/ass.v7n5p251

 49. Lyons AC, Willott SA. Alcohol consumption, gender identities and women's changing social positions. Sex Roles. (2008) 59:694–712. doi: 10.1007/s11199-008-9475-6

 50. Keyes KM, Hatzenbuehler ML, Hasin DS. Stressful life experiences, alcohol consumption, and alcohol use disorders: the epidemiologic evidence for four main types of stressors. Psychopharmacology. (2011) 218:1–17. doi: 10.1007/s00213-011-2236-1

 51. Wuyts C, Barbier S, Loosveldt G. Comparison of alcohol consumption in European countries, and some methodological thoughts. In: ESS Conference. Lausanne (2016).

 52. SAMHSA. 2020 National Survey on Drug Use and Health: Asian/Native Hawaiians and Other Pacific Islanders (NHOPI). (2020). Available online at: https://www.samhsa.gov/data/release/2020-national-survey-drug-use-and-health-nsduh-releases (accessed July, 2022).

 53. World Health Organization. Alcohol Iraq 2019 Country Profile. World Health Organization (2019). Available online at: https://www.who.int/publications/m/item/alcohol-irq-2019 (accessed January 01, 2019).

 54. World Health Organization. Alcohol Lebanon 2019 Country Profile. World Health Organization (2019). Available online at: https://www.who.int/publications/m/item/alcohol-lbn-2019 (accessed January 01, 2019).

 55. World Health Organization. Alcohol United Arab Emirates 2019 Country Profile. World Health Organization (2019). Available online at: https://www.who.int/publications/m/item/alcohol-are-2019 (accessed January 01, 2019).

 56. World Health Organization. Alcohol Jordan 2019 Country Profile. World Health Organization (2019). Available online at: https://www.who.int/publications/m/item/alcohol-jor-2019 (accessed January 01, 2019).

 57. World Health Organization. Alcohol Bahrain 2019 Country Profile. World Health Organization (2019). Available online at: https://www.who.int/publications/m/item/alcohol-bhr-2019 (accessed January 01, 2019).

 58. Alhashimi FH, Khabour OF, Alzoubi KH, Al-Shatnawi SF. Attitudes and beliefs related to reporting alcohol consumption in research studies: a case from Jordan. Pragm Observ Res. (2018) 9:55. doi: 10.2147/POR.S172613

 59. Abu-Ras W, Ahmed S, Arfken CL. Alcohol use among US Muslim college students: Risk and protective factors. J Ethn Subst Abuse. (2010) 9:206–20. doi: 10.1080/15332640.2010.500921

 60. Pan S, Wang L, Koenig H, Wang Z. Tobacco and alcohol use in Muslims compared with local Han population in Mainland China. J Psychiat Mental Diso. (2016) 1:1003.

 61. Tevik K, Bergh S, Selbæk G, Johannessen A, Helvik A-S, A. systematic review of self-report measures used in epidemiological studies to assess alcohol consumption among older adults. PLoS ONE. (2021) 16:e0261292. doi: 10.1371/journal.pone.0261292

 62. Greenfield TK, Kerr WC. Alcohol measurement methodology in epidemiology: recent advances and opportunities. Addiction. (2008) 103:1082–99. doi: 10.1111/j.1360-0443.2008.02197.x

 63. Son H-G, Jeong K-H, Cho HJ, Lee M. Changes in types of drinking behavior in Korean adults: differences in demographics, depression, and suicidal thoughts. Int J Environ Res Public Health. (2021) 18:7514. doi: 10.3390/ijerph18147514

 64. Mak YW, Leung D, Loke AY. The vulnerability to alcohol, tobacco, and drug use of adolescents in Hong Kong: a phenomenological study. BMC Pediatr. (2019) 19:1–12. doi: 10.1186/s12887-019-1678-1

 65. WHO. Alcohol Democratic People's Republic of Korea 2019 country profile. (2019). Available online at: https://www.who.int/publications/m/item/alcohol-prk-2019 (accessed January 01, 2019).

 66. Martín-Turrero I, Valiente R, Molina-de La Fuente I, Bilal U, Lazo M, Sureda X. Accessibility and availability of alcohol outlets around schools: An ecological study in the city of Madrid, Spain, according to socioeconomic area-level. Environ Res. (2022) 204:112323. doi: 10.1016/j.envres.2021.112323

 67. Xu X, Chaloupka FJ. The effects of prices on alcohol use and its consequences. Alcohol Res Health. (2011) 34:236.

 68. Dent CW, Grube JW, Biglan A. Community level alcohol availability and enforcement of possession laws as predictors of youth drinking. Prevent Med. (2005) 40:355–62. doi: 10.1016/j.ypmed.2004.06.014

 69. Treno AJ, Grube JW, Martin SE. Alcohol availability as a predictor of youth drinking and driving: a hierarchical analysis of survey and archival data. Alcoholism. (2003) 27:835–40. doi: 10.1097/01.ALC.0000067979.85714.22

 70. Crawford MJ, Parry AM, Weston AR, Seretis D, Zauter-Tutt M, Hussain A, et al. Relationship between price paid for off-trade alcohol, alcohol consumption and income in England: a cross-sectional survey. Alcohol Alcoholism. (2012) 47:738–42. doi: 10.1093/alcalc/ags091

 71. Ejebu O, McKenzie L, Ludbrook A. Household purchasing of cheap alcohol: Who would be most affected by minimum unit pricing? Nordic J Health Econ. (2018) 6:11–29. doi: 10.5617/njhe.4878

 72. Manthey J, Shield KD, Rylett M, Hasan OS, Probst C, Rehm J. Global alcohol exposure between 1990 and 2017 and forecasts until 2030: a modelling study. Lancet. (2019) 393:2493–502. doi: 10.1016/S0140-6736(18)32744-2

 73. Anderson P, Chisholm D, Fuhr DC. Effectiveness and cost-effectiveness of policies and programmes to reduce the harm caused by alcohol. Lancet. (2009) 373:2234–46. doi: 10.1016/S0140-6736(09)60744-3

 74. Han BH, Moore AA, Sherman S, Keyes KM, Palamar JJ. Demographic trends of binge alcohol use and alcohol use disorders among older adults in the United States, 2005–2014. Drug Alcohol Depend. (2017) 170:198–207. doi: 10.1016/j.drugalcdep.2016.11.003

 75. Grucza RA, Bierut LJ. Cigarette smoking and the risk for alcohol use disorders among adolescent drinkers. Alcoholism. (2006) 30:2046–54. doi: 10.1111/j.1530-0277.2006.00255.x

 76. Jiang N, Lee YO, Ling PM. Association between tobacco and alcohol use among young adult bar patrons: a cross-sectional study in three cities. BMC Public Health. (2014) 14:1–9. doi: 10.1186/1471-2458-14-500

 77. Thomas BE, Thiruvengadam K, Kadam D, Ovung S, Sivakumar S, Bala Yogendra Shivakumar SV, et al. Smoking, alcohol use disorder and tuberculosis treatment outcomes: A dual co-morbidity burden that cannot be ignored. PLoS ONE. (2019) 14:e0220507. doi: 10.1371/journal.pone.0220507

 78. Britt JP, Bonci A. Alcohol and tobacco: how smoking may promote excessive drinking. Neuron. (2013) 79:406–7. doi: 10.1016/j.neuron.2013.07.018

 79. Rose JE, Brauer LH, Behm FM, Cramblett M, Calkins K, Lawhon D. Psychopharmacological interactions between nicotine and ethanol. Nicotine Tobacco Res. (2004) 6:133–44. doi: 10.1080/14622200310001656957

 80. Frie JA, Nolan CJ, Murray JE, Khokhar JY. Addiction-related outcomes of nicotine and alcohol co-use: new insights following the rise in vaping. Nicotine Tobacco Res. (2022) 24:1141–9. doi: 10.1093/ntr/ntab231

 81. Agabio R, Pisanu C, Luigi Gessa G, Franconi F. Sex differences in alcohol use disorder. Curr Med Chem. (2017) 24:2661–70. doi: 10.2174/0929867323666161202092908

 82. Ceylan-Isik AF, McBride SM, Ren J. Sex difference in alcoholism: who is at a greater risk for development of alcoholic complication? Life Sci. (2010) 87:133–8. doi: 10.1016/j.lfs.2010.06.002

 83. Goh CMJ, Asharani P, Abdin E, Shahwan S, Zhang Y, Sambasivam R, et al. Gender differences in alcohol use: a nationwide study in a multiethnic population. In: International Journal of Mental Health and Addiction. (2022) 1–15. doi: 10.1007/s11469-022-00921-y

 84. Wilsnack RW, Wilsnack SC, Obot IS. Why study gender, alcohol and culture. In: Alcohol, gender and drinking problems: Perspectives from low and middle income countries. (2005) 1–23.

 85. Hasin DS, Stinson FS, Ogburn E, Grant BF. Prevalence, correlates, disability, and comorbidity of DSM-IV alcohol abuse and dependence in the United States: results from the National Epidemiologic Survey on Alcohol and Related Conditions. Arch Gen Psychiatry. (2007) 64:830–42. doi: 10.1001/archpsyc.64.7.830

 86. Roberts B, Murphy A, Chikovani I, Makhashvili N, Patel V, McKee M. Individual and community level risk-factors for alcohol use disorder among conflict-affected persons in Georgia. PLoS ONE. (2014) 9:e98299. doi: 10.1371/journal.pone.0098299

 87. Fleury M-J, Grenier G, Bamvita J-M, Perreault M, Caron J. Predictors of alcohol and drug dependence. Canadian J Psychiatry. (2014) 59:203–12. doi: 10.1177/070674371405900405

 88. Jaeger GP, Mola CLd, Silveira MF. Alcohol-related disorders and associated factors in a rural area in Brazil. Rev de Saúde Pública. (2018) 52:262. doi: 10.11606/S1518-8787.2018052000262

 89. Schmidt NB, Buckner JD, Keough ME. Anxiety sensitivity as a prospective predictor of alcohol use disorders. Behav Modif. (2007) 31:202–19. doi: 10.1177/0145445506297019









 


	
	
TYPE Brief Research Report
PUBLISHED 07 March 2023
DOI 10.3389/fpsyt.2023.987726






Synthetic cannabinoids awareness among patients with opioid use disorder in Serbia – A survey based cross-sectional pilot study

Vesna Mijatović Jovin1*, Isidora Dickov2,3, Dragana Ratković4,5, Aleksandra Dickov4,5 and Ana Tomas1


1Department of Pharmacology, Toxicology and Clinical Pharmacology, Faculty of Medicine, University of Novi Sad, Novi Sad, Serbia

2Department of Gynecology and Obstetrics, Faculty of Medicine, University of Novi Sad, Novi Sad, Serbia

3Clinic for Gynecology and Obstetrics, Clinical Center of Vojvodina, Novi Sad, Serbia

4Department of Psychiatry and Psychological Medicine, Faculty of Medicine, University of Novi Sad, Novi Sad, Serbia

5Clinic for Psychiatry, Clinical Center of Vojvodina, Novi Sad, Serbia

[image: image2]

OPEN ACCESS

EDITED BY
 John Martin Corkery, University of Hertfordshire, United Kingdom

REVIEWED BY
 Jolanta B. Zawilska, Medical University of Lodz, Poland
 Stefania Chiappini, University of Hertfordshire, United Kingdom

*CORRESPONDENCE
 Vesna Mijatović Jovin, vesna.mijatovic-jovin@mf.uns.ac.rs 

SPECIALTY SECTION
 This article was submitted to Addictive Disorders, a section of the journal Frontiers in Psychiatry

RECEIVED 06 July 2022
 ACCEPTED 18 January 2023
 PUBLISHED 07 March 2023

CITATION
 Mijatović Jovin V, Dickov I, Ratković D, Dickov A and Tomas A (2023) Synthetic cannabinoids awareness among patients with opioid use disorder in Serbia – A survey based cross-sectional pilot study. Front. Psychiatry 14:987726. doi: 10.3389/fpsyt.2023.987726

COPYRIGHT
 © 2023 Jovin, Dickov, Ratković, Dickov and Tomas. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Introduction: There is limited data on the awareness and use of synthetic cannabinoids (SCs) in high-risk population in Serbia, despite SCs becoming more and more common at illicit drug market.

Aim: This pilot study aimed to examine the awareness and prevalence of use of SCs in patients with an opioid-use disorder and to identify patient characteristics and other factors associated with SCs use.

Patients and methods: This cross-sectional study was conducted at the Clinic for Psychiatry, Clinical Center Vojvodina, Serbia, the largest tertiary health care institution in this region of the country. All patients hospitalized due to the treatment of opioid dependence during November and December 2017 were included (response rate 100%), and filled-out an anonymous questionnaire specifically developed for the purpose of this study. Differences between patients reporting SCs use and those who did not were compared using chi-square test with values of p < 0.05 were considered significant.

Results: Out of 64 patients (median age 36.37 years), one third (32.81%) reported using SCs. Socio-demographic characteristics of the subjects were not associated with SCs use. There were differences in the most common sources of information reported between the SCs users and non-users. Majority of SCs users (76.0%) were informed about SCs through friends, compared with just 26.0% of non-users (<0.001). Nearly all study participants (93.8%) were daily tobacco users. The share of respondents reporting alcohol and marihuana use was significantly higher among the SCs users (52.0% vs. 20.9%, p = 0.011 and 15.6% vs. 12.5%, p = 0.015), respectively. Higher share of SCs users used multiple psychoactive substances (38.1% vs. 16.3%), and this difference was statistically significant (p = 0.047). The most commonly reported adverse effect of SCs among users included dry mouth (81.0%), trouble thinking clearly (52.4%) and panic attacks (52.4%).

Conclusion: Understanding the awareness and use of SCs among high-risk drug users, as well as associated factors can help improve substance-use disorder treatment in our setting. Educational activities targeting public are urgently needed to raise awareness on SCs, considering that social contacts are the main sources of information on SC for this vulnerable population. Users of SCs have also reported using other psychoactive substances more often, and this calls for a holistic approach addressing multiple factors to improve substance-use treatment in our setting.

KEYWORDS
 synthetic cannabinoids, opioid use disorder, use, awareness, predictive factors


Introduction

The United Nations Office for Drugs and Crime has defined NPS (new psychoactive substances) as “substances of abuse, either in a pure form or a preparation, that are not controlled by the 1961 Single Convention on Narcotic Drugs or the 1971 Convention on Psychotropic Substances, but which may pose a public health threat” (1, 2). According to the distinguished experts in the field, NPS are also defined as narcotic drugs or psychotropic substances made available or used from the early to mid-2000s for their psychoactive properties (3).

The appearance of NPS has raised considerable concern at international level. One of the reasons could be a high number of substances identified by the Early Warning System every year - at the end of 2021 the EMCDDA (European Monitoring Centre for Drugs and Drug Addiction) was monitoring around 880 NPS, 52 of which were first reported in Europe in 2021 (2). In addition, a growing number of NPS consumers have been assessed by health care professionals (HCPs) with very severe clinical manifestations and unpredictable NPS associated untoward effects (4, 5). Considering their psychopathological consequences, which are of main interest for mental HCPs, NPS include: synthetic cannabinoids/cannabimimetics (SCs), new synthetic opioids, ketamine-like dissociatives, novel stimulants and novel psychedelics, prescription and over-the-counter medicines with a misusing potential (6).

The prevalence of NPS use is very difficult to estimate, especially for the countries not included in the standard world warning and monitoring systems. Scarce data available originates from analysis of calls to national poison control centers, emergency department admissions and drug use surveys (7). According to the ESPAD (European School Survey Project on Alcohol and Other Drugs) study from 2019 which collected information on NPS in general, 3.4% of the ESPAD students surveyed had tried NPS during their lifetime and 2.5% had used them in the past 12 months (8). While surveys about NPS consumption have been most commonly focused on one group of potential/real users, the NPS-transnational (NPS-t) project included 6 European countries (Germany, Hungary, Ireland, the Netherlands, Poland and Portugal) and 3 groups of NPS consumers (socially marginalized, users in nightlife settings and in online communities) (9). In the total sample, last year prevalence was by far highest for stimulant NPS, followed by psychedelic NPS and herbal blends and/or SCs, while it was lowest for dissociative NPS (9). Moreover, prevalence rate also varied across countries included in the study (9). Additionally, to investigate the use of selected NPS in general population, wastewater-based epidemiology has been applied in 14 European countries (including Serbia) during 2016 and 2017 (10). Methcathinone was most frequently detected (>65% of the cities), followed by mephedrone (>25% of the cities), and only mephedrone, methcathinone and methylone were found in both years (10). Also, this study confirms that NPS use in Europe is much lower than the use of classical psychoactive drugs (10). On the other hand, lived experience of people who use NPS as well as people who provide harm reduction services were main sources of information for the study conducted by Kurcevič et al. in 6 Euroasian countries, including Serbia (11).

The Early Warning System in Serbia has been active since 2016. An increase in the prevalence of synthetic stimulants and other NPS use has been reported within EMCDDA publication next year (2017) (12). The study pointed out first clinical and analytical experience of the Serbian National Poison Control Centre with SCs, as representatives of NPS, was published in 2018 (13). Even though the inhalation of SCs is intended to mimic the psychotropic effects of cannabis (mostly euphoric effects and relaxation), SCs undesirable effects are unpredictable and more severe (e.g., cardiac arrest, liver toxicity, kidney failure, seizures) than those provoked by phytocannabinoids (14). The most prominent psychiatric and neurological adverse effects are: auditory/visual hallucinations, anxiety and agitation, paranoia, mood swings, suicidal ideation and attempts, thought disorganization and delirium (4, 6, 15). Even a peculiar “synthetic” psychosis, designated “Spiceophrenia,” has been described as a chronic psychopathological symptom of SCs consumption (5). Finally, SCs use could lead to dependence, tolerance and withdrawal phenomena (16).

Evaluating awareness and attitudes of future HCPs in Serbia regarding NPS, Mijatović Jovin et al. in the most recent paper emphasized the necessity for improving theoretical and clinical lectures about NPS for prospective doctors in the context of their future role in the prevention and treatment of NPS overdose and addiction (17).

To the best of our knowledge, there is no available data on the awareness and use of SCs in patients admitted to drug detoxification treatment in Serbia. This survey based cross-sectional pilot study aimed to examine the awareness and use of SCs in patients with an opioid-use disorder and to identify patient characteristics and other factors associated with SCs use.



Method

This cross-sectional, observational study was conducted at the Department for substance-related and addictive disorders of the Clinic for Psychiatry Clinical Center Vojvodina. All patients hospitalized for the treatment of opioid dependence (F11.2 according to International Classification of Diseases, 10th edition – ICD-10) during November and December 2017 were asked to participate, and all have accepted (response rate 100.0%).

The participants were informed that survey completion was voluntary, confidential, that no personal information would be collected/processed and published, and that no compensation would be provided for their potential participation. Study personnel assessed participants’ understanding about the study by asking whether they understood the nature and purpose of the study, the informed consent procedure, and if there were any questions prior to survey administration. After obtaining consent for participation, the survey was started.

The investigation was approved by the Ethics Committee of the Clinical Center of Vojvodina as well as the Ethics Committee of the Faculty of Medicine, University of Novi Sad.

Based on the literature, recommended minimum sample size for pilot and feasibility studies is between 24 and 50 participants (18–20). Taking this into account, with a sample size of 50, we would have been able to estimate a prevalence of SC use of 30% within a 95% confidence interval of ±13%.

Items of the study included questions about demographics and past and current (past 30-day) substance consumption (tobacco, alcohol, marijuana, and other drugs). The survey also inquired about (1) source of information regarding SCs, (2) SCs product use and its frequency (pattern of use), (3) undesirable subjective effects of SCs products (risk and consequences of SCs use), and (4) types of SCs used and common slang names. Questionnaire used is available in the Supplementary material.

Descriptive statistics, Chi-square test for categorical variables and t-test for continuous variables were used for the analysis. Analyses were performed IBM SPSS Statistics V.22 software. A p level < 0.05 was considered statistically significant.



Results

Out of 64 patients included in the study, one-third (21, 32.81%) reported ever using SCs. One third of the SCs (28.57%) consumers used SCs daily. Majority of the respondents (53, 82.81%) identified as male. The median age of respondents was 36.37 years, with no significant difference in age between SCs users and non-users (F = 0.007, p = 0.93). Almost all (87.5%) reported completing secondary school. Most (64.06%) were currently employed, and the rest reported being unemployed and looking for job. Most of the survey subjects (81.25%) were from urban areas. Regarding relationship status, one half of the participants were single (51.56%). There were no differences in demographic characteristics between those reporting having ever used SCs and non-users (Table 1).



TABLE 1 Socio-demographic characteristics of the respondents (N = 64).
[image: Table1]

Over one-third of the participants (42.0%) were informed about SCs by a friend, while 37.0% of respondents were exposed to information regarding SCs by traditional and social media (Table 2). There were differences in the most common sources of information reported between the SCs users and non-users. Majority of SCs users (76.0%) were informed about SCs through friends, compared with just 26.0% of non-users. Higher share of non-users reported social media and internet as sources of information in comparison with SCs users (37.0% vs. 10.0%). Also, a third of non-users reported never having heard about SCs. Respondents’ habits on past and current substance use, and differences between SCs users and non-users are reported in Table 3. Nearly all study participants (93.8%) were daily tobacco users, with a slightly higher percentage of smokers among the non-user group (83.7% vs. 81.0%, p = 0.783). Overall, approximately one third reported alcohol and marijuana use, 31.3 and 28.1%, respectively. However, the share of respondents reporting alcohol and marijuana use was significantly higher among the SCs users (52.4% vs. 20.9%, p = 0.011 and 15.6% vs. 12.5%, p = 0.015, respectively). Higher share of SCs users used multiple psychoactive substances (38.1% vs. 16.3%), and this difference was statistically significant as well (p = 0.047).



TABLE 2 Source of information regarding SCs.
[image: Table2]



TABLE 3 Past and current substance use.
[image: Table3]

Ninety (90.48%) out of 21 SCs users thought that “Usage of SCs is more dangerous than consumption of marijuana,” while slightly over half of non-users (55.81%) agreed with this claim, and this difference was statistically significant (χ2 = 7.885, p = 0.023).

The most reported adverse effects associated with SCs use were dry mouth (81.0%), followed by trouble thinking clearly (52.4%) and panic attack (52.4%) (Figure 1).

[image: Figure 1]

FIGURE 1
 Reported adverse effects among SCs users (N = 21).


Survey subjects reported 29 different names of new psychoactive drugs available on the Serbian market, but just 3 (10.34%) of them were actually SCs (mamba, k2, black sabath).



Discussion

The present study identified prevalence of SCs use and associated factors among a vulnerable population of persons being treated for opioid-use disorder in order to bring light to this understudied topic considering their increasing availability and number of SCs on the market. Persons with opioid-use disorder commonly abuse other psychoactive substances, including cannabis, which makes them vulnerable to use SCs as well. This is influenced by a combination of social, psychological and economic factors, in addition to biological features of the opioid and cannabinoid receptor systems. SCs, diverse compounds exhibiting high affinity for the cannabinoid receptors, are known to interact with opioids in many physiological and pathological functions, including addiction (16). A neurobiological convergence of the cannabinoid and opioid systems is apparent at both receptor and behavioral levels. Both CB1 and CB2 agonists are able to induce antinociception by increasing opioid precursors’ gene expression or via release of endogenous opioids (21, 22). CB2 receptors activation indirectly stimulates opioid receptors located in primary afferent pathways, implying that cannabinoids can enhance opioid effects (23). Pharmacological modulation of the opioid system can modify the effects of THC (24). SCs use in this vulnerable population can contribute to the worsening of patient’s overall prognosis and prolongation of recovery (25), as polydrug use was reported to be associated with serious injury, adverse effects on health, fatal overdose, suicidal ideas and suicide attempts (4, 26, 27). In addition, SCs are one of the NPS with the highest number of reported intoxications (28, 29). Cannabis use was also found to be a predictor of the duration of untreated psychosis, and of disease outcome (30).

In the present study, more than a third of respondents (32.81%) reported having ever used SCs, similarly to the prevalence of SCs or NPS use, reported in Italy (33.5%) (25), Germany (32%) (31) and France (29%) (32). Several patient characteristics were examined with the respect to SCs use. Our study showed that the use of SCs was not reserved exclusively for adolescent population, as often reported, with the average age of the persons reporting SCs use being 36.37 years. Evaluating health and social problems associated with recent NPS use in 6 European countries, Van Hout et al. reported that average age of marginalized, night life and online users was 33.5, 25.7, and 23.6 years, respectively (33), while Soussan et al. revealed age range between 18 and 75 years (mean 27.6 years) in a self-selected sample of international NPS users (34). In contrast to other studies (35, 36), we did not find associations between socio-demographic characteristics such as income, education or social-deprivation and SCs use, but several other factors related to the use of SCs in persons with an opioid-use disorder were confirmed.

Being marijuana, alcohol and/or polydrug user were the most important risk factors for the SCs use. These results are in line with previous findings, suggesting that SCs (and other NPS) use is associated with polysubstance abuse in opioid addicts. The classic concept of defining polysubstance use as the simultaneous consumption of 3–4 “classic” drugs (e.g., opioids, amphetamines, cocaine, and cannabinoids) (37) should be reassessed to also include the use of NPS (38), in light of their growing uptake in the illicit drug market. A recent study based on the urine analysis reported the prevalence of polysubstance use of 66.3% in patients with opioid use disorder, with detection of NPS in more than 25% of samples (39). Differentiating by type of NPS, new synthetic opioids were most commonly determined (8.6%), while NPS cannabinoid type was detected in 3.2% of samples (39). Findings by Larabi et al., where 54% of NPS users had been exposed to more than one NPS in the same time period, mostly in combination with cocaine, amphetamines and opioids (32), gives further support for the problem of polydrug use associated with the NPS. In addition, SCs are not merely substitutes for older “classic” psychoactive substances, but rather represent an inseparable part of the drug repertoires. A study by Elliott et al. showed that marijuana and SCs are not commonly used interchangeably by the same individuals, implying either that the substance effects are sufficiently different, or that SCs are used out of a perceived necessity, not preference (40). In Serbia, NPS were commonly consumed in combination with amphetamines, cocaine, ecstasy, alcohol and cannabis (11). Reasons for drug combinations were: to prolong or amplify the drug’s effects, to add a new effect and to alleviate drug hangovers (11). Acute side effects reported strongly support those described in the literature and included dry mouth, trouble thinking clearly, panic attack, palpitations and fear (6, 11, 13, 14). SCs users from our study were more aware of dangers associated with the SCs consumption than non-users. On the other hand, being asked to report names of SCs available in Serbia, opioid addicts in our survey reported 29 different names, of which only 10.34% belong to SCs. In a qualitative study by Kurcevič et al. intended to identify patterns of NPS use in 6 Euroasian countries, respondents from Serbia were not entirely clear what constituted “new psychoactives” and numbered several substances, including SCs, as being “new” in the context of Serbian drug scene (11).

This pilot study has estimated prevalence of SCs use in this vulnerable population, and identified opportunities for larger scale research. With high willingness of patients to participate in study of this type, hospital setting seems a suitable one for recruitment of this population. Other that opening venue for further research, study identified several opporutnites to improve patient care, including offering a basis for preventative strategies. Firstly, the HCPs involved in the care for the patients with opioid use disorder should also be aware of the possibility of patients using SCs, as these appear to be frequent concomitants to the conventional drugs of abuse (41). This should be included when developing treatment plans tailored to specific challenges of each individual patient to support treatment and recovery. To allow for harm reduction, patients should be informed about the dangers of such practice and the fact that these combinations can produce unwanted and unpredictable effects. It was identified that most of the SCs users in the present study were acquainted with SCs through social-contacts. Patients who did not report SCs use listed internet as the main source of information on the NPS. According to Van Hout et al. younger drug users (average age of 23.6 years) are more active online, while marginalized, high-risk users of NPS obtain their drugs from friends or dealers as opposed to the Internet (33). In addition, high-risk group was older (average age 33.5 years) and among the NPSs, listed herbal blends and/or SCs as the those most commonly used (33). This calls for broader educational health communication campaigns about the risks of polydrug use and dangers of the NPS, targeting population at risk to decrease misconceptions and provide reliable information.



Conclusion

Understanding the awareness and use of SCs among high-risk drug users, as well as associated factors, could enable more effective prevention and harm reduction within this vulnerable marginalized population. Educational activities targeting public are urgently needed to raise awareness on SCs, considering that social contacts are the main sources of information for this vulnerable population. Users of SCs have also reported using other psychoactive substances more often, and this calls for a holistic approach addressing multiple factors to improve substance-use treatment in our setting.



Limitations

This study had several limitations that need to be mentioned. As it was based on a survey of patients currently being treated, this might have resulted in selection bias. As with any self-reported measure, recall and reporting bias cannot be excluded, which might have resulted in under-or over-reporting of SCs use. Study included a low number of participants for a disorder with a difficult to estimate prevalence. However, even despite the limitations of this survey, findings identify several problem areas in a difficult-to-sample population. A follow-up study, including the data from health-care records in addition to self-reported measures, as well as larger sample is warranted, which would make it necessary to include other treatment centers in the country.
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Introduction: Efforts to achieve opioid guideline concordant care may be undermined when patients access multiple opioid prescription sources. Limited data are available on the impact of dual-system sources of care on receipt of opioid medications.

Objective: We examined whether dual-system use was associated with increased rates of new opioid prescriptions, continued opioid prescriptions and diagnoses of opioid use disorder (OUD). We hypothesized that dual-system use would be associated with increased odds for each outcome.

Methods: This retrospective cohort study was conducted using Veterans Administration (VA) data from two facilities from 2015 to 2019, and included active patients, defined as Veterans who had at least one encounter in a calendar year (2015–2019). Dual-system use was defined as receipt of VA care as well as VA payment for community care (non-VA) services. Mono users were defined as those who only received VA services. There were 77,225 dual-system users, and 442,824 mono users. Outcomes were three binary measures: new opioid prescription, continued opioid prescription (i.e., received an additional opioid prescription), and OUD diagnosis (during the calendar year). We conducted a multivariate logistic regression accounting for the repeated observations on patient and intra-class correlations within patients.

Results: Dual-system users were significantly younger than mono users, more likely to be women, and less likely to report white race. In adjusted models, dual-system users were significantly more likely to receive a new opioid prescription during the observation period [Odds ratio (OR) = 1.85, 95% confidence interval (CI) 1.76–1.93], continue prescriptions (OR = 1.24, CI 1.22–1.27), and to receive an OUD diagnosis (OR = 1.20, CI 1.14–1.27).

Discussion: The prevalence of opioid prescriptions has been declining in the US healthcare systems including VA, yet the prevalence of OUD has not been declining at the same rate. One potential problem is that detailed notes from non-VA visits are not immediately available to VA clinicians, and information about VA care is not readily available to non-VA sources. One implication of our findings is that better health system coordination is needed. Even though care was paid for by the VA and presumably closely monitored, dual-system users were more likely to have new and continued opioid prescriptions.

KEYWORDS
 opioid, opioid-related disorders, veterans, logistic models, observational study


1. Introduction

The opioid overdose epidemic is a public health emergency. According to the Centers for Disease Control and Prevention (1, 2), drug overdoses accounted for more than 700,000 deaths from 1999 to 2017, almost 400,000 of which involved an opioid. Opioid prescriptions peaked around 2012 (2), however opioid-related mortality continued to increase. After reaching a plateau between 2017 and 2019, during the COVID pandemic there has been a sharp increase in opioid mortality (3). Synthetic opioid use (e.g., fentanyl) is largely responsible for the recent surge (4). Nevertheless, current opioid prescribing rates are still higher than those of the 1990s (5). Similar trends have been seen in the Veterans Administration (VA) – the US’ largest integrated health system – where opioid overdoses increased from 2010 to 2016 while VA opioid prescriptions declined (6, 7).

To promote safer opioid use and decrease mortality, health systems including VA have developed opioid prescribing guidelines including recommending providers generally avoid prescribing opioids for the treatment of chronic pain. If prescribed, providers should check prescription drug monitoring databases for evidence of other controlled substances prescriptions from other prescribers and implement opioid risk mitigation strategies (such as urine drug testing, generally avoid dose escalation above certain thresholds, consider issuance of naloxone, and monitor patients for the development of opioid use disorder (OUD)). Systems’ efforts to achieve guideline concordant care may be undermined when patients access multiple opioid prescription sources. Such fragmentation of care is associated with high-risk prescribing practices and OUD (8, 9) which may be exacerbated by a lack of shared information.

VA is in a unique situation because not only are many VA patients’ dual-system users (10), where in addition to VA care, they also access community care, (11) which may be paid for by the VA. Programs expanding VA’s payment of community care include the Veteran Choice Program (VCP), initiated late 2014 and extended and expended in 2017 (12). The VCP program as well as other community care programs were consolidated under the Veterans Community Care Program (VCCP) in 2018 (12). Prior to the introduction of VCP/VCCP, VA rarely reimbursed community care but between 2014 and 2019, almost a quarter of VA enrollees have received authorization to utilize VCP/VCCP. The community care that VA pays for through VCP/VCCP brings an additional layer of responsibility for VA to understand the impact of dual-system use, especially as it may impact opioid safety, yet no prior studies have examined the impact of dual-system use of VA service and VA paid community care on opioid safety outcomes.

To address this gap in the literature, using the electronic health record (EHR) from Washington DC and Baltimore VA Medical Centers, we assembled a cohort of patients from two groups: mono users (active VA patients who did not use VCP/VCCP services) or dual-system users (active VA patients who also used VCP/VCCP services). We analyzed the new opioid prescription, continued opioid prescription, and OUD in these groups to test the hypotheses that: dual-system use is associated with increased new opioid prescription, continued opioid prescription and diagnosis of OUD.



2. Methods


2.1. Study population and data sources

We used VA EHR data from 2015 to 2019 and included active patients, defined as Veterans who had at least one encounter of any type in the VA (in DC or Baltimore) in a calendar year (2015–2019). Each year was treated as separate cohort; active patients in a calendar year with at least one encounter of any type in the prior calendar year were enrolled into the year’s cohort. Additional demographic and clinical information were extracted from VHA electronic clinical and administrative data sources in the Corporate Data Warehouse (CDW) for all eligible Veterans both prior to and following January 1st of each year (index date) to enable the analysis of longitudinal outcomes (13) (Figure 1). The study was approved by the VA IRBnet protocol #1607134.
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FIGURE 1
 Cohort selection flow chart.




2.2. Use patterns definitions

We defined a VCP/VCCP encounter by use of a VA stop code designated for the community care program or VCP/VCCP note. A VA-only user (“mono”) in a calendar year was defined as a patient without any VCP/VCCP encounter in the calendar year. A dual-system user in a calendar year was defined as a patient with both VA and VCP/VCCP encounters in the calendar year. Each year, fewer than 10 patients had only VCP/VCCP encounters; thus, a VCP/VCCP only group was not warranted.



2.3. Study outcomes

Our outcome measures were three binary measures: new opioid prescription, continued opioid prescription (i.e., received an opioid prescription), and diagnosis (during the calendar year). New opioid prescription was defined as no opioid prescription in the VA prior to the opioid prescription in the current calendar year. Continued opioid prescription was defined as receipt of any opioid prescriptions in the current calendar year and had prior prescriptions. Opioid medications included the following: codeine, fentanyl, hydrocodone, hydromorphone, levorphanol, meperidine, morphine, oxycodone, oxymorphone, pentazocine, tapentadol and tramadol. Buprenorphine and methadone were excluded as most of their use is to treat OUD, thus we did not count them as opioids in this specific analysis due to the overlap between their use as pain treatment and as OUD treatment. OUD was defined using the ICD 9/10 codes of 304.00, 304.70, 305.50, and F11.



2.4. Covariates

Covariates including demographic and clinical variables were derived from VA data on the index date. We also identified selected comorbid diagnoses recorded at ≥2 outpatient visits or ≥ 1 inpatient stay up to 12 months before entry date. The definition of comorbid diagnoses were defined using the criteria established by the VA MSD cohort (14) and derived from the ICD9/10 codes. Age was measured as a continuous variable and the other covariates were measured as categorical variables.



2.5. Statistical analyses

We conducted analyses by year, accounting for the repeated observations on patient and intra-class correlations within patients. We first summarized the baseline characteristics of the dual-system and mono users. We then compared the outcomes between the dual-system and mono user groups.

The main independent variable was the care pattern: dual-system user group vs. mono group. We conducted Chi-square and Student’s t-test to compare patient demographics and comorbid conditions between exposure groups as well as outcomes of each group. Due to the large sample size of the study (N = 520,049), a very small difference between groups may be statistically significant. Therefore, we also calculated absolute standardized difference (ASD) for each comparison besides reporting value of p, for which ASD > 10% indicates imbalanced characteristics between two groups. For each outcome, we conducted a multivariate logistic regression using a dual-system use indicator and all covariates. All analyses were conducted using SAS 9.4. (Cary, NC).




3. Results

The number of VCP/VCCP patients increased over time (Table 1). There are total of 169,514 unique patients between 2015 and 2019. We found that the two populations differed on several characteristics. Table 2 shows that the baseline characteristics of mono and dual-system users in DC and Baltimore VA from 2015 to 2019; the test was carried out between the two groups: the dual-system users and the mono users. Significant between differences were observed for each covariate measured.



TABLE 1 Number of dual-system and mono users by year.
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TABLE 2 Baseline characteristics of dual-system and mono users.
[image: Table2]

In bivariate analyses, a smaller proportion of mono users than dual-system users received new opioid prescription (Table 3). Statistical significance in the tests involving continued opioid prescription and OUD was also witnessed because the tests’ value of ps were less than the significance alpha level.



TABLE 3 New opioid prescription, continued opioid prescription, and opioid use disorder in mono and dual users in DC and Baltimore VA from 2015–2019.
[image: Table3]

Table 4 and Figure 2 presents the results of the analysis of new opioid prescription in mono vs. dual-system users in DC and Baltimore VA from 2015 to 2019. Dual-system users were clearly more likely to have new opioid prescriptions (We separated the addition-related covariates because their odds ratio for the continued opioid prescription and OUD were particularly large). Some comorbidities were statistically significant in the adjusted analyses with OR < 1 because patients with prior conditions such as pain, TBI and cancer often have been receiving opioid and thus does not meet the criteria of new opioid prescription.



TABLE 4 New opioid prescription in mono vs. dual-system users in DC and Baltimore VA from 2015 to 2019.
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FIGURE 2
 (A) Unadjusted and adjusted odds rations and confidence intervals of covariates (excluding addictions) for new opioid prescription. (B) Unadjusted and adjusted odds rations and confidence intervals of addiction covariates for new opioid prescription.


Table 5 and Figure 3 shows the continued opioid prescription in mono vs. dual-system users in DC and Baltimore VA from 2015 to 2019. There were 18,978 dual-system users, accounting for 24.6% of the dual-system users’ participants and a total of 68,749 mono users, accounting for 15.5% of the mono users’ participants. In the analysis, all variables produced statistically significant effects in both unadjusted and adjusted OR, except the African American vs. white Americans variable in the unadjusted analysis and PTSD and TBI in the adjusted analysis. Unlike in the case of new opioid prescription, comorbid conditions are associated with more continued opioid prescription.



TABLE 5 Continued opioid prescription in mono vs. dual-system users in DC and Baltimore VA from 2015 to 2019.
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FIGURE 3
 (A) Unadjusted and adjusted odds rations and confidence intervals of covariates (excluding addictions) for continued opioid prescription. (B) Unadjusted and adjusted odds rations and confidence intervals of addiction covariates for continued opioid prescription.


Table 6 and Figure 4 displays OUD in mono vs. dual-system users in DC and Baltimore VA from 2015 to 2019. There were 10,012 dual-system users, accounting for 13% of the dual-system users’ participants and a total of 41,618 mono users, accounting for 9.4% of the mono users’ participants. As with opioid use, a higher risk of OUD is associated with the dual-system user status. Many comorbidities including post-traumatic stress disorder, alcohol and tobacco additional, other addictions, anxiety, depression, and traumatic brain injury significantly increased the OUD. Worth noting is that African American was more likely than white Americans to receive the OUD diagnosis.



TABLE 6 OUD in mono vs. dual-system users in DC and Baltimore VA from 2015 to 2019.
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FIGURE 4
 (A) Unadjusted and adjusted odds rations and confidence intervals of covariates (excluding addictions) for OUD. (B) Unadjusted and adjusted odds rations and confidence intervals of addiction covariates for OUD.




4. Discussion

The VA’s implementation of VCP/VCCP has evolved over time, incrementally easing eligibility requirements making it easier for veterans to take advantage of this program (15). In addition, more providers and patients became aware of the VCP/VCCP options. Our study found that dual-system users were younger and have more female and more minority patients. A higher percentage of the dual-system users suffered from depression, anxiety, and PTSD. These characteristics are consistent with the findings of prior reports (16, 17).

Our analysis found that dual-system users receive more opioid prescriptions and exhibit more OUD than mono users after adjusting for demographics factors and comorbid conditions. This is consistent with literature that indicates that patients utilizing dual-system care received more opioid prescriptions (18–20). After adjusting for demographic factors and clinical covariates, the dual-system user status remains significantly associated with a higher risk of new and continued opioid prescription and OUD diagnoses. In addition, the associations of demographic and clinical factors with new opioid prescription initiation and use differed among the VA mono and dual-system user groups in important ways. Younger and female Veterans are slightly less likely to receive opioid prescriptions. Female, Hispanic, and other race Veterans are much less likely to have an OUD diagnosis.

Most comorbidities were associated with a lower risk of receiving new opioid prescription, possibly because many patients with these comorbidities (e.g., cancer) had a pre-existing opioid prescription. Consistent with this hypothesis, we observed that most comorbidities were associated with a higher risk of receiving continued opioid prescription. In terms of OUD, the majority of comorbid conditions were associated with a higher risk; with cancer, diabetes and hypertension being the 3 exceptions. Prior addictions (alcohol, tobacco, and other drug) were all associated with much higher risks of OUD. Their association with new prescription and continued prescription are less consistent. Patients with other drug addictions were less likely to receive new prescriptions but more likely to receive continued prescriptions.

The prevalence of prescriptions has been declining in the US healthcare systems including VA, yet the prevalence of OUD has not been declining at the same rate, with care coordination being a potential issue. A clear implication of our findings is that better system coordination is needed. Cordasco et al. pointed out “Coordinating care is essential for improving patients’ clinical outcomes, enhancing patients’ experiences of care, increasing provider satisfaction, and decreasing costs” (21). Even though VCP/VCCP are paid for by the VA and presumably closely monitored, the dual-system users were more likely to have new or continued opioid prescription. One potential problem is that detailed notes from VCP/VCCP visits are not immediately made available to the VA clinicians and vice versa. Another problem may be that some patients could be intentional “shopping” for providers who are willing to prescribe opioids in the non-VA setting, which is harder to do in the VA. Multiple guidelines have been published for the treatment of chronic pain and opioid dependency (22), but further studies will be needed to understand how system coordination can be improved to reduce the opioid use and OUD in the dual-system use population.

One limitation of this study is that the dual-system user category has been limited to VCP and VCCP. Many veterans have private insurance and VCP/VCCP is only a subset of the dual-system users (23). In addition, OUD is known to be under-documented. The ICD codes we used only can capture some of the OUD. Another limitation to the study is that the decreased prescribing of opioids in medical systems may lead patients to acquire opioids elsewhere. This is more dangerous since there is no quality control on these drugs and the use of fentanyl is now common and is associated with frequent overdoses. In fact, the decrease in opioid prescriptions within the VA (and other systems) could possibly lead to a more dangerous situation for patients for this reason. We did not measure overdoses in this study because overdosed patients are often sent to the nearest emergency department rather than VA. It is however common knowledge that they have increased markedly especially during the pandemic. A decrease in opioid prescriptions does not necessarily mean a corresponding decrease in the number of patients dependent on opioids. We know that the diagnosis of OUD is not an exact reflection of dependence since this diagnosis is often not made in persons who are dependent.

In future studies, we plan to compare the guideline concordant care in both mono and dual-system users. Va and DoD have created clear Clinical Practice Guideline for Opioid therapy (24, 25). There is also ongoing VA efforts to review/oversee opioid prescribing by Community care prescribers to assure safety. This is mandated by MISSION Act 131 and the VA has established a process in all VHA facilities.

We will also perform chart reviews to check if the dual-system users’ medical records lack information on prior history of substance abuse and other risk factors. We would like to carry out a survival analysis. In the survival analysis, each patient will have a single baseline and the mono and dual-system users will be matched at baseline through propensity score matching. In addition, we plan to conduct focus group and interview studies to identify barriers and facilitators of care coordination.


Resource identification initiative

Data source: heath data from the U.S. Department of Veterans Affairs (RRID:SCR_011566); statistical data analysis software: SAS 9.4 Statistical Analysis System (RRID:SCR_008567).
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Stress and resilience are involved in the pathophysiology of addictive disorders, and heart rate variability (HRV) is an index of an individual’s global capability to regulate psychological responses. In this study, we aimed to identify transdiagnostic and disorder-specific markers in people with addictive disorders by analyzing resting-state HRV and associations with the levels of stress and resilience. We compared relevant data between patients with internet gaming disorder (IGD) and/or alcohol use disorder (AUD) and healthy controls (HCs). In all, 163 adults aged 18–35 years (53 with IGD, 49 with AUD, 61 HCs) participated. The levels of stress and resilience were measured using the Psychosocial Wellbeing Index and the Connor-Davidson Resilience Scale, respectively. The HRV was obtained from each participant during a 5 min resting-state. The IGD and AUD patients exhibited increased levels of stress and decreased resilience compared to the HCs. Patients with either addictive disorder exhibited a lower standard deviation of the normal-to-normal beat interval (SDNN) index [SDNNi] compared to HCs even after adjusting for clinical variables such as depression, anxiety, and impulsivity. In multiple comparison tests among the three groups, the AUD group had lower HRV than HCs, but no differences were observed among the groups after adjusting for the clinical variables. The HRV indices were correlated with the levels of stress, resilience, and disease severity. In conclusion, IGD and AUD patients exhibit lower HRV as indicated by the SDNNi compared to HCs, revealing their vulnerability to stress as well as a common transdiagnostic marker of addiction.
Keywords: internet gaming disorder (IGD), alcohol use disorder (AUD), heart rate variability (HRV), stress, resilience
1 INTRODUCTION
Internet gaming disorder (IGD) is a type of behavioral addiction characterized by playing games excessively so that it interferes with social relationships and work performance. As the internet is available to most people, and communication through the internet has become common among young people, IGD is emerging as a new social issue. The Diagnostic and Statistical Manual of Mental Disorders-Fifth Edition (DSM-5) includes IGD as a condition proposed for future study, whereas the 11th revision of the International Classification of Diseases (ICD-11) added gaming disorder as a mental disorder. The diagnostic criteria consist of impaired control over gaming, negative psychological problems, and impaired social or occupational functioning. The global prevalence of gaming disorder is estimated to be 3.05% (Stevens et al., 2021). The prevalence of IGD varies widely from 1.16% reported in Germany (Rehbein et al., 2015) to 17.0% reported in China (Liao et al., 2020). In Korea, the prevalence is 5.9% (10.4% in boys and 1.2% in girls) in middle-school students (Yu and Cho, 2016) and 10.8% of people aged 14–39 years (Wang et al., 2018). IGD is associated with psychiatric symptoms, such as depression and anxiety, and other mental diseases, such as mood disorders (Kim et al., 2016). Young people have spent more time at home recently, and IGD appears to have been aggravated by the COVID-19 pandemic. Probable prevalence of IGD in Japan during the pandemic seems to have increased by more than 1.6 times compared to before the pandemic, rising from 3.7% to 5.9% (Oka et al., 2021). Behavioral addictions, such as gaming, food, or gambling addictions, share some features with substance addictions including impaired control over engagement, continuous engagement despite harmful consequences, and urges or cravings (Zhang et al., 2017). Adequate online gaming or social gambling activities to reduce negative feelings and communicate with others can be culturally accepted forms of entertainment (Griffiths, 2019; Dong et al., 2020) and become problematic or pathological among vulnerable subjects who face psychosocial or environmental distress (Maniaci et al., 2015). If addictive behaviors develop, it is common for patients with an addictive disorder to develop cross-addictive behaviors, and network analysis has shown that addictive behaviors are connected to other types of addictions (Zarate et al., 2022).
The association between stress and addictive disorders has been suggested by several studies. Stress acts as a challenge to brain circuit regulatory mechanisms, such as the corticotropin-releasing factor system, and promotes allostatic modulation resulting in addiction, an allostatic state (Koob and Schulkin, 2019). Resilience is the ability to cope with stress and adversity (Sarkar and Fletcher, 2014). Individuals with higher resilience have better mental wellbeing and are less vulnerable to psychiatric disorders (Shrivastava and Desousa, 2016). In previous studies on the role of resilience in patients with IGD, the IGD severity score was associated with high perceived stress and low resilience (Canale et al., 2019), and IGD patients with lower or moderate resilience levels exhibit more depressive symptoms and higher stress levels (Lee et al., 2019).
Heart rate variability (HRV) is the variation in the time interval between consecutive heartbeats and is measured by analyzing the R-R intervals in echocardiographic data. HRV is an indicator of autonomic nervous system activity (Jung et al., 2019). The analysis of HRV consists of time-domain and frequency-domain analyses. HRV is related to cerebral blood flow in several regions involved in the response to stress (Williams et al., 2019) and is an index of an individual’s global capability to regulate psychological responses adaptively when facing stress (Perna et al., 2020). In particular, resting state HRV has been found to be associated with chronic stress (Jiryis et al., 2022) as well as many psychiatric disorders. Several studies have demonstrated an association between HRV and psychiatric disorders, such as depression (Agelink et al., 2002) and post-traumatic stress disorder (Lee and Theus, 2012). HRV is also known to be related to addictive disorders. In a meta-analysis (Cheng et al., 2019) of alcohol use disorder (AUD) patients, HRV indices were lower in addicted patients. In another study, problematic internet users had low measured baseline SDNN values (Moretta and Buodo, 2018).
In this study, we measured the resting state HRV in both IGD and AUD patients and assessed how it reflects stress and resilience in patients. By recruiting patient groups of both IGD, a type of behavioral addiction, and AUD, at type of substance addiction, we aimed to identify the specific characteristics of IGD as a behavioral addiction by comparing to AUD and HC. This study hypothesizes that IGD patients have low HRV during rest as well as decreased resilience and are more susceptible to stress than healthy controls (HCs). Furthermore, both groups of patients would have common transdiagnostic and disorder-specific HRV markers.
2 METHODS
2.1 Participants
In all, 163 adults (aged 18–35 years) were recruited from SMG-SNU Boramae Medical Center and the local community in Seoul, South Korea. SMG-SNU Boramae Medical Center is a public hospital in Seoul that treats patients from diverse psychiatric backgrounds and operates an addiction center. The patients with IGD and AUD were seeking treatment for their addiction and were diagnosed by a clinically experienced psychiatrist according to DSM-5 criteria. Fifty-three of the participants were diagnosed with IGD, 49 were diagnosed with AUD, and 61 were HCs. Individuals who had a history of comorbid psychiatric disorders, significant head injury, or cognitive delay were excluded. All participants were medication-naïve at the time of the assessment.
The IGD patients spent more than 4 h per day and 30 h per week playing internet games, and consumed fewer than 14 standard drinks per week. The AUD patients played games for less than 2 h per day and had abstained from alcohol use for at least 2 weeks before participating in the study, which was verified by self-reports and reports from caregivers. The severity of the addictive disorder was assessed using Young’s Internet Addiction Test (Y-IAT) in IGD patients and the Alcohol Use Disorder Identification Test (AUDIT) in AUD patients.
Adults from the local community who played games for less than 2 h per day and drank fewer than 14 standard drinks per week were recruited for the HC group through advertisements. None had a history of any psychiatric disorder.
This study protocol adhered to the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of SMG-SNU Boramae Medical Center. All participants understood the study procedure and provided written informed consent before participation.
2.2 Measures
2.2.1 Young’s internet addiction test
The Y-IAT was used to assess IGD severity. It includes 20 items rated on a 5-point scale. The total score ranges from 20 to 100, and total scores were calculated using Young’s method (Young, 1998; Lee et al., 2013). The items of Y-IAT assess characteristics related to internet use such as escapism, compulsivity, dependency, and social or occupational functioning. Total scores ranging from 31 to 49 indicate mild internet addiction, scores of 50–79 indicate moderate addiction, and scores of 80 or above suggest severe addiction (Samaha et al., 2018). In this study, all patients in the IGD group exhibited Y-IAT scores above 30, with an average score of 63.66. The Cronbach’s alpha coefficient was 0.96.
2.2.2 Alcohol use disorder identification test-Korean version
The Korean version of the AUDIT (Kim et al., 1991) was used to evaluate the severity of AUD in this study. It consists of 10 items on a 4-point scale measuring the frequency of alcohol abuse behavior. Higher scores reflect greater severity of AUD symptoms. The AUDIT scores of 8 or more are suggested as indicators of hazardous and harmful alcohol use (Babor et al., 2001), and the lowest AUDIT score in the AUD patient group in this study was 11. The mean AUDIT score of the AUD patients was 26.06. The Cronbach’s alpha coefficient was 0.92.
2.2.3 Beck Depression Inventory-II (BDI)
The BDI (Beck et al., 1996; Lim et al., 2011) is a self-reporting instrument consisting of 21 items and including four statements measuring the severity of particular symptoms experienced over the past week. It was used to assess the severity of depression symptoms. The Cronbach’s alpha coefficient was 0.98.
2.2.4 Beck Anxiety Inventory (BAI)
The BAI (Beck et al., 1988; Kwon, 1997) is a self-reporting instrument that consists of 21 items rated over the past week on a 4-point scale. It was used to measure the severity of anxiety symptoms. The Cronbach’s alpha was 0.96.
2.2.5 Barratt Impulsiveness Scale-11 (BIS-11)
The severity of impulsivity was measured with the BIS-11 (Barratt, 1985), which includes 11 items on a 4-point Likert scale, including the subscales of cognitive impulsiveness, motor impulsiveness, and non-planning impulsiveness. The Cronbach’s alpha was 0.86.
2.2.6 Connor-Davidson Resilience Scale (CD-RISC)
The CD-RISC (Connor and Davidson, 2003) is a self-reporting instrument consisting of 25 items on a 5-point Likert scale. The CD-RISC was used to evaluate the level of resilience. This scale asks participants how they felt over the past month. The Cronbach’s alpha coefficient was 0.96.
2.2.7 Psychosocial Wellbeing index (PWI)
The PWI (Kim, 1999) is a self-reporting scale modified to meet the characteristics of the Korean population. It is composed of 45 items used to assess psychological stability by evaluating social role performance, self-confidence, depression, sleep disturbance, anxiety, and general wellbeing. Each item evaluates psychological status, such as performance of social roles, self-confidence, depression, sleep disturbance, anxiety, and general wellbeing over the prior few years. Higher scores reflect greater levels of distress. The Cronbach’s alpha coefficient was 0.91.
2.3 Heart rate and HRV
2.3.1 ECG data
The acquisition of the heart rate and HRV data was conducted before the administration of the questionnaires in a quiet environment and in a relaxed, seated position. ECG data were obtained for 5 min from each participant by placing Ag/AgCl electrodes on the left and right supraclavicular areas. All participants were required to restrict caffeine and nicotine use for 2 h before the measurements.
2.3.2 HRV analysis
After collecting the ECG data, we used the Pan and Tomkins algorithm to obtain all R-R intervals automatically. We preprocessed the R-R interval data to remove ectopic beats by applying a 20% filter and interpolating with 4 Hz. Then we performed a power spectrum analysis of the ECG signal using HRV analysis software in the MATLAB environment (Math Works, Natick, MA, USA).
We calculated the mean heart rate (HR) and analyzed the HRV data in the time and frequency domains. In time-domain analysis, HRV indices, such as the standard deviation of the normal to normal [R-R] beat interval (SDNN), the average of the SDNN for each 50-s segment (SDNN index [SDNNi]) reflecting short-term HRV variability, the root mean square of successive R-R differences (RMSSD), and the percentage of successive R-R differences by more than 50 m (pNN50) are frequently used (Jung et al., 2019; Perna et al., 2020). In the frequency domain analysis, we used power spectrum analysis to analyze the HRV data in specific frequency bands, including very low frequency (VLF, 0.005–0.04 Hz), low frequency (LF, 0.04–0.15 Hz), and high frequency (HF, 0.15–0.4 Hz). The low-frequency (0.04–0.15 Hz) component is associated with the sympathetic activity of the heart, and the high-frequency component reflects vagal modulation (Jung et al., 2019). We also used the logarithmically transformed value of each frequency band.
2.4 Statistical analysis
The Shapiro-Wilk test was conducted to test the normality of the data distribution. Analysis of variance was performed to compare the mean values of the demographic data and the clinical parameters among the three groups (IGD, AUD, and HC). The multiple comparison method was adopted when the difference among the groups was significant. We also conducted a comparison between the addictive disorder groups (IGD and AUD) and the HC group using the t-test to explain common characteristics of addictive disorders and to identify transdiagnostic markers for addictive disorders. We conducted analysis of covariance for the differences in the HRV indices between the groups after adjusting for the clinical variables (BDI, BAI, and BIS-11). Pearson’s correlation analysis was performed to examine the relationships between the HRV indices and the stress-related variables (PWI and CD-RISC) in each group and to evaluate the relationships between the HRV indices and the disease severity indices (AUDIT for AUD and Y-IAT for IGD). p-values <0.05 were considered significant for all analyses.
3 RESULTS
3.1 Demographic and clinical characteristics
The demographic and clinical characteristics of the three groups are described in Table 1. The mean age of all participants was 25.29 years. The mean age of the AUD group was older than the HC group, and the mean age of the IGD group was younger than the HC group. Most of the participants were male, and the proportion of females was highest in the AUD group. Patients from both groups showed higher BDI, BAI, and BIS-11 scores than those in the HC group.
TABLE 1 | Demographic and clinical characteristics.
[image: Table 1]3.2 Stress-related variables (PWI and resilience) in addictive disorders and HCs
The IGD and AUD groups exhibited higher mean PWI scores than the HC group. The mean CD-RISC scores were significantly lower in the AUD and IGD groups than in the HC group (Figure 1A). The addictive disorder groups (IGD and AUC) had a higher level of stress and a lower level of resilience than the HC group (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Differences of PWI and CD-RISC in 3 groups (IGD, AUD, and HC). (B) Differences of PWI and CD-RISC in 2 groups (IGD + AUD and HC). Each bar presented mean and standard error (SE). *p < .05. IGD, Internet gaming disorder; AUD, Alcohol use disorder; HC, Healthy control; PWI, Psychosocial wellbeing index; CD-RISC, Connor-Davidson resilience scale.
3.3 HRV indices in the three groups
The mean HR was higher in the IGD and AUD groups than in the HC group. The logarithmically transformed value of the low-frequency band (Log_LF) and the SDNNi were lower in the AUD group than in the HC group (Table 2). However, after adjusting for the clinical variables, such as the BDI, BAI, and BIS-11, no significant differences were detected among the groups.
TABLE 2 | Heart rate variability indices among IGD, AUD, and HC.
[image: Table 2]3.4 HRV indices between disorder groups and HCs
Next, two-group analysis combining the IGD and AUD groups as one addictive disorder group was performed. The mean HR was higher in the disorder group than in the HC group. SDNNi was significantly lower in the disorder group (Table 3), even after adjusting for the clinical variables.
TABLE 3 | Heart rate variability indices in addictive disorder and HC.
[image: Table 3]3.5 Correlational analysis
We conducted a correlation analysis of the PWI, which measures the level of stress, and the HRV indices. Log_LF, SDNN, and the RMSSD in the IGD and AUD groups were negatively correlated with the PWI. HR, logarithmically transformed value of the high-frequency band (Log_HF), and pNN50 were significantly correlated with the PWI only in the AUD group (Figure 2A). The HRV indices Log_LF, Log_HF, and pNN50 were positively correlated with the CD-RISC in the IGD and AUD groups. HR, SDNN, and RMSSD were correlated with CD-RISC only in the AUD group (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) Correlational analysis: PWI (Stress) and HRV indices. (B) Correlational analysis: CD-RISC (Resilience) and HRV indices. The correlation coefficient and p-value in each group (all participants (TOTAL), IGD, AUD, and HC) are specified in each plot. IGD, Internet gaming disorder; AUD, Alcohol use disorder; HC, Healthy control; PWI, Psychosocial wellbeing index; CD-RISC, Connor-Davidson resilience scale; HR, Mean heart rate; Log_LF, Logarthmically transformed value of low-frequency band; Log_HF, Logarthmically transformed value of high-frequency band; SDNN, The standard deviation of normal-to-normal [R-R] intervals; SDNNi, SDNN index, the average of SDNN for each segment of 50 s length; RMSSD, The root mean square of successive R-R interval differences; pNN50, The percentage of successive R−R intervals differing more than 50 milliseconds.
The HRV indices Log_LF and pNN50 were correlated with the Y-IAT for IGD and the AUDIT for AUD. SDNN and SDNNi were correlated with the AUDIT. HR was correlated with the Y-IAT (Figure 3).
[image: Figure 3]FIGURE 3 | Correlational analysis: Y-IAT and AUDIT with HRV indices. The correlation coefficient and p-value are specified in each plot. Y-IAT, Young’s Internet Addiction Test; AUDIT, Alcohol Use Disorder Identification Test; HR, Mean heart rate; Log_LF, Logarthmically transformed value of low-frequency band; SDNN, The standard deviation of normal-to-normal [R-R] intervals; SDNNi, SDNN index, the average of SDNN for each segment of 50 s length; pNN50, The percentage of successive R−R intervals differing.
4 DISCUSSION
This study compared an IGD group as an example of behavioral addiction with an AUD group as an example of substance addiction. It evaluated the stress level and resilience in each group and how they were reflected in the HRV indices. The study aimed to investigate the distinctive features of each group by conducting inter-group comparisons while minimizing the influence of potential confounding variables. To achieve this objective, we excluded individuals with prior psychiatric histories during participant recruitment and imposed limits on alcohol consumption for individuals in the IGD group and on gaming hours for those in the AUD group. Furthermore, a 2-week cessation period was introduced to mitigate the impact of alcohol on the autonomic nervous system. Additionally, we measured the BDI, BAI, and BIS-11 in every participant. Impulsivity is a significant factor in the early stage of addiction (Zhang et al., 2017). Anxiety and depression are associated with a higher risk of developing both addictive disorders, IGD (Kim et al., 2016) and AUD (Boschloo et al., 2011). Therefore, in our study, we attempted to identify disorder-specific markers by analyzing measurements which were adjusted for clinical variables such as depression, anxiety, and impulsivity. We also performed additional analysis by merging the two disorder groups to determine what HRV indices may be useful as common transdiagnostic markers for addictive disorders.
In the two-group analysis that compared the combined disorder group with the HC group, the PWI score was higher and the CD-RISC score was lower in the disorder group. This finding is consistent with previous studies that patients with addictive disorders are vulnerable to stress due to low resilience (Canale et al., 2019; Lee et al., 2019) and that stress affects the regulatory mechanism of the brain acting as an allostatic load that causes addiction (Koob and Schulkin, 2019).
The dopamine circuit plays a crucial role in the pathophysiology of addiction disorders, and individual differences in dopamine system activity and function are important factors in addiction. Striatal dopamine has been associated not only with positive symptoms of substance abuse such as craving, but also with compulsive behavior, reduced sociality, and risk-taking (Poisson et al., 2021). In Parkinson’s disease, a neurodegenerative condition characterized by dopaminergic neuronal loss, research has shown that the degree of neuronal loss is associated with changes in HRV (Warhadpande et al., 2022). Another study has found that striatal dopamine activity correlates with parasympathetic modulation reflected by HRV (Yeh et al., 2006). Moreover, a previous study that measured both HRV and electroencephalography (EEG) data in patients with IGD found that the patients exhibited heightened theta band characteristic path lengths on EEG compared to healthy controls, and that these were negatively correlated with the SDNNi value (Park et al., 2020). These findings suggest that changes in the dopamine circuit system in addicted patients affect autonomic regulation by the brain and heart, and that the results from HRV analysis may help explain the pathophysiology of addictive disorders.
In our study, patients with an addictive disorder tended to have higher mean HRs and lower measured SDNNi values than those of healthy participants. The difference in SDNNi remained significant even after adjusting for clinical variables, such as the BDI, BAI, and BIS-11, which are clinical indicators of depression, anxiety, and impulsiveness, respectively. Therefore, SDNNi is suggested to be a transdiagnostic marker for addictive disorders. Log-LF and pNN50 were significantly correlated with both disorders in the correlation analysis with Y-IAT and AUDIT. These indices can be used as markers reflecting the severity of an addictive disorder.
No significantly different HRV indices were detected between the IGD and AUD groups. The HRV indices in the IGD group were not significantly different from those in the HC group. The AUD group had lower Log-LF and SDNNi values than those in the HC group. However, when the clinical variables were adjusted, no significant differences were observed between the AUD and HC groups, indicating that the lower Log-LF and SDNNi values in patients with AUD may be associated with mood states and impulsivity. More HRV indices were correlated with stress levels, resilience, and disease severity in the AUD group than in the IGD group. According to these results, the use of HRV indices as a disorder-specific marker is likely to be more plausible in patients with AUD than in those with IGD, but further research is needed on the effects of clinical variables such as depression, anxiety, and impulsivity.
We can suggest some reasons to explain why there were differences between the IGD group and the AUD group. First, AUD patients were older than the IGD patients in this study, and thus have had longer periods of morbidity. Therefore, the brain system of AUD patients had been on allostatic modulation for a longer period, and there was more of an influence on the brain-heart interaction in them. Second, unlike IGD, which is a behavioral addiction, in AUD, alcohol enters the patient’s body and affects various organs, including the brain. Thus, alcohol acts directly on the central nervous system. In addition, although it was not a significant difference, the proportion of women in the AUD group tended to be higher and the sex difference should have been considered. We also conducted additional analysis using only male participants. The overall trend in the difference among groups remained similar to the previous analysis, but the differences in SDNNi in two group analysis with adjusted data became statistically insignificant. To determine whether these findings are due to different physiological characteristics of women or decreased statistical power resulting from a smaller sample size, a future study should include an analysis that separates men and women in a larger sample.
The mean age of each group was in their 20s, with most participants being in early adulthood. Addictive disorders usually onset during adolescence or early adulthood, with 80% of alcoholism occurring before the age of 30 (Helzer et al., 1991; Chambers et al., 2003), and gaming addiction is known to be highly prevalent in adolescence (Festl et al., 2013). Adolescence and early adulthood are periods of high importance when neurodevelopment continues in brain regions associated with motivation, impulsivity, and addiction. The early onset of substance use has been linked to psychosocial issues in individuals with substance use disorders (Poudel and Gautam, 2017). Moreover, starting to play games at a young age has been identified as a significant predictor of problematic gaming (Mentzoni et al., 2011; Jeong et al., 2021). Therefore, it is necessary to analyze the characteristics of individuals with addictive disorders during these periods and study early intervention methods.
The significance of this study is that it analyzed IGD as a behavioral addiction and AUD as a substance addiction together. In addition, we excluded the influence of medication because we evaluated only drug-naive participants.
Some limitations of this study should be discussed. First, selection bias may have occurred when recruiting the patients and HCs. The mean age was significantly older in the AUD group and younger in the IGD group than in the HC group. We did not consider the difference in socioeconomic status during recruiting. Second, there was no common indicator of disease severity in the two addictive disorders. Therefore, there may be a difference in addiction severity between the IGD group and the AUD group. Finally, we obtained ECG data only in the resting state; thus, we have limited results to evaluate the direct response to the stressful situation and the recovery process.
5 CONCLUSION
IGD and AUD patients showed higher stress levels and lower resilience than HCs. The patients exhibited lower HRV, as indicated by the SDNNi, compared to HCs, revealing their vulnerability to stress. The HRV indices were correlated with stress levels, resilience, and disease severity. More HRV indices were correlated in the AUD group than in the IGD group. We found no disease-specific marker for IGD. Further research is needed on HRV indices and their relationships with clinical variables such as depression, anxiety, and impulsivity.
Alterations in the brain-heart system as reflected in HRV were observed in patients in their early 20s, the critical period in the pathophysiology of addictive disorders. This highlights the importance of examining the features of young patients with addiction for the purposes of prevention and early intervention.
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The use of electronic nicotine delivery systems (ENDS) has exploded, especially among teenagers and new smokers, amid widespread awareness of the dangers of traditional tobacco and restrictions on smoking. However, the risk effects of ENDS on physical health, especially oral health, are still ambiguous. The purpose of this study was to review the available evidence on risks of ENDS on oral health, and compares the differences between ENDS and traditional cigarettes. For heavy smokers, transferring the addiction of tobacco to ENDS can be less harmful to periodontal condition and physical health but is not completely without risk. The components of ENDS vapor have cytotoxic, genotoxic, and carcinogenic properties, and its usage may be associated with a wide range of oral health sequelae. The chemicals in ENDS increase the susceptibility to tooth decay, increase the risk of periodontal disease, peri-implant, and oral mucosal lesions. Nicotine aerosols from ENDS can be a potential risk factor for oral cancer due to the presence of carcinogenic components. Compared to smoking traditional cigarettes, the harm associated with ENDS use may be underestimated due to the reduced ability to control vaping behavior, ease of ENDS access, fewer vaping area restrictions, and better taste. Currently, the available evidence suggests that ENDS may be a safer alternative to traditional tobacco products. Though most oral symptoms experienced by ENDS users are relatively mild and temporary compared to traditional cigarettes, the dangers of ENDS still exist. However, further research with longer follow-up periods is required to establish the long-term safety of ENDS.
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1 Introduction

The World Health Organization has declared tobacco smoking to be the leading preventable cause of death worldwide (1). Tobacco contains more than 7,000 toxic chemicals, including several known human carcinogens, and causes more than 7 million deaths each year (2–4). Since the harm associated to cigarettes has been widely recognized by the public, the year 2006 saw the emergence of novel nicotine application devices that are similar in shape and function to conventional cigarettes and have been claimed to provide a more convenient and healthier alternative. These nicotine application devices are known as electronic cigarettes, vapes, e-hookahs, or electronic nicotine delivery systems (ENDS) (5, 6). In this review, for the sake of consistency, all cigarette-like devices that deliver nicotine are referred to as ENDS.

Patented in China in 2003 and introduced into Europe and North America in 2006, ENDS have become increasingly popular (7, 8). ENDS have long been marketed and advertised as being free of harmful ingredients such as tar and particulates, as well as being odorless, and have been promoted as a safe alternative for smokers who have difficulty quitting tobacco use (9, 10). ENDS are also marketed to the younger generation, and there are fewer restrictions on youth use of ENDS compared to traditional cigarettes (11). This view of ENDS as an acceptable alternative to tobacco smoking has now become widespread in society through advertising and peer recommendations. It was reported that the prevalence of current ENDS use among high school students was 27.5 percent, and middle school students was 10.5 percent (12). In 2019, among high school students, 4.11 million individuals admitted to using ENDS within the last month, whereas among middle school students, this number was 1.24 million, and for the first time, the total number of middle and high school students who reported using ENDS exceeded 5 million (12).

A growing number of countries are trying to regulate the sale of ENDS in the same way as tobacco products in an effort to reduce their use among young people (11, 13). The Indian government has approved an executive order banning the manufacture, import, export, sale, and advertising of ENDS (14). The US Department of Health and Human Services has also announced a ban on the sale of non-tobacco flavored ENDS products to curb the growing trend of vaping among teenagers (15). China also has a tobacco control campaign underway that aims to reduce the smoking rate among people aged 15 years and older to <24.5% by 2022 and 20% by 2030, and online sales of ENDS are banned in the same way as tobacco products (8, 16, 17).

In the field of stomatology, tobacco use is considered a risk factor for periodontal disease, implant-related disease, mucosal disease, and oral cancers (18–21). However, the consensus on the effects of ENDS on oral health needs to be further strengthened (22). Studies have shown that these devices still have harmful effects on the respiratory (23, 24), nervous (25, 26), reproductive (27, 28), and digestive systems (29), and they should be considered as carcinogenic factors due to their nicotine content and other additives (30–32). In spite of this, the risks of ENDS may also have been underestimated due to the vast amount of advertising claiming that ENDS pose less or no harm. This article aims to review the existing evidence about the effects of ENDS on oral health, to determine the differences between the effects of ENDS and of traditional cigarettes, to summarize the risks of ENDS for oral health, to provide a warning to the public against heavy use of these systems, and to provide ideas for future research.



2 Methodology

To ensure the objectivity, openness and reproducibility of this study, we have only included literature in English in our search, and gray literature which have not been published through traditional academic channels was not included. The PubMed and Cochrane Library electronic databases were searched for articles published between January 2012 and October 2022.

The search terms were the MeSH word “electronic nicotine delivery system.” When we need to explore the relationship between ENDS and specific domains, new search terms (i.e., caries, periodontal disease, tooth discoloration, dental prosthesis, peri-implantitis, oral mucosa, maxillofacial tumors, or maxillofacial injuries, etc.) were added to narrow the search scope when necessary, using the Boolean operator “AND,” to retrieve specific information about the relationship of ENDS with them.

Two authors independently screened the titles and abstracts of the identified studies and retrieved the full text of potentially eligible articles that met the inclusion criteria. To meet the analysis requirements and reduce deviation, studies were eligible if the following criteria were met: (1) Clinical studies related to ENDS, and its contents should include clinical or public health studies comparing ENDS users with regular tobacco users, and or with non-smokers. (2) The research content needs to be relevant to oral-related diseases. The exclusion criteria were: duplicate literature, pure animal or laboratory studies, unregistered clinical studies, literature with conflicts of interest, articles for which the full text was not available, incomplete data, and inability to obtain data from the original authors of the study (The literature search and screening process is illustrated by flow chart in Supplementary Figure 1).



3 Discussion


3.1 General composition of ENDS

ENDS are electronic devices that mimic cigarettes and offer an experience that is very similar to smoking. An ENDS is essentially a portable vaporizer shaped like a pen or a USB stick, powered by a rechargeable lithium polymer battery that heats nicotine oil and converts it into vapor, allowing the user to inhale the vapor in a way similar to smoking conventional cigarettes (Table 1).


TABLE 1 The general difference between cigarettes and ENDS.

[image: Table 1]

Mainstream ENDS generally have pre-filled nicotine pods. It is likely that there are tens of thousands of e-liquid formulations available, all of which contain a variety of spices and flavors, unlike traditional cigarettes. The main ingredients in e-liquid formulations are nicotine, flavoring, and a matrix. The matrix consists mainly of glycerin, propanediol (propylene glycol), or a mixture. Propanediol is a colorless liquid with a slightly sweet taste. When a propanediol aerosol is formed by heating and atomization, decomposition products may be formed, including acetic acid, lactic acid, and propanol (33, 34). Propanediol has certain hygroscopic properties and combines readily with saliva, resulting in dry mouth. Glycerin is also a colorless liquid that is 60% sweeter than sucrose but is not metabolized by caries-causing bacteria. These ingredients in e-liquid formulations can demineralize enamel and increase susceptibility to caries.

There is great variation in the nicotine content of e-liquid pods (35). However, an e-liquid pod typically contains the same amount of nicotine as 2–3 packs of regular cigarettes. A typical pod can provide 200–400 puffs, and a typical user takes on average 100–150 puffs per day. Therefore, a moderate user will use one e-liquid pod every 2–3 days; however, a heavy user may use one pod per day (36). However, according to results from Yingst et al. (37), regardless of the generation of ENDS products, they delivered less nicotine compared to combustible cigarettes (38). We also note that these two studies were not from the same center, so more evidence of nicotine delivery comparison from between from ENDS and traditional combustible cigarettes may be needed.



3.2 Relative advantages of ENDS

ENDS are claimed to be less harmful to health, to be ash-free, to not require burning, to not generate ash or residues affecting the environment, and to not emit disagreeable odors. The smoke has no smell or a sweet smell, it evaporates quickly, and does not cause bad breath, making it more friendly to non-smokers. Unlike traditional cigarettes, ENDS do not contain tar, a chemical widely considered a carcinogen (39).

Some studies claimed that ENDS can help smokers to change their smoking habits. As an alternative to cigarettes, ENDS may relieve smokers from experiencing withdrawal symptoms and provide them with more choices (40). Smokers can switch to e-liquid products with different flavors and have a better quitting experience (41). Smokers switching from harmful tobacco smoking to (purportedly) less harmful ENDS have claimed to experience an overall health improvement and fewer respiratory infections. A study by Lee et al. (42) claimed that smoking may critically exacerbate COVID-19-related inflammation or increase susceptibility to COVID-19, while ENDS do not. Notley et al. (41) also indicated that the flavored e-liquids are an important aspect of young people's taste for ENDS and may encourage young people to switch from tobacco smoking to the less harmful ENDS. Moreover, a review from Holliday et al. (43) concluded that among smokers who use ENDS as a smoking cessation aid, the benefits of cessation may outweigh the negative effects of ENDS use on oral health, especially in the short term.

Though agencies such as the Food and Drug Administration (FDA) have not approved these vaping devices as aids for smoking cessation, FDA has approved the Nicotrol inhaler for this purpose (43). Nicotrol is not exactly an ENDS as it does not electronically vaporize the nicotine; nonetheless, it does deliver nicotine vapor. Rather, Nicotrol is classified as a nicotine replacement therapy (NRT).

In addition, the UK and Public Health England indicated that vaping poses a small fraction of the risks of smoking. A 2022 report (44) in the Cochrane Library states that “There is high-certainty evidence that Electronic cigarettes (ECs) with nicotine increase quit rates compared to NRT and moderate-certainty evidence that they increase quit rates compared to ECs without nicotine.”



3.3 Risk factors of ENDS products

The nebulizer of ENDS is generally composed of coil and wick materials, usually containing copper, silver, zinc, tin, nickel-chromium alloy, chrome-aluminum alloy, or other metal materials (44). Williams et al. (45) found that after repeated heating and cooling cycles, metal components would penetrate into the liquid, and these components had certain toxicity. Kankanamage et al. (46) claimed that tin, copper, nickel, other heavy metal elements, and silicate substances could be detected in ENDS aerosols, and the copper content was six times higher than that of cigarette smoke, which may aggravate the oxidation and damage to DNA. On the other hand, Palazzolo et al. (47), claimed that trace metals in ENDS aerosol were lower than in conventional mainstream cigarettes, and only nickel in ENDS aerosol was higher than in control cigarettes. The most likely source of nickel in this aerosol is the core component, especially the coils.

Although the effects of the flavoring in ENDS on human health have not been thoroughly studied, existing studies indicate that most flavoring can pose significant health risks if used for a long time, especially sweet flavoring (48). Substances that have been identified by the American Institute of Flavor and Extract Manufacturing to be contained in ENDS flavorings are potential respiratory irritants or poisons (49), and Khlystov et al. (50) also claimed that the flavoring agents in ENDS are an important factor in the production of toxic carbonyl and other substances.



3.4 Effects of ENDS on teeth

ENDS may have an adverse impact on teeth. Although they do not contain tar, which is a well-known carcinogen and stains the teeth, the interaction between tooth enamel and substances like glycerin, propanediol, and nicotine in e-liquid may also cause tooth decay and discoloration.


3.4.1 Relationship with caries

The combination of glycerin and flavoring agent in e-liquid pods may be associated with a four-fold increase in microbial adhesion and a two-fold increase in biofilm formation (33). Sticky aerosols produced by heated e-liquid encourage the caries-causing bacterium Streptococcus mutans to adhere to tooth enamel, leading to demineralization and caries.

Rouabhia et al. (51) reported that ENDS cause increased growth and adherence of S. mutans. Moreover, they found an increase in the mass of biofilm from 8 ± 0.5 mg to 47 ± 5 mg after a six-round exposure to ENDS as well as increases in the expression of glucosyl transferase and glucan-binding genes. A cross-sectional study of National Health and Nutrition Examination Survey data for 2017–2018 by Vemulapalli et al. (52) found that combined use of ENDS and tobacco products was associated with an increased risk of caries. According to recent research, the aerosolized e-liquid emitted from a heated ENDS may have physicochemical properties similar to those of high-sucrose gelatinous confectionery and acidic drinks. The viscosity of e-liquids combined with the chemicals in the flavorings may therein increase the risk of dental caries (53).



3.4.2 Teeth discoloration

Though ENDS manufacturers claim that the tooth discoloration caused by ENDS is significantly less pronounced than that caused by tar-containing tobacco products, studies reveal that the aerosol produced by ENDS may cause color changes in teeth and dental prosthesis or fillings. Researchers used spectrophotometry to compare enamel specimens after exposure to e-liquid aerosol according to flavor and nicotine content and found discoloration of enamel in vitro. The chemical substances used to flavor e-liquids, such as menthol, may be the reason behind the color alteration of enamel (54).

ENDS may also affect the color stability of tooth restoration materials. Vohra et al. (55) reported that exposure to ENDS produced discoloration levels on prosthodontic materials that was similar to that associated with the smoking of tobacco products. In their study, which included ceramics and resin materials with different surface properties, discoloration caused by both ENDS and conventional tobacco cigarettes was below clinically perceptible levels for ceramic materials but was visually perceptible for composite resins. However, other studies claimed that ENDS have an alleviating effect on tooth color compared with tobacco. Dalrymple et al. (56) reported that tobacco exposure significantly increased the level of discoloration in samples of bovine enamel, whereas exposure to ENDS products resulted in discoloration values comparable to those in non-exposed controls.

Considering the available evidence, no firm conclusions can be drawn about the effect of ENDS on tooth discoloration. Although the effect of ENDS on tooth color may be less pronounced than that of traditional cigarettes, long-term, high-dose exposure to ENDS does cause tooth discoloration. The rate of color change varies between natural tooth enamel and restoration materials composed of resin or ceramics. The rate of color change may also be affected by the brand and flavor of the e-liquid.



3.4.3 Effects on periodontal tissue

There is a broad consensus that cigarette smoking has a considerable impact on oral periodontal health. Smokers have poor oral hygiene, and the tar in tobacco is conducive to pigmentation and adhesion of bacteria on the tooth surface, resulting in accumulation of plaque and increased calculus, gingivitis, and periodontitis. Nicotine can cause vasoconstriction and decreased blood flow, which results in a reduced oxygen and blood supply to the gums and a reduction in the ability of the gums to remain healthy.

Porphyromonas gingivalis (P. gingivalis) is often the therapeutic factor and initiating factor of periodontal diseases (57), such as gingivitis and periodontitis, which eventually lead to more severe systemic effects, such as diabetes, cardiovascular disease, and even Alzheimer's disease (58). According to the available research results, the counts of periodontopathogenic bacteria in the subgingival oral biofilm are similar in individuals who smoke combusting cigarettes, and those who use ENDS (59), and the effect of ENDS on P. gingivalis-induced periodontitis remains undetermined (60).

Tobacco affects immune status by decreasing immunoglobulin levels, including those of IgA, IgM, and IgG in serum, and IgA in saliva (61, 62). Periodontal parameters such as bleeding on probing, probing depth, and attachment loss are also affected. Although ENDS are advertised as being tar-free and less harmful to periodontal health than tobacco products, these claims are not necessarily borne out in reality. A study by Yang et al. (63) indicated that ENDS users exhibit an altered oral microbiome, and dual use of ENDS and conventional cigarettes is associated with the presence of several known pathogenic microbes. A cross-sectional study based on 8,129 participants indicated that ENDS ever users and current users had higher odds of self-reported periodontal disease (OR = 1.43, 95% CI: 1.18, 1.73) compared to non-users after adjusting for smoking and potential confounders (64).

Relevant studies indicated that patients using ENDS have better preservation of alveolar bone height compared with traditional smokers. However, whether there is any difference between ENDS users and non-smokers on alveolar bone height preservation is controversial. BinShabaib et al. (65) claimed that the marginal bone loss was significantly higher in smokers and ENDS users than in non-smokers. A study by ArRejaie et al. (66) claimed that the marginal bone loss level was significantly higher in tobacco smokers than in ENDS smokers or non-smokers. A study by Xu et al. (67) also indicated that bleeding on probing and probing depths similarly increased in ENDS smokers, tobacco smokers, and non-smokers, but clinical attachment loss uniquely increased in ENDS smokers. As increased levels of proinflammatory cytokines suggest a greater peri-implant inflammatory response, Mokeem et al. (68) found no significant difference in probing depth, clinical attachment loss, mesial or distal marginal bone loss, or salivary IL-1β and IL-6 levels between ENDS users and never-smokers.

As there is not enough evidence to fully characterize the impacts of vaping on periodontitis (60), further comprehensive evaluation of the long- and short-term effects of e-cigarettes on periodontal health is needed. Especially large-sample randomized prospective cohort studies, to reveal the mechanism associated with ENDS exposure on periodontal tissues and cells, immune system and microorganisms related to periodontal disease.




3.5 Effects on oral implants

At present, there are very few large-scale clinical studies on the effects of exposure to ENDS on oral implants, and the follow-up duration in the existing studies has been insufficient.

In a study of patients with implants by Ibraheem et al. (69), plaque index and probing depth values were significantly higher in cigarette smokers, waterpipe smokers, and ENDS users than in non-smokers. The Receptor Activator of Nuclear Factor-κB Ligand and osteoprotegerin levels in gingival crevicular fluid were also higher in users of any type of tobacco or alternatives than in non-smokers; however, there was no significant difference between smokers and ENDS users.

In contrast, Alazmi et al. (70) found no significant difference in the functional stability of dental implants between ENDS users and non-smokers. Moreover, in their study, there was no significant between-group difference in the plaque index, bleeding on probing, probing depth, or mesial or distal crestal bone levels around the implants after 8 years of follow-up. The authors suggest that if patients can adopt strict oral hygiene measures, dental implants can demonstrate stable clinical and radiographic status and remain as functionally stable in ENDS users as in non-smokers. A study by Sinha et al. (71) found that ENDS users had higher levels of inflammatory mediators, indicating a greater amount of localized inflammatory destruction of tissue and compromised peri-implant structures.

Overall, ENDS appear to be more implant-friendly than conventional tobacco cigarettes; however, whether or not there is a difference in the effect on implants between ENDS and non-smokers needs to be determined by further clinical evidence.



3.6 Effects on the oral mucosa

Many of the carcinogens present in tobacco are not present in the aerosol generated by ENDS, which makes ENDS appear to be less damaging to the oral mucosa. However, it should be noted that fogged nicotine can cause symptoms, such as dry mouth and throat, and can also burn the oral mucosa (72, 73).

Chaffee et al. (74) assessed the relationship between the prevalence of xerostomia and the use of ENDS, marijuana, and combustible tobacco in a cohort of adolescents recruited from public high schools in Northern California. Symptoms of dry mouth were more prevalent in cannabis users (19%) and tobacco users (19%) than in frequent ENDS users (14%) or non-smokers (14%), indicating that oral symptoms are less likely in ENDS users than in traditional smokers.

Other studies indicate that other oral mucosal symptoms, including black tongue, burns, nicotine stomatitis, and hairy tongue are significantly more common in ENDS users than in ex-smokers. The effects of ENDS on the oral mucosa appear to be milder and more transient than those associated with tobacco smoking, and their specific effects are related to the flavors used. Menthol and cinnamon appear to cause more severe oral irritation while citrus, sour, cola-like, and custard flavors are associated with more severe throat symptoms (75). Nicotine increases short-term blood flow to the mucosal tissues, suggesting that menthol may mask respiratory irritation caused by high nicotine levels.

Studies have also shown that ENDS users experience fewer adverse reactions, and former smokers report improvements in taste and bad breath (76). Non-smokers who use ENDS report higher levels of oral discomfort than those who use nicotine substitute therapy. However, ENDS can also cause xerostomia, burning, and other symptoms. Nonetheless, due to the reduction in associated irritants, carcinogens, and hot airflow, in general, the oral mucosa conditions are considerably improved in patients who switch from tobacco smoking to ENDS based on the evidence available (77, 78).



3.7 Potential effects on maxillofacial tumors

The World Health Organization has identified heated propylene glycol as a carcinogen, and the saliva of ENDS users has been found to contain carcinogens commonly associated with traditional smoking, including N'-nitrosonornicotine and thiocyanates (79, 80). Therefore, ENDS vapors could still have cytotoxic, genotoxic, and inflammatory effects. Many adverse effects could occur at the cellular level after long-term exposure to these harmful aerosols, including reduced cell proliferation and activity, changes in cell morphology and activity, cell apoptosis and necrosis, DNA damage, and increased transcription of pro-inflammatory cytokines, with an increased risk of carcinogenesis (30, 31, 81).

Cigarette smoke is a multifaceted chemical concoction encompassing several tobacco-specific nitrosamines (TSNA) (82). A plethora of evidence (83–85) suggests that TSNA is a significant pathogenic factor for lung, pancreatic, esophageal, and oral cancers in tobacco-using individuals. The most carcinogenic TSNA variants are nicotine-derived nitrosamine ketone and N-nitrosonornicotine (86). It has been reported that the detection of TSNAs in ENDS in the form of E-liquids and aerosols and elevated temperature accelerated a process whereby the levels of TSNA in e-liquids increased over time, particularly in the presence of nitrite and nicotine (87). Meanwhile, Farsalinos et al. (88) showed that the TSNA content in ENDS aerosol was correlated with the content in E-liquid. Despite this, TSNA levels are lower than those in combusting tobacco cigarettes (89).

The aerosols delivered by ENDS, which range in temperature from 130 to 350°C depending on the device, may also play a role in the carcinogenic potential of vaping (90). Apart from that, high temperatures can lead to the release of aldehydes and cause nicotine stomatitis, which is considered to be a precancerous lesion. Acrolein, a byproduct in ENDS, can induce oxidative stress, inflammation, and damage the endothelial cell barrier. Genetic disorders associated with carcinogenic pathways have also been found in oral tissue exposed to ENDS. Due to the lack of long-term prospective and large case-control studies, and the fact that ENDS users tend to present other established risk factors such as traditional smoking and alcohol consumption, it is difficult to assess the relative importance of ENDS as an independent risk factor for oral cancer.



3.8 Limitations of this review

Many ENDS users also smoke tobacco cigarettes, or have a long history of smoking. Therefore, the crossover between ENDS and conventional cigarette use makes isolating the effect of ENDS on oral health difficult. In addition, although we assessed the quality of all the included studies, we could not actually evaluate their authenticity or validity. More high-quality prospective studies are needed to discover evidence-based information to evaluate the long-term safety of ENDS with more depth.




4 Conclusions

Existing studies have shown that ENDS, while tar-free and containing less particulates than traditional cigarettes, still pose some risk for oral health. ENDS may increase susceptibility to caries, periodontal disease, and mucosal disease; and discolor teeth and prostheses. In addition, heated nicotine aerosols from ENDS can encompass several tobacco-specific nitrosamines that are considered a potential risk factor for cancer and induce detrimental changes in cells from the oral cavity.

Currently, existing evidence already supports the conclusion that electronic cigarettes are less harmful than traditional cigarettes. However, there is still little evidence on the short- or long-term effects of ENDS on oral health. The preliminary clinical studies available to date have not reported long-term effects or are still restricted to a small number of participants, which limits their validity. More research is needed to elucidate the impact of ENDS use on oral health.
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Introduction: A growing body of evidence suggests that parental substance abuse, even prior to conception, may induce phenotypic changes in offspring. Parental opioid exposure has been shown to affect developmental processes, induce memory deficits, and lead to psycho-emotional disorders in offspring. However, how parental, especially paternal, chronic drug exposure affects offspring remains unexplored.
Methods: Adult male rats were subjected to 31 days of heroin self-administration followed by mating with naïve females. Litter size and body weight of F1 offspring were recorded. Object-based attention tests, cocaine self-administration tests, and hot plate tests were used to test for potential effects of chronic paternal heroin seeking on cognition, reward, or analgesic sensitivity in the offspring.
Results: Body weight and litter size of the heroin F1 generation were not altered compared to the saline F1 generation. Furthermore, paternal chronic heroin self-administration experience had no significant effect on object-based attention tests or cocaine self-administration behavior in either sex. However, in the hot plate test, although no difference in basal latency was found between the two groups in either sex, a significant increase in the analgesic effect of heroin was observed in the male heroin F1 generation.
Conclusions: Taken together, these data provide evidence that paternal chronic heroin self-administration experience could sex-dimorphically increase the analgesic effect of heroin in male offspring, but had no significant effect on response to cocaine reinforcement or attentional behavior.
Keywords: analgesic activity, heroin self-administration, paternal inheritance, male offspring, cross-sensitization of addictive drugs
INTRODUCTION
Accumulating evidence indicates that ancestral environmental insults could influence the developmental process and lead to behavioral changes in the offspring, to adapt to the ever-changing and challenging surrounding environment. Various studies have implicated emotional stimuli, like early life trauma (Gapp et al., 2014; Gapp et al., 2020), stress (Rodgers et al., 2015), depression (Wang et al., 2021), and fear memory (Dias and Ressler, 2014), are a potential trigger for phenotypic variations in future generations. In addition, changes in parental nutritional status, such as high fat diet (Chen et al., 2016), overnutrition or malnutrition (Guillaumin and Peleg-Raibstein, 2023), and high fructose diet (Zou et al., 2023), could induce obesity, metabolic disorders (Zhang et al., 2018), and memory disruptions (Smaga et al., 2023) in the offspring. Parental exposure to toxins, like lipopolysaccharide (Zhang et al., 2021; Carbone et al., 2023) and chemicals (Nilsson et al., 2020; Thorson et al., 2021), could elicit behavioral alterations and deleterious outcomes in the offspring.
In the case of opioid abuse, opioid drugs such as morphine and heroin induce euphoric feelings or alleviate pain at the onset by stimulating opioid receptors (Contet et al., 2004; Wee and Koob, 2010) and disinhibiting dopamine neurons (Solinas et al., 2019; Wise and Robble, 2020) in the brain, but chronic use may cause long-term changes in brain regions involved in reward processing (Hyman et al., 2006), leading to escalation of drug intake, elevated drug craving, and uncomfortable tolerance and withdrawal symptoms that can remain a lifelong struggle (Wang, 2019). Beyond the risk of addiction and overdose, parental opioid use could lead to adverse consequences on the offspring’s health. Epidemiological evidence suggests that parental opioid use is associated with lower birth weight (Hunt et al., 2008; Conradt et al., 2019) and adverse outcomes in childhood, such as cognitive deficits (Rubenstein et al., 2019), attention-deficit/hyperactivity disorder (Azuine et al., 2019), susceptibility to the substance of abuse (Abu and Roy, 2021), memory impairment, and difficulties in problem-solving tasks (Sundelin Wahlsten and Sarman, 2013; Konijnenberg and Melinder, 2015). Opioid use and abuse by pregnant women adversely influence intrauterine growth and neurodevelopmental abilities in the offspring (Ross et al., 2015),which is also associated with an increased risk of behavioral disorders later in life (Conradt et al., 2019).
In rodents, a host of studies have demonstrated that maternal exposure to opioids alters anxiety-like behavior (Byrnes et al., 2011), play behavior (Johnson et al., 2011), and rewarding effects (Vassoler et al., 2016) in the offspring. Maternal opioid use is an undeniable concern, yet the impact of opioid use by fathers upon their descendants has not been as widely scrutinized. Recently, preclinical studies have provided evidence that paternal exposure to heroin could result in anxiety-like and aggressive behaviors (Farah Naquiah et al., 2016) in the offspring. Besides, paternal exposure to morphine induces impulsive phenotype (Azadi et al., 2021) in descendants. However, an undeniable concern lies in whether paternal exposure to drug abuse can affect the reward-seeking behavior and response to the substance of abuse in the offspring.
Our previous research provides evidence that paternal cocaine-seeking experience increases vulnerability to developing cocaine addiction-like behavior in their descendants (Le et al., 2017b). Besides, paternal binge-like sucrose consumption causes a decrease in reward-seeking behavior in the offspring (Le et al., 2017a). These findings suggest that paternal reward-seeking experience can alter reward processing in the offspring. However, evidence regarding the effects of paternal opioid exposure on the offspring is still lacking. In the current study, we investigated the effects of paternal chronic heroin self-administration experience on the litter size, body weight, heroin analgesic effect, response to cocaine reinforcement, and other behaviors in the F1 generation.
MATERIALS AND METHODS
Animals and housing
All experiments were performed using Sprague Dawley rats (Shanghai Laboratory Animal Center, Chinese Academy of Science) and their progeny. Rats were group-housed at 23°C with a 12 h reverse dark/light cycle (on 19:00 h, off 07:00 h), with access to food and water ad libitum before behavioral experiments. Room humidity was controlled at 45%. All the behavioral experiments were carried out using rats aged 8–12 weeks. F0 rats were purchased and habituated to the facility for 1 week before the beginning of any procedure. All animal treatments in this study complied strictly with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. They were also approved by the Animal Care and Use Committee of Shanghai Medical College of Fudan University.
General procedures of operant conditioning behavior
Apparatus. The operant chamber (Med Associates, Inc.) was fitted with a syringe pump and equipped with two cue lights (one blue and another white cue light) above the active and inactive levers and one houselight on the opposite wall, and the rats were housed in sound- and light-proof cubicles. Connected personal computers recorded lever pressing and controlled the presentations of drug injection along with light and tone cues.
Food training. To facilitate the acquisition of self-administration behavior, 8-week-old male rats were food restricted and maintained at 85% of their ad libitum body weight and were then trained to press the active lever to get food pellets (45 mg, Bio-Serv, Flemington, NJ, United States) in the operant chamber. After successful acquisition of 100 food pellets, the rats were subjected to surgery.
Surgery. Under isoflurane anesthesia, the rats were implanted with a chronic indwelling silica jugular catheter (ID = 0.31 mm, OD = 0.64 mm, Dow Corning) into the right jugular vein. The catheter was linked to a printed back-mounted PLA pedestal. After surgery, they were permitted to recover for 7 days, and their catheters were flushed daily with 0.1 mL saline containing heparin (30 IU ml−1) and gentamycin (0.5 mg ml−1).
Fixed-ratio reinforcement schedule. After recovery, the rats were trained to press the lever under a daily 2.5-h FR reinforcement schedule for intravenous drug injection, which consisted of three 40-min drug-available periods separated by two 15-min no-drug periods. During the drug-available periods, when the rats pressed the active lever for a preset number of times, an infusion of drug per injection over 4 s was presented, and a conditioned light–tone cue was accompanied for 20 s. Each infusion was followed by a 20-s time-out period, during which further lever presses were recorded but did not result in any additional injections. However, pressing the inactive lever was recorded but that had no programmed consequences at any time. During the no-drug periods, signaled by the illumination of chamber light and extinction of cue light, pressing the active lever was recorded but resulted in no drug injection or conditioned cue. The maximum number of available drug infusions during the FR reinforcement schedule was 70.
Progressive-ratio reinforcement schedule. The rats were tested on a progressive ratio (PR) reinforcement schedule to assess their motivation for drug reinforcement. The 2.5-h PR test was carried out, during which lever press requirements for each successive injection increased by progressive increments. The lever press requirements for each injection (i) follows i-th injection = Int (5e0.25i−5), and the session stops when the rats take more than 1 h to satisfy the response requirements. Cumulative lever press and breakpoint were recorded during the PR reinforcement schedule. The catheter patency was confirmed after the last PR reinforcement test by using chloral hydrate for anesthesia, and the data of the rats with catheter problems were excluded.
Intravenous heroin self-administration. After recovery, the rats were maintained on a 2.5-h daily self-administration training procedure. They were first subjected to self-administration at a fixed ratio of 1 (FR1, one lever press for one injection) for five sessions, then switched to FR5 (five lever presses for one injection) schedule for 25 sessions, and then tested on a progressive ratio (PR) schedule for 1 session. When the rats pressed the active lever during the drug-available periods, an intravenous infusion of heroin at 45 μg kg-1 per injection was delivered (50 μL per 4 s).
Intravenous cocaine self-administration. After recovery, F1 rats were trained to press the active lever for cocaine under the FR1 reinforcement schedule for three sessions and under the FR5 reinforcement schedule for six sessions. Then, they were switched to the PR reinforcement schedule for one session, as mentioned earlier. When the rats pressed the active lever during the drug-available periods, an intravenous injection of cocaine (Qinghai Pharmaceutical Factory) at 0.75 mg kg−1 per injection was delivered (50 μL per 4 s).
F0 generation and breeding scheme
After 24 hours since the last self-administration session, six rats that self-administered heroin or saline were randomly selected and housed with two naive female rats to generate the F1 generation. In all F1 behavioral tests, 2–3 rats from each litter were randomly selected.
Body weight measurement
At birth, the litter size and sex ratio of all the litters were. The body weight of the male pups was recorded on postnatal days 4, 6, 10, 17, and 24 during the early juvenile stages. The body weight of 56-day-old F1 generation rats was also recorded before behavioral tests.
Object-based attention test
The object-based attention test was conducted as described in detail in Alkam et al. (2011) and McCarthy et al. (2018). A two-chambered opaque plexiglass box consisting of an exploring chamber (60 × 40 × 50 cm) and a test chamber (30 × 40 × 50 cm) was used. The rats were acclimated to the environment and experimenters 3 days before the general procedure of the test. Then, on day 4, the rats were placed in the empty exploring chamber for 5 min and then in the test chamber for another 5 min.
The acquisition session began on day 5 by placing each rat in the exploring chamber containing five floor-adhered objects (A, B, C, D, and E), which were made of the same material and were similar in size but of different shapes. Then, each rat was allowed to explore the exploring chamber for 5 min, during which the behavior of the rat was recorded using an overhead camera. Next, the rat was placed in the test chamber containing two objects (A and D) and allowed 5 min for exploring.
On day 6, the rat was first placed in the empty exploring chamber and empty test chamber for 3 min each for habituation. Next, it was returned to the exploring chamber containing the five previously exposed objects for 5 min. After the training session, the rat was moved to the test chamber containing one familiar object, A, and a novel object, F. Object A was placed in a position analogous to its original position in the exploring chamber. The behavior of the rat was recorded using the overhead camera. An investigator blinded to the identity of the rats analyzed the video. A recognition index was calculated using the formula: TN/(TF + TN) × 100, where TF and TN are the time spent during the test session exploring the familiar and novel objects, respectively. The chambers were wiped with 75% alcohol to eliminate any scent clues left by the previous rat.
Hot plate test
Nociception was assessed using a hot plate test. First, the rats were placed on a thermostable hot plate, with the temperature set to 48°C, 50°C, 52°C, and 54°C incrementally, to assess the basal latency of nocifensive behavior. The latency to lick a hind paw, flick the hind paw, or jump was measured. A 45-s cutoff was established to prevent tissue damage. The rats were removed from the plate immediately upon licking a hind paw or if no response occurred within 45 s. As all rats that were tested at 48°C and 50 °C could stand on the plate for 45 s, and >50% of the rats stayed on the plate for 45 s at 52 °C, the final temperature for heroin-induced analgesic effects was 54 °C. No further increment in temperature was applied to prevent injuries. Then, following a subcutaneous injection of heroin at 1.5 mg kg−1, each rat was tested for nocifensive latency at 54 °C on the hot plate at 15 min, 30 min, 60 min, 90 min, and 120 min following the heroin injection. The behavior of the rats was recorded using the overhead camera. An investigator blinded to the identity of the rat analyzed the video recordings to calculate the response latency of each rat. Data from hot plate tests are expressed as percent maximum possible effect (% MPE) = 100% × [(Ttest − Tbaseline)/(Tcutoff − Tbaseline)], where Ttest is the latency to respond after heroin injection, Tbaseline is the latency to respond just prior to heroin treatment, and the cutoff is 45 s.
Statistical analysis
Active lever presses, infusions, inactive lever presses, lever presses during the no-drug period during heroin self-administration, and cocaine self-administration under the FR reinforcement program were analyzed with a mixed linear model with repeated measurements (MMRMs). Cumulative lever presses and % MPE data in the hot plate test were analyzed using the two-way repeated-measures analysis of variance (RM-ANOVA), followed by Bonferroni post hoc tests. The breakpoint during the PR reinforcement program was analyzed by the Mann–Whitney rank-sum test. The object-based attention test data were analyzed with Student’s t-test. The sample sizes were estimated based on previous experience, and they are similar to those generally employed in the field. p < 0.05 was considered statistically significant. Data are presented as mean ± s.e.m.
RESULTS
Paternal chronic heroin self-administration experience did not affect body weight of male F1 generation during early juvenile stage or adulthood
To explore the potential effects of paternal chronic heroin self-administration experience on the offsprings, we first randomly assigned a cohort of naive male Sprague Dawley rats to self-administer heroin or saline by pressing the active lever in 2.5-h daily sessions under a fixed-ratio (FR) reinforcement schedule for 30 days and tested on a progressive ratio (PR) reinforcement schedule on day 31 (Figure 1A). We found that under the FR5 reinforcement schedule, the rats from the heroin group (heroin) displayed higher active lever presses (Figure 1B, MMRM, group × FR, χ2(1) = 109.64, p < 0.001; group, p = 0.0703; FR1, p = 0.901; FR5, p < 0.001) and higher number of infusions (Figure 1C, MMRM, group × FR, χ2(1) = 120.39, p < 0.001; group, p = 0.09; FR1, p = 0.299; FR5, p < 0.001) than the rats from the saline group (saline). The lever presses of no-drug periods between heroin and saline groups were comparable (Figure 1D, MMRM, group × FR, χ2(1) = 6.87, p = 0.008; group, p = 0.386; FR1, p = 0.917; FR5, p = 0.101). In addition, the inactive lever presses of the heroin group were significantly higher than those of the saline group (Figure 1E, MMRM, group × FR, χ2(1) = 3.39, p = 0.065; group, p < 0.001; FR1, p = 0.012; FR5, p < 0.001). Furthermore, the rats from the heroin group showed higher motivation for heroin reward that the rats from the saline group, by displaying higher cumulative lever presses at 120 min and 150 min [Figure 1F, two-way RM-ANOVA, Fgroup×time(5, 80) = 3.115, p = 0.013; group, p = 0.104; 120 min, p = 0.035; 150 min, p = 0.004] and breakpoint (Figure 1G, Mann–Whitney rank-sum test, U = 0.500, p < 0.001) under the PR reinforcement schedule. After 31-day heroin or saline self-administration, the rats of the heroin or saline group (n = 6 for each group) were mated with naive female rats to generate offsprings.
[image: Figure 1]FIGURE 1 | Performance of the F0 generation in heroin self-administration. (A) Timeline of the heroin self-administration experiment. The daily 2.5-h FR reinforcement schedule consisted of three 40-min drug-available periods separated by two 15-min no-drug periods. After 31-day heroin or saline self-administration, rats from the heroin or saline groups were mated with naive female rats to generate offsprings. (B) Lever press during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 109.64, p < 0.001; group, p = 0.0703; FR1, p = 0.901; FR5, ***p < 0.001. (C) Infusions during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 120.39, p < 0.001; group, p = 0.09; FR1, p = 0.299; FR5, ***p < 0.001. (D) Lever press in the no-drug period during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 6.87, p = 0.008; group, p = 0.386; FR1, p = 0.917; FR5, p = 0.101. (E) Inactive lever press during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 3.39, p = 0.065; group, p < 0.001; FR1, p = 0.012; ***FR5, p < 0.001. (F) Cumulative lever press during the PR reinforcement schedule. Two-way RM-ANOVA, Fgroup×time(5, 80) = 3.115, p = 0.013; group, p = 0.104; 120 min, *p = 0.035; 150 min, **p = 0.004. (G) Breakpoint during the PR reinforcement schedule. Mann–Whitney rank-sum test, U = 0.500, ***p < 0.001. Saline, n = 6. Heroin, n = 12. Results are shown as mean ± s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001.
We first evaluated the impact of paternal chronic heroin self-administration experience on the litter size, sex ratio, and weight gain trajectory of male offsprings during the early juvenile stage. There was no significant difference in litter size [Figure 2A, Student’s t-test, t (10) = 0.508, p = 0.622] or sex ratio [Figure 2B, Student’s t-test, t (10) = 1.272, p = 0.232] at birth. During the early juvenile stage (postnatal days 4, 6, 10, 17, and 24) and in adulthood (56 days), the body weight of the male F1 offsprings of the heroin group (heroin F1) and male F1 offsprings of the saline group (saline F1) were not different either [Supplementary Figure S1A, two-way RM-ANOVA, Fgroup×day(5,170) = 0.585, p = 0.711]. No difference was observed in female weight gain in adulthood either [Supplementary Figure S1B, Student’s t-test, t (14) = 0.820, p = 0.426]. These data suggest that paternal chronic heroin self-administration experience had no significant effect on weight gain trajectory in the male F1 generation during the early juvenile stage or in adulthood.
[image: Figure 2]FIGURE 2 | Litter size and sex ratio of F1 offspring. (A) Litter size. The number of pups per litter was recorded at birth. Student’s t-test, t(10) = 0.508, p = 0.622. Saline F1, n = 6. Heroin F1, n = 6. (B) Sex ratio. The percentage of male pups per litter was recorded at birth. Student’s t-test, t(10) = 1.272, p = 0.232. Saline F1, n = 6. Heroin F1, n = 6. Results are shown as mean ± s.e.m.
Paternal chronic heroin self-administration experience did not affect cocaine self-administration behavior in F1 generation
We next sought to explore whether paternal chronic heroin self-administration experience affects responses to cocaine reinforcement in the F1 generation. Male heroin F1 rats and saline F1 rats were subjected to food training and surgery and were then trained to self-administer cocaine after recovery. During the 9-day 2.5-h fixed-ratio cocaine self-administration training, the active lever presses of heroin F1 rats were not changed when compared with saline F1 rats [Figure 3A, MMRM, group × FR, χ2(1) = 0.05, p = 0.818; group, p = 0.295; FR1, p = 0.409; FR5, p = 0.265]. Similar to the active lever presses, the number of infusions of cocaine was comparable between heroin F1 rats and saline F1 rats [Figure 3B, MMRM, group × FR, χ2(1) = 1.95, p = 0.162; group, p = 0.207; FR1, p = 0.099; FR5, p = 0.602]. Besides, the lever presses of no-drug periods [Figure 3C, MMRM, group × FR, χ2(1) = 0.50, p = 0.477; group, p = 0.577; FR1, p = 0.442; FR5, p = 0.857] and inactive lever presses [Figure 3D, MMRM, group × FR, χ2(1) = 3.54, p = 0.059; group, p = 0.580; FR1, p = 0.147; FR5, p = 0.342] were not changed in heroin F1 rats. Under the progressive-ratio paradigm, we found no reliable changes in the cumulative lever presses [Figure 3E, two-way RM-ANOVA, Fgroup×time(5,165) = 0.316, p = 0.903; group, p = 0.612] and breakpoint (Figure 3F, Mann–Whitney rank-sum test, U = 128.5, p = 0.480). Similarly, no significant changes were observed in female offsprings during FR [Figures 3G–J, MMRM, active lever presses, group × FR, χ2(1) = 310.51, p = 0.194, group, p = 0.518; infusions, group × FR, χ2(1) = 2.30, p = 0.513, group, p = 0.296; no-drug lever pressed, group × FR, χ2(1) = 4.68, p = 0.197, group, p = 0.372; inactive lever press, group × FR, χ2(1) = 12.53, p = 0.0058, group, p = 0.646] or PR sessions [Figure 3K, L, cumulative lever press during PR, two-way RM-ANOVA, Fgroup×time(5,95) = 1.180, p = 0.328, group, p = 0.477; breakpoint, Mann–Whitney rank-sum test, U = 27.50, p = 0.665]. These results suggest that paternal chronic heroin self-administration experience may not affect the responses to cocaine reinforcement in F1 offsprings.
[image: Figure 3]FIGURE 3 | Performance of F1 offspring in cocaine self-administration. (A–F) Cocaine self-administration tests in male F1 offspring. (A) Lever press during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 0.05, p = 0.818; group, p = 0.295; FR1, p = 0.409; FR5, p = 0.265. (B) Infusions during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 1.95, p = 0.162; group, p = 0.207; FR1, p = 0.099; FR5, p = 0.602. (C) Lever press in the no-drug period during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 0.50, p = 0.477; group, p = 0.577; FR1, p = 0.442; FR5, p = 0.857. (D) Inactive lever press during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 3.54, p = 0.059; group, p = 0.580; FR1, p = 0.147; FR5, p = 0.342. (E) Cumulative lever press during the PR reinforcement schedule. Two-way RM-ANOVA, Fgroup×time(5,165) = 0.316, p = 0.903; group, p = 0.612. (F) Breakpoint during the PR reinforcement schedule. Mann–Whitney rank-sum test, U = 128.5, p = 0.480. Saline F1, n = 20 from six litters. Heroin F1, n = 15 from six litters. (G–L) Cocaine self-administration tests in female F1 offspring. (G) Lever press during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 310.51, p = 0.194; group, p = 0.518; FR1, p = 0.884; FR5, p = 0.269. (H) Infusions during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 2.30, p = 0.513; group, p = 0.296; FR1, p = 0.185; FR5, p = 0.521. (I) Lever press in the no-drug period during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 4.68, p = 0.197; group, p = 0.372; FR1, p = 0.101; FR5, p = 0.745. (J) Inactive lever press during the FR reinforcement schedule. MMRM, group × FR, χ2(1) = 12.53, p = 0.0058; group, p = 0.646; FR1, p = 0.010; FR5, p = 0.770. (K) Cumulative lever press during the PR reinforcement schedule. Two-way RM-ANOVA, Fgroup×time(5,95) = 1.180, p = 0.328, group, p = 0.477. (L) Breakpoint during the PR reinforcement schedule. Mann–Whitney rank-sum test, U = 27.50, p = 0.665. Saline F1, n = 8 from four litters. Heroin F1, n = 8 from four litters. Results are shown as mean ± s.e.m.
Paternal chronic heroin self-administration experience had no significant impact on object-based attention behavior in F1 generation
To examine the effect of paternal chronic heroin self-administration experience on cognitive function in the F1 generation, we conducted an object-based attention experiment. On the test day, the rats were first allowed to freely explore five objects that were different in shape. After the exploration session, they were moved to the test chamber to explore one of the familiar objects, object A, placed in a position analogous to its original position in the exploring chamber, and a novel object, object F, to which the rat had never been exposed (Figure 4A). We recorded the exploration time of the familiar object A and novel object F. In male offsprings, there was no difference in time spent exploring object A [Figure 4B, Student’s t-test, t(14) = 0.393, p = 0.699] or F [Figure 4C, Student’s t-test, t(14) = 1.431, p = 0.174] between heroin F1 rats and saline F1 rats. Furthermore, we did not observe any change in total exploration time either [Figure 4D, Student’s t-test, t(14) = 1.489, p = 0.158]. The recognition index of heroin F1 rats was comparable to that of saline F1 rats [Figure 4E, Student’s t-test, t(14) = 0.350, p = 0.731]. No significant difference was observed in female F1 rats either [Figures 4F–I, Student’s t-test, object A exploration time, t(12) = 1.193, p = 0.256; object F exploration time, t(12) = 0.555, p = 0.589; total exploration time, t(12) = 0.970, p = 0.351; recognition index, t(12) = 0.225, p = 0.826]. These results suggest that paternal chronic heroin self-administration experience has no significant impact on object-based attention behavior in the F1 generation.
[image: Figure 4]FIGURE 4 | Performance of F1 offspring in the object-based attention test. (A) Experimental design. Five objects (A–E) were floor fixed and placed separately in the center arena of the exploring chamber. Rats were first allowed to explore the objects in the exploring chamber. Then, one object used in the training session was placed into the test chamber in parallel with its original position in the exploring chamber. A novel object F in a different shape but of similar color and size was placed in the test chamber. Then, the rats were allowed to enter the test chamber and explore two objects: the familiar object A and the novel object F. (B–E) Object-based attention test in male F1 offspring. (B) Object A exploration time. Student’s t-test, t(14) = 0.393, p = 0.699. (C) Object F exploration time. Student’s t-test, t(14) = 1.431, p = 0.174. (D) Total exploration time. Student’s t-test, t(14) = 1.489, p = 0.158. (E) Recognition index. The recognition index, calculated for each rat, was expressed as the ratio (TF × 100)/(TA + TF), where TA and TF are the time spent on object A and object F, respectively. Student’s t-test, t(14) = 0.350, p = 0.731. Saline F1, n = 7 from five litters. Heroin F1, n = 9 from five litters. (F–I) Object-based attention test in female F1 offspring. (B) Object A exploration time. Student’s t-test, t(12) = 1.193, p = 0.256. (C) Object F exploration time. Student’s t-test, t(12) = 0.555, p = 0.589. (D) Total exploration time. Student’s t-test, t(12) = 0.970, p = 0.351. (E) Recognition index. Student’s t-test, t(12) = 0.225, p = 0.826. Saline F1, n = 6 from four litters. Heroin F1, n = 8 from four litters. Results are shown as mean ± s.e.m.
Paternal chronic heroin self-administration experience increased analgesic effect of heroin in male F1 generation
To investigate if paternal chronic heroin self-administration experience could affect the response to heroin in the F1 generation, we conducted a hot plate experiment. First, to evaluate the pain perception to the thermal stimulus of the male F1 generation, we recorded the basal response latency when the rats were placed on a 52°C or 54°C plate. The basal response latency of rats on the 54°C plate was significantly lower than that for rats on the 52°C plate, but there was no difference in the basal response latency between heroin F1 rats and saline F1 rats when they were placed on 52°C or 54°C plates [Figure 5A, two-way RM-ANOVA, Fgroup×temperature(1,15) = 0.219, p = 0.647; temperature, p < 0.001; group, p = 0.618; 52°C, p = 0.996; 54°C, p = 0.496]. Thus, as latencies measured at 54°C was within a reasonable range (10–30 s). We chose to use the 54°C plate to assess the analgesic effect of heroin in the male F1 generation. We found that the maximum possible effect after heroin injection of heroin F1 rats was significantly higher than that of saline F1 rats, especially at 15 min and 30 min [Figure 5B, two-way RM-ANOVA, Fgroup×time(5,75) = 4.60, p = 0.001; group, p = 0.049; 15 min, p < 0.001; 30 min, p = 0.004]. On the contrary, no significant difference was observed in female F1 rats, either under basal response latency tests [Figure 5C, two-way RM-ANOVA, Fgroup×temperature(1,13) = 2.294, p = 0.154; temperature, p < 0.001; group, p = 0.856] or in heroin-induced analgesia [Figure 5D, two-way RM-ANOVA, Fgroup×time(5,60) = 0.754, p = 0.587; group, p = 0.742]. These results suggest that paternal chronic heroin self-administration experience significantly increased the analgesic effect of heroin specifically in male offsprings but did not alter the pain perception to thermal stimulus in either male or female offsprings.
[image: Figure 5]FIGURE 5 | Performance of F1 offspring in the heroin-induced anti-nociception test. (A, B) The hot plate test in male F1 offspring. (A) Basal response latency. Two-way RM-ANOVA, Fgroup×temperature(1,15) = 0.219, p = 0.647; temperature, p < 0.001; group, p = 0.618; 52°C, p = 0.996; 54°C, p = 0.496. (B) Heroin analgesia. Two-way RM-ANOVA, Fgroup×time(5,75) = 4.60, p = 0.001; group, *p = 0.049; 15 min, ***p < 0.001; 30 min, **p = 0.004. Saline F1, n = 9 from six litters. Heroin F1, n = 8 from six litters. (C, D) The hot plate test in female F1 offspring. (C) Basal response latency. Two-way RM-ANOVA, Fgroup×temperature(1,13) = 2.294, p = 0.154; temperature, p < 0.001; group, p = 0.856; 52°C, p = 0.949; 54°C, p = 0.627. (D) Heroin analgesia. Two-way RM-ANOVA, Fgroup×time(5,60) = 0.754, p = 0.587; group, p = 0.742. Saline F1, n = 6 from four litters. Heroin F1, n = 6 from four litters. Results are shown as mean ± s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
In the current study, we assessed the impact of paternal chronic heroin self-administration experience on reward and cognitive behaviors in offsprings. Our results have suggested that paternal chronic heroin self-administration experience had no significant impact on weight gain trajectory during the early juvenile stage or in adulthood in male offsprings. In addition, our results have indicated that paternal chronic heroin self-administration experience did not exert observable influence on cocaine self-administration or object-based attention behaviors in the F1 offspring. Furthermore, we found that paternal chronic heroin self-administration experience did not alter the pain perception to thermal stimulus in the F1 generation but significantly increased the analgesic effect of heroin in male offsprings.
It is an interesting and frequently observed phenomenon that most of the influences of ancestral exposure to drugs of abuse are sex specific (Pierce et al., 2018). Recent evidence has reported a dichotomy in the phenotypic changes resulting from parental drug exposures dependent on the sex of offsprings. For example, paternal morphine self-administration selectively disrupted novel object recognition in the female but not male progeny (Ellis et al., 2020). Decreased cocaine self-administration behavior was observed in the male but not female offspring of sires exposed to cocaine (Vassoler et al., 2013). Morphine exposure prior to conception exerted sex-specific alterations in endogenous opioids and hypothalamic physiology (Vassoler et al., 2019). To date, the study of transgenerational effects of addictive drugs is still in its early stages, and several possible explanations have been raised. First, regarding the mechanism of transgenerational inheritance, there is evidence that drug abuse or the drug itself can modify epigenetic marks in the germline, affecting mitochondrial genes or genes found on the Y-chromosome, and genomic imprinting may also play a role. Moreover, there is a natural sex disparity in the prevalence of drug addiction. Biological sex is known to dictate drug-related behavioral and neurobiological outcomes (Becker et al., 2012). Women are shown to exhibit more rapid escalation from causal drug taking to addiction than men (Bobzean et al., 2014), and previous rodent studies (Cicero et al., 2003) and our data (Figure 3) both suggest females showing more rapid acquisition of heroin-taking behavior and greater overall intake. Sex differences, both at molecular and circuit levels, were observed in key nuclei involved in addiction, like the bed nucleus of the stria terminalis (Chung et al., 2000) and the ventral tegmental area (McArthur et al., 2007). In this study, we observed male-specific increase in the analgesic effect of heroin caused by paternal chronic heroin self-administration experience. Novel methods to accurately trace the influence of germline modifications through embryogenesis and development will be crucial for advancing the field and developing effective interventions to mitigate the negative effects of drug exposure on future generations.
Epidemiological evidence suggests that parental opioid exposure is associated with lower birth weight and adverse developmental outcomes in offsprings (Hunt et al., 2008). Preclinical research found that maternal exposure to opioids from conception through the pup weaning process results in reduced body weight in the offsprings (Minakova et al., 2021). By contrast, other research has indicated that maternal exposure to oxycodone did not affect the birth weight or body weight on postnatal day 8, day 21, and day 30 (Minakova et al., 2022). However, few studies have investigated the effect of paternal chronic exposure to opioids on the weight gain trajectory during the early juvenile stage and in adulthood in offsprings. In this study, we recorded the body weight of the male F1 generation and did not find any difference in body weight between male heroin F1 rats and saline F1 rats on postnatal days 4, 6, 10, 17, or 24. Besides, the body weight of 56-day-old heroin F1 rats was comparable to that of saline F1 rats. These results suggest that paternal chronic heroin self-administration experience may not influence the weight gain trajectory during the early juvenile stage or in adulthood in offsprings.
Less is known regarding how exposure to one drug in the F0 generation may impact response to a different drug of abuse in the F1 generation. Previous studies have found that parental exposure to THC decreases motivation to self-administer heroin in the male F1 generation (Hempel et al., 2020). Maternal exposure to morphine increased motivation to self-administer cocaine in male and female progeny (Vassoler et al., 2019). However, in another work, paternal cocaine exposure had no effect on nicotine self-administration in the F1 generation (Wimmer et al., 2019). In our study, no differences were observed during the cocaine acquisition phase (FR1 and FR5 reinforcement schedule). Besides, there was no difference in breakpoint in the PR reinforcement schedule between the two groups, suggesting the motivated response for cocaine reinforcement was not changed in heroin F1 rats. There are overlapping and discrete mechanisms underlying the neuronal adaptions in response to different drugs of abuse, both in drug-exposed individuals and their offsprings. An increase in dopamine levels in the mesolimbic system is hypothesized as the initial pharmacological effect common to all addictive drugs (Luscher and Ungless, 2006; Luscher and Janak, 2021), but this effect is mediated by divergent mechanisms of action distributed across different brain regions and cell types (Badiani et al., 2011; Browne et al., 2020). A recent study has provided evidence that paternal exposure to morphine increases the expression of κ-opioid receptor transcript in the prefrontal cortex in the offspring, reducing nociception in male offsprings (Ashabi et al., 2018). In addition, parental THC exposure induced molecular and synaptic changes in dopaminergic neurons and elicited behavioral susceptibility to THC in male offsprings (Frau et al., 2019). To better interpret the drug-specific or cross-sensitization effects on offsprings, it appears that comprehensive neurocircuitry studies, possibly with a focus on the midbrain mesolimbic region, are required. Besides, it is worth pointing out that the sex of the parent, the time between drug exposure and mating, i.e., the period of abstinence, and the mode of drug delivery in the sires (contingent vs. non-contingent) seem to play important roles in influencing the behavior and biology in the next generation.
The current, yet limited, clinical literature evaluating the effects of parental exposure to opioids on children suggests an increased incidence of attention-deficit hyperactivity disorder (Ornoy et al., 2001; Schwartz et al., 2021). A previous study also demonstrated that paternal exposure to nicotine produces significant deficits in attention and reversal learning of the male F1 generation (McCarthy et al., 2018). However, few studies have investigated the effect of parental chronic exposure to opioids on attention behavior in offsprings. We used the object-based attention test for the analysis of attention in the F1 generation. In our study, the total exploration time was similar, and both saline F1 and heroin F1 rats spent more time exploring the novel object, as revealed by the recognition index, suggesting that paternal chronic heroin self-administration experience had no significant impact on object-based attention behavior in the offspring. However, more rigid assays are required to completely exclude the potential effects of paternal chronic heroin-seeking experience on the attention behavior in offsprings.
Opioids are known to be potent analgesic drugs. In the current study, we found that the basal thermal pain threshold was comparable between heroin F1 and saline F1 generations when the rats were placed on a 52°C or 54°C plate, suggesting that the pain perception to the thermal stimulus was not changed in heroin F1 rats. However, an acute injection of heroin (1.5 mg kg−1) significantly increased the maximum possible effect of heroin F1 rats when compared with saline F1 rats. A previous study also demonstrated that maternal exposure to opioids increased sensitivity to the analgesic effects of acute morphine in male offsprings (Byrnes et al., 2011). Furthermore, there is a strong association between analgesic effect and abuse liability (Franklin, 1989; Franklin, 1998). These data suggest that paternal chronic heroin self-administration experience may increase the risk of drug abuse vulnerability in male offsprings. However, the correlation between paternal chronic heroin self-administration experience and substance abuse liability in offsprings warrants future study.
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Introduction: Electronic cigarette (e-cigarette) use among adolescents has become increasingly common; therefore, effectively reducing adolescent e-cigarette use is an urgent issue. We aimed to predict and identify potential factors related to adolescent e-cigarette use behaviors.

Methods: This cross-sectional study was conducted using anonymous questionnaires given to Taiwanese high school students in 2020. Approximately 1,289 adolescent students completed questions on e-cigarette use, personal characteristics, family environment, and substances used. We performed multivariate logistic regression analyses to assess the model’s predictive performance in terms of the area under the receiver operating characteristic curve.

Results: We found that 9.3% of adolescent students used e-cigarettes. Tobacco smoking, close friends’ reactions to e-cigarette use, and the use of other substances were independent risk factors for adolescent e-cigarette use. Furthermore, relative to tobacco nonuse, tobacco use and tobacco smoking dependence had odds ratios of 76.49 and 113.81, respectively. The predictive accuracy of adolescent e-cigarette use from personal characteristics, family environment, and substance use status was 73.13, 75.91, and 93.80%, respectively.

Conclusion: The present study highlights the need for early prevention of e-cigarette use among adolescents, particularly those with a history of using tobacco and other substances and those who have close friends with positive attitudes towards e-cigarette use.

KEYWORDS
 electronic cigarette, adolescent, prediction, risk factors, tobacco


Introduction

Electronic cigarettes (e-cigarettes), battery-powered nicotine delivery systems, have been available for purchase since 2005 (1, 2). E-cigarettes were initially developed to help chain smokers quit tobacco smoking (3). Although e-cigarettes’ safety and health effects remain dangerous or lethal particularly by children and adolescents (2, 4), they are thus popular among adolescents and young adults. This is because e-cigarettes are available in numerous flavors, which lead potential users to feel curious about trying them; can be fashionable, stimulating, and a statement of rebellion against conventional values; and may increase positive moods (4–7). Specifically, in the United States, the prevalence of adolescent e-cigarette use increased from 4.2% in 2008 to 16.0% in 2015. In Taiwan, adolescent e-cigarette uses more than doubled from 2.1% in 2014 to 4.5% in 2017 (8, 9). The growing popularity of e-cigarettes among adolescents has raised concerns from policymakers and tobacco control advocates (10).

To date, several risk factors for e-cigarette use have been identified, including personal and sociodemographic characteristics (e.g., age, sex, ethnicity, and school status); substance use (e.g., tobacco); and social factors (close friends to e-cigarette use), particularly with regard to the family (e.g., smoking status of family members, family structure, education level of parents, allowance, and family economic status; Figure 1) (11–26). Most evidence related to adolescent e-cigarette use in Taiwan focused on the prevalence (10, 24, 25, 27–29); however, few studies assessed the risk factors for adolescent e-cigarette use in Taiwan (24–26). We therefore tended to re-identify these risk factors and develop a predictive model. In addition, we examined whether tobacco smoking initiation is associated with the risk of adolescent e-cigarette use (11, 20, 23, 25, 26) and further whether tobacco smoking dependence level influences e-cigarette use among adolescents.

[image: Figure 1]

FIGURE 1
 Model of risk factors for electronic cigarette use in adolescents.


We conducted an anonymous cross-sectional survey of Taiwanese high school students to identify the risk factors for e-cigarette use. Our findings aid tailored interventions against e-cigarette use among adolescents. Furthermore, we investigated whether tobacco smoking dependence level affected e-cigarette use among adolescents.



Methods


Study design and participants

This cross-sectional study distributed anonymous pen-and-paper questionnaires to 12–18-year-old high school students in Chiayi, Taiwan, between January and April 2020. We classified the 58 high schools distributed across Chiayi City and Chiayi County into two subgroups by grade: grades 7–9 (junior high school) and 10–12 (senior high school and vocational high school). We applied multi-level sampling methods for sample selection. First level was administrative areas. There were two administrative areas–Chiayi city and Chiayi country–in Chiayi, Taiwan. And second level was school subgroup. We classified into three subgroup high schools by the grade, which include grades 7–9 (junior high school), grades 10–12 (senior high school), and grades 10–12 (vocational high school). The schools were selected from each subgroup high school by probability proportionate to size sampling, so we selected 16 high schools (including 8 junior high schools, 4 senior high schools, and 4 vocational high schools) among 58 high schools in Chiayi areas.



Procedures and measures

Participants completed the self-administered questionnaire in their classrooms. To ensure that each participant responded willingly and truthfully to the questionnaire, no school staff members were present when the survey was completed. The data were collected by specialists and trained residents from the Dalin Tzu Chi Hospital family medicine department, who provided standardised instructions to the participants.

The questionnaire items covered the following three dimensions: (1) personal characteristics, namely sex, age, and school status (senior high school, junior high school, and vocational school); (2) family environment status, namely family structure, education levels of parents, parents’ ethnicities, allowance, and family economic status; and (3) substance use status, including tobacco use, use of other substances, close friends’ attitudes to tobacco smoking, e-cigarette use, and smoking status of family members. Participants who responded “yes” to “Have you ever used tobacco cigarettes or cigars?” were considered to be tobacco users. If a participant was a cigarette user who had smoked a cigarette in the past month and used ≥100 cigarettes in their lifetime, their level of dependence on tobacco smoking was evaluated using the 6-item Fagerstrom Tolerance Scale (FTS) (30, 31). These participants were then divided into low (FTS score: 0–4) and medium to high (FTS score: 5–10) cigarette dependence groups. In addition, participants who responded “yes” to “Have you ever used electronic cigarettes?” and “Have you used any form of additive products (e.g., alcohol, betel nut, or other illicit drugs such as amphetamine or ketamine)?” were considered to be e-cigarette users and users of other substances, respectively. A participant had a high and low weekly allowance if they received <NT$200 and ≥NT$200 weekly, respectively (in May 2022, US$1 = approximately NT$29).



Statistical analysis

The primary outcome was e-cigarette use. We also collected data on tobacco smoking status. We used the Chi-square and two-sample t-test to determine whether e-cigarette and tobacco smoking differed in their risk factors. The risk factors for e-cigarette use were determined using the adjusted odds ratio (aOR) with 95% confidence interval (CI) in hierarchically multiple logistic regressions. To compare the importance of differ predictors dimension, the area under the curve (AUC) was applied to represent the prediction power among various models. The predictive power of each of the three dimensions that the risk factors fell under was determined using the receiver operating characteristic curve, where a greater AUC indicates greater predictive power. All statistical analyses were performed using SAS software (version 9, SAS Institute, Cary, NC, United States).




Results

Among the 1,289 enrolled participants, 803 (62.4%) were male, and the majority were aged 12–18 years (mean age: 15.6 years). Moreover, 525 (40.7%), 340 (26.4%), and 424 (32.9%) participants were from junior, senior, and vocational high schools, respectively.

Table 1 presents the distribution of the sociodemographic characteristics of the e-cigarette nonusers and users. We found that 9.3% of all participants had used e-cigarettes at least once. The adolescents were significantly more likely to use e-cigarettes if they were male (p < 0.0001), were significantly older (p = 0.0029), were in a vocational high school (p < 0.0001), had parents with an education level below senior high school (both p < 0.0001), were living with their grandparents or other relatives or were living in a single-parent household (p < 0.0001), had a low allowance (p = 0.0051), had used another substance (p < 0.0001), had smoked tobacco (p < 0.0001), had at least one family member who smoked (p = 0.0032), and had positive close friends to e-cigarette use (p < 0.0001).



TABLE 1 Personal characteristics, family environmental and substance use status between the participants with electronic cigarette use and those without in adolescents.
[image: Table1]

Four regression models were constructed to identify risk factors (Table 2). Model I included risk factors in the dimension of personal characteristics, specifically age, sex, and school status. Female students were less likely to use e-cigarettes than male students (odds ratio [OR] = 0.44; 95% CI 0.28–0.68, p = 0.0003). Compared with junior high school students, senior high school adolescents were significantly less likely to use e-cigarettes (OR = 0.25; 95% CI 0.10–0.57, p < 0.0001) and vocational high school students were nonsignificantly more likely to use e-cigarettes (OR = 1.75; 95% CI 0.90–3.41, p = 0.2254). Model I had high accuracy (AUC = 73.13%).



TABLE 2 Prediction and risk factors for electronic cigarette use in adolescents.
[image: Table2]

Model II included risk factors in the dimensions of family environment and personal characteristics. Family structure was significantly related to e-cigarette use (adjusted OR [aOR] = 1.95; 95% CI 1.31–2.90, p = 0.0010). Model II was slightly more accurate than Model I (AUC = 75.91%).

Model III included risk factors in all three dimensions. E-cigarette use was significantly related to close friends to e-cigarette use (aOR = 7.27; 95% CI 3.93–13.44, p < 0.0001) and the use of other substances (aOR = 4.46; 95% CI 2.94–6.77, p < 0.0001). Model III was much more accurate than Models I and II (AUC = 86.68%); this indicated that substance use status is a strong predictor of e-cigarette use among adolescents.

Model IV included only tobacco smoking as a covariate, and e-cigarette use was affected by tobacco smoking (aOR = 37.23; 95% CI 21.00–66.01, p < 0.0001). Model IV was the most accurate model (AUC = 93.80%). Overall, the use of other substances, close friends to e-cigarettes, and tobacco smoking were independent risk factors for e-cigarette use in adolescents.

We also evaluated the risk factors for tobacco use. The distributions of the sociodemographic characteristics of tobacco users and nonusers are displayed in Supplementary Table S1. In total, 11.4% of the participants had smoked tobacco cigarettes and 17.8% had medium to high cigarette dependence. The results for the predictive power of each dimension with regard to tobacco use are presented in Supplementary Table S2.

Models I to III (now with tobacco use as the dependent variable) had AUCs of 78.19, 80.00, and 89.10%, respectively, similar to their respective AUCs when e-cigarette use was the dependent variable. Model I indicated that tobacco users were more likely to be male (aOR = 3.82; 95% CI: 2.33–6.29) and significantly more likely to be in junior high school than in senior high school (aOR = 0.15; 95% CI 0.06–0.40, p < 0.0001). Model III indicated that tobacco users were significantly more likely to have used other substances (aOR = 5.48; 95% CI 3.60–12.84, p < 0.0001) and have close friends who react favourably to tobacco smoking (aOR = 6.90; 95% CI 3.70–12.84, p < 0.0001). Overall, the independent risk factors for tobacco smoking in adolescents were being male, using other substances, and having positive close friends to tobacco smoking.

Tobacco use (OR = 76.49; 95% CI: 0.06–0.40, p < 0.0001; Table 3) and tobacco smoking dependence (OR = 113.81; 95% CI: 26.50–488.82, p < 0.0001) were significantly and positively associated with e-cigarette use.



TABLE 3 Tobacco smoking use and dependence status affect electronic cigarette smoking behaviors in adolescents.
[image: Table3]



Discussion

To the best of our knowledge, this study is among few studies investigated the related factors that predict e-cigarette use behaviors among ethnic Chinese adolescents (24–26, 32, 33). A total of 9.3% of adolescent students in our study had used e-cigarettes. Tobacco use, the use of other substances, and positive close friends to e-cigarettes were independent risk factors for e-cigarette use in adolescents. The predictive accuracy of personal characteristics, family environment, and substance use status for e-cigarette use were 73.13, 75.91, and 93.80%, respectively. Furthermore, tobacco smoking dependence influenced e-cigarette use among adolescents.

The prevalence of adolescent e-cigarette usage varies with time, area, ethnicity, socioeconomic status, definition, and assessment tool. In our 2020 study, the prevalence of ever having used e-cigarettes among adolescent students in the Chiayi area of Taiwan was 9.3%. The Global Youth Tobacco Survey in Taiwan revealed that the prevalence of e-cigarette use in the previous 30 days among adolescents was 3.54% in 2017 (10). The percentages of adolescent students in Hong Kong who reported “ever having used” and “currently using” e-cigarettes in 2013 were 3.3 and 1.1%, respectively (33). In China, 3.1% of adolescents reported ever having used e-cigarettes in 2015, although only 0.5% of those adolescents reported current e-cigarette use (34). The prevalence of ever using e-cigarettes among adolescents in ethnic Chinese populations is generally lower than that among individuals in Western countries: 4.7% among German adolescent students (19), 12% among Hawaiian students (mean age: 14.6 years) (35), 16.0% among French high school students (36), 17.4% among Finnish students (12–18 years old) (15), and 23.5% among Polish students (15–19 years old) (37). Even in our results, the prevalence of e-cigarette use among ethnic Chinese adolescents remains lower than that that among global adolescents. Nevertheless, given the increase in use, identifying the factors that increase the risk of e-cigarette use is crucial for the early prevention of e-cigarette use among ethnic Chinese adolescents.

In our multivariate logistic regression analyses of risk factors for adolescent e-cigarette use, substance use status had a more influential effect than that of personal characteristics and family environment (Table 2). The independent risk factors for adolescent e-cigarette use were personal tobacco smoking, the use of other substances, and close friends to e-cigarette use. Tobacco smoking has been associated with an increased risk of e-cigarette use among adolescents. Our findings are consistent with other published studies (11, 23). Our study further revealed that personal tobacco smoking (OR = 37.23) was the most influential factor determining adolescent e-cigarette use.

Furthermore, tobacco use and tobacco smoking dependence were risk factors for e-cigarette use, and their ORs were approximately 76 and 114, respectively. The result indicates that tobacco smoking dependence can affect adolescent e-cigarette use. Studies have demonstrated that adolescent e-cigarette use is associated with the use of other substances, such as binge drinking and cannabis use (16, 38). Empirical studies have also demonstrated that using e-cigarettes at any point during adolescence is associated with the use of other substances, such as alcohol, tobacco from shisha, and marijuana (14, 39). These findings are consistent with our findings, suggesting that more attention should be focused on multiple substance use among adolescents. Additionally, research on e-cigarette use has indicated that university students are influenced by their family members to a far lower degree than by their close friends (18). This conclusion agrees with our finding that close friends’ attitudes to e-cigarette use are predictors of e-cigarette usage.

We report three findings regarding the risk factors of e-cigarette use and tobacco use among adolescents (Table 2; Supplementary Table S2). First, our models had high accuracy (AUC > 80%) in predicting e-cigarette and tobacco use among adolescents, with greater accuracy for e-cigarette use (AUC = 93.87% vs. 89.10%). Second, substance use status was a key risk factor for e-cigarette use and tobacco use among adolescents. Third, family environment had a stronger relationship with e-cigarette use than tobacco use, although this relationship was nonsignificant after other risk factors were adjusted for. This result indicates that interventions against e-cigarette use among adolescents should also focus on the adolescent’s family environment.

Our study has several limitations. First, the study was cross-sectional and was conducted in one geographic area. Nonetheless, our findings related to e-cigarette use and tobacco smoking are consistent with those of other studies in Taiwan (8–10, 18) Second, measurement bias might exist because the participants were asked the sensitive question about whether they had ever used e-cigarettes. Furthermore, because of the self-reported nature of the questionnaire, the respondents may have underestimated their e-cigarette use. To minimise this bias, we used anonymous questionnaires and barred school staff members from being present during the survey. Third, we could not determine that the dose–response of tobacco use affects e-cigarette use in adolescents because we did not count the quantity consumption of cigarettes (e.g., how many cigarettes did the participants smoke every day?) in our study. Nonetheless, we determined the qualitative effect of cigarette dependence e-cigarette use by dividing the participants by FTS score. Fourth, and finally, our study did not investigate the reasons for the adoption of e-cigarette use behaviors among adolescents.



Conclusion

The present study analyses the predictive power of personal characteristics, family environment, and substance use status in relation to e-cigarette use among adolescents. Policymakers should pay attention to those who have used tobacco or other substances and to the attitudes of close friend groups towards e-cigarettes when developing smoking prevention and cessation strategies, in addition to regulating e-cigarette advertising and adolescent access to e-cigarettes (23, 40).
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Oxycodone-induced dopaminergic and respiratory effects are modulated by deep brain stimulation
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Introduction: Opioids are the leading cause of overdose death in the United States, accounting for almost 70,000 deaths in 2020. Deep brain stimulation (DBS) is a promising new treatment for substance use disorders. Here, we hypothesized that VTA DBS would modulate both the dopaminergic and respiratory effect of oxycodone.
Methods: Multiple-cyclic square wave voltammetry (M-CSWV) was used to investigate how deep brain stimulation (130 Hz, 0.2 ms, and 0.2 mA) of the rodent ventral segmental area (VTA), which contains abundant dopaminergic neurons, modulates the acute effects of oxycodone administration (2.5 mg/kg, i.v.) on nucleus accumbens core (NAcc) tonic extracellular dopamine levels and respiratory rate in urethane-anesthetized rats (1.5 g/kg, i.p.).
Results: I.V. administration of oxycodone resulted in an increase in NAcc tonic dopamine levels (296.9 ± 37.0 nM) compared to baseline (150.7 ± 15.5 nM) and saline administration (152.0 ± 16.1 nM) (296.9 ± 37.0 vs. 150.7 ± 15.5 vs. 152.0 ± 16.1, respectively, p = 0.022, n = 5). This robust oxycodone-induced increase in NAcc dopamine concentration was associated with a sharp reduction in respiratory rate (111.7 ± 2.6 min−1 vs. 67.9 ± 8.3 min−1; pre- vs. post-oxycodone; p < 0.001). Continuous DBS targeted at the VTA (n = 5) reduced baseline dopamine levels, attenuated the oxycodone-induced increase in dopamine levels to (+39.0% vs. +95%), and respiratory depression (121.5 ± 6.7 min−1 vs. 105.2 ± 4.1 min−1; pre- vs. post-oxycodone; p = 0.072).
Discussion: Here we demonstrated VTA DBS alleviates oxycodone-induced increases in NAcc dopamine levels and reverses respiratory suppression. These results support the possibility of using neuromodulation technology for treatment of drug addiction.
Keywords: substance use disorder, deep brain stimulation, nucleus accumbens, ventral tegmental area, oxycodone, dopamine, rodent
INTRODUCTION
Opioids are the leading cause of overdose death in the United States, accounting for almost 70,000 deaths in 2020 (Centers for Disease Control and Prevention, 2022). The main side-effect of opioid use is dose tolerance, to which chronic users are particularly susceptible (Ballantyne and Mao, 2003). Current opioid use disorder treatments typically include replacement therapy (e.g., methadone hydrochloride and buprenorphine) and psychosocial interventions (Polydorou et al., 2017; Volkow et al., 2019). Although there has been some success with newer treatments such as buprenorphine-naloxone therapy (Weiss et al., 2011), the relapse rate remains unacceptably high. Indeed, abstinence from opioid use remains less than 30% after 10–30 years (Hser et al., 2015). Deep brain stimulation (DBS) has recently been utilized for the treatment of neuropsychiatric diseases, including depression (Mayberg et al., 2005; Yuen et al., 2021a), Tourette’s syndrome (Baldermann et al., 2016), obsessive-compulsive disorder (Nuttin et al., 1999; Denys et al., 2010; McLaughlin et al., 2021), and drug addiction (Chen et al., 2019; Yuen et al., 2022a). With promising findings from recently published studies, there are ongoing clinical trials to assess the long-term effect of DBS for treating drug addiction, particularly focusing on the nucleus accumbens (NAc) as a target (Zhou et al., 2011; Valencia-Alfonso et al., 2012; Chen et al., 2019; Clinical Trials, 2019; Qu et al., 2019; Zhang et al., 2020; Mahoney et al., 2021).
However, electrical stimulation is inherently non-selective in what neuronal elements and terminals are activated. Thus, Nac DBS is releasing many different neurotransmitters in the Nac (e.g., glutamate, dopamine, acetylcholine) which does not address what neurotransmitter may be the most relevant in mitigating addiction. In opioid use disorder, dopamine is one of the key monoamine neurotransmitters that mediates incentive-motivation which plays an important role in drug reinforcement and compulsive drug-seeking behaviors. Opioids are known to stimulate µ-opioid receptors on GABAergic nerve terminals synapsing on dopamine neuronal cells in the ventral tegmental area (VTA) producing both dopamine-dependent and dopamine-independent positive reinforcement (Ting and van der Kooy, 2012). Activation of these presynaptic µ-opioid receptors reduces GABAergic inhibition of dopamine neurons, leading to an increase in dopamine cell firing and production and release of dopamine in the NAc.
Given that opioid driven dopamine release in the NAc is considered an important factor in opioid use disorder, rather than stimulating the NAc the present study instead examined the effects of VTA DBS, which would specifically interfere with opioid-induced disinhibition of dopamine cell firing by GABA interneuronal cells in the VTA as a means of attenuating the effects of opioids. Normally, the prefrontal cortex provides negative feedback to overcome drives to perform unsafe or unwise activities. However, this feedback system becomes compromised with repeated drug administration and addiction (Kosten and George, 2002; Barrot, 2015). Repeated administration results in drug tolerance, characterized by reduced dopamine release after normally rewarding activities. This leads to dependence and compulsive drug-seeking behavior (Kosten and George, 2002). The neurocircuitry involved in the behavioral changes may be better understood by measuring dopamine accurately, particularly during therapeutic treatments. In addition, dopamine has parallel effects on respiration, generally enhancing CO2 and pH dependent respiratory drive (Lalley, 2008). To our knowledge, no studies have investigated the efficacy of DBS in attenuating opioid-induced respiratory depression.
Microdialysis is the current gold standard to measure dopamine release into the NAc extracellular space (Saigusa et al., 2021). However, newer electrochemical techniques such as multiple cyclic square wave voltammetry (M-CSWV) can measure tonic (basal) dopamine levels with higher spatio-temporal resolution and causes less trauma to the brain tissues of interest (Oh et al., 2018; Rusheen et al., 2020; Yuen et al., 2021b).
In the current proof-of-concept study, we hypothesized that VTA DBS would provide modulation of the oxycodone effect on tonic dopamine levels, as well as its ability to reduce the suppressive effect on respiration. To achieve this, we first elucidated oxycodone-induced dopaminergic changes in vivo using M-CSWV and simultaneously measured the respiratory rate. Then, we performed DBS of the VTA while simultaneously measuring oxycodone-induced changes in dopamine extracellular levels in the core of the nucleus accumbens (NAcc) and respiratory rate changes caused by acute intravenous oxycodone administration.
MATERIAL AND METHODS
Animal subjects
Adult male Sprague-Dawley rats (n = 10, weighing 250–300 g; Envigo, IN, United States) were used for this study. Rats were kept in group housing in an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) accredited vivarium following a standard 12-h light/dark cycle at constant temperature (21°C) and humidity (45%) with ad libitum food and water. Animal studies were approved by the Institutional Animal Care and Use Committee (IACUC), Mayo Clinic, Rochester. The NIH Guide for the Care and Use of Laboratory Animals guidelines (Department of Health and Human Services, NIH publication No. 86-23, revised 1985) were followed for all aspects of animal care.
Dopamine sensing microelectrode fabrication
CFMs were fabricated using an established standardized CFM design at Mayo Clinic (Chang et al., 2013; Oh et al., 2016). Further details, including preparation of the Ag/AgCl counter-reference electrode can be found in our group’s previous publications (Yuen et al., 2021b; Yuen et al., 2022b). CFMs were pretested in TRIS buffer prior to coating deposition with a PEDOT:Nafion deposition solution (Vreeland et al., 2015), which minimized the effect of biofouling in vivo.
Implantation of recording and stimulating electrodes
Each rat was anesthetized with urethane (1.5 g/kg i.p.; Sigma-Aldrich, St Louis, MO, United States) and administered buprenorphine (0.05–0.1 mg/kg s.c., Par Pharmaceutical, Chestnut Ridge, NY, United States) for analgesia. Following anesthesia, the rat was placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, United States). Respiratory rate (RespiRAT, Intuitive Measurement Systems, AZ, United States) and hind-paw and tail pinch were used to monitor the physiological state and depth of anesthesia, respectively. RespiRAT is a pressure monitor that only counts the peaks of pressure to mitigate interference from noise, and automatically adjusts the detection threshold with the amplitude of the incoming data. Using a standard rat brain atlas (Paxinos and Watson, 2007), three trephine holes were drilled, the first for placement of a CFM into the NAcc (all coordinates from bregma: AP 1.2 mm, ML 2.0 mm, DV 6.5–7.5 mm from dura), the second for a stimulating electrode into the VTA (twisted bipolar stimulating electrode—Plastics One, MS 303/2, Roanoke, VA, United States, with the tips separated by ∼1 mm; AP −5.3 mm, ML 0.9 mm, DV 7.5–9 mm from dura), and a third for an Ag/AgCl reference electrode into the contralateral cortex (Clark et al., 2010).
Recordings and stimulation parameters
The depths of the stimulating electrode in the VTA and CFM in the NAcc were first adjusted to obtain a robust stimulation-evoked dopamine signal as measured by fast scan cyclic voltammetry (FSCV) (−0.4 to 1.3 V sweep; 10 Hz). Stimulation parameters were biphasic pulses at 60 Hz, 2 ms pulse width, 0.2 mA, and 2 s duration. Stimulation and FSCV were both performed using the WINCS Harmoni system (Lee et al., 2017), a wireless stimulation and neurochemical sensing system.
Once the optimal electrode depths were identified, the system was switched to the M-CSWV sensing technique (Oh et al., 2018). After at least 60 min of stabilization, the rats were treated according to one of the two experiments. For Experiment 1 (N = 5), i.v. saline (1 mL/kg) was first administered as a negative control. After 30 min, i.v. oxycodone (provided by National Institute on Drug Abuse, Bethesda, MD; 2.5 mg/kg dissolved in 0.5 mL of normal saline) was administered (infused over 2 min via a cannula inserted into the tail vein) and the rat was further observed for another 30 min.
Experiment 2 consisted of the stimulation group (separate set of animals; N = 5), VTA biphasic pulse stimulation was applied at 130 Hz (0.2 ms pulse width, 0.2 mA) continuously for 60 min. The delivered stimulation was interleaved with the M-CSWV recording to minimize artifacts. Once the signal was restabilized to a new plateau (after 30 min of stimulation), i.v. oxycodone was administered (dose and method as above) while stimulation and recording continued. After another 30 min of observation, the stimulation was turned off. The animal was observed for another 30 min post-stimulation before being euthanized using Fatalplus injection (pentobarbital 390 mg/mL i.p.; 10 mL).
Saline administration during VTA stimulation was shown to have no effect on tonic dopamine levels in our previous study and was therefore not repeated here [Figures 4B, 5B of (Yuen et al., 2023)].
Calibration of electrodes
After experimentation, changes in dopamine release recorded from individual CFMs were calibrated in vitro with dopamine solutions of different known concentrations. This was performed in a similar manner to previously described procedures (Oh et al., 2018).
Statistical analysis
For comparison between different dopamine concentrations, repeated-measures one-way (Experiment 1) and two-way (Experiment 2) ANOVA tests were performed. The levels for comparison were all calculated by averaging over 10 data points, i.e., 100 s. In Experiment 1, the levels include: “Baseline” (centered at 5 min prior to saline injection), “Saline” (same post-administration time interval as the “Oxycodone” measurement for fair comparison), and “Oxycodone (Peak)” (centered at the peak of dopamine levels after oxycodone was administered). Post-hoc two-tailed paired t-tests were also conducted in the Experiment 1 between sequential measurements (Baseline vs. Saline; Saline vs. Oxycodone).
In Experiment 2, two-way ANOVA test was performed across: “Baseline” (centered at 5 min prior to start of stimulation), “Stimulation” (centered at 5 min prior to administering oxycodone); “Oxycodone” (centered at the peak of dopamine levels after oxycodone was administered), and “post-stimulation” (centered at 15 min after stimulation stops).
For comparison between respiratory rates, two-tailed paired t-tests were also conducted. Respiratory rates are measured by calculating the moving average over 30 s. Measurements were taken approximately 1/54 s apart. The levels for comparison were calculated by averaging over 10 data points. In Experiment 1, a comparison was made between the levels post-saline (same post-administration time interval as the post-oxycodone measurement for fair comparison) and the levels post-oxycodone (centered at troughs). Likewise, in Experiment 2, a comparison was made between the levels post-stimulation (10 min prior to oxycodone administration) and the levels post-oxycodone (centered at troughs).
Statistical analyses were performed and graphs were constructed using PRISM 8 (GraphPad). All error bars and shaded areas are represented as S.E.M. Statistical significance was set at p < 0.05. No Bonferroni corrections to t-tests were applied as sequential comparisons were set up for testing a pre-planned hypothesis (sequential changes).
RESULTS
To determine the viability of VTA DBS as a potential therapy for opioid intoxication, dopamine levels were first monitored in response to oxycodone injection. A saline injection was performed before the oxycodone injection as shown in Figure 1A. Using M-CSWV, it was demonstrated that there was a significant increase in NAcc tonic dopamine levels after oxycodone administration (Figure 1B). A one-way ANOVA demonstrated significant changes among the baseline, saline, and oxycodone (peak) dopamine levels (p = 0.0224). Post-hoc analysis showed saline did not significantly alter tonic dopamine levels (+1.2 ± 4.4 nM, +0.8%, N = 5 rats, p = 0.1047) (Figure 1C). In contrast, oxycodone rapidly increased tonic dopamine levels within 10 min from 157.7 ± 41.4 nM to 296.9 ± 82.8 nM (n = 5 rats, p = 0.0251). This is also highlighted in the high dimensional color plots, and their voltammograms in Figure 1D Higher dopamine concentrations are displayed as more intense red.
[image: Figure 1]FIGURE 1 | Changes in NAcc tonic dopamine concentrations after saline and oxycodone. (A) Experimental design and procedure. All electrodes were implanted stereotactically into the brain of urethane-anesthetized rats and positioned at the optimal depth. Tonic dopamine levels in the NAcc were recorded throughout the experiments. Saline and oxycodone were administered i.v. accordingly. (B) Rapid increase in dopamine was seen after i.v. oxycodone administration (2.5 mg/kg) compared to i.v. saline (1 mL/kg). Arrow denotes time of oxycodone administration. (C) One-way ANOVA demonstrated significant changes among the levels (F = 12.80; p = 0.0224). Post-hoc analysis showed saline administration did not significantly alter tonic dopamine levels (+1.2 ± 4.4 nM, +0.8%, N = 5 rats, p = 0.1047); whereas oxycodone rapidly increased dopamine levels within ∼5 min of administration (+145.0 ± 41.9 nM, +95%, N = 5 rats, p = 0.0251). * denotes p < 0.05. (D) Representative high dimensional color plots and matched voltammogram at baseline, and after saline and oxycodone administration, respectively. The circle denotes dopamine oxidation on the color plot measured by M-CSWV. Figure partly created with BioRender.com.
Next, we explored how VTA DBS affects tonic dopamine levels in the NAcc, including after oxycodone administration. As shown in Figure 2A, continuous VTA DBS was applied for 1 h. During the stimulation oxycodone (i.v.) was administered while monitoring changes in tonic dopamine levels. After 30 min, DBS was turned off and tonic dopamine levels were recorded for an additional 30 min. With VTA DBS, tonic dopamine levels in the NAcc decreased by 43.8%, from 135.4 ± 43.8 nM to 76.1 ± 32.7 nM (Figure 2B). These levels were augmented by oxycodone administration to 105.8 ± 35.0 nM (+39.0%) but the levels did not return to baseline until stimulation was switched off. After VTA DBS was turned off, tonic dopamine levels gradually returned to baseline. ANOVA analysis demonstrated stimulation [F(1,4) = 30.48; p = 0.0053] and oxycodone [F(1,4) = 21.81; p = 0.0095] both had a statistically significant effect on tonic dopamine levels (Figure 2C). Interaction between the two factors was also found to be significant [F(1,4) = 130.5; p = 0.0003]. This was also reflected in the less intense red color on the color plots (Figure 2D).
[image: Figure 2]FIGURE 2 | Stimulation suppresses oxycodone-associated dopamine increases. (A) Experimental design and procedure. All electrodes were implanted stereotactically into the brain of urethane-anesthetized rats and positioned at the optimal depth. Tonic dopamine levels in the NAcc were recorded throughout the experiments. VTA DBS (biphasic 130 Hz, 200 µs pulse width, 0.2 mA) was applied (black bar). Oxycodone (2.5 mg/kg) was given intravenously. (B) Stimulation suppressed tonic dopamine levels. The levels increased after oxycodone administration but remained below the pre-stimulation baseline. After cessation of stimulation, the levels returned to approximately baseline. Black bars represent the stimulation period. The red arrow denotes drug administration. (C) Two-way ANOVA test demonstrated stimulation [F(1,4) = 30.48; p = 0.0053] and oxycodone [F(1,4) = 21.81; p = 0.0095] both had a statistically significant effect on tonic dopamine levels (N = 5 rats). (D) Representative high dimensional color plots and matched voltammogram corresponding to the time points. The circle and arrow denote the site of dopamine oxidation on the color plot measured by M-CSWV. Figure partly created with BioRender.com.
One consideration was that VTA DBS may alleviate the respiration-suppressing effects of acute opioid administration. Respiration rate was monitored and compared for saline and oxycodone treatment in the absence of VTA DBS, and oxycodone treatment during VTA DBS (Figure 3A). Oxycodone was shown to decrease the respiratory rate by 36.6% relative to baseline (p < 0.001). VTA stimulation partially alleviated respiratory suppression from 36.6% to 13.4% relative to baseline (p = 0.072) (Figure 3B). The clear trough in respiratory rate secondary to oxycodone was also less visible when stimulation was applied. Although there appears to be an increase in respiratory rates after VTA DBS was initiated (prior to oxycodone), compared to baseline just before VTA DBS, there was no statistical differences (p = 0.148).
[image: Figure 3]FIGURE 3 | Oxycodone-associated respiratory depression attenuated by stimulation. (A) Respiratory rates reduced acutely after i.v. oxycodone (2.5 mg/kg) (red line) but not with i.v. saline (1 mL/kg) (blue line). However, with stimulation, giving oxycodone did not cause a significant drop in respiratory rates (black line). Arrow denotes time point where drug was administered. (B) Statistical analysis of respiratory rates demonstrated significant changes in cases where no stimulation was applied (p < 0.001) but this was reversed when stimulation was applied (p = 0.072) (N = 5 for each group). *** denotes p < 0.001.
DISCUSSION
The present study measured tonic dopamine levels in the NAcc and accompanying respiratory rate following i.v. oxycodone administration. The facilitatory increase in dopamine levels is consistent with previous microdialysis studies with opioids (Vander Weele et al., 2014; Saigusa et al., 2017). The rise in dopamine levels is also similar to our previous studies on the effect of i.v. cocaine on accumbal tonic dopamine levels, and is concordant with a critical role of dopamine across addictive agents (Solinas et al., 2019; Yuen et al., 2021b). In addition, VTA DBS was also shown to significantly suppress baseline tonic dopamine levels in the NAcc and can further significantly attenuate the ability of oxycodone to elevate dopamine levels, which is consistent with our previous study with cocaine (Yuen et al., 2023). The respiratory rate depression following oxycodone administration was also partially reversed by VTA DBS.
While FSCV has been utilized in studying short-term effects of opioids on phasic (burst) dopamine release (Vander Weele et al., 2014), to our knowledge, no studies have used electrochemical techniques to study the effects of opioids on tonic dopamine concentrations.
Potential mechanism of action of VTA DBS
Continuous application of VTA DBS resulted in a consistent suppression of NAcc tonic dopamine levels. This also attenuated the facilitatory effects of oxycodone on tonic dopamine levels, with dopamine levels returning to baseline after cessation of DBS. The depletion of presynaptic dopamine vesicular stores may cause this reversible effect. In this case, an initial peak would be expected. Although this was not apparent in the averaged data (Figure 2B), an initial and brief peak increase was indeed seen in three out of five rats (60%) that underwent stimulation. We defined an initial peak to be one that occurs within 1 min (6 MCSWV readings) that is at least more than 2 standard deviations of the 10 averaged points used to calculate the baseline prior to stimulation. The average increase in dopamine among the three rats was 14.4 ± 3.7 mM. This is consistent with the phasic (evoked) increases of dopamine in the NAcc (measured by FSCV) that were seen with brief (2 s) stimulation of the VTA during the targeting progress. This may not be seen universally as the M-CSWV technique has a time resolution of 10 s and if the release of dopamine occurred prior to the following measurement, the peak may be much smaller. Previous studies have shown that prolonged intermittent VTA stimulation was associated with reduced dopamine levels in the NAc, likely due to depletion of accumbal presynaptic dopamine vesicular stores or autoreceptor activation (Hernandez et al., 2006; Hernandez and Shizgal, 2009). This is consistent with the phenomenon seen in the current study. Another explanation may be activation or inhibition of other inhibitory and excitatory neurotransmitters. Examples include GABA (inhibitory), dopamine (inhibitory), glutamate (excitatory), and acetylcholine (facilitatory), all of which have been found in the VTA in microdialysis studies (Westerink et al., 1996; Lester et al., 2010). It is well known that opiates increase firing activity of dopamine neurons at least in part by decreasing the inhibitory effect of GABA via activation of µ-opiate receptors on GABAergic interneuron terminals in the VTA, and glutamate transmission is required for morphine’s effect on dopamine cells (Barrot, 2015; Saigusa et al., 2021). Therefore, DBS may exert its effect on extracellular dopamine levels via modulation of these other neurotransmitters.
One further possibility is that continuous electrical stimulation of the VTA may induce a relatively rapid depolarization block (DB) similar to chronic antipsychotic treatments that, in turn, decrease tonic DA levels in the NAcc (Lane and Blaha, 1987; Grace et al., 1997; Boye and Rompre, 2000; Hernandez et al., 2016). These hypotheses can be investigated by further studies using other pharmacological tests and measuring techniques such as amperometry.
Potential clinical applications
VTA DBS is currently being used as an experimental treatment for treatment-refractory cluster headache (Akram et al., 2016). Interestingly, it has been shown that elevation of peripheral dopamine levels is implicated in cluster headache pathophysiology, suggesting cluster headaches may be a consequence of overactivity of the dopaminergic and autonomic systems (D'Andrea et al., 2006; D'Andrea et al., 2019). Therefore, the therapeutic effect of VTA DBS on cluster headache may be explained by its suppressive effect on forebrain dopamine levels.
With regards to the potential applicability of DBS for substance use disorder, no human studies have been reported using VTA DBS. In preclinical studies, one study demonstrated continuous optogenetic stimulation of VTA dopaminergic neurons can reduce ethanol self-administration in mice (Bass et al., 2013). Although optogenetic and electrical stimulation have different underlying mechanisms of action, one study demonstrated that both modalities could activate similar brain regions (Weidner et al., 2020).
In the current study, the NAc core was chosen as the main target for dopamine measurements for two main reasons. First, from microdialysis studies, extracellular dopamine in the core was higher than that in the shell, whereas norepinephrine levels (a potential electroactive interferent) were higher in the shell (McKittrick and Abercrombie, 2007). Second, these are acute experiments where the animals are exposed to the drug for the first time. It has been suggested that the NAcc underlies the phenomenon of initial acquisition of drug taking, cue-elicited drug seeking behavior, and impulsive choices (Di Chiara, 2002; Salgado and Kaplitt, 2015). Although we did not perform comparison studies using the accumbens shell subregion, it remains an interesting target for future studies using opioids in combination with VTA DBS. VTA DBS may modulate drug-seeking behavior by suppressing dopamine levels in the NAcc. This may also be applicable to hyperdopaminergic pathologies such as mania, schizophrenia, and dopamine dysregulation syndrome (Berk et al., 2007; Grace, 2016; Ashok et al., 2017).
Consistent with previous microdialysis studies (Westerink et al., 1996; Lester et al., 2010), oxycodone induced significant increases in NAcc dopamine levels, which likely account for the initiating steps in the pathophysiology of opioid use disorder. The suppression of NAcc dopamine levels appeared reversible within 60 min of DBS but this may not be the case for longer stimulation duration or repeated stimulations. Given dopamine is associated with both drug-related and pharmacological rewards, depression of dopamine levels in a normal dopaminergic state may theoretically lead to anhedonia and depression. Therefore, more studies need to be conducted before widely implementing this potential therapeutic option. In addition, the present study suggests that intermittent or continuous measurement of tonic dopamine levels may serve as a potential biomarker for closed-loop DBS for substance use disorder. However, the risks of implanting a separate sensing electrode and the ethics of such interventions should be considered (Lo et al., 2023).
The cases of opioid overdose in the United States have more than quadrupled between 2000 and 2020 and, without further intervention, is expected to double by 2029 (Humphreys et al., 2022). Therefore, it is of interest that the current study demonstrated that VTA DBS may be used to reduce the effects of oxycodone and therefore potentially prevent overdose deaths. Given the volume of tissue affected by electrical stimulation, it is highly likely that other brain structures, such as descending white matter fibers that control the motor aspect of respiratory effort, were co-stimulated, leading to the observed attenuating effect on oxycodone-associated respiratory suppression. Several studies using intracranial self-stimulation also showed that DBS can alter the physiological parameters such as the respiratory rate, demonstrating the complex interplay between brain stimulation and the autonomic nervous system (Malmo, 1963; Angyan, 1981; Burgess et al., 1993). One more possible explanation is that stimulation of the VTA would likely also stimulate the substantia nigra (SN) given its proximity to the VTA. There are known anatomical connections between the SN compacta and respiratory control centers, including a direct SNc pathway to the pre-Bötzinger complex (Zhou et al., 2011). The pre-Bötzinger complex interneurons have direct connections to caudal areas containing bulbospinal neurons that are directly involved in generating rhythm to the premotor neurons that transmit oscillatory drive to spinal respiratory motoneurons (Mahoney et al., 2021). Indeed, endogenous activation of D1Rs acts against opioid depression of the respiratory network (Qu et al., 2019). Nevertheless, to our knowledge, this is the first study that demonstrated DBS can attenuate the respiratory effect of opioids. Further optogenetic studies that focus on particular neurons such as dopamine or glutamate neurons, may be used to further discern the target that led to this effect. Also, tractography, particularly in larger animal studies, may be used to map the relationship between the volume of tissue activated by DBS and white matter tracts near the VTA.
Limited historical precedence or evidence implicates DBS as a potential procedure for respiration modulation. One study showed subthalamic nucleus stimulation may improve upper respiratory and laryngeal control in Parkinson’s patients (Hammer et al., 2010), but no lower respiratory effect (intercostal muscles and diaphragm) was measured. Our results suggest that, in addition to opioid overdose, diseases characterized by respiratory insufficiency or failure, such as intractable sleep apnea, may be treated by DBS.
Experimental limitations and future studies
This proof-of-concept preclinical study utilized anesthetized, naïve rats as subjects rather than a chronic addiction model. Although a relatively high acute dose of oxycodone was administered that induced a clinically corollary of respiratory depression, there were no measures for addictive behaviors such as drug-seeking and compulsion. Future studies in awake animals, particularly in drug self-administration paradigms, will be required to validate the dopaminergic effects, as well as behavioral and respiratory benefits.
While dopamine plays a key role in the process of drug addiction, there are also studies which showed opioids may have a dopamine-independent reward mechanism (Ettenberg et al., 1982; Pettit et al., 1984; Nader and van der Kooy, 1997; Hnasko et al., 2005). Therefore, how much VTA DBS may alter the behavioral changes should be further studied.
CONCLUSION
The present study demonstrated that M-CSWV served as a reliable tool to measure changes in tonic extracellular dopamine levels in the NAcc following acute i.v. oxycodone administration. The observation that VTA DBS at least partially reversed the opioid-induced increase in NAcc dopamine levels and respiratory rate depression provides the basis for exploring the use of DBS to treat opioid use disorder and overdose.
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Background: Methamphetamine use disorder (MUD) has become a global problem due to the highly addictive nature of methamphetamine. Earlier research have demonstrated that PROK2 functions as a compensatory and protective response against neurotoxic stress by stimulating astrocyte reactivity. The aim of our study was to evaluate the correlation between the PROK2 gene and both MUD risk susceptibility and craving scale in the Chinese Han population.
Methods: A total of 5,282 participants (1,796 MUD patients and 3,486 controls) were recruited. Seven tag SNPs of the PROK2 gene were chosen and genotyped in the samples. Genetic association analyses were performed to capture the significant SNPs. To investigate the relationship between PROK2 levels and craving scores with the associated-SNP genotypes, we conducted a linear model.
Results: SNP rs75433452 was significantly linked with MUD risk (p-value = 1.54 × 10−8), with the A allele being positively correlated with an increased risk of MUD. Moreover, the average serum level of PROK2 decreased when more copies of the A allele were presented in both MUD patients (p-value = 4.57 × 10−6) and controls (p-value = 1.13 × 10−5). Furthermore, the genotypes of SNP rs75433452 were strongly correlated with the craving scores in MUD patients (p-value = 4.05 × 10−4).
Conclusion: Our study identified a significant association signal of the PROK2 gene with MUD risk susceptibility and methamphetamine craving scores in the Chinese Han population, providing potential valuable insights into the underlying mechanisms of METH dependence.
Keywords: methamphetamine use disorder, prokineticin 2 gene, genetic polymorphism, craving degree, case-control study
INTRODUCTION
Methamphetamine (METH), a potent central stimulant and a member of the amphetamine-type drugs class, has emerged as a significant global problem due to its highly addictive nature. Between 2015 and 2016, the use of METH increased fourfold (Piper et al., 2018), and mortality associated with METH use doubled from 2009 to 2019 (Paulus and Stewart, 2020). The detrimental effects of METH use disorder (MUD) extend to multiple organs (Prakash et al., 2017), including the gut, brain, heart, and liver. Users of METH often experience severe anxiety, depression, and even psychosis (Wearne and Cornish, 2018). These symptoms may persist for several years even after discontinuing METH use (Jayanthi et al., 2021). Studies have also shown that prenatal exposure to METH can lead to alterations in the microstructure of the entire brain and changes in subcortical volumes across multiple brain regions in the fetus (Kunkler et al., 2022). A meta-analysis revealed that children exposed to METH prenatally were more likely to exhibit poorer intellectual functioning, problem-solving skills, short-term memory, and language development (Kunkler et al., 2022). The mechanism underlying MUD involves synaptic plasticity in key brain circuits (Kauer and Malenka, 2007), with neurotransmitters such as dopamine (Wise and Robble, 2020), glutamate (Jayanthi et al., 2014), and serotonin (Muller et al., 2007) playing crucial roles. Despite advancements, the precise mechanisms of MUD remain unclear, and currently, there are no effective drugs for its treatment (Morais et al., 2018; Chen et al., 2021).
Recent research has shown that sulforaphane, a potent antioxidant, effectively reduced locomotor activity in mice following acute METH administration and behavioral sensitization (Chen et al., 2012). Nuclear factor erythroid 2-related factor 2 (Nrf2), an essential endogenous factor for combating oxidative stress (Kim and Jeon, 2022), has been implicated in METH-induced toxicity, particularly in dopaminergic neuron endings and DNA oxidation, as evidenced in Nrf2-deficient mice (Nrf2−/−). Additionally, icariside II (a phosphodiesterase-5 inhibitor) demonstrated the ability to attenuate METH-induced neurotoxicity and behavioral impairments, which were also associated with oxidative stress (Huang et al., 2022). Notably, Prokineticin 2 has been observed to exhibit a compensatory protective response against neurotoxic stress by inducing astrocyte reactivity in certain experiments (Li et al., 2001). Hence, it is reasonable to speculate that PROK2 might exert a similar effect in the context of METH-related oxidative stress. Prokineticin (PROK) is a novel group of chemokines discovered in mammals, comprising notable members including Prokineticin 1 (PROK1) and Prokineticin 2 (PROK2) (Negri and Ferrara, 2018). These chemokines play crucial roles in diverse physiological processes, including neurogenesis, regulation of circadian rhythms, hematopoiesis, and angiogenesis (Neal et al., 2018). PROK2 has been identified to be related with emotional-like behaviors (Kishi et al., 2009; Moschetti et al., 2019), suggesting its potential involvement in METH-related anxiety and depression. Although a study conducted in 2011 failed to establish an association between PROK2 and MUD in the Japanese population (Kishi et al., 2011), it is worth noting that the sample size was limited, which might have contributed to the lack of association. Therefore, further investigation involving a larger sample size is warranted. In the present study, we aimed to address these gaps by conducting association analyses using a substantial sample size, aiming to evaluate the relationship between the PROK2 gene and both susceptibility to MUD and the craving scale in Han Chinese individuals.
METHODS
Power analysis
We utilized the genetic power calculator (https://zzz.bwh.harvard.edu/gpc/) to calculate the minimum sample size required to achieve the desired level of statistical power. Supplementary Table S1 provides a summary of the parameters used for the power analysis. Our results indicate that to achieve 80% statistical power, we need to recruit 1,878 and 1,775 MUD patients for genotypic and allelic analysis, respectively. In the present study, we have enrolled 1,796 MUD patients and this sample size could achieve 77.58% and 80.57% statistical power for genotypic and allelic analysis, respectively. In general, our current sample size level could provide enough statistical power for detecting SNPs with significant effects.
Study subjects
The participants were all Han Chinese individuals who were not linked genetically. The study participants were limited to the Han Chinese population in order to control, at least to some extent, population stratification, which is a significant confounding factor in gene association mapping studies. The patients were enrolled at Chang’an Drug Rehabilitation Center (Xi’an city, Shaanxi). Based on the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V), study participants were classified as METH dependent if they had substance use disorders and had used the drug at least twice a week for over a year. Individuals who satisfied any of the following conditions were not included in the study: 1) addiction disorders (as defined by DSM-V for other addictive substances); 2) presence of tumors; 3) neurodegenerative conditions; 4) severe organic disorders; and 5) any history or current diagnosis of psychotic disorders. The healthy control group was enrolled at the Second Affiliated Hospital of Xi’an Jiaotong University, and they were verified to be free of personal or family history of drug use disorders or psychotic disorders through clinical evaluation. Each participant’s peripheral blood was sampled for genotyping. The enzyme-linked immunosorbent assay (ELISA) kits from Life Span BioSciences, Inc. (Seattle, WA, United States) were utilized to assess PROK2 levels in the serum, following the instructions provided with the kits. Demographic data was gathered via questionnaires. For each MUD patient, the METH usage year, average dose, and craving scores were obtained. To measure craving scores, visual analog scales (VAS) were employed. All participants gave their consent in writing after being fully informed. The study procedures were approved by the Medical Ethics Committee of the Xi’an Jiaotong University Health Science Center. More information about the study subjects could be obtained from the previous publication of our research team (Wang et al., 2022).
SNP selection and genotyping
Candidate SNPs were selected based on genetic information coverage. Initially, we retrieved all the PROK2 gene region SNPs with a minor allele frequency (MAF) of 0.01 or higher (based on 1,000 Genomes CHB data). A total of 22 SNPs were obtained. Then tag SNPs were generated based on the criteria of r2 > 0.8. The tagging algorithm employed in this study was proposed by de Bakker et al. (2005) It offers a combination of the simplicity seen in pairwise r2 methods with the potential efficiency found in multimarker haplotype approaches. Finally, 7 SNPs were chosen and genotyped in the samples. Commercial DNA kits were used to extract genomic DNA from all participants (Axygen Scientific, Inc., Union City, California, United States). The Sequenom MassARRAY platform was used to conduct SNP genotyping. Those technicians involved in the experiments were not aware of the labels on the study samples. To ensure quality control, around 5% of the study samples were selected at random for replication of SNP genotyping, resulting in a 100% concordance rate.
Statistical analysis
Minor allele frequencies were calculated for each genotyped SNP. To ensure quality control, Hardy-Weinberg equilibrium (HWE) tests were performed on all genotyped SNPs to assess their conformity with the HWE. Genetic association analyses were carried out at the individual marker level. The SNPs were coded in four genetic modes. In the genotypic model, individuals were assigned values of 0, 1, or 2 corresponding to the presence of 0, 1, or 2 copies of the minor allele. For the recessive model, individuals were assigned a value of 0 if they had 0 or 1 copy of the minor allele, and a value of 1 only if they had two copies of the minor allele. In the dominant model, individuals were assigned a value of 0 if they had 0 copies of the minor allele, and a value of 1 if they had 1 or 2 copies of the minor allele. In addition, allelic analysis was also conducted to compare the allelic distribution of SNPs between MUD patients and controls. Genetic association analysis was performed using Plink software (version 1.9) (Purcell et al., 2007). Haploview software (version 4.2) was used to visualize the patterns of linkage disequilibrium (LD) (Barrett et al., 2005). To address the issue of multiple comparisons, Bonferroni corrections were applied.
To explore the potential functional implications of the selected SNPs, the GTEx database was utilized to extract PROK2 gene expression data (Consortium, 2013). The impact of the selected SNP on the expression of the PROK2 gene was then summarized and evaluated in multiple human tissues. Serum levels of PROK2 were also compared among individuals with different genotypes in both MUD patients and controls. The craving scores of MUD patients were compared among individuals with different genotypes of the targeted SNPs using a linear model. General statistical analyses were performed using R software (version 4.2.2), with age, gender, length of METH use, and average dose of METH use included as covariates.
RESULTS
Descriptive statistics
A total of 5,282 individuals (1,796 individuals with MUD and 3,486 controls) were enrolled (Table 1). There were no significant variations observed in terms of age (t = 0.11, p-value = 0.91) and gender (χ2 = 0.01, p-value = 0.93) between the MUD patients and the controls. The two groups exhibited noteworthy differences in terms of employment (χ2 = 998.09, p-value < 0.01) and marital status (χ2 = 694.88, p-value < 0.01). Generally, a higher percentage of MUD patients were found to be unemployed and single or divorced, as compared to the control group. Moreover, the mean serum levels of PROK2 protein were significantly elevated in MUD patients in comparison to controls (t = 267.64, p-value < 0.01). For MUD patients, the average length of METH use is 4.8 years. The average dose of METH used is 0.6 g. The average craving scores for the MUD patients were 3.4.
TABLE 1 | The demographic and characteristic information of the study subjects.
[image: Table 1]Genetic association of rs75433452 genotypes with MUD
Supplementary Table S2 reported the p-value in controls for each genotyped SNP tested for HWE. Figure 1 indicated the LD plot of the genotyped SNPs, wherein no LD blocks were identified. None of the seven SNPs showed any significant deviation from HWE. Among them, only SNP rs75433452 was strongly associated with MUD risk in all four genetic modes (Table 2; Supplementary Table S3). A significant correlation was observed between the A allele of this SNP and an increased risk of MUD [OR (95%CI) = 1.27 (1.17–1.37)]. A dose-dependence pattern was also observed in the genotypic analysis. Individuals with the AA genotype had an OR (95%CI) of 1.64 (1.38–1.94) and those with the AG genotype had an OR (95%CI) of 1.22 (1.38–1.94), as compared to individuals with the GG genotype.
[image: Figure 1]FIGURE 1 | The Linkage disequilibrium plot for the genotyped SNPs in gene PROK2. Values of D′ were indicated in each cell. 
TABLE 2 | The significant association between genotypes of SNP rs75433452 and METH dependence.
[image: Table 2]Functional consequences of SNP rs75433452
Using gene expression data from multiple human tissues obtained from GTEx, we compiled the potential expression quantitative trait loci (eQTL) signals for SNP rs75433452 with respect to the PROK2 gene. However, no significant signals were obtained (Supplementary Table S4). Notably, significant differences in average serum level of PROK2 were identified among individuals with different rs75433452 genotypes in both MUD patients and controls (Figure 2). The average serum level of PROK2 decreased when more copies of the A allele were presented in MUD patients (F = 21.14, p-value = 4.57 × 10−6). This pattern was not observed in controls although significant differences were also identified for average serum level of PROK2 among different genotype groups (F = 19.34, p-value = 1.13 × 10−5).
[image: Figure 2]FIGURE 2 | Average serum levels of PROK2 in different genotypic groups of SNP rs75433452 in both MUD patients and controls. The standard deviation was indicated by the error bar. Results of analysis of variance in MUD patients (A): F = 21.14, p-value = 4.57 × 10−6; Controls (B): F = 19.34, p-value = 1.13 × 10−5.
Association between SNP rs75433452 and craving score in MUD patients
The genotypes of SNP rs75433452 were strongly correlated with the craving scores in MUD patients (Table 3). On average, one more copy of the minor allele (A allele) would increase the craving scores of 0.18 (t = 3.54, p-value = 4.05 × 10−4). This effect was survived even if covariates including age, gender, length of METH use, and average dose of METH use were adjusted.
TABLE 3 | Relationship between craving scores and genotypes of SNP rs75433452.
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The current study has discovered a genetic variation (SNP rs75433452) within the PROK2 gene that is associated with the susceptibility to MUD risk in large-scale individuals with Chinese Han ancestry. The findings of our study have also indicated a significant correlation between this SNP and the serum levels of PROK2 protein. Additionally, in patients with MUD, this SNP is found to be linked with craving scores. A study conducted by Kishi et al failed to show a significant connection between the PROK2 gene and MUD in Japanese populations (Kishi et al., 2011). Four SNPs were genotyped and analyzed in their study and two of them were also included in our study (rs10865660 and rs3796224). The inconsistent findings between the present study and the previous study could potentially be attributed to variations in sample size and genetic marker coverage between the two studies. To the best of our knowledge, this study is the first to establish a link between MUD risk and genetic variations in the PROK2 gene within the Han Chinese population.
SNP rs75433452 is an intronic DNA variant of PROK2. Its functional consequence is still not clear. Despite the significant correlation between this SNP and the serum level of PROK2 protein observed in our study, data obtained from the GTEx suggest that this SNP does not exhibit a significant correlation with the PROK2 expression in any of the 48 tissues. In this sense, there is still a missing link in the chain of evidence. Nevertheless, evidence from the publicly available database might be suffered from low quality and high heterogeneity resulting from a small sample size. Another major limitation of the GTEx database is that the clinical information of samples are unknown. As the patterns of gene expression are significantly influenced by the sample status, the gene expression patterns obtained from normal samples may be quite different from samples of MUD patients.
Many pieces of evidence show that oxidative damage is existing in MUD. Above-normal potentially toxic lipid peroxidation products appeared in the brains of chronic users of METH (Toborek et al., 2013). The administration of METH was found to result in a marked elevation of superoxide radicals in the brain capillaries of mice, as evidenced by DHE staining (Sajja et al., 2016). As known, the blood-brain barrier (BBB) comprises of crucial components such as the endothelial cells of the brain and astrocytes. The oxidative stress induced by METH was found to result in damage to the endothelial cells and astrocytes (Northrop and Yamamoto, 2012), ultimately leading to the impairment of the BBB. This is considered to be one of the most significant events associated with METH toxicity (Davidson et al., 2001). PROK2 and its receptor, PROKR2, play an essential role both in physiological conditions and neuropathological processes (Koyama et al., 2006). Interestingly, a recent GWAS based on European populations has linked PROK2 to smoking initiation. SNP rs116516927 within the PROK2 gene was found to exhibit a significant association with the initiation of smoking (Saunders et al., 2022). In the central nervous system (CNS), PROKR2 is mostly expressed in neurons, whereas PROK2 is mainly expressed in astrocytes and microglia, indicating their complex and diverse biological functions (Koyama et al., 2006; Maftei et al., 2014). The expression of PROK2 increased under pathological insults, such as hypoxia and ROS, indicating that it is involved in these cellular responses (Lattanzi et al., 2021). Through the stimulation of mitochondrial biogenesis and activation of the ERK and Akt survival signaling pathways, the elevated expression of the PROK2 gene facilitated a compensatory protective response in Parkinson’s disease (PD) models and PD brains (Gordon et al., 2016). Based on these previous reports on PROK2 functions we hypothesize that the pathological mechanisms of PROK2 on MUD might be similar to these neuropathological processes. In general, the increased expression of PROK2 is the result of MUD, in turn, which would mediate a compensatory protective response for MUD. Data from the present study could support our hypothesis. The serum levels of PROK2 in MUD patients are much higher compared to controls, and the A allele related to the increased risk of MUD is also associated with lower serum levels of PROK2. Furthermore, the A allele is also strongly correlated with increased craving scores in MUD patients.
Notably, there were several limitations to this study. Firstly, being a candidate gene-based study, the present study only focused on a specific gene, PROK2. However, MUD is a complex trait influenced by multiple genes. Secondly, the study did not account for the influence of environmental factors on the development of MUD. The omission of environmental factors in the current study may potentially limit the comprehensiveness of the findings, as environmental factors often interact with genetic factors. Furthermore, it should be noted that the findings of this study may primarily pertain to the Han population, and their generalizability to other ethnic groups with distinct cultural and anthropological traits could be limited. Validation studies based on other ethnic groups are needed in future. Lastly, although we have shown that the serum level of PROK2 is related to the genotype of rs75433452, no significant results were obtained for the mRNA level. Moreover, the study did not investigate the functional role of the identified SNP in the pathogenesis of MUD. Thus, more complex regulatory signals at the level of related RNAs were not involved in our study. This also led to the lack of systematic analysis of the molecular mechanism behind our results, which is crucial for understanding the complex mechanism of the PROK2 gene involved in meth addiction. Therefore, in future studies, validation of our results and elucidation of complex mechanisms are needed.
To conclude, our study established a significant association between the PROK2 gene and the risk of MUD in a large-scale Han Chinese population. It was also found that the A allele of SNP rs75433452 is correlated with the increased risk of MUD and higher craving scores in MUD patients. Our study has yielded potential valuable insights into the underlying mechanisms of METH dependence. By shedding light on this complex process in the future, our findings could pave the way for the development of new and effective treatments for METH dependence.
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Background: Previous cross-sectional studies have shown that meaning in life (MIL) is closely associated with college students’ smartphone addiction (SA), but the causal relationship between MIL and college students’ SA is uncertain. Therefore, conducting a longitudinal study to explore their relationship is very necessary. Furthermore, some studies have implied possible gender differences in the relationship between MIL and SA and the relationship between SA and MIL. Therefore, it is necessary to further examine whether there are gender differences in the above relationships.

Methods: The present study constructed a three-wave cross-lag panel model to explore the relationships between MIL and college students’ SA. Three waves of data were collected from 705 college students (male: 338; female: 367) in China for three consecutive years, and the interval of data collection was 1 year. These college students completed the same online questionnaire regarding MIL and SA.

Results: (1) The MIL of male college students was significantly stronger than that of female college students at time 1, time 2, and time 3, (2) Female college students’ SA at time 1, time 2, and time 3 was more serious than that of male college students, (3) There were reciprocal relationships between MIL and college students’ SA, (4) The influence of MIL on female college students’ SA was significantly stronger than that of male college students, and (5) The influence of SA on female college students’ MIL was significantly stronger than that of male college students.

Conclusion: This study showed reciprocal relationships between MIL and SA among male college students and female college students. The findings further deepen our understanding of the relationship between MIL and SA and provide a gender perspective for preventing or intervening with college students’ SA.

KEYWORDS
 Chinese college students, reciprocal relationships, meaning in life, smartphone addiction, cross-lagged


1. Introduction

According to the 50th Statistical Report on Internet Development in China, as of June 2022, there were 1.047 billion smartphone users in China, making up of 99.6% of all Internet users (1). Because of its portability, interaction, and immediacy, smartphones have become a daily necessity for people in modern society. However, frequent smartphone use can quickly result in smartphone addiction (2). Smartphone addiction is similar to Internet addiction and game addiction, and it is defined by Sunday et al. (3) as “a condition where the use of smartphone has fulfilled a deep need (dependency, habitual, and addictive behavior) to the extent that the individual has difficulty conducting basic activities of daily life without the concurrent use of a smartphone, and as such caused neglect of other aspects of one’s life.” Smartphone addiction may lead to a series of physiological symptoms (e.g., vision loss, headaches, and decreased sleep quality) and psychological symptoms (e.g., memory loss, emotional depression, and anxiety) (4). A study on smartphone usage among Chinese college students found that more than 20% of college students use their smartphones for more than 7 h a day (5). Numerous studies in different countries and cultures have revealed that college students are a high-risk group of SA (6–13). SA does great harm to college students. It is difficult for college students with SA to concentrate on their studies (14), and their happiness in life is significantly reduced due to the excessive use of smartphones (15–17). In severe cases, SA can cause personality disorder (18, 19) and even suicidal tendencies (20–22). Therefore, it is very essential to pay close attention to college students’ SA and deeply explore the causes of college students’ SA so as to provide theoretical and methodological support for effective intervention or prevention of college students’ SA.

Meaning in life (MIL) refers to “the sense made of, and significance felt regarding, the nature of one’s being and existence” (23). MIL is closely associated with addictive behaviors. Numerous studies have revealed that the higher an individual’s MIL, the less likely he or she is to develop addictive behaviors (24–29). According to meaning therapy theory, meaning in life is the basic element of happiness in life experienced by individuals, and constantly seeking the meaning and purpose of life is the fundamental drive of human existence (30). The lack of meaning in life may cause individuals to fall into a state of emptiness, leading them to lose themselves in real life, which in turn leads to addictive behaviors and then seriously affects the physical and mental health of individuals (30). The meaning therapy theory is supported by some empirical studies among college students. Until now, many studies have indicated that MIL is closely related to college students’ SA. Specifically, studies have revealed that college students’ MIL and their level of SA are negatively associated (28, 29). MIL not only has a direct effect on college students’ SA, but also has an indirect effect on college students’ SA through other variables. For example, some scholars verified that MIL could indirectly affect college students’ SA through self-control (31). In addition, a recent research has shown that MIL can indirectly affect college students’ SA through school adjustment (32). Summarizing the above literature, many scholars have made beneficial investigations on the relationship between MIL and college students’ SA, but these studies only investigated the influence of MIL on college students’ SA, and all the studies were cross-sectional rather than follow-up studies.

From the current studies, although there is no direct study on the influence of SA on college students’ MIL, the resource conservation theory and some related studies suggest that the above influence is likely to exist. According to the resource conservation theory proposed by Hobfoll (33), individuals have limited resources (e.g., time, energy, and attention), and people will strive to maintain, protect, and acquire these resources. However, the loss of these resources is likely to pose a threat to people’s lives, resulting in negative consequences. The above notion has been supported by some empirical studies. These studies have found that SA is significantly related to college students’ interpersonal problems (34, 35) and self-esteem (36, 37). SA can trigger college students’ anxiety (38, 39) and depression (36, 40–42). Furthermore, a longitudinal study revealed that SA could significantly positively affect adolescents’ depression (43). Since interpersonal relationships, self-esteem, anxiety, and depression are all important predictors of college students’ MIL (29, 44–48), based on the resource conservation theory, we speculate that SA is also probably an important influencing factor of MIL. In short, from the previous studies, the causal relationship between MIL and college students’ SA is not clear. Few studies have explored the reciprocal relationships between MIL and college students’ SA.

In addition to exploring the relationship between MIL and college students’ SA, scholars have also conducted some studies on gender differences in college students’ MIL and SA. On the whole, previous studies have revealed that female college students’ meaning in life is significantly lower than that of male college students (49–52), and female college students’ smartphone addiction is more serious than that of male college students (53–59). Males and females are very different when it comes to coping with external pressures. Compared with males, females may perceive threatening events as stress events and often feel in a stressful environment (60–63). There are obvious differences between males and females in coping with external pressure. Males are more focused on problem solving, and may be more inclined to use positive coping styles (e.g., rational coping and detached coping) to cope with pressure, while females may be more inclined to use negative coping styles (e.g., emotional response and avoidance) to cope with pressure rather than focus on problem solving (64, 65). Since negative coping style is a risk factor for the individual’s meaning in life (66, 67), it is understandable why female college students have a lower level of MIL than male college students. Smartphones have the following functional characteristics: (a) collectivity of functions (68, 69); (b) personalization and customization of content (9, 54, 70); (c) accessibility (2, 71); and (d) convenience (2, 71). Some scholars have found that it is precisely because of the above-mentioned functional characteristics of smartphones that female college students use smartphones more frequently in order to make up for the psychological emptiness caused by the low level of MIL and alleviate their negative emotions, thus leading to more serious SA among female college students than male college students (32). However, few studies have explored the moderating effect of gender on the relationship between college students’ MIL and SA.

There may also be gender differences in the relationship between SA and college students’ MIL. The social replacement hypothesis suggests that indulging in social communication through the internet reduces the time for individuals to interact with friends and family, which leads to a small social circle and may lead to depression and loneliness (72). Replacement means that personal use of the Internet may replace offline communication (73, 74). Consistent with the social replacement hypothesis, some studies revealed that individuals may perceive less support from others through Internet communication than offline communication (75, 76). Online social interaction cannot replace offline social interaction: they are not the same psychologically, and addiction to mobile social media may increase the degree of individual social isolation (77). Previous studies have found that female college students will use social media more than male college students to satisfy their social needs (55, 78, 79). Therefore, smartphone addiction may have a more negative impact on female college students’ meaning in life. However, few studies have explored the moderating effect of gender on the relationship between college students’ SA and MIL.

In this study, college students are taken as the subjects to conduct a three-wave cross-lag panel model to explore the reciprocal relationships between college students’ MIL and SA (see Figure 1). This study proposed two hypotheses:


Hypothesis 1: There are reciprocal relationships between MIL and SA.

Hypothesis 2: Gender moderates the reciprocal relationships between MIL and SA.
 

[image: Figure 1]

FIGURE 1
 Conceptual model.




2. Materials and methods


2.1. Participants and procedure

Using the convenient cluster sampling method, freshmen from 20 classes at three universities in Shandong Province, China were selected for a 2-year follow-up study in this study, with data collected three times at 1-year intervals. The inclusion criteria are as follows: (a) 18–25 years old, (b) Full-time college students, (c) Smartphone users, and (d) Voluntary participation in the three questionnaire surveys and signing online informed consent form. Exclusion criteria: (a) Suffering from psychiatric disorders and (b) Suffering from other addictive behaviors. Data were collected in early April of 2020 (Time 1), in early April of 2021 (Time 2), and in early April of 2022 (Time 3). The Wen Juan Xing platform was used to distribute the informed consent form and questionnaire to the 20 classes. 802 freshmen participated in the survey at time 1. In the end, 705 students participated in all three surveys, which is equivalent to a total loss of 97 students with a loss rate of 12.09%. All participants signed the online informed consent form. Table 1 shows the demographic profiles of participants.



TABLE 1 The demographic profiles of participants (n = 705).
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2.2. Measures


2.2.1. Meaning in life

This study used the Chinese version of Meaning in Life Scale (80) to evaluate the meaning in life of college students. The scale has 9 items in total, which includes two factors: presence of meaning (e.g., “There is no clear purpose in my life”) and searching for meaning (e.g., “I have found a purpose in life that satisfies me”). Each item is rated on a seven-point Likert scale ranging from 1 (strongly disagree) to 7 (strongly agree). In this study, at time 1, time 2, and time 3, the Cronbach’s α of the scale were 0.88, 0.86, and 0.89, respectively. The construct validity of the scale at time 1, time 2, and time 3 was also good: χ2/df ≤ 2.258, comparative fit index (CFI) ≥ 0.956, Standardized Root Mean Square Residual (SRMR) ≤ 0.041, Tucker-Lewis Index (TLI) ≥ 0.949, root mean square error of approximation (RMSEA) ≤ 0.066.



2.2.2. Smartphone addiction

This study used the Chinese version of Smartphone Addiction Scale – Short Version to assess the college students’ smartphone addiction. The Chinese version scale was translated from the Smartphone Addiction Scale – Short Version (SAS-SV) compiled by Kwon et al. (69) by forward-backward method. The scale has 10 items in total (e.g., “Feeling impatient and fretful when I am not holding my smartphone”). Each item is rated on a six-point Likert scale ranging from 1 (strongly disagree) to 6 (strongly agree). At time 1, time 2, and time 3, the Cronbach’s α of this scale were 0.85, 0.87, and 0.87, respectively. The construct validity of the scale at time 1, time 2, and time 3 was also good: χ2/df ≤ 2.631, CFI ≥ 0.946, SRMR ≤ 0.034, TLI ≥ 0.938, RMSEA ≤ 0.062.




2.3. Data analysis

The present study used SPSS 26.0 and Mplus 7.11 to analyze the data. The data analysis procedure was as follows:

First, conducting a common method bias analysis with SPSS 26.0. Specifically, all items were subjected to Harman’s One-Factor Test (unrotated exploratory factor analysis) (81). If the variance explained by the first component, among all components with eigenvalues larger than 1, is less than 40%, it suggests that there is no common method bias present in this study (81).

Second, SPSS 26.0 was used to conduct descriptive statistics, implement independent samples t-tests to investigate the gender differences in meaning in life (MIL) and smartphone addiction (SA), and examine correlations between MIL and SA.

Third, in order to test whether there are reciprocal relationships between college students’ MIL and SA, the following four competing models were established: Model 1: No cross-lagged effects (T1MIL → T2SA, T2MIL → T3SA, T1SA → T2MIL and T2SA → T3MIL are dropped). Model 2: Smartphone addiction effects (T1SA → T2MIL and T2SA → T3MIL are dropped). Model 3: Meaning in life effects (T1MIL → T2SA and T2MIL → T3SA are dropped); Model 4: Reciprocal effects (all paths are included). Then, using structural equation model to examine the four competing models to determine whether the reciprocal effects model would best fit the data and significantly better than the other three models. Model fit was determined by the following indices: “Comparative Fit Index (CFI), Standardized Root Mean Square Residual (SRMR), Tucker-Lewis Index (TLI), and Root Mean Square Error of Approximation (RMSEA). An acceptable model is determined by the following criteria: CFI > 0.90, SRMR < 0.05, TLI > 0.90, and RMSEA < 0.08 (82). In addition, the differences of CFI (△CFI > 0.01) and the χ2 differences between models (p < 0.05) were used to determine the best model (83–85).

Fourth, this study used Mplus 7.11 to conduct multiple group (male vs. female) analysis to test gender differences on reciprocal effects. According to the requirements of multiple group analysis, measurement invariance needs to be tested before comparing the differences of structural equation model in different group (85). This is because only when the relationship between observed variables and potential variables is invariant in all groups that need to be compared can the differences of structural equation model be further compared (85). Specifically, measurement invariance was tested by the following four steps: Step 1: Fitting measurement model for each group, respectively. Step 2: Configural invariance. Step 3: Metric invariance (common loadings across gender). Step 4: Scalar invariance (common loadings and intercepts across). Configural invariance is a prerequisite for testing other invariances, and it is usually used as a baseline model for testing (83–85). Further invariance tests are nested models generated by restricting the corresponding parameters on the basis of the invariance at the previous level, and only if the invariance at the previous level is established can the invariance test be continued at a higher level (85). When scalar invariance (strong invariance) is established, measurement invariance is established (83–85). An acceptable model is determined by the following criteria: CFI > 0.90, SRMR < 0.05, TLI > 0.90, and RMSEA < 0.08 (82). The differences of CFI (△CFI < 0.01) and the χ2 differences between models (p > 0.05) were used as the criteria of invariant measurements (83–85). Then, using Mplus 7.11 to compare the differences of reciprocal effects among male college students (group 1) and female college students (group 2).

In this study, before testing the cross-lagged panel model, all the variables were standardized. When testing the reciprocal relationships between college students’ MIL and SA, all demographic variables were set as control variable, and when comparing the gender differences of the reciprocal effects, demographic variables except gender were set as control variable. Besides, 95% confidence interval based on the bias-corrected percentile method with 1,000 bootstrap samples was used to examine the reciprocal effects.




3. Results


3.1. Common method bias

The results of common method bias analysis showed that the eigenvalues of 18 components exceeded 1, and the first component explained 21.36% of the total variance, which was less than 40%, indicating that the common method bias was not present in this study.



3.2. Descriptive statistics, inferential statistics, and correlation analyzes

Table 2 shows the means and standard deviations of the main variables and gender differences in smartphone addiction and meaning in life. Specifically, at Time 1, Time 2, and Time 3, female college students’ scores of meaning in life (MIL) were significantly lower than male college students’ scores. Besides, at Time 1, Time 2, and Time 3, female college students’ smartphone addiction (SA) scores were significantly higher than male college students’ scores.



TABLE 2 Gender differences in college students’ smartphone addiction and meaning in life.
[image: Table2]

As shown in Table 3, there was a significant correlation between MIL at time 1, time 2, and time 3 (r = 0.48 ~ 0.62) among all participants. There was a significant correlation between SA at time 1, time 2, and time 3 (r = 0.69 ~ 0.78) among all participants. At time 1, time 2 and time 3, MIL was significantly correlated with SA (r = −0.50 ~ −0.68) among all participants. In addition, the time-dependent correlation between MIL and SA among all participants was also significant (r = −0.39 ~ −0.61).



TABLE 3 Inter-correlations of the variables among all participants (n = 705).
[image: Table3]

As shown in Table 4, among male college students, there was a significant correlation between MIL at time 1, time 2, and time 3 (r = 0.47 ~ 0.60). There was a significant correlation between SA at time 1, time 2, and time 3 (r = 0.68 ~ 0.77) among male college students. At time 1, time 2 and time 3, among male college students, MIL was significantly correlated with SA (r = −0.46 ~ −0.63). In addition, the time-dependent correlation between MIL and SA among male college students was also significant (r = −0.32 ~ −0.47).



TABLE 4 Inter-correlations of the variables among male college students (n = 338).
[image: Table4]

As shown in Table 5, there was a significant correlation between MIL at time 1, time 2, and time 3 (r = 0.50 ~ 0.66) among female college students. There was a significant correlation between SA at time 1, time 2, and time 3 (r = 0.70 ~ 0.80) among female college students. At time 1, time 2 and time 3, among female college students, MIL was significantly correlated with SA (r = −0.51 ~ −0.70). Furthermore, among female college students, the time-dependent correlation between MIL and SA was also significant (r = −0.52 ~ −0.68).



TABLE 5 Inter-correlations of the variables among female college students (n = 367).
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3.3. Testing the cross-lagged panel model

Table 6 shows the results of model comparisons of the four competing models. All models fitted well. However, Model 2 (smartphone addiction effects), Model 3 (meaning in life effects), and Model 4 (reciprocal effects) better fitted the data than did Model 1 (no cross-lagged effects). Model 4 (reciprocal effects) yielded a better model fit than did Model 2 (smartphone addiction effects) and Model 3 (meaning in life effects). Thus, the reciprocal effects model (Model 4) showed the best model fit. The results of cross-lagged panel analysis (see Figure 2) showed that: (a) Meaning in life (MIL) at time 1 could significantly negatively predict smartphone addiction (SA) at time 2 (β = −0.19, p < 0.01), (b) MIL at time 2 could significantly negatively predict SA at time 3 (β = −0.14, p < 0.05), (c) SA at time 1 could significantly negatively predict MIL at time 2 (β = −0.25, p < 0.01), and (d) SA at time 2 could significantly negatively predict MIL at time 3 (β = −0.28, p < 0.01). These results verified that there were negative reciprocal relationships between MIL and SA.

[image: Figure 2]

FIGURE 2
 Path diagram of the cross-lagged panel model.




TABLE 6 Model fit indexes and comparison for different models of the relationship between meaning in life and smartphone addiction among college students.
[image: Table6]



3.4. Multi-group tests by gender on the reciprocal effects model

The measurement model (see Table 7) showed an acceptable fit for male college students and female college students. Thus, the measurement invariance tests can be performed next. As shown in Table 4, Model 1, model 2, and model 3 all fitted well. The model comparison showed that the fit indices of model 2 was not significantly different from that of model 1 (△CFI < 0.01, p > 0.05). Further comparing model 3 with model 2, the result found that the fit indices of model 3 was not significantly different from that of model 2 (△CFI < 0.01, p > 0.05). These results indicated that the measurement invariance across gender was established. Thus, structural model comparison can be conducted next.



TABLE 7 Measurement invariance tests for male college students and female college students.
[image: Table7]

As shown in Table 8, two cross-lagged paths in the same direction were constrained to be equal between male and female in each comparison model. The results showed that the difference between model 4b and model 4a was significant (△CFI > 0.01, p < 0.01). Compared with model 4a, model 4c showed a significant difference (△CFI > 0.01, p < 0.01). The above results revealed that the reciprocal effects among female college students were significantly different from that of male college students.



TABLE 8 Multi-group (male vs. female) tests on the reciprocal effects model.
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3.5. Gender differences in reciprocal effects

Comparing the differences of reciprocal effects among male college students (group 1) and female college students (group 2), the results (see Table 9) showed that: (a) The path coefficient of T1MIL → T2SA in female college students were significantly larger than that of male college students (male: β = −0.11; female: β = −0.32), (b) The path coefficient of T1SA → T2MIL in female college students were significantly larger than that of male college students (male: β = −0.17; female: β = −0.43), (c) The path coefficient of T2MIL → T3SA in female college students were significantly larger than that of male college students (male: β = −0.09; female: β = −0.23), and (d) The path coefficient of T2SA → T3MIL in female college students were significantly larger than that of male college students (male: β = −0.20; female: β = −0.40). In a word, the reciprocal effects among female college students were significantly stronger than that of male college students.



TABLE 9 The results of gender comparison in reciprocal effects.
[image: Table9]




4. Discussion

A three – wave cross – lagged panel design was used to explore the reciprocal relationships between meaning in life (MIL) and smartphone addiction (SA) among Chinese college students in this study. The findings contribute to a deeper understanding of the dynamic relationships between MIL and SA and the gender differences in these relationships.


4.1. Gender differences in college students’ MIL and SA

Consistent with previous cross-sectional studies (49–52), the research results found that the MIL of male college students was significantly stronger than that of female college students at both time 1, time 2, and time 3. The gender differences may be related to the different expectations of males and females in society. In the general concept of Chinese society, males are expected to be more responsible and motivated than females. Under the influence of this social expectation, the setbacks encountered in life may inspire males’ fighting spirit more, from which they will experience a stronger sense of responsibility and experience more MIL in the process of constantly breaking through themselves. On the other hand, compared with males, females tend to be more sensitive and emotional, and they are more likely to take a negative coping style when facing difficulties, resulting in makes it difficult for them to solve them when they encounter difficulties, which is not conducive to obtaining their MIL.

This study also found that there were significant gender differences in SA at time 1, time 2 and time 3, that is, female college students’ smartphone addiction was more serious than that of male college students, which was consistent with many previous studies (53–59). The reason for the above gender differences is probably that males are more independent, while females are more socially dependent (86, 87). Compared with males, in order to satisfy social needs, females are more relational-oriented, and they participate in social activities more frequently. Correspondingly, either in the real world or the virtual world, females were more socially involved than males (87, 88). Also, from the perspective of traditional social culture in China, society is more inclined to expect females to have introverted and implicit personality (89). Under the requirements of this traditional social culture, female college students are more willing to express themselves in an implicit and indirect way, so using mobile social media (e.g., QQ and WeChat) inevitably becomes their best choice. They tend to use smartphones as an important medium of interpersonal communication, and they will communicate and interact with others through QQ, WeChat, and other apps on smartphones. Thus, the probability of female college students’ SA greatly increases.



4.2. The reciprocal relationships between MIL and SA

By conducting cross-lagged panel analysis, this study showed that there were negative reciprocal relationships between MIL and SA. Specifically, MIL at time 1 could significantly negatively predict SA at time 2, and MIL at time 2 could significantly negatively predict SA at time 3. These findings demonstrated that MIL is an important influencing factor of college students’ SA, which is congruent with meaning therapy theory (30). Frankl (30) proposed that finding the meaning of life is the primary motivation of human beings. If individuals cannot find the value and meaning of their existence, they will develop a sense of empty existence and easily lose themselves in social life, which may lead to addictive behaviors (30). Besides, the above findings are also supported by some previous studies among college students. Some scholars found that MIL could positively affect the addictive behavior of college students (28, 29). A recent intervention study on SA based on meaning therapy theory verified that meaningful therapy was an effective method to improve SA (90), which further demonstrated that MIL is an important predictor of SA. The higher the level of college students’ MIL, the stronger their school adjustment may be, and the lower the possibility of their SA. Contrariwise, if college students lack MIL, they are likely to have school adjustment problems and show depression and negativity. In order to relieve negative emotions and make up for inner emptiness, college students are easily addicted to the “virtual network world” of smartphones (32).

Furthermore, this study found that SA at time 1 could significantly negatively predict MIL at time 2, and SA at time 2 could significantly negatively predict MIL at time 3. These findings demonstrated that SA also influenced college students’ MIL. According to resource conservation theory, individuals have limited internal and external resources, and when these resources are consumed without return, they are likely to affect people’s normal lives and lead to negative consequences (33). If college students consume a lot of resources using their smartphones, they will have very limited or even few resources to cope with real life. Specifically, addiction to smartphones occupies a large number of individual cognitive resources, when there are multiple cognitive tasks (e.g., talking while playing smartphones; learning while playing smartphones) at the same time, individuals are prone to cognitive overload, which easily leads to their cognitive failure (91, 92). If this situation continues, it will inevitably have a negative impact on the physical and mental health of individuals. Thus, it can be well understood that college students will have interpersonal problems and negative emotions due to excessive use of smartphones or even addiction to smartphones, which will eventually lead to the decline of college students’ MIL.



4.3. The moderating effect of gender

By comparing the differences of reciprocal effects among male college students and female college students, this study found that the reciprocal effects in female college students were significantly stronger than those of male college students. Specifically, the influence of MIL on SA among female college students was significantly stronger than that of male college students. The gender differences in the above relationships can be explained from the perspective of gender differences in coping with stress. When dealing with external stressors, males may be more inclined to cope with stress using a positive coping style that focuses on problem solving. Yet females often feel they are in stressful situations and have more chronic stress than males, and they may be more inclined to cope with stress using negative coping styles that are not conducive to problem solving (64, 65). It should be emphasized that negative coping styles are not conducive to problem solving and may further exacerbate the negative effects of stress on female college students (65), thus leading to a lower level of MIL for female students than for male students. Since smartphones have the aforementioned functional characteristics, it is easier to get alternative satisfaction and compensation by using them (32). Thus, in order to make up for the psychological emptiness caused by the low level of MIL and alleviate negative emotions, female college students may use smartphones more frequently than male college students, which leads to more serious SA among female college students.

Meanwhile, this study have also shown that SA had a significantly stronger effect on female college students’ MIL than male college students. According to the social replacement hypothesis, the excessive use of mobile social media may replace activities in real situations, thus occupying individuals’ time and energy for offline activities, especially reducing the opportunities for offline communication with others, which will destroy individuals’ offline social support system, reduce the channels for individuals to obtain other people’s information, and make them participate in offline social activities insufficiently (72). In the end, it may lead to the reduction or lack of individual beneficial experiences, thus leading to negative emotions (93). Previous studies have found that males mainly use smartphones for more utilitarian and/or entertainment reasons, while females frequently use smartphones to meet social needs (55). Compared with males, females are more inclined to seek social support and are more sensitive (94). Therefore, SA may damage the social support system of female college students in real life and have a negative impact on their social interaction in real life, resulting in a lower level of MIL for female college students than for male college students. In a sense, the psychological need satisfaction that smartphone-addicted female college students seek in using their smartphones is a false substitute satisfaction that often serves to protect themselves from the aggression that comes with interpersonal and emotional problems. Although they find themselves in the virtual world for a short period of time, they experience more negative emotions in real life, which does not provide motivation for their development but damages their physical and mental health and makes them lose their MIL.




5. Conclusion

In this study, the three-wave cross-lag panel design was used to explore the reciprocal relationships between meaning in life (MIL) and college students’ smartphone addiction (SA). The results showed that MIL could negatively affect college students’ SA, and SA could also negatively affect college students’ MIL. In addition, there are significant gender differences in the reciprocal relationships between MIL and college students’ SA. Female college students are more likely to be addicted to smartphones because of their low level of MIL than that of male college students, which in turn leads to their further decline in MIL. This study not only deepens the research on the relationship between MIL and SA, but also provides theoretical support for preventing and intervening with college students’ smartphone addiction from a gender difference perspective.



6. Limitations, future directions, and implications

There are inevitably some limitations despite the fact that this study has produced some valuable findings. First, the participants in this study are all college students in China, and it is important to examine whether the findings consistent with this study exist in other countries and cultures in the future. Secondly, the participants in this study are mainly college students in northern China, and the current findings may not be applicable to all college students in China. Future research needs to expand the sampling range to examine whether the findings are applicable to college students in other parts of China. Thirdly, this study only explores the reciprocal relationships between meaning in life (MIL) and college students’ smartphone addiction (SA) by using the cross-lag panel design, and future research needs to use the cross-lag panel design to explore the complex mechanism of the influence of MIL on SA and SA on MIL.

The findings of this study have positive significance. As for the theoretical significance, this study examines the reciprocal relationships between MIL and college students’ SA and the moderating effect of gender on the reciprocal relationships for the first time, which can further deepen the research on the relationship between MIL and college students’ SA. Regarding the practical significance, this study can provide guidance for the targeted prevention and intervention with college students’ SA and lack of MIL. Specifically, we can prevent and intervene with college students’ SA by improving their MIL, especially that of female college students. In addition, the negative influence of SA on college students’ MIL can be reduced by interfering with their SA, especially that of female college students.
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Introduction: The aim of this study was to examine the perceptions and experiences of male patients with alcoholic pancreatitis after healing regarding alcohol withdrawal and life management.

Methods: This study used a qualitative descriptive design, and participants were selected by purposive sampling from two tertiary care hospitals in Shandong Province, China. Semi-structured in-depth interviews were conducted with 18 male patients discharged from the gastroenterology department who had recovered from alcoholic pancreatitis. Colaizzi’s method was used to analyze the interview data, and the findings were reported using COREQ criteria.

Results: By analyzing the interview data, we summarized five themes, (1) the dilemma of sobriety, (2) role change, (3) illness status, (4) family influence, and (5) life management.

Conclusion: By profiling the perceptions and experiences of post-healing alcoholic pancreatitis patients’ alcohol cessation and life management in men, it helps to grasp the details of alcohol cessation and health direction of patients’ home management, which provides more directional guidance to help patients maintain positive and good lifestyle habits and active management awareness, followed by targeted personalized interventions to provide patients with knowledge of disease care and health management.

KEYWORDS
 alcoholic pancreatitis, alcohol withdrawal, life management, cognition, experience


1. Introduction

Alcoholic pancreatitis (AP) is caused by an excessive dependence on psychoactive substances containing alcohol, most commonly alcohol abuse. Men have the X-linked CLDN2 gene variant of the AP allele risk, which increases their susceptibility to acute alcoholic pancreatitis (Nikkola et al., 2022). Currently, there are no clear and uniform diagnostic criteria for alcoholic acute pancreatitis, whereas men with alcoholic chronic pancreatitis (ACP) are usually described as having a high alcohol intake of >80 g/d for 2 or more years in the absence of other factors (Wang et al., 2023), which predisposes them to ACP development.

Only 3 to 5% of heavy drinkers develop alcoholic acute pancreatitis (Nikkola et al., 2022). However, ACP is more common in eastern China (r = 0.04, p = 0.006), with a chronic pancreatitis incidence of 18.8% (Wang et al., 2021). The substantial clinical manifestations are abdominal pain, pancreatic stones, diabetes mellitus, and diarrhea; the symptoms are usually more severe than those of non-alcoholic pancreatitis (Wang et al., 2023). In North America, AP has a high incidence of approximately 45% (Conwell et al., 2017). AP prevalence is also greater in Europe, especially in Eastern Europe (Roberts et al., 2017). Studies have revealed that 80% of perennial alcoholics have AP (Hayduchok et al., 2022), with a global incidence of 9.62/100,000 and a mortality rate of 0.09/100,000 (Xiao et al., 2016). Moreover, the disease risk is higher with liquor consumption than with beer or wine consumption (Gapstur et al., 2011); alcohol and smoking increase the disease risk (Muniraj et al., 2014). One study revealed that AP incidence increased from 0.72 to 5.19% between 1961 and 2016 (Iannuzzi et al., 2022). Some studies have revealed that people’s lives have gradually become more stressful in recent years, and alcohol consumption increases yearly. Further, there has been an increase in alcohol consumption among women, which has led to an increased morbidity and mortality rate of AP, burdening society and the health care system (Brezovec et al., 2022; Chaudhry et al., 2023).

Persistent abdominal pain, malnutrition, complications, difficulties in quitting alcohol, and financial burden are all important factors that contribute to the reduced quality of life of patients with AP (Ji, 2012; Singh et al., 2022) and seriously affect the patients’ organic condition, psychological health, family relationships, and social roles. Some studies claim that abstinence from alcohol can greatly reduce the risk of AP progression (Beyer et al., 2020). Patients with healed AP are required to abstain from alcohol and undergo self-management at home. If patients do not abstain from alcohol, or if interventions and management are unreasonable and untimely, it will lead to long-term disease migration without healing, with a high risk of recurrence and progression to pancreatic cancer, which seriously affects patients’ physical and mental health. Therefore, a quality life management program is necessary to help patients quit drinking, improve their quality of life, avoid disease recurrence, and maintain emotional stability, psychological health, and family harmony (Lewis et al., 2018).

A study examined the perceived experience of patients with recurrent triglyceridemic AP regarding life management (Chen et al., 2022), which provides a reference for the development of follow-up interventions and lifestyle improvement aspects for such patients. Qualitative studies have also been conducted on the psychological experiences of patients hospitalized with AP, focusing on the description of the thoughts, feelings, and behaviors of hospitalized patients (Ma et al., 2022). Alcohol not only causes inflammation of the pancreas, but is also a risk factor for pancreatic cancer, and a retrospective cohort study that tested the age of diagnosis of pancreatic cancer in patients exposed to specific risk factors found that there was a significant correlation between the age of initiation of alcohol consumption and the age of diagnosis of having pancreatic cancer (Lin et al., 2022), suggesting that abstinence from alcohol is essential for the prevention of disease recurrence and cancer. For patients with AP, abstinence and life management are long processes. After experiencing the first or multiple episodes, hospitalization, and home management, patients have their unique disease perceptions and life experiences. Their feelings about abstinence and life management vary, the details of which are noteworthy. Most previous qualitative studies have focused on the symptoms, psychology, life experiences, life dilemmas, and influencing factors of patients with acute and chronic pancreatitis (Fitzsimmons et al., 2005; Cronin and Begley, 2013; Liu and Zhang, 2020); however, few studies have addressed the perceptions and experiences of patients with AP with alcohol withdrawal and home life management in men. The purpose of this study was to explore the perceptions and experiences of alcohol abstinence and home life management in male patients managed at home after healing from alcoholic pancreatitis, and to conduct a qualitative descriptive analysis.



2. Methods


2.1. Procedure

We used a face-to-face interview format and selected 18 patients with AP who were discharged from two tertiary care hospitals in Shandong Province after December 2022 for rehabilitation, of whom 10 patients’ family members also participated with the patients; all interviews were conducted separately. The included patients were all men: aged 18 years or older; could communicate in Mandarin; met the diagnostic criteria for ACP (2 years or more and alcohol intake >80 g/d); and had an AUDIT-C (Alcohol Use Disorders Identification Test) score ≥ 3. We excluded patients with cognitive impairment, hearing impairment, psychiatric disorders, and those with serious diseases, such as cancer or severe cardiopulmonary or liver disease.



2.2. Design

We used a descriptive qualitative research design with a semi-structured approach to interviewing based on purposive sampling, which facilitated the asking of new exploratory questions at the right time when new themes emerged during the interview and increased the detail and coherence of the interview. The research team members were registered nurses who had participated in training related to qualitative research and were certified to read all patients’ case histories in detail to grasp each patient’s condition before the interviews. We interviewed patients in five aspects: patients’ illness experience, drinking experience, social life, family influence, and psychological state. Three patients were pre-interviewed first, and then the interview outline was appropriately modified according to the specific interview format and content, with unlimited interview time until data saturation. The finalized interview outline is presented in Table 1. All patients signed the interview informed consent form and followed the Consolidated Criteria for Reporting Qualitative Research (Shenton, 2004; Tong et al., 2007) and credibility criteria procedures (Shenton, 2004). (1) Credibility: the researcher analyzed the semi-structured interviews with the researcher’s field notes and audio files, followed by a team meeting to compare analyses and identify themes, which later required participants to validate the data obtained during the data collection phase. (2) Transferability: an in-depth description of the study, providing detailed information and data on the researcher, participants, context, sampling strategy, and characteristics of the data collection and analysis procedures for comparison. (3) Reliability: reviewed by external researchers; the study protocol was evaluated and reviewed, focusing on the study methodology and design. (4) Confirmability: the use of triangulation to reduce the impact of researcher bias, self-reflection and critique for the purposes of the study, and timely recognition of flaws and potential impacts of the research methodology. Provide a detailed description of the methodology, explain the resulting data and structure, take a data-oriented approach, present the final data collected and processed with recommendations, and ensure the integrity of the findings.



TABLE 1 Theme and subtopic.
[image: Table1]



2.3. Participants

The patients were all men with a mean age of 43.11 years (standard deviation = 9.791 years, range = 30–62 years). The 10 family members included the patients’ wives, children. Considering that the purpose of this study was to explore the experience and perception of alcohol cessation and life management in men with AP, no demographic information was collected for the family members. We collected patients’ demographic characteristics and baseline data, including age, sex, occupation, education, marital status, monthly income, and children. Twenty-two semi-structured interviews were conducted from January 17 to February 18, 2023, and family members were encouraged to participate in the interviews to reduce patient tension and increase their involvement in managing patients’ lives. Informed consent was obtained from patients and families for the interviews and audio recordings, and the interviews were transcribed verbatim within 24 h after each interview. The detailed demographic characteristics of all participants are presented in Table 2.



TABLE 2 Demographic characteristics (n = 18).
[image: Table2]



2.4. Data analysis

We used the Colaizzi qualitative analysis procedure in this study (Vignato et al., 2022). The interview data were analyzed according to the previously reported steps (Lindgren et al., 2020) in Table 1.



2.5. Ethics approval and consent to participate

This study followed the Declaration of Helsinki (Shrestha and Dunn, 2020) (and was approved by the Affiliated Hospital of Binzhou Medical College and Shengli Oilfield Central Hospital, ethics number: 2). All participants were informed of the purpose of the study, and all patients participated voluntarily.




3. Results

From the interview data analysis, we summarized five themes, (1) the dilemma of sobriety, (2) role change, (3) illness status, (4) family influence, and (5) life management (Table 3).



TABLE 3 Colaizzi qualitative analysis steps.
[image: Table3]


3.1. Theme 1: the dilemma of sobriety


3.1.1. The torture of alcohol addiction

Patients who had alcohol addiction before the disease were suddenly asked to stop drinking due to illness and physical reasons. They could not attend their usual drinking parties and gatherings and felt idle. The alcohol craving and inability to drink made them suffer and find it difficult to bear the situation and even doubt the value of their lives.


“I’ve been drinking for 20 years, and when I suddenly quit drinking, I felt simply unprepared, did not know what to do with my free time, and felt so uninspired to live” (N1).

“I cannot stand it, I cannot drink, I’m almost jumping up and down at home, I feel like I do not even know myself anymore!” (N6).
 



3.1.2. Risk-return trade-off

In China, the hospitality of meeting friends with alcohol has a long history of being a lubricant for human interaction. Advocates of alcohol believe that the amount of alcohol consumed reflects how much you respect others and how much they value you. The greater the amount of alcohol consumed, the greater the engagement, sense of being needed, pride, self-satisfaction, and value. Therefore, alcohol is often linked to good relationships and workplace atmosphere, making people feel needed and valued (Lee et al., 2022). The trade-off for friendship, better social integration, a smoother career, wealth growth, and access to promotion is that some patients do not refuse alcohol, and the risk of disease recurrence is hidden under the socialization of alcoholism.


“China has drinking etiquette, and if you want to quit drinking, it can be difficult. As part of my job to attract investment, I often meet with clients. Sometimes they invite me to drink, but what if I choose not to? Would the customers feel that I’m not being respectful?” (N1).

“I want to control it properly, although it is said to have the intention to quit drinking, but it is likely to encounter again to push off the drinking scene, and we make friends basically first drink, now suddenly quit drinking, which is equal to get out of the circle, slowly are not taking you to play” (N2).
 



3.1.3. Stigmatization

Some patients accidentally learned that they had been named “alcoholics” or “addicts” after their illness, which hurt their self-esteem. They felt discriminated against and humiliated and felt a lot of pressure and psychological burden, disappointment, discomfort, and frustration.


“My friends call me an addict and it makes me feel ashamed, aggrieved, I do not feel the same as everyone else and I’m in pain every day!” (N11).
 



3.1.4. Self-paralysis and stage control

Some patients were uncertain about the outcome, even after life management. They considered living in the present rather than dwelling on uncertainties. However, they were sometimes eager to recover from their illness and implemented a regular lifestyle in stages. Possibly, they could not predict their next action.


“Is it that I cannot get well in the future, I cannot get well even if I am happy for 1 day, I think I want to drink enough before I die” (N9).

“Will I be able to live well in the future, I sometimes want to go to a regular life properly, but will that work? Will I still be able to live my life properly?” (N11).
 




3.2. Theme 2: role change


3.2.1. Professional role struggles and entanglements

Some patients stated they needed to recuperate at home and could not participate in work due to their health. They remained skeptical and distrustful of their subordinates’ progress and ability to handle important issues. They were uncertain about their subordinates’ capabilities but could not intervene due to their illness. Thus had a sense of anxiety and frustration.

As employees, they were unable to complete their work tasks in time because of illness; they felt that their personal work value could not be realized, and they were worried that their careers would be affected, which increased their uncertainty and anxiety about their future career development.


“Since being hospitalized, my business is basically left to the people below me, and I am very uneasy and anxious, and I feel very annoyed inside” (N4).

“Originally said to go to work at the beginning of the year, the leadership has not seen me so far, delayed work, now layoffs are very strong, really afraid of being fired” (N6).
 



3.2.2. Lack of motivation

Patients had to give more time and energy in the workplace to keep their families financially stable. They realized the importance of sobriety and life management. However, work demands diminished their patience and determination, making change difficult. Therefore, they had to sacrifice their health to make ends meet.


“I cannot bring myself to manage myself, I have a mortgage and a car payment to pay, and I have to work or there is no way to support my family” (N7).
 



3.2.3. Patient role absence

After the illness, patients did not value their status as “patients” because their quality of life and status quo were not greatly affected, and they felt they only needed rest. Even if they suffered for a short period because of hospitalization, they recovered from the experience and did not feel a need to undergo life management, and decided to retain the status quo. Many patients even chose to numb themselves with alcohol due to the stress of their work life.


“There’s no thought of quitting drinking or exercising, I do not feel the need to because I need to work Monday through Friday and I run a couple of supermarkets and engineering firms, and you are asking me to exercise in my free time? I do not think I can do that, it’s good to keep it as it is” (N1).

“I originally also ate breakfast, now I do not eat at all, I eat irregularly, love to drink, love to eat late night snacks, and I am particularly good at cooking, want to eat at 10 pm I also go to do” (N17).

“I’m so tired, drinking relaxes me the most, and I do not know anything when I’m drunk” (N1).
 




3.3. Theme 3: illness status


3.3.1. Lack of disease knowledge

Some patients observed that their friends who share their drinking habits did not develop the disease. Thus, they believed that their illness was related to other factors, such as diet and not alcohol consumption, and that the relationship, if any, was minimal. Adequate knowledge of the disease and health education may change their minds, depending on the patient’s correction of the disease and self-perception; however, the process may be slow.


“I’ve been drinking for 18 years, and although I drink a lot each time, I only drink intermittently, sometimes not more than a few times a month, and that’s what I do with my friends, so the illness is definitely not due to drinking” (N12).
 



3.3.2. Non-compliance

Many patients, knowing that they could not drink alcohol, still did not refuse alcohol at compulsory drinking parties. They intended to attend the party without drinking but easily resumed drinking, neglecting the disease risk.


“I thought there should be no problem ah, I feel quite well nourished this time, the last attack was 7 months ago, last time I drank five glasses of white wine, this time I just drank two glasses, I did not expect to have another offense” (N6).
 



3.3.3. Concerns about the risk of disease

Some patients were discharged from the hospital in poor physical condition, losing weight daily. Their experience of repeated admissions and ICU (Intensive Care Unit) stays due to recurrent pancreatitis caused by alcohol consumption made them have palpitations. They lived carefully, controlling their symptoms with medications to maintain their basic living condition. They felt that pancreatic cancer could separate them from their families.


“After a long time of recuperating at home and feeling better, I accidentally drank some cold water, then the pain and swelling started again, but it came and went quickly, and it got better again after resting for a while. What should I do, can I get well, and will I get sick again?” (N3).

“My pancreatic function is much damaged and I feel very uncomfortable every day. Usually I have to use insulin to maintain my blood sugar and the doctor also told me to supplement pancreatic enzymes, which are good for me to control my disease, but can they fight cancer? My daughter just finished her college entrance exams this year, can I last until she graduates from college?”(N7).
 




3.4. Theme 4: family influence


3.4.1. Family’s helplessness and lack of care

Some patients’ families expressed their views that their sick family members were dismissive of sobriety and life management and ignorant of the condition. They stated that they could not make any decisions or efforts in their families’ place, initially with anger, which slowly became profound helplessness. Sometimes they were too busy taking care of their children and dealing with other family matters to take care of their patients, who had to take care of themselves most of the time.


“I know what’s at stake, but he does not listen, and I cannot keep an eye on him, and I’m afraid he’ll still do what he wants when he gets home (sigh)” (F7).

“They can not help me ah, we have two children, my love has to take care of the children, I have to cook for myself, and sometimes I am very busy, can not return home, how to manage life? I do not know (said with a bitter smile)” (N2).
 



3.4.2. Overprotection and overdependence

Individual patients’ families described how the patient was young and immature. They believed it was a bit overwhelming to ask someone who was not yet capable of disciplining himself properly to accomplish the tasks of sobriety and health management, and that he needed to be well protected and needed more family help to accomplish these onerous management tasks when in reality, the so-called “little friend “was 42 years old.

Some patients believed that they were incapable of managing their lives and needed to rely on their family (parents). They believed that the key to achieving sobriety was discipline from family members. They were wrongly focused; possibly, they needed the right knowledge of self first.


“He’s still young and I do not think he can do it on his own” (N4).

“My mom wants to come over to my house to spy on me and keep me from drinking, and I actually feel the need for my mom to come over” (N10).
 




3.5. Theme 5: life management


3.5.1. Dilemma

Many patients stated that they were physically and mentally exhausted; the physical fatigue was due to life activities, and the psychological aspect was also substantial. They stated that resisting the temptation of alcohol, tobacco, and food was exhausting them and caused great distress; the effect of life management was not good, and their physical state did not improve, which made them feel caught in a foggy life dilemma and at a loss.


“I cannot hold on anymore, it’s not easy for me to maintain such a state of life, I feel so tired of living, I really do not know what to do next!” (N15).
 



3.5.2. Shift in social style

Some patients took advantage of their illness to put off all meaningless drinking parties and took the initiative to change their social style, for example, from drinking alcohol to tea and changing the venue of certain business meetings to a sports field, which produced good social results. Thus, they were better adapted to life, in a positive state, and more flexible in the world. This was mostly observed in younger patients, who were generally more educated and with better cognitive capabilities, confident in a good life and healthy body, and hopeful for the future; thus, they could make positive changes.


“From now on, just take this disease and put off the drinking game, try not to drink any more, just drink tea” (N11).

“I was very aware of my condition, I had to stop drinking for myself, and I changed a lot of business meeting places, and the other person was able to understand and accept it” (N3).
 



3.5.3. Adaptation

Some patients had the courage to change, the determination to overcome difficulties, and the fearlessness to sacrifice. They reconciled with themselves, found a balance between life and management after moving away from the “paper life,” stabilized their illness, rediscovered the meaning of life, created another career, and rediscovered their values. They increased their companionship and mutual understanding with their families. They were increasingly involved in family affairs and children’s education, resulting in increasingly harmonious family relationships, greatly increasing their happiness and satisfaction.


“I have confidence in myself, I have succeeded in quitting drinking, my family is very attached to me, and this admission has given me a wake up call to take more care of myself in the future” (N4).

“My lover says I’ve been much more diligent lately and do a lot of housework well, before I did not like to do housework” (N11).
 





4. Discussion

In this study, a subset of patients who made attempts to quit alcohol experienced significant alcohol withdrawal symptoms and struggled to overcome their addiction. Unfortunately, their efforts to quit were hampered by a lack of willpower. Alcoholism led to the development of various severe health conditions such as pancreatic disease, liver disease, cancer, brain damage, anxiety, and depression, among others. Despite the potential life-threatening consequences, a majority of these patients still did not choose to stop drinking. In addition to a weakened willpower, it remains unclear why men in particular find it challenging to quit alcohol consumption. Studies state that alcohol often plays an important role in male-dominated religions or rituals. Drinking is also an important channel for men to achieve social cohesion and involvement in the workplace and is pivotal in men’s social and political careers (Nwosu et al., 2022). In addition, in China, there is a deep-rooted drinking culture, a traditional habit that has been passed down for millennia and is driven by a traditional value of respect for teachers and hospitality and friendliness, which has slowly evolved from what was originally a polite act of kindness into a social requirement (Lee et al., 2022). These sociocultural factors play a significant role in patients’ decision-making process, as they carefully evaluate the various influences, benefits, and potential risks associated with abstaining from alcohol in light of their existential realities. Unfortunately, a large majority of patients find it challenging to withstand the pressures and temptations of everyday life, making it extremely difficult for them to refuse alcohol. Consequently, this difficulty often leads to unsuccessful attempts at quitting alcohol.

Some patients in this study were called “alcoholics” and “addicts” by others. The stigmatization of people with substance use disorders is a common phenomenon today, and some mass media even label people with alcohol problems as such. Studies have revealed that patients affected by alcohol use problems are perceived as having more negative effects than patients with other medical-like disorders (Broyles et al., 2014); this perspective can result in some punitive public judgments against people with drinking problems that can view alcoholics as intentionally behaving inappropriately, resulting in inappropriate language is expressed against them and subsequently spreading socialized stigmas that undermine patients’ dignity and identity (Zwick et al., 2020). This stigma can be stressful and have a substantial negative psychological impact on patients. Sandra et al. conducted a quantitative study and reported that stigmatization could harm patients’ self-esteem and diminish their quality of life (Oliveira et al., 2016). Some studies have even interpreted “addiction” as a character flaw or weakness (Nieweglowski et al., 2018). Other studies have revealed that stigma is often strongly associated with terms such as alcohol and substance abuse, which increases depression, shame, and self-doubt, and undermines patients’ confidence and self-esteem, preventing them from making accurate judgments about themselves (Volkow et al., 2021), has a negative effect on health status and is strongly associated with reduced quality of life (Carol et al., 2022), which is consistent with our findings. Some of the patients in this study felt negative comments from the society, after friends or family members used stigmatizing words to them by chance, maybe they did not mean any harm, but the patients thought that their family members and friends were stigmatizing and caricaturing them, so they neglected their family’s love and care, and doubted their friendship with their friends, and thought that they did not really care about them. They feel that they are different from other people, and the inferiority complex brought about by this difference confuses them, generating self-paralysis and avoidance behaviors, and even self-abandonment, leading to a lack of strong will to quit, and in the face of the difficulty in quitting and lack of clarity about the direction of their condition, they are easily anxious or depressed, which seriously affects their quality of life.

Some of the patients in this study were caught up in varying degrees of occupational role struggles in the early stages of healing. They remain attached to the work progress of employees, or they are in a dilemma because they cannot finish their work in time. They feel that their degree of accomplishment of goals and sense of conviction is greatly reduced; this situation is described as reduced self-efficacy and is the main reason they lack the motivation to change their lives and fall into a professional role struggle, eventually leading to role change failure. Self-efficacy is centered on personal agency, is triggered by actions taken by the individual, and it both influences and is influenced by behavioral and environmental factors of the patient (Graham, 2022). When the patient believe he can stop drinking and manage his life but has no practice, he falls into a paradox of consciousness and behavior, leading to severe role struggles and a lack of motivation. Under the influence of these factors, even if the patient is motivated to change, he is limited. Some studies claim that occupational self-efficacy positively correlates with life satisfaction in China (Jiang et al., 2017). In this study, problems such as role ambiguity and conflict due to illness can trigger low self-efficacy in terms of dissatisfaction with work status. The occupational role struggle and lack of role behavior caused by this low self-efficacy can create a impediment for patients to engage in a disciplined alcohol cessation and management program. And even lead to severe mental health problems (Mérida-López et al., 2017). Moreover, the resignation that the social status and professional progress gained through one’s own efforts and with the assistance of alcohol may be slowly fading due to the condition may also account for the patient’s lack of motivation to abstain from alcohol, and the paradox of subjective initiative but lack of practice presents the patient with an opportunity to avoid change.

Some patients are unaware of pancreatitis and stubbornly judge the disease as unrelated to alcohol consumption based on their life experiences. The lack of health education about the disease is the reason for their misjudgment and ignorance. A study examining the attribution of alcohol consumption claimed that men with higher education levels had lower alcohol consumption and prevalence (He et al., 2022). In a study by Adelaide et al. on educational information, it was stated that health education dissemination through social media or campaigns could increase awareness of the dangers of alcohol and that patients exposed to health information would attempt to consult the internet or medical personnel for more medical education information related to disease risk and health education (Balenger et al., 2023). This reinforces that health education can stimulate patients to learn about the disease, relieve their doubts, and enhance their self-awareness. Some of the older patients in the study believed that their adequate life and social experience was sufficient to cope with the negative effects of the disease, and that blind confidence, a sense of chance, and lack of knowledge were the reasons for their poor adherence and disorganized life management. The younger patients in the study did not have problems with ignorance about the disease. Their education level was generally higher, reinforcing the importance of knowledge acquisition and health education.

Some patients in the study were worried and fearful about disease recurrence or cancer because they felt they could not accurately predict disease progression. Some discomforting symptoms from the disease interfered with their correct judgment and affected their cognitive abilities. An anatomical study discussed the interaction between emotion and cognition, first explaining the influence of brain structure on emotion. They claimed that the extensive connectivity of brain structures amplifies the potential for cognitive and emotional interactions and later elaborated on functionality, proposing the existence of a dual competing architecture for emotion processing, one that views emotion and motivation as combined with perception and cognition, and that these effectively combined interactions allow people to incorporate perceptual values into behavioral patterns effectively (Pessoa, 2010). This is a good explanation at the anatomical level of the tangled and erratic emotions of the patients when confronted with illness, which affects their normal cognitive abilities, and the misperceptions that make them delusional about the disease, cautious and sensitive and emotionally tense in their lives.

Positive long-term encouragement and care from family are essential in the recovery process. Research reveals that having the care and support of family members in sobriety and life management often makes all the difference (Singh et al., 2022). According to a study conducted by Bailey et al. (2017), it has been found that family caregiver involvement plays a crucial role in preventing and managing the risk of chronic diseases, particularly in terms of reducing alcohol consumption among caregivers. The study suggests that family members have a pivotal role in supporting individuals to quit drinking and aiding in their recovery from the disease. However, the realities of life often impose burdens that tend to prioritize the caregiver’s own well-being, leaving them with little choice but to focus less on caring for the patient. Insufficient knowledge about medical services and disease management among individual family members can lead to excessive assistance and overprotectiveness during the management process. Such behavior is undesirable as it may hinder the patient’s progress. While family support is crucial, it is important to strike a balance and accurately gauge the level of care provided, avoiding excessive indulgence. True assistance lies in maintaining an appropriate level of support without crossing the line into overprotectiveness.

Self-motivation and self-determination theories that emerge in sobriety are important reasons why patients experience behavioral changes and adapt to life; motivation is expressed through an individual’s readiness for change, and higher levels of autonomous motivation imply the greatest likelihood of being prepared for sobriety and are likely to portend success (Kushnir et al., 2016). Self-determination theory is an approach to understanding motivation with continuity, which meets the psychological needs of autonomy, relevance, and competence. It transitions from extrinsic to intrinsic motivation, where the patient’s inherent interest, enjoyment, and satisfaction is self-motivated (Walji et al., 2021). In this study, patients experienced transformations in their socialization style and heightened behavioral awareness as a result of positive abstinence and self-referential motivation. Their aim was to overcome the exhaustion associated with their challenging circumstances. The self-determination theory provided them with a positive motivation to abstain, ultimately leading to successful cessation of the habit and overall life improvement. Hence, it can be inferred that adopting a proactive attitude from the outset may serve as a significant stepping stone towards achieving their goals.

Our study had some limitations. Only men with AP and no women were involved in this study, probably because of the small group of women with AP due to alcohol abuse in China. There may also be a risk of recall bias, as in other studies; for example, patients may not remember the specifics of the onset of the disease.

In conclusion, each patient was actively aware of the need to quit drinking and maintain good lifestyle habits. However, due to life’s compulsions, lack of will, or the influence of stigma, they failed to quit drinking, and their disease relapsed or worsened. We provided guidance to help patients correct their roles and improve their self-efficacy. We provided timely knowledge of disease care and life management, psychological guidance, and correct thinking and cognitive guidance to stimulate motivation for change and overcome negative emotions. A positive concept of recovery can inspire patients to perform coping acceptance measures, adopt a new sense of self, and facilitate a reduction in drinking behavior. In addition, we believe it is important to provide individualized management plans that fully integrate the patient’s condition and family relationships. Our findings provide experiential and cognitive insights into the abstinence experience and life management of men with AP, which captures the details of patients’ lives and health pathways for home management and provides a reference for further research to assess aspects of home life management and quality of life after healing in patients with AP.
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Background: Adolescents who use alcohol and other drugs on school campuses are at heightened risk for adverse consequences to their health and wellbeing. Schools have historically turned to punitive approaches as a first-line response to substance use. However, punishment is an ineffective deterrent for substance use and may cause harm and increase inequities. iDECIDE (Drug Education Curriculum: Intervention, Diversion, and Empowerment) was developed as a scalable and youth-centered drug education and diversion program that can be used as a skills-based alternative to punishment. We aim to evaluate the effectiveness of the iDECIDE curriculum as an alternative to punishment (ATP) for school-based substance use infractions in the context of a large pragmatic clinical effectiveness study.

Methods: We will conduct a Type 1, hybrid effectiveness-implementation trial. Using a stepped wedge design with approximately 90 middle and high schools in Massachusetts, we will randomly allocate the timing of implementation of the iDECIDE curriculum compared to standard disciplinary response over approximately 36 months. We will test the overarching hypothesis that student-level outcomes (knowledge of drug effects and attitudes about substance use; frequency of substance use; school connectedness) improve over time as schools transition from a standard disciplinary response to having access to iDECIDE. The secondary aims of this trial are to (1) explore whether change in student-level outcomes vary according to baseline substance use, number of peers who use alcohol or other drugs, age, gender, and school urbanicity, and (2) determine the acceptability and feasibility of the iDECIDE curriculum through qualitative stakeholder interviews.

Discussion: Substance use continues to be a major and rapidly evolving problem in schools. The importance of moving away from punishment to more restorative approaches is widely accepted; however, scalable alternatives have not yet been identified. This will be the first study to our knowledge to systematically evaluate an ATP for students who violate the school substance use policy and is well poised to have important implications for policy making.
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school, substance use, diversion programs, alternatives to punishment, prevention, equity


1. Introduction

In 2022 ~7%, 13%, and 22% of 8th, 10th, and 12th-grade students, respectively, in the U.S. reported using any illicit substance in the past 30 days (1). Middle and high school campuses have become a common point of access for alcohol and other drugs. According to the Massachusetts Department of Elementary and Secondary Education (DESE), rates of chemical health violations increased 27% in the 2 years leading up to COVID-19 quarantine (2). This rise in at-school substance use is in part due to the advent of electronic cigarettes and other vaping devices that have become increasingly popular, inconspicuous, and concealable from peers and school personnel (3). Compared with out-of-school use, in-school substance use is associated with increased odds of intoxicated driving, fighting, weapon-carrying at school, risky sexual behavior, sexual assault, intimate partner violence, depression, suicidal ideation, and attempted suicide (4). It is thus a priority for schools to define effective responses to this emerging problem to mitigate risk for adverse consequences to health and wellbeing.

Schools have historically relied on exclusionary, punitive responses (e.g., detention, suspension, expulsion) to address violations to school substance use policy. However, punitive approaches are not only ineffective deterrents for substance use (5–7), but may also increase risk for substance use escalation (8, 9), academic difficulties (9–11), disengagement from school (10), and delinquency (12, 13). Moreover, being suspended only once in 9th grade increases risk of drop-out by three-fold (14–16). There are several pathways by which punishment can catalyze negative outcomes, including increased unsupervised time, alienation from peers, reactivity, and disconnection from school supports, resources, and services (17, 18). Punitive responses may also stigmatize and label students, with possible effects including deteriation of trust and breakdown of student-school relationships (19). Supportive, alternative to punishment (ATP) responses to youth substance use infractions provide greater opportunities for students to build positive relationships with a trusting, caring adult at school, improving school connectedness and possibly reducing future infraction rates (20). Finally, punitive responses are a missed opportunity for early intervention as they fail to address the multitude of factors that may lead an adolescent to initiate or escalate substance use (e.g., attempt to fit in with peers, manage internalizing symptoms, avoid environmental stressors) (3). Supportive ATP, like diversion programs, can uncover underlying motivations for substance use and align goals with core values, increasing the likelihood of lasting behavior change.

To determine the need for ATPs in middle and high schools across Massachusetts, this study team conducted a statewide survey in May-June 2020 of school stakeholders, including district administrators, principals and vice principals, school resource officers, guidance counselors, and nurses (21). The survey asked about beliefs, attitudes, and actions that schools take regarding school-based substance use infractions as well as perceived barriers to implementing diversion programs. Most stakeholders reported that while the most common response to substance use in their school/district included some sort of punishment (85.3%), ATPs including diversion programs were perceived to be more effective than punishment. Multiple barriers to implementation of ATPs were identified including lack of availability of curriculum that address substances beyond nicotine. These preliminary data highlight widespread interest in but limited access to evidence-based ATPs.

Availability of scalable, sustainable, and evidence-based ATPs may also be an important step in bridging racial disparities, as Black, Indigenous, and other Youth of Color (BIYOC) and those in resource-limited settings are disproportionately impacted by punitive approaches for school-based substance use infractions (11, 13). According to the 2017–2018 data from the U.S. Department of Education's Office of Civil Rights, Black students were suspended almost three times as often as white students and were referred to law enforcement more than two times as often for infractions that took place on school campuses (22). Meaningful steps are urgently needed to limit the inequitable use of punishment for substance use at school to improve individual- and community-level outcomes, interrupt the school-to-prison pipeline, and begin to dismantle sources of structural racism.

The primary aim of this study is to evaluate the effectiveness of iDECIDE (Drug Education Curriculum: Intervention, Diversion, and Empowerment), a novel, free, state-funded (Massachusetts Department of Public Health, MA DPH) substance use diversion program in the context of a large pragmatic clinical effectiveness study. We will test the overarching hypothesis that student-level outcomes (i.e., knowledge of drug effects, attitudes about substance use, frequency of substance use, and school connectedness) improve over time as schools transition from standard disciplinary responses to having access to iDECIDE, an educational and therapeutic ATP. Secondary aims of this trial are to (1) explore whether change in student-level outcomes varies according to baseline substance use, number of peers who use alcohol or other drugs, age, sex, gender, and school urbanicity, and (2) determine the acceptability and feasibility of the iDECIDE curriculum as an ATP for school-based substance use infractions.



2. Materials and methods


2.1. Design

We will conduct a Type 1, hybrid effectiveness-implementation trial (23) guided by Proctor's implementation model (24). Using a stepped wedge design with approximately 90 schools, we will randomly allocate the timing of implementation of the iDECIDE curriculum compared to standard disciplinary response, over approximately 36 months. Timing of curriculum implementation will be staggered over seven clusters, with each cluster composed of ~7–15 schools (size of clusters accounting for districts randomized together). One cluster of schools will cross from control (unexposed phase) to intervention (exposed phase) approximately every two to three school months until all schools are exposed to iDECIDE. This design will allow transition periods for training of school-based facilitators, during which clusters will not be considered as either in the control (unexposed) or intervention (exposed) phase of the study. See Figure 1 for the approximate stepped wedge schema.
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FIGURE 1
 Stepped wedge schema.


Data collection will occur during both unexposed and exposed study phases. School staff will refer students with school-based substance use infractions to the study team as close to the time of infraction as possible through an online, secure referral system. Referrals will be submitted while schools are in both unexposed and exposed study phases. Once referred to the study team, students will be given the opportunity to enroll in a three visit study. Baseline visits will occur as close as possible to the receipt of school referrals to establish information most representative of thoughts, feelings, and behaviors at the time of the initial infraction. Follow-up visits will occur ~45 and 90 days after the baseline visit to ascertain thoughts, feelings, and behaviors occurring after the time of the school response to the substance use infraction, which may or may not involve iDECIDE depending on whether the school is in the unexposed or exposed phase of the study. Study procedures will take place remotely, at the student's school, in a private space at a local public library, or at the Massachusetts General Hospital (MGH) lab based on the preferences of the school, student, and/or parent/guardian.

This trial has been approved by the Mass General Brigham (MGB) Institutional Review Board (IRB). The trial will be conducted in accordance with the Consolidated Standards for Reporting Trials (CONSORT) statement (25–28) and will be reported here in accordance with the Standard Protocol Items: Recommendations for Intervention Trials (SPIRIT) statement (29, 30).



2.2. Partnering schools

Middle and high schools across all 351 municipalities in Massachusetts were given the opportunity to participate in this trial. Proactive school recruitment occurred across a period of approximately 12 months. Schools had the opportunity to attend an informational session about iDECIDE and/or meet one-on-one with members of the evaluation team to discuss study involvement. Recruitment for schools occurred through state listservs, word of mouth, and facilitated introductions through DPH, local community coalitions, and other community agencies. Inclusion criteria for schools include (1) middle or high school, serving grades 6-12, (2) agreement to refer students with a school-based substance use infraction to the MGH evaluation team (unless opted out by the student's parent/legal guardian; see section on Consent or Assent below), and (3) a signed letter of commitment from the appropriate school/district representative.

The first school cohort was enrolled in January 2022 (Cohort 1; nschools = 69 schools). Due to substantial unsolicited interest in the curriculum from schools following the return to in-person learning after the COVID-19 pandemic, one additional wave of schools was onboarded and separately randomized in September 2022 (Cohort 2; nschools = 33 schools).



2.3. Participants and recruitment

Participants will be recruited by direct school referral only. Parents/guardians will have the opportunity to opt their students out of the referral process at the beginning of each school year. Upon receipt of a school referral, the MGH evaluation team will invite the student to participate in the trial. Students will be eligible to participate if they were not opted out by the parent/guardian, recently referred for a substance use-related infraction at school or at a school-sanctioned event, are able to read and write comfortably in English, Spanish, or Portuguese, and are able to safely participate in the protocol in the opinion of the investigator. Participants will be reimbursed $50 per visit plus bonuses for urine samples for toxicology testing ($10/per sample/per visit) and a saliva sample for genetic testing ($5), totaling up to $185. Payment will be distributed via check or gift card at the end of all three visits.



2.4. Consent or assent

Once a referral is received, the MGH evaluation team will contact the student and their parent/guardian to seek written informed consent/assent prior to initiating any further study procedures. Once parent/legal guardian consent is obtained, eligible participants will provide assent following verbal and written explanation of the study, potential risks and voluntary nature of participation, right to withdraw, and details of data protection and confidentiality. Parental permission will not be required for students ages 18 and older.



2.5. Randomization

We will randomly allocate the timing of implementation of the iDECIDE program (vs. standard disciplinary response). Schools will be randomly phased into iDECIDE over the course of the trial (exposed phase; see Figure 1). When a school is randomized to iDECIDE, school staff will be trained as facilitators in the curriculum but will retain discretion as to which students should be enrolled in the program. To avoid risk of contamination bias within a school or district, school districts will serve as the unit of randomization with all schools within the same district randomized together. Randomization will occur by district, and stratified by (a) whether a district has any middle schools (yes/no) and (b) the number of total students in a district (low/high, using a median-split applied separately to the groups defined in (a) to ensure sufficient districts to distribute across waves). This stratification approach should help address differences in infraction rates for middle schools vs. high schools, and how smaller schools will, by necessity, have fewer potential participants. Cohorts 1 and 2 were randomized separately.



2.6. Blinding

Outcome assessors will be blinded to the school randomization phase. To avoid detection bias toward adjustments that favor statistical significance, initial implementation of analyses will also be “analyst-blind” (31). Only once data exclusion criteria have been finalized, models have been properly specified, and any other unforeseen circumstances have been addressed, will the unshuffled data be provided to the analyst for the final analysis implementation.



2.7. Interventions
 
2.7.1. Discipline as usual

Standard disciplinary responses given by each partnering school will be used as the control during the unexposed phase of this trial. Standard responses may include detention, Saturday school, in-school suspension, out-of-school suspension, expulsion, citation, or any other punitive or non-punitive response given by schools per their existing policy at the point of a violation of school substance use policy. Students will report on the school response to the infraction during the baseline assessment.



2.7.2. iDECIDE curriculum

Schools will be randomly phased into iDECIDE over the course of the trial (exposed phase; see Figure 1 and Section 2.5.).1 When a school is randomized to iDECIDE, school staff will be trained as facilitators in the curriculum but will retain discretion as to which students should be enrolled in the program.

iDECIDE promotes education and empowerment, instead of punishment, as an equitable response to adolescent substance use (1). Providing youth with science-based information and critical skills, iDECIDE challenges youth to make decisions that align with their core values, future goals, and support of their own personal wellbeing. While iDECIDE was designed as an ATP, it can be used outside of an infraction context as a targeted prevention for adolescents who are experimenting or are at risk for experimenting with substances. iDECIDE is intended to be slotted within tier 2 supports, or early indicated intervention, of school-based multi-tiered systems of support (32)—it is not a replacement for tier 1 universal prevention programming, nor is meant to be used in lieu of treatment or more intensive services when clinically indicated.

Curriculum development was guided by ongoing feedback from students and key school and community stakeholders. The iDECIDE curriculum is administered by a trained adult facilitator (see 2.7.2.1 below) in either a 1:1 or group setting. The curriculum consists of four core modules, each ~60–75-min in length. Module content covers teen brain development, neurobiology and addiction, industry tactics, risk and protective factors, drug effects, motives and triggers for use, healthy alternatives, mindfulness and meditation, core values, and goal setting (Table 1). The curriculum content is delivered through different modalities including educational videos, worksheets, handouts, group discussions, and on-your-own assignments. iDECIDE is drug agnostic, covering psychoeducational material relevant to alcohol, cannabis, nicotine, and other drugs. All information is hosted through an online learning management system. The curriculum, including all the supportive materail, is ADA-accessible and is available in English, Spanish, and Portuguese.


TABLE 1 Overview of the iDECIDE curriculum.
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2.7.2.1. Facilitator training

Individuals within each school will be identified to be trained as facilitators once a school has been randomized to transition from the unexposed to exposed phase of the study. Clinical training will not be required to serve as an iDECIDE facilitator. Facilitators will be required to attend a free, one-day, live training offered by MGH and MA DPH before gain access to any of the curriculum materials. During the training, facilitators will review the curriculum, gain access to the learning management system, and will cover other topics helpful in facilitating iDECIDE (e.g., motivational interviewing, managing unanticipated situations, and culturally responsive approaches). Facilitators will receive a copy of the facilitator manual and a participant workbook during their training. Each facilitator will be required to complete an annual fidelity check to maintain their certification as an iDECIDE facilitator. The fidelity check can be the option to re-attend a live training or have a designated iDECIDE team member observe and rate a live, recorded, or practice session of the curriculum.




2.8. Outcome measures

Assessments will occur at baseline (proximal to the point of the initial infraction), and ~45- and 90-days following baseline. Primary, secondary, and exploratory outcomes are described below. All measures, including descriptives and potential covariates, are listed in Table 2.


TABLE 2 Time and events.
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2.8.1. Primary outcome: knowledge of drug effects

The knowledge of drug effects will be operationalized as number of items correct on a custom-designed survey examining a student's understanding of the impact of alcohol, cannabis, nicotine, and other drugs on the brain and body, assessed at all three time points.




2.8.2. Primary outcome: frequency of substance use

Substance use behavior will be assessed by how many days of the past 14 days a student spent using their preferred substance. Self-reported substance use will be assessed at all visits using the Timeline Followback (33, 34). A 90-day recall period will be queried at enrollment, and a modified Timeline Followback will be administered at subsequent visits to ascertain substance use in the period between visits.

Urine samples will be collected at all three visits to biochemically verify self-reported use. A 10-panel qualitative rapid dip drug test (Medimpex United Inc.) will be performed, qualitatively assessing for amphetamines (limit of quantitation [LOQ] = 1,000 ng/mL), cocaine (LOQ = 300 ng/mL), barbiturates (LOQ = 300 ng/mL), methamphetamines (LOQ = 1,000 ng/mL), benzodiazepines (LOQ 300 ng/mL), opiates (LOQ = 2,000 ng/mL), cannabinoids (THC) (LOQ 50 ng/mL), phencyclidine (LOQ = 25 ng/mL), oxycodone (LOQ = 100 ng/mL), and methadone (LOQ = 300 ng/mL). Quantitative urinary assays will also be completed at all visits (Dominion Diagnostics, North Kingstown, Rhode Island, USA). The quantitative assay includes creatinine-normalized 11-nor-9-carboxy-THC levels (CN–THCCOOH; LOQ: 5 ng/mg; upper limit of linearity: 500 ng/mg) using liquid chromatography–tandem mass spectrometry, and cotinine via enzyme immunoassay (EIA; LOQ: 500 ng/mL; upper limit of linearity: 2,000 ng/mL). Study staff will mail collection kits in advance of virtual visits to participants, and participants will provide the sample during the videoconferencing session. Qualitative results will be shown to the assessor during the visit, and kits will be shipped overnight for quantitative assays.



2.8.3. Secondary outcome: feelings of school-based support

The secondary outcome will assess students' perception of quality of relationships with teachers/administrators, school connectedness, and social and emotional satisfaction at school. These school-based outcomes will be assessed with the emotional support form from the NIH toolbox emotion measures at all three time points (35, 36).



2.8.4. Additional levels of data collection

Additional sources of data will be collected to explore how access to iDECIDE may impact changes in student- and school-level outcomes as well to define potential barriers to and supports of scalable implementation.


2.8.4.1. Annual school-wide survey

In the fall semester of each academic year, schools will be asked to distribute a brief, de-identified survey during a school period, following an opt-out parental consent process. The purpose of the survey is to examine over time how implementation of iDECIDE impacts prevalence of substance use and perceptions of school as a supportive environment. Other domains queried in the survey include race and ethnicity, sexual identity and gender identity (37), perceived discrimination (38), and physical and emotional health (39–42).



2.8.4.2. Pre-post curriculum survey

All students who participate in the iDECIDE curriculum will have the opportunity to complete a brief, anonymous survey immediately prior to the first curriculum session and immediately following the last curriculum session. Students will be provided a link to the pre- and post-survey by the trained iDECIDE facilitator. Domains queried include past seven days of substance use, perceived harm of substance use, knowledge of drug effects, and satisfaction with the curriculum.



2.8.4.3. Key stakeholder interviews

At the point of randomization, schools will be given the opportunity to nominate three to five key school and community stakeholders. Nominated stakeholders will be (1) school faculty involved in responding to substance use related infractions and/or planning or delivery of social-emotional supports at participating school, or (2) community members (e.g., local coalition leaders, identified by the participating school to be trained in and deliver the iDECIDE intervention to school students). Stakeholders will complete a one-hour recorded semi-structured interview with a member of study staff ~two school months prior to being trained in iDECIDE and approximately six school months after implementation. Interviews will include prompts and questions to address beliefs, attitudes, and perceived effectiveness of substance use policies in their school, as well as structural factors that may contribute to transition to non-punitive responses to substance use in a school-based setting. A waiver of written consent was requested for this portion of the research protocol in which stakeholder participants will be provided a fact sheet detailing the interviews and verbal consent will be gathered at the beginning of each interview.




2.9. Confidentiality

Per standard school substance use policy, parents are notified by the school in the event of a substance use infraction. For this reason, parents will be aware of their student's substance use, and seeking consent to participate in the study will not inadvertently reveal student substance use habits to parents/guardians. Beyond basic eligibility criteria revealed in consent documents, no information will be shared with parents/guardians of participants under the age of 18 except when required by law (e.g., acute concern for safety of self or others; suspected child abuse). Confidentiality will be maintained by numerically coding all data and by keeping all data in password-protected, secure, HIPAA-compliant databases. All study staff will be trained in the protection of privacy of research participants and will have certification from the Collaborative Institutional Training Initiative. This study will maintain a Certificate of Confidentiality from the National Institutes of Health to protect against forced disclosure of identifiable, sensitive information collected as part of this clinical trial.



2.10. Data analysis
 
2.10.1. Overarching statistical model

The two primary outcomes will be assessed at three time points: (1) immediately after a student is first caught for a substance use infraction (i.e., baseline, time-of-infraction); (2) 45 days after the date of the first infraction (i.e., 45 day-follow-up); (3) 90 days after the date of the first infraction (i.e., 90 day-follow-up). The proposed primary outcomes (items correct on a knowledge survey and number of days out of 14 spent using a preferred substance) are both bounded counts variables. We therefore will assume (a) whether an item is correct on the knowledge survey follows a Bernoulli distribution and the number of days out of 14 spent using a substance follows a binomial distribution, and (b) these distributions (both the binomial and Bernoulli) are governed by a latent probability parameter. This latent probability describes either the likelihood of getting an item correct on the knowledge survey or the average number of days spent using a preferred substance out of 14, and the log-odds for a student's latent probability at the three assessment time points is described following a trivariate normal distribution. This statistical model will allow us to examine changes in substance use and knowledge about substances while controlling for (1) measurement error, and (2) correlations between repeated measures collected over the three time points. The means for the log-odds of the latent probabilities can be further decomposed into a summation of population-level, school-level, and student-level effects. The specific decomposition of the means for the log-odds will depend on the outcome measure.

The complexity of the statistical models (e.g., a multivariate latent measure model with both fixed and random effects and with observed data distributed as counts) is most easily handled within a Bayesian framework. However, prior distributions will need to be defined for model parameters. A conservative approach will be taken using only weakly informative priors with a diffuse range (for example, standard deviations for log-odds will be set to 2.5, estimates for fixed effects will be centered at 0, and we will use empirical Bayes priors for intercepts).




2.10.2. Model specifics—knowledge of drug effects

The average log-odds for probability of obtaining an item correct at each time point will be further decomposed by including, at a minimum: (1) a student-varying intercept to control for individual differences in substance use, (2) an item-varying intercept controlling for differences in difficulty between questions, (3) a school-varying intercept controlling for differences in policy in disciplinary actions and substance use culture across schools, and (4) fixed effects implementing a quadratic time trend over the number of months since the start of the study. If necessary, additional terms (i.e., an interaction between time point and intervention or covariates) can be incorporated.



2.10.3. Model specifics—frequency of substance use

The average log-odds for probability of use at each time point will be further decomposed by including, at a minimum: (1) a student-varying intercept to control for individual differences in substance use, (2) a school-varying intercept controlling for differences in policy in disciplinary actions and substance use culture across schools, (3) fixed effects implementing a quadratic time trend over the number of months since the start of the study, and (4) fixed effects describing differences in days spent using over the three types of substances (alcohol, cannabis, and nicotine). Additional terms (i.e., an interaction between time point or substance type and intervention or covariates) can be incorporated as necessary.



2.10.4. Effect of iDECIDE

The primary effects of interest are whether, for students assigned to the iDECIDE program after their first substance use infraction vs. students who receive standard disciplinary actions, there is (a) an increase in knowledge about substances and their impact and (b) a reduction in days spent using. Effects will be examined using a fixed effect coded as 0 at the time-of-infraction and for follow-up time points pre-intervention and coded as 1 at the 45-day-follow-up and 90-day-follow-up time points post-intervention. The primary analysis will be the interaction of this variable with a variable indicating whether the school district is in the exposed phase of the study.

We will use an intent-to-treat design. We will examine any student with a substance use infraction in the exposed phase irrespective of actual attendance in the program. Data for primary analyses will only be considered from the first infraction on record.

The study will be conducted as (a) a superiority study on the knowledge endpoint, and (b) a non-inferiority trial on the substance use endpoint. Statistical significance will be defined as a two-sided posterior p < 0.025. The non-inferiority margin for substance usage was determined via the fixed margin method (43). Evan-Whipp et al. (44) report results from the International Youth Development Study on what school discipline policies predict reductions in cannabis use. Two discipline approaches significantly predicted a reduction in cannabis use: lecture from teacher (OR = 0.61, 95% CI = 0.45 to 0.83) and police involvement (OR = 0.74, 95% CI = 0.55 to 1.00). The pooled results (OR = 0.68, 95% CI = 0.50 to 0.92) suggest a lower margin of 1.09. Corresponding analyses for alcohol (45) and cigarette use (46) found no significant discipline approaches that predicted reduced use after adjusting for confounders. Using a preserved effect of 50% per FDA guidelines, the minimum non-inferiority threshold based on previous literature is an odds ratio of 1.045.



2.10.5. Clinical significance

The direction and statistical significance for the difference in outcomes prior vs. after implementation of the iDECIDE program yield the following possible results for each outcome: (1) The iDECIDE program results in changes in the knowledge survey that are either (a) superior, (b) inferior, or (c) non-significant compared to standard disciplinary approaches, (2) the iDECIDE program results in reduction in substance use that is either (a) superior, (b) equivalent, (c) non-inferior, or (d) inferior compared to standard disciplinary approaches. The resulting 12 combinations of the results for the knowledge survey and substance use can be partitioned into 3 decisions regarding the clinical significance of the iDECIDE program compared to standard disciplinary approaches: (1) as or better performance, (2) worse performance, or (3) complex results (e.g., improvement in one outcome combined with worse performance on the other). Table 3 summarizes the 12 possible combinations of results and the corresponding decision about the effectiveness of the iDECIDE curriculum.


TABLE 3 Pattern of significant finding and associated conclusion regarding relative effectiveness of iDECIDE vs. standard disciplinary action.
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2.10.6. Covariates

The covariates we will consider, at a minimum, are: (a) two terms implementing a quadratic trend for number of months since the start of the program, (b) a student's preferred substance (i.e., alcohol, cannabis, or nicotine), (c) a student's baseline level of dependence for his or her primary substance (based on appropriate self-report questionnaires), (d) number of repeat substance use infractions that a student has, (e) number of peers who use drugs, (f) a student's age at baseline, (g) a student's gender (or if cell counts are too low, biological sex), and (h) whether school is urban, rural, or suburban. These covariates will be used as part of missing data imputation, and if necessary, may be included in the primary analysis (to be determined during the analyst-blind period). If any additional covariates will be deemed necessary for inclusion, this will be done before the blind is broken for the analyst.



2.10.7. Missing data

Analysis of the primary outcome will require students to provide a pair of observations and the number of days spent using a substance at both time-of-infraction and post-discipline time points. If there is loss to follow-up, there then is the risk that a pairwise deletion of data points will (a) lead to a substantial reduction in sample size, and (b) risk bias in estimates if loss to follow-up is systematically different between those undergoing standard disciplinary actions vs. those enrolled in the iDECIDE program. Missing data will therefore be handled via multivariate imputation by chained equations (47). Values for missing observations will be imputed 40 times using baseline sample characteristics: (a) a student's preferred substance (i.e., alcohol, cannabis, or nicotine), (b) a student's baseline level of dependence for his or her primary substance (based on appropriate self-report questionnaires), (c) number of repeat substance use infractions that a student has, (d) number of peers who use drugs, (e) student's age at baseline, (f) a student's gender (or if cell counts are too low, biological sex), and (g) whether school is urban, rural, or suburban. The analyses will be rerun for each set of imputations and results will be pooled by combining the posterior draws across imputations to obtain appropriate estimates and measures of uncertainty.



2.10.8. Inverse probability weights

The longitudinal aspect of the study design, combined with an inherent possibility of treatment contamination, results in a risk that sample characteristics may differ between the start of the study and the end of the study. For example, in the initial months of the program, the sample will consist of a mix of students more and less responsive to the intervention. However, in later months, students who would be more responsive to the intervention but have not yet committed an infraction could be influenced by students who already received the intervention, and thereby become less likely to commit infractions in the first place. In this scenario, sample characteristics will thereby shift in later months to consist more of less responsive students, resulting in biased estimates that do not properly reflect the efficacy of the study.

We can correct for potential bias due to differing sample characteristics via inverse probability weights (48). Note, however, that standard methods for inverse probability weights (IPW) do not translate easily to Bayesian settings. Therefore, we will either fully implement the two-step method proposed by Liao and Zigler (49), or if computational challenges make this infeasible, implement a pseudo-Bayesian approach. The first step will be to compute the IPW by re-administering a custom school-wide survey (used as part of screening) to students who are enrolled in the study. We will fit a logistic regression predicting referral status (pre- vs. post-intervention) for each student using the following predictors from the survey: (1) whether a student is an athlete (yes or no), (2) a student's grade-point average, (3) a student's post-graduation plans (four-year college, two-year college, trade school, military, getting a job, unknown, and an “other” category), (4) prior suspensions (none, drug-related, and other), (5) race, and (6) ethnicity.

We will then compute stabilized weights per subject (i.e., the unconditional probability of referral divided by the probability of referral conditioned on the predictors from the school-wide survey) per each posterior draw. The second step will be to use the stabilized weights to adjust the likelihood for the statistical model used with the primary analysis. This can either be done (1) in a fully Bayesian fashion, using the full set of stabilized weights computed per each posterior draw from step one, or, if this proves computationally infeasible, (2) in a pseudo-Bayesian fashion, using the weight per subject averaged over posterior draws (i.e., maximum a posteriori estimates for weights). The likelihood used for sampling from the posterior will be re-weighted by the subject-level weights to adjust for potential confounding due to differing sample composition.



2.10.9. Model specifics for secondary outcomes

Change in quality of relationships with teachers/administrators, school connectedness, social and emotional satisfaction at school (36) will be evaluated as secondary outcomes. Summed scores from the emotional support form will be assumed to follow a binomial distribution, analyzed with an equivalent statistical model, and used for the number of days spent using a preferred substance.



2.10.10. Sensitivity analyses

For all outcomes, we will conduct at least five sensitivity analyses. We will examine how robust our conclusions are to implementation of the intent-to-treat approach and also conduct an as-treated analysis, restricting comparisons for the key effect to students confirmed to have received standard disciplinary action pre-intervention vs. students confirmed to have attended iDECIDE sessions post-intervention. We will examine how robust our conclusions are to the assumption of additivity with the quadratic time trend and will fit an interaction model to examine (a) the statistical significance of the interaction terms between the key comparison and the quadratic time trend, and (b) the difference in performance on the leave-one-out cross-validation (LOO-CV) approximation between the additive and interaction models. We will examine how robust our conclusions are to the assumption of additivity with the three types of substances (alcohol, nicotine, and cannabis) and will again fit an interaction model and examine (a) the statistical significance of the interaction terms between the key comparison and the categorical predictors for substance type, and (b) the difference in performance on the LOO-CV approximation between the additive and interaction models. We will examine how robust our conclusions are to our missing data approach, rerunning the primary analysis using only observed data. Finally, we will examine how robust our conclusions are to implementation of the IPW approach, rerunning the primary analysis without inclusion of the stabilized weights.



2.10.11. Enrollment of additional schools

It is possible that additional schools will enroll in the iDECIDE program post-randomization (for example, a school may choose to enroll in the second year of the study). Schools that enroll after the initial randomization will be excluded from primary analyses, as randomization for schools that enroll later will result in especially skewed distributions across waves (there will be fewer waves for schools that enroll later to be randomized across). However, assuming sufficient schools enroll post-randomization, we will conduct a secondary analysis to examine whether conclusions change when including schools that enroll late in the program.



2.10.12. Power

We determined power using the R package “swCRTdesign” (50) which was explicitly designed to estimate power for stepped wedge designs. We were able to power the study using student enrollment data and publicly available data on 2018–2019 drug infraction rates (51) for the 67 schools who agreed to participate as part of Cohort 1. There were 16 schools without infraction rate data. For simplicity, this missing data was imputed by examining 522 schools with complete data, identifying schools that matched in type (e.g., middle school, high school, etc.) and had the closest number of students. Infraction rates from this subset of schools of the same type and equivalent student size were then substituted for the missing values.

The number of participants per cluster will not depend on the schools assigned to the cluster, but rather the number of students in the schools who will have a substance use infraction. We cannot know the exact number in advance, but we can simulate the predicted number of participants via a binomial distribution using student enrollment for the upcoming 2 years and the infraction percentages from 2018 to 2019. Following the proposed stratified randomization scheme we will use in the actual study, schools were assigned to each cluster at the district-level, stratified by whether a district had any middle schools (yes/no) and school size (using a median split of 1,460 for districts with middle schools and 829 for those without). This approach for generating sample sizes was repeated 100 times to integrate over uncertainty and the final estimate of power was obtained by averaging over the repetitions. As noted earlier, to determine the number of waves to use, we examined power assuming four waves, seven waves, and 10 waves.

Additional parameters required for power estimation were the means in the unexposed and exposed study phases and the pooled standard deviation. For simplicity, means were based on the ratio of the proportion of days spent using a drug at the follow-up time point divided by the proportion of days spent using a drug at the baseline visit. This format allowed easy specification of a clinically meaningful effect, comparing an unexposed ratio of 1 (no change) to an exposed ratio of 0.8 (a 20% reduction in use). To estimate the pooled standard deviation for the ratio, we used data collected in a previous study (NCT: 03276221) from 63 high school students, examining (1) the number of days spent using cannabis over a 30-day interval before a baseline visit, and (2) the number of days spent using cannabis before a 7-week visit over an average monitoring period of 22 days (SD of 10 days). The standard deviation for the ratio of the proportion of days spent before the 7-week visit over the proportion of days spent before the baseline visit was 0.79. Finally, values for the intra-class correlation (ICC) and the cluster auto-correlation (CAC) were required. Based on a large meta-analysis (52), we fixed the ICC and CAC to 0.02 and 0.22, respectively. Power was estimated as 0.75 (SD = 0.03) for 4 waves, 0.82 for 7 waves (SD = 0.03), and 0.84 for 10 waves (SD = 0.03).



2.10.13. Software

All analyses will be conducted using the statistical software R (version 4.1.1) (53) and integrated development environment RStudio (54). Data will be prepared using the R packages “dplyr” (55) and “tidyr” (56). Bayesian analyses will be done using the R packages “rstan” (57) and “brms” (58) Missing data will be imputed using the R package “mice” (47) Reproducible code and de-identified data will be organized using the R package “targets” (59).





3. Trial status

This study is ongoing and currently recruiting participants from partnering schools. At the time of submission of this manuscript, 122 participants have been enrolled. The first student enrollment occurred in February 2022.



4. Discussion

While punishment for school-based substance use infractions are now recommended only as a last resort by the Federal Department of Education, there are no existing rigorous trials that establish an evidence base of curricula to be delivered as ATP. It is imperative to develop and evaluate the effectiveness of diversion programs and other novel school-based interventions to better identify and implement programming specific to the needs of students across a variety of school and district settings. We will conduct a pragmatic clinical effectiveness trial to evaluate the iDECIDE curriculum, utilizing a stratified randomization scheme and implementing the program approximately every two to three school months over approximately a 36-month period.

This will be the first study of its kind to evaluate a promising diversion program, used as an alternative to punishment for school-based substance-use infractions. We hypothesize that student-level outcomes will improve when schools transition from a standard disciplinary response to having access to a more educational and therapeutic alternative.



Ethics statement

The studies involving humans were approved by Mass General Brigham (MGB) Institutional Review Board (IRB). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants' legal guardians/next of kin. No potentially identifiable images or data are presented in this study.



Author contributions

This study was conceived and designed by RS, with support for implementation design by RB, GP, KP, CG, VI, BD, MP, AB, DM, and JW, who made relevant contributions to the study design and procedure. AT, SL, and JW were instrumental in the development and review of the diversion program and have continued to provide feedback on all implementation and study related procedures. All authors read the manuscript, made significant contributions, and approved the final version.



Funding

iDECIDE was funded by a Cooperative Agreement with MGH from the Massachusetts Department of Public Health, Office of Youth and Young Adult Services' federal award by the Substance Abuse and Mental Health Services Administration.



Acknowledgments

The authors would like to thank all partnering schools for their involvement in the implementation and evaluation of this curriculum. Without your continued support and dedication to your students, this trial would not be possible. The authors thank Dr. Sharon Levy, Mr. John Crocker, Dr. A. Eden Evins, Dr. J. Stuart Ablon, Dr. Mark McGovern, Mr. J. Leon Smith, Dr. Christine Crawford, Ms. Carol Read, Dr. David Schoenfeld, and Ms. Samantha Graham for their review and input on the implementation plan, statistical analysis, and additional guidance as members of the iDECIDE Advisory Board. The authors would also like to acknowledge, with gratitude and humility, that the entirety of this study has taken place on Indigenous land. We acknowledge that the systems in which we work were founded upon the exclusion and erasure of many Indigenous communities. We make the commitment to continue to work to understand the historical and current experiences of Native peoples—through collaborative partnerships, enrollment and retention efforts, community service, and more—to help inform the work we do and advance the creation of more inclusive spaces for all.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

ADA, Americans with Disabilities Act of 1990; ASRI, ADHD Self-Report Index; ATP, Alternatives To Punishment; AUDIT, Alcohol Use Disorders Identification Test; BIPOC, Black, Indigenous, and People of Color; BIYOC, Black, Indigenous, and other Youth of Color; BL, baseline; CAC, Cluster Auto-Correlation; CONSORT, Consolidated Standards for Reporting Trials; CUDIT, Cannabis Use Disorders Identification Test; C-SSRS, Columbia-Suicide Severity Rating Scale; DESE, Department of Elementary and Secondary Education; DPH, Department of Public Health; ECDI, Electronic Cigarette Dependence Index; EIA, Enzyme Immunoassay; FDA, Food and Drug Administration; FTND, Fagerström Test for Nicotine Dependence; HIPAA, Health Insurance Portability and Accountability Act; iDECIDE, Drug Education Curriculum: Intervention, Diversion, and Empowerment; ICC, Intra-Class Correlation; IPW, Inverse Probability Weights; IRB, Institutional Review Board; LOO-CV, Leave-One-Out Cross-Validation; LOQ, Limit of Quantitation; MGB, Mass General Brigham; MGH, Massachusetts General Hospital; MINI, Mini-International Neuropsychiatric Interview; NIH, National Institutes of Health; SPIRIT, Standard Protocol Items: Recommendations for Intervention Trials; THC, Cannabinoids; UPPS-P, Urgency, Premeditation, Perseverance, Sensation Seeking, and Positive Urgency.



Footnotes

1 http://www.iDECIDEmyfuture.org; https://www.youtube.com/watch?v=vwSLBmX32Mg



References

 1. Miech RA, Johnston LD, Patrick ME, O'Malley PM, Bachman JG, Schulenberg, JE. Monitoring the Future National Survey Results on Drug Use, 1975-2022: Secondary School Students. Ann Arbor, MI: Institute for Social Research, The University of Michigan. (2023).

 2. Student Discipline Statewide Report. 2021-22 Student Discipline Statewide Report–All Offenses–All Students. Available online at: https://profiles.doe.mass.edu/statereport/ssdr.aspx (accessed, 2022).

 3. Tavakolian HR, Howell N. Dropout dilemma and interventions. Global Educ J. (2012) 1:77–81.

 4. Dudovitz RN, McCoy K, Chung PJ. At-school substance use as a marker for serious health risks. Acad Pediatr. (2015) 15:41–6. doi: 10.1016/j.acap.2014.06.022

 5. Hemphill SA, Heerde JA, Herrenkohl TI, Toumbourou JW, Catalano RF. The impact of school suspension on student tobacco use: a longitudinal study in Victoria, Australia, and Washington State, United States. Health Educ Behav. (2012) 39:45–56. doi: 10.1177/1090198111406724

 6. Hemphill SA, Herrenkohl TI, Plenty SM, Toumbourou JW, Catalano RF, McMorris BJ. Pathways from school suspension to adolescent nonviolent antisocial behavior in students in Victoria, Australia and Washington State, United States: pathways from school suspension to antisocial behavior. J Community Psychol. (2012) 40:301–18. doi: 10.1002/jcop.20512

 7. Truth Initiative. Discipline Is Not the Answer: Better Approaches to On-campus Student Tobacco Use. Available online at: https://truthinitiative.org/research-resources/emerging-tobacco-products/discipline-not-answer

 8. Kelly AB, Evan-Whipps T, Smith R, Chan G, Toumbourou JW, Patton GC, et al. A longitudinal study of the association of adolescent polydrug use, alcohol use and high school non-completion. Addiction. (2015) 110:627–35. doi: 10.1111/add.12829

 9. Arcia E. Achievement and enrollment status of suspended students: outcomes in a large, multicultural school district. Educ Urban Soc. (2006) 38:359–69. doi: 10.1177/0013124506286947

 10. Noltemeyer AL, Ward RM, Mcloughlin C. Relationship between school suspension and student outcomes: a meta-analysis. School Psych Rev. (2015) 44:224–40. doi: 10.17105/spr-14-0008.1

 11. Skiba RJ, Rausch MK. Zero tolerance, suspension, and expulsion: Questions of equity and effectiveness. In: Handbook of classroom management. London: Routledge (2013) p. 1073–1100.

 12. Jones EP, Margolius M, Rollock M, Yan CT, Cole ML, Zaff JF. Disciplined and disconnected: how students experience exclusionary discipline in minnesota and the promise of non-exclusionary alternatives. In: America's Promise Alliance. Washington, DC (2018).

 13. Mendez LMR, Knoff HM. Who gets suspended from school and why: a demographic analysis of schools and disciplinary infractions in a large school district. Educ Treat Child. (2003) 26:30–51. Available online at: https://www.jstor.org/stable/42900535

 14. Finn KV, Willert HJ. Alcohol and drugs in schools: teachers' reactions to the problem. Phi Delta Kappan. (2006) 88:37–40. doi: 10.1177/003172170608800108

 15. Balfanz R, Fox J. Sent home and put off-track: the antecedents, disproportionalities, and consequences of being suspended in the ninth grade. J Appl Res Child. (2014) 5:13. doi: 10.58464/2155-5834.1217

 16. Hemphill SA, Plenty SM, Herrenkohl TI, Toumbourou JW, Catalano RF. Student and school factors associated with school suspension: a multilevel analysis of students in Victoria, Australia and Washington State, United States. Child Youth Serv Rev. (2014) 36:187–94. doi: 10.1016/j.childyouth.2013.11.022

 17. Okonofua JA, Walton GM, Eberhardt JL, A. vicious cycle: a social–psychological account of extreme racial disparities in school discipline. Perspect Psychol Sci. (2016) 11:381–98. doi: 10.1177/1745691616635592

 18. Blum R. School Connectedness: Improving the Lives of Students. Baltimore, MD (2005).

 19. National Association of School Psychologists. Zero tolerance and Alternative Strategies: A Fact Sheet for Educators and Policymakers. (2008). Available online at: http://www.nasponline.org/resources/factsheets/zt_fs.aspx (accessed, 2008).

 20. Benson PL, Scales PC, Hamilton SF, Sesma A. Positive youth development: theory, research, and applications. In: Handbook of Child Psychology. Baltimore, MD (2006).

 21. Liu J, Butler R, Turncliff A, Gray C, Lynch S, Whittaker J, et al. (in press). An urgent need for school-based diversion programs for adolescent substance use: a statewide survey of school personnel. J Adolesc Health. (2023). doi: 10.1016/j.jadohealth.2023.04.006

 22. US Department of Education. 2015–2016 Civil Rights Data Collection: School Climate and Safety. Washington, DC (2018).

 23. Curran GM, Bauer M, Mittman B, Pyne JM, Stetler C. Effectiveness-implementation hybrid designs: combining elements of clinical effectiveness and implementation research to enhance public health impact. Med Care. (2012) 50:217–26. doi: 10.1097/MLR.0b013e3182408812

 24. Proctor E, Silmere H, Raghavan R, Hovmand P, Aarons G, Bunger A, et al. Outcomes for implementation research: conceptual distinctions, measurement challenges, and research agenda. Adm Policy Ment Health. (2011) 38:65–76. doi: 10.1007/s10488-010-0319-7

 25. Moher D. The CONSORT statement: revised recommendations for improving the quality of reports of parallel-group randomized trials. JAMA. (2001) 285:1987. doi: 10.1001/jama.285.15.1987

 26. Moher D, Schulz KF, Altman DG. The CONSORT statement: revised recommendations for improving the quality of reports of parallel-group randomised trials. Lancet. (2001) 357:1191–4. doi: 10.1016/S0140-6736(00)04337-3

 27. Moher D Schulz KF Altman DG and for the CONSORT Group*. The CONSORT statement: revised recommendations for improving the quality of reports of parallel-group randomized trials. Ann Intern Med. (2001) 134:657. doi: 10.7326/0003-4819-134-8-200104170-00011

 28. Moher D, Schulz KF, Altman DG. The CONSORT statement: revised recommendations for improving the quality of reports of parallel group randomized trials. BMC Med Res Methodol. (2001) 1:2. doi: 10.1186/1471-2288-1-2

 29. Chan A-W, Tezlaff JM, Altman DG, Laupacis A, Gøtzsche PC, Krleža-Jerić K, et al. SPIRIT 2013 statement: defining standard protocol items for clinical trials. Ann Intern Med. (2013) 158:200. doi: 10.7326/0003-4819-158-3-201302050-00583

 30. Chan A-W, Tezlaff J, Gøtzsche PC, Altman D, Mann H, Berlin J, et al. SPIRIT 2013 explanation and elaboration: guidance for protocols of clinical trials. BMJ. (2013) 346:e7586–e7586. doi: 10.1136/bmj.e7586

 31. Dutilh G, Sarafoglou A, Wagenmakers E-J. Flexible yet fair: blinding analyses in experimental psychology. Synthese. (2021) 198:5745–72. doi: 10.1007/s11229-019-02456-7

 32. DESE. Multi-Tiered System of Support (MTSS)–Systems for Student Success Office. Available online at: https://www.doe.mass.edu/sfss/mtss/ (accessed, 2020).

 33. Sobell L, Sobell M, Buchan G. Timeline Followback Method (Drugs, Cigarettes, and Marijuana). Lauderdale, FL (1996).

 34. Robinson SM, Sobell LC, Sobell MB, Leo GI. Reliability of the Timeline Followback for cocaine, cannabis, and cigarette use. Psychol Addict Behav. (2014) 28:154–62. doi: 10.1037/a0030992

 35. Paolillo EW, et al. NIH Toolbox® emotion batteries for children: factor-based composites and norms. Assessment. (2020) 27:607–20. doi: 10.1177/1073191118766396

 36. Babakhanyan I, McKenna BS, Casaletto KB, Nowinski CJ, Heaton RK. National institutes of health toolbox emotion battery for english- and spanish-speaking adults: normative data and factor-based summary scores. Patient Relat Outcome Meas. (2018) 9:115–27. doi: 10.2147/PROM.S151658

 37. Srinivasan S, Goldhammer H, Crall C, Kitts R, Keuroghlian AS. A novel medical student elective course in lesbian, gay, bisexual, transgender, queer, intersex, asexual, and sexually and gender diverse health: training tomorrow's physician-leaders. LGBT Health. (2022) 10:252–7. doi: 10.1089/lgbt.2022.0161

 38. Fisher CB, Wallace SA, Fenton RE. Discrimination distress during adolescence. J Youth Adolesc. (2000) 29:679–95. doi: 10.1023/A:1026455906512

 39. Kelleher C. Minority stress and health: Implications for lesbian, gay, bisexual, transgender, and questioning (LGBTQ) young people. Couns Psychol Q. (2009) 22:373–9. doi: 10.1080/09515070903334995

 40. Kelleher I, Harley M, Murtagh A, Cannon M. Are screening instruments valid for psychotic-like experiences? A validation study of screening questions for psychotic-like experiences using in-depth clinical interview. Schizophr Bull. (2011) 37:362–9. doi: 10.1093/schbul/sbp057

 41. Nock MK, Holmberg EB, Photos VI, Michel BD. Self-injurious thoughts and behaviors interview: development, reliability, and validity in an adolescent sample. Psychol Assess. (2007) 19:309–17. doi: 10.1037/1040-3590.19.3.309

 42. Nock MK, Wedig MM, Holmberg EB, Hooley JM. The emotion reactivity scale: development, evaluation, and relation to self-injurious thoughts and behaviors. Behav Ther. (2008) 39:107–16. doi: 10.1016/j.beth.2007.05.005

 43. Research, C. for D. E. and. Non-Inferiority Clinical Trials. US Food and Drug Administration. Available online at: https://wwwfdagov/regulatory-information/search-fda-guidance-documents/non-inferiority-clinical-trials (accessed, 2020).

 44. Evans-Whipp TJ, Plenty SM, Catalano RF, Herrenkohl TI, Toumbourou JW. Longitudinal effects of school drug policies on student marijuana use in Washington State and Victoria, Australia. Am J Public Health. (2015) 105:994–1000. doi: 10.2105/AJPH.2014.302421

 45. Evans-Whipp TJ, Plenty SM, Catalano RF, Herrenkohl TI, Toumbourou JW. The impact of school alcohol policy on student drinking. Health Educ Res. (2013) 28:651–62. doi: 10.1093/her/cyt068

 46. Evans-Whipp TJ, Bond L, Ukoumunne OC, Toumbourou JW, Catalano RF. The impact of school tobacco policies on student smoking in Washington State, United States and Victoria, Australia. Int J Environ Res Public Health. (2010) 7:698–710. doi: 10.3390/ijerph7030698

 47. Buuren S. van and Groothuis-Oudshoorn K. mice: multivariate imputation by chained equations in R. J Stat Soft. (2011) 45:i03. doi: 10.18637/jss.v045.i03

 48. Robins JM, Hernan MA, Brumback B. Marginal structural models and causal inference in epidemiology. Epidemiology. (2000) 11:550–560. doi: 10.1097/00001648-200009000-00011

 49. Liao SX, Zigler CM. Uncertainty in the design stage of two-stage Bayesian propensity score analysis. Stat Med. (2020) 39:2265–90. doi: 10.1002/sim.8486

 50. Hughes J, Hakhu N, Voldal E. Stepped Wedge Cluster Randomized Trial (SW CRT) Design. (2019).

 51. Massachusetts Department of Elementary and Secondary Education. Student Discipline Data Report–Illegal Substances. (2012).

 52. Korevaar E, Kazsa J, Taljaard M, Hemming K, Haines T, Turner EL, et al. Intra-cluster correlations from the CLustered OUtcome Dataset bank to inform the design of longitudinal cluster trials. Clin Trials. (2021) 18:529–40. doi: 10.1177/17407745211020852

 53. R Core Team. R: A Language and Environment for Statistical Computing (version 4.1.1). Vienna: R Foundation for Statistical Computing. (2018).

 54. RStudio Team. RStudio: Integrated Development Environment for R. Boston, MA (2021).

 55. Wickham H, Francois H, Muller K. dplyr: A Grammar of Data Manipulation (2023).

 56. Wickham H, Vaughan D, Girlich M. tidyr: Tidy Messy Data. Boston, MA (2023).

 57. Stan Development Team. RStan: The R Interface to Stan. Dortman (2020).

 58. Burkner P. brms: Bayesian Regression Models using ‘Stan'. Indianapolis, IN (2017).

 59. Landau W. The targets R package: a dynamic Make-like function-oriented pipeline toolkit for reproducibility and high-performance computing. JOSS. (2021) 6:2959. doi: 10.21105/joss.02959









 


	
	
TYPE Perspective
PUBLISHED 24 August 2023
DOI 10.3389/fpsyt.2023.1243792






On the trail of Sisyphus – addiction as an existential neurosis?

Human-Friedrich Unterrainer1,2,3,4,5*


1Faculty of Psychotherapy Science, Sigmund Freud University, Vienna, Austria

2Center for Integrative Addiction Research (CIAR), Grüner Kreis Association, Vienna, Austria

3Institute for Religious Studies, University of Vienna, Vienna, Austria

4University Department of Psychiatry and Psychotherapeutic Medicine, Medical University of Graz, Graz, Austria

5Institute of Psychology, University of Graz, Graz, Austria

[image: image2]

OPEN ACCESS

EDITED BY
 Muthuraju Sangu, University of Houston, United States

REVIEWED BY
 Stephan Schleim, University of Groningen, Netherlands

*CORRESPONDENCE
 Human-Friedrich Unterrainer, human.unterrainer@univie.ac.at 

RECEIVED 21 June 2023
 ACCEPTED 15 August 2023
 PUBLISHED 24 August 2023

CITATION
 Unterrainer H-F (2023) On the trail of Sisyphus – addiction as an existential neurosis? Front. Psychiatry 14:1243792. doi: 10.3389/fpsyt.2023.1243792

COPYRIGHT
 © 2023 Unterrainer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

In Greek mythology, Sisyphus, king of the Corinthians, dared to deceive the gods and was condemned to roll a boulder to the top of a mountain for all eternity. Shortly before reaching the summit, however, the boulder rolled back down into the valley, and the arduous task had to begin anew. Many of the contents of this classic myth are reminiscent of the therapeutic approach to addictive disorders. In addiction therapy, too, it is often a long and rocky road that ends with a relapse. The therapeutic effort was not entirely in vain, but one often begins to doubt its usefulness. In terms of Sisyphus and a Bio-Psycho-Social Model (BPSM) of health and disease, addiction can be located at the end of a downward spiral. By extension of the BPSM, can addictive disease be considered an expression of existential neurosis? The results of our own research speak in favor of this and show a clearly reduced experience of sense and meaning, but also diminished feelings of hope and forgiveness in addiction patients. However, positive correlations between various parameters of existential well-being and mental health or more appropriate stress coping are also found for the addiction group. These results are supported by neuronal correlates and are mirrored in the general population. Based on this, the consideration of existential issues in addiction therapy can be discussed. Finally, the use of art therapy and work training are proposed as examples of a meaning based therapeutic intervention in dealing with people with addictive diseases.
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Introduction

According to legend, Sisyphus, the king of the Corinthians, was considered the most cunning of his people. He dared to deceive the gods and as punishment was condemned to roll a stone up a mountain for eternity. Just before he reaches the top, however, the stone rolls back down the mountain and the work must begin anew (1). Much of what Sisyphus has to suffer, however, can also be found in the field of addiction [further on, the “addiction” term will be prefered to the now more common term “substance use disorders”; see Schleim et al. (2) for an enhanced discussion]. The drug has to be consumed over and over again – the purpose of this is mostly short-term need satisfaction or to treat other psychological problems. However, finally this dysfunctional form of medication often contributes to the aggravation of the symptomatics (3).

On the other hand, Sisyphus reminds one of the therapeutic efforts regarding drug addiction. Shortly before climbing the peak or achieving long-term abstinence, there is a relapse into old addictive behavior and the stone rolls back down to the valley. Often one is overwhelmed by the hopelessness of the endeavor and the meaningfulness of therapeutic interventions in addictive diseases is more and more questioned with increasing relapse frequency (4). It must be pointed out that a relapse does not mean a completely new start in therapy, especially since it can also be an important indication of what has been neglected or left out of the therapy so far (5). Nevertheless, the way out of an addictive disease is a rocky road to the top of the mountain for the client as well as for the therapist. Only very few people having suffered from an addictive disease, reach the plateau experience (in the sense of Abraham Maslow) (6) of lifelong abstinence, although it should be noted that at least controlled (drug) use is considered a respectable success in many places (7).


Substance use disorders from a integrative bio-psycho-social perspective

According to the definition of the American Psychological Association (8), addiction may be understood as a state of psychological or physical dependence (or both) on the use of alcohol or other drugs. The term is often used as an equivalent term for substance dependence or substance use disorders and sometimes applied to behavioral disorders, such as gambling addiction. Based on the bio-psycho-social model of health and disease (9), one may now assume that a certain intoxicant (substance-related or non-substance-related), depending on its availability, its mode of action and its tolerability, will encounter the individual with his or her very specific biological and psychological dispostions in further interaction with various environmental factors (for example, through family or circle of friends). In the case of an unfortunate course of events, a downward spiral is set in motion, in which use, abuse, and finally dependence occur, which manifests then more psychologically and/or physically (10).

Correspondingly, there have always been efforts to describe addiction not only as a psychological disorder per se, but also as an expression of a deeper underlying disease. For example, Sigmund Freud (who, notably, has never presented his own theory of addiction) already made the remark that “[The success of a treatment for breaking addiction] will only be an apparent one, so long as the physician contents himself with withdrawing the narcotic substance from his patients, without troubling about the source from which their imperative need for it springs…Whenever normal sexual life can no longer be established, we count with certainty on the patient’s relapse” (11, p. 276). Here, on the one hand, one can recognize Freud’s appraisal that it is insufficient to treat addiction only on the symptom level without taking the causes into account. Furthermore, he emphasizes the important role of attachment and relationship behavior (which, from today’s perspective, can be conclusively claimed as part of the term “sexual life”) in the context of the development and course of an addictive disorder. Accordingly, in addition to the predominant learning theory (were addictive behaviors are seen as a kind of dysfunctional coping strategy) and classical psychoanalytic models, concepts for the treatment of addictive disorders based on attachment theory are also prominently discussed in the literature (12, 13).

Another important way of describing addiction is represented by Orford (14), who attempts to characterize addictive disorders as an excessive form of appetite. On the one hand, this approach points to underlying processes common to all addictions; on the other hand, the notion of an addiction continuum, on which we all find ourselves, can serve to remove some of the aura of abnormality from addiction, which can only affect a marginal group in society. Rather, it is much more realistic that addictive disorders affect all levels of society and that every person carries within him or her a potential for addiction that can come to bear in a toxic way when corresponding (negative) life experiences occur. Above all, addictive behavior serves to regulate our emotions. Accordingly, addiction was described by Kantzian (3) as a form of self-medication, in which a dysfunctional attempt is made to stabilize the fragile structure of the personality.



Experience of meaning as an extension of the bio-psycho-social model

Since the bio-psycho-social model is conceived as a kind of integrative approach, there is the possibility of further extension, e.g., to include a noogenetic or existential dimension, a field of perception which has been most prominently discussed by Yalom (15) within his approach of existential therapy. Furthermore, the consideration of a “meaning”-dimension in psychotherapy is inseparably connected with the name of Viktor Frankl and his epochal work “Der Wille zum Sinn” [Man’s search for meaning] (16), in which man is described as a rational being, and the resulting possibilities of successfully overcoming the most serious existential crises.

Accordingly, Maddi (17) describes an existential neurosis, which can be discussed as an alternative to regular psychiatric diagnoses. Existential neurosis as fueled by an existential vacuum can be characterized primarily by a persistent state of apathy as well as alienation from the real world, whereby feelings of anhedonia (listlessness), anxiety, emptiness, worthlessness, boredom, low self-esteem, and a clouded mood might occur. Subsequently, an attempt can be made to fill this existential vacuum through various (dysfunctional) defense mechanisms, whereby among others an “addictive type” can be described on the one hand, which tends to substance abuse, pathological gambling, excessive eating or pathological buying, or on the other hand the “distraction type,” which imposes an overly stressful daily or work structure on itself or tends to excessive use of entertainment media (18).

Furthermore, there is some empirical evidence for this model, as for instance, Harlow et al. (19) point out that a stressful situation leads to drug use especially when the stressor in question is experienced as meaningless or at least cannot be evaluated as meaningful in hindsight. Conversely, highly stressful situations that are experienced as meaningful can be beneficial to well-being (20). In line with these findings, Antonovsky (21) has presented the model of “Salutogenesis” for the emergence of health as a counter design to the emergence of disease (“Pathogenesis”). This focuses on the question of “how man becomes a good swimmer” (in the sea of life). A central component of the Salutogenesis model is the sense of coherence, which indicates the extent to which life and its processes are experienced as comprehensible, manageable and meaningful. If life is perceived as less coherent, this also manifests itself in deficits in coping with stress.

In line with Frankl (16) as well as with Antonovsky (21), who also described religion as a possible general resistance resource of nourishing the sense of coherence, an immanent (or bio-psycho-social) can be differentiated from a transcendental (spiritual/noogenic) space of perception. Accordingly, the human being makes contact from his bio-psycho-social life-world to a religious/spiritual space of perception. Accordingly, Frankl’s logotherapy and existential analysis primarily take place in the immanent space of perception or the experience of meaning; however, one should “keep the doors to transcendence open” (16, p. 227). Religiosity/spirituality and the relationship to God in Frankl’s sense is described as the experience of an “Über-Sinn” [“Super-meaning”].



The role of religious/spiritual well-being in addictive disorders

In a next step, I would like to take up the thoughts of Viktor Frankl and link them to the results of our own research. Based on the theoretical concept of a bio-psycho-socio-spiritual realm of perception of the human being, the Multidimensional Inventory of Religious/Spiritual Well-being (MI-RSWB) was developed (22). By means of this measure, six dimensions of subjective well-being are assessed, three of which may apply to the immanent space of perception or so-called “Existential Well-Being” (EWB): Hope Immanent (HI), Forgiveness (FO), Experiences of Meaning and Meaning (SM) and three to the transcendent space of perception or so-called “Religious Well-Being” (RWB): General Religiosity (GR), Connectedness (CO), Hope Transcendent (HT) of perception, respectively (see Ellison (23) for a further theoretical discussion). By summing up all scales, a total “Religious/Spiritual Well-being” (RSWB) score can be formed. Accordingly, RSWB is defined as “…the ability to experience and integrate meaning and purpose in existence through a connectedness with self, others or a power greater than oneself” (24, p. 116). As depicted in Table 1, a description of the content of the subscales can happen most simply on the basis of the respective marker items (with a total of 48 items with 8 items per subscale).



TABLE 1 Dimensions of religious/spiritual well-being from an existential perspective.
[image: Table1]

The scale has now been successfully validated in several languages so far, and norm values for the Austrian population have also been presented (25). A number of studies have shown that especially the parameters for Existential Well-Being (EWB: HI, FO, BS) are positively related to various parameters of mental health. For example, we observed a moderating positive effect of IWB on the tendency to depressive moods in by tendency insecurely attached adults (up to 40 years in a sample from the normal population) (26). As far as addictive disorders are concerned (27), a generally lower RSWB can be assumed – this applies to all sub-dimensions. However, a positive correlation between the EWB (HI, FO, BS) and sense of coherence [sensu Antonovsky; see (21)] as well as active, problem-oriented coping in line with a negative correlation with depressive coping can also be reported for the group of addiction patients. For the dimensions of RWB, these correlations are significantly lower. In another recent study (28), in which data collection took place during the Corona pandemic, this impression was confirmed. The dimensions of EWB [HI and FO; in the abridged version of the MI-RSWB, BS was omitted in favor to get a better model fit; (29)] also proved to be highly significant negative predictors of perceived psychiatric symptom burden as well as substance use in young adults from the normal population. Furthermore, it was possible to show at least a tendency towards neuronal correlates of sensory perception in the brain of addicts. Based on a three-level theory of emotions (primary-secondary-tertiary) represented in Affective Neuroscience (30), the experience of meaning or spiritual connectedness may be neocortically anchored in the area of tertiary or higher emotions. Correspondingly, in a study with poly-drug addicted patients, a negative correlation (p < 0.11) between deficits in White Matter structure in the Neocortex and EWB was observed (31).

The Swiss psychoanalyst Jung understood neurosis as suffering of the soul that has not found its meaning. Furthermore he mentioned that one should not look for how to deal with neurosis, but one should find out what it means, what it teaches and what its meaning and purpose is Jung (32). As for the role of taking into account the spiritual dimension or the holy spirit in addiction therapy, Jung (33) in a correspondence with Bill Wilson, one of the co-founders of the group of Alcoholics Anonymous, found a common formula: “Spiritus contra Spiritum,” the holy spirit, against the spirit in alcohol, only one of the two can, according to this methaphor, dwell in the person or one drives out the other.

The success of Anonymous groups in the field of addiction therapy may also lend some empirical evidence to this winged word (34). However, in a clinical study (35), for which the title “Spiritus contra Spiritum” was borrowed, partially contrasting results were found. Here, male alcohol patients in the context of inpatient withdrawal from alcohol were asked about their state of health at two measurement points, at the beginning and end of therapy. There was a significant improvement in the area of EWB. However, there were no significant effects in the area of RWB, caused by this admittedly secular kind of clinical treatment. Restrictively, it must be added that with regard to the decrease in psychiatric symptoms (depression, suicidality), significantly higher effect sizes were shown than with regard to EWB. From these results it can be concluded that a noogenic (meaning-oriented) or religious-spiritual dimension in human perception must also be explicitly addressed in order to experience a change. Although the use of spiritual techniques is widespread, especially in drug treatment, it must also be viewed critically. In fact, drug therapy may be often about accepting that there is no higher power that will lead one from the dark night of the (addicted) soul [sensu St. John of the Cross; (36)] back to the shining bright daylight of abstinence – relapse is often pre-programmed with this fantasy. The possibility of slipping into an exaggerated form of religiosity/spirituality in the sense of an addiction shift must also be considered especially for the group of addiction patients. A final evaluation of the role of a religious/spiritual component in addiction therapy is left out at this point [see, e.g., Galanter (37) for further discussion].




Concluding remarks


A meaning-based approach in addiction treatment

As already mentioned at the beginning, I understand my remarks as embedded in a bio-psycho-social model of health and disease (in the present case, addictive disorders). In my concluding words I will refer primarily to experiences regarding the possibilities of taking into account a noogenic dimension in the field of inpatient long-term drug treatment and would like to use the Theraepeutic Community (TC) as an example here. The TC has always understood itself to be humanistically based and presents itself as open to all faiths (38). Therefore, the consideration of a noogenic (meaning-oriented) dimension in the treatment program may be discussed despite or because of this. For many people with a former substance use disorder, living together in the community and the possibility of contact associated with it can mean a nourishing experience of existential relevance, which can be seen as an antidote to the loneliness and isolation caused by addiction.

In general, however, I assume that a meaning based treatment approach could be helpful in the field of outpatient drug therapy as well as in more classically oriented psychiatric treatment settings (17, 18). Lastly, I would like to single out two areas here (apart from classic psychotherapy in individual and group settings), which could play a special role in filling the “existential vacuum,” as outlined earlier in this essay. Accordingly, I would like to point to the importance of art as well as occupational therapy within an meaning oriented approach in addiction treatment. The use of creative media such as music, painting, or dance may be effective in promoting positive emotions in the experience of patients diagnosed with a substance disorder (deficits in this area may be considered traditionally characteristic for this patient group). Already in the Greek myth, Orpheus succeeded with the sound of his lyre in persuading Sisyphus to let his stone rest for once and to refrain from his meaningless activity [cf. Poltrum (39)]. Finally, I would like to take up the cudgels for occupational therapy (or, less charmingly, “work therapy”) in addiction treatment. So it might make sense sometimes to roll one’s stone up the pyramid of personal needs, freely sensu Abraham Maslow (6), in order to reach the longed-for peak experience in the end.



Sisyphus as a happy man

According to Camus (40), man as a body-soul-spirit being is in a constant state of tension between the inner longing for meaningfulness and the outer meaninglessness of the world. An unsuccessful search for meaning in life can represent a state characterized by feelings of despair and anxiety or chronic aimlessness and apathy. Albert Camus’s philosophical essay “The Myth of Sisyphus” addresses the existential question of whether life is worth living in a universe without meaning or purpose. Despite the eternal punishment of the mythological figure Sisyphus - forever pushing a boulder up a mountain only to have it roll back down - Camus argues that there is a certain beauty and fulfillment in the struggle itself. He contends that even though life may be hopeless and absurd, it is ultimately up to the individual to find his or her own meaning and happiness in that absurdity. Thus, he concludes that Sisyphus can be imagined as happy precisely because of his tireless effort and determination in the face of futility. This concept suggests that the act of striving and the pursuit of personal goals can provide fulfillment and meaning to the human experience, regardless of the ultimate outcome of those efforts – an idea that could also be considered in the treatment of addictive disorders.
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Acute poisoning is a significant public health concern. This retrospective study investigates trends in acute poisoning cases and explores the clinical and sociodemographic profiles associated with this condition. Medical data from 859 hospitalized patients diagnosed with acute poisoning between January 2017 and December 2022 were comprehensively analyzed. The descriptive statistical analysis revealed that 360 patients had underlying diseases, with depression being the most prevalent among them. Furthermore, urban areas accounted for 87.2% of the acute poisoning cases, indicating a higher incidence compared to rural areas. The substances implicated in acute poisoning incidents varied, with drugs of abuse being the most common (53.2%), followed by pesticides (22.2%), carbon monoxide (11.8%), and alcohol (5.4%). Suicide attempt/suicide emerged as the leading cause of acute poisoning incidents, accounting for 75.9% of cases, while poisoning accidents predominantly occurred within the home setting. Through chi-square tests, it was determined that risk factors for suicide attempt/suicide included female gender and underlying medical conditions. Temporal analysis showed that the total number of acute poisoning cases increased from 2017 to 2019 and decreased from 2019 to 2022. Notably, suicide-related cases exhibited an upward trend, with suicide attempt/suicide accounting for over 80% of all acute poisoning cases after 2020. This study contributes valuable insights into the trends, profiles, and risk factors associated with acute poisoning cases.
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Introduction

Acute poisoning is a condition characterized by sudden and severe exposure to a toxic substance (1–3). The symptoms of acute poisoning vary depending on the type and dosage of the toxic substance and may include nausea, vomiting, headache, coma, and even death (3, 4). This condition is a frequent cause of emergency department visits and hospitalizations, accounting for up to 10% of the emergency department’s caseload (5). According to a study conducted by the Pesticide Action Network North America (PANNA), approximately 385 million cases of acute poisoning occur worldwide each year. Among adults, the leading causes of acute poisoning are drugs, followed by carbon monoxide and alcohol (5, 6). Moreover, there are numerous substances, including organophosphates, that have the potential to induce acute poisoning (3, 7–10).

Most admissions of acute poisonings to the emergency department are attributed to deliberate self-harm rather than accidental incidents. Between 2015 and 2019, there was a notable 26% increase in the number of individuals attempting suicide through the ingestion of toxic substances or medication overdose (11). Additionally, a separate study indicates a significant surge in the rates of attempted suicides and suicides involving poisoning among young people during the COVID-19 pandemic (12). These emerging patterns underscore the imperative for further research aimed at comprehending the underlying risk factors associated with the choice of poisoning as a suicide method. Furthermore, there is a pressing need to develop effective prevention and intervention strategies to mitigate the risk of suicide related to poisoning.

It is worth mentioning that the etiology of acute poisoning has experienced notable transformations in recent years (13, 14). Previously prevalent causes of poisoning, such as paraquat and rodenticides, have become increasingly rare in emergency department settings (14, 15). Therefore, it is imperative to investigate the shifts in the causes of acute poisoning in recent years to enhance the efficient allocation of emergency medical resources.

In this study, we conducted a retrospective analysis encompassing patients diagnosed with acute poisoning in the emergency department between January 2017 and December 2022. The objective of this investigation was to provide a comprehensive depiction of the clinical and sociodemographic profiles associated with acute poisoning.



Materials and methods


Study design, setting, and participant

We performed a retrospective cross-sectional study on cases of acute poisoning treated in the emergency department of the Affiliated Kunshan Hospital of Jiangsu University, which is the sole Grade III general hospital in Kunshan. Annually, the emergency department handles over 150,000 patients, with more than 6,500 requiring rescues. To obtain data, we extracted medical information from the hospital’s information management system, focusing on 859 hospitalized patients diagnosed with acute poisoning between January 2017 and December 2022. The diagnosis of acute poisoning was based on the patient’s history, physical examination, and routine and toxicological laboratory evaluations. We excluded cases that lacked clinical information, involved non-acute poisoning, or pertained to individuals under the age of 14 (typically referred to the Children’s Hospital). The collected medical information encompassed sociodemographic factors (age, gender, underlying diseases, and residential area), clinical aspects (type of poisonous substances, place of poisoning, and cause of poisoning) and outcome details. Poisonous substances were classified as drugs, pesticides, carbon monoxide (CO), alcohol or other substances. The causes of poisoning were categorized as either suicide attempt or accident, while the place of residence was classified as rural or urban.



Statistical analysis

IBM SPSS version 26 software was used for statistical analysis. Descriptive statistical method was employed to evaluate the data. The difference between suicide and accident cases was assessed using the chi-square test. Furthermore, comparisons were made to analyze trends in population distribution, poisonous substances, and causes of acute poisoning over a span of 6 years. A significance level of p < 0.05 was utilized to indicate statistically significant differences.




Results


Basic characteristics of patients with acute poisoning

A total of 859 cases of acute poisoning (age ≥14 years old) were extracted from the electronic hospital information system of the Affiliated Kunshan Hospital of Jiangsu University in Kunshan, China, spanning the period from January 1, 2017, to December 31, 2022. The key characteristics of the enrolled patients with acute poisoning are summarized in Table 1. Of these cases, 357 were males and 502 were females, resulting in a gender ratio of 0.71:1. The proportion of acute poisoning patients between 18 and 45 years old was the highest (57.4%). Out of the total number, 360 cases presented with a history of underlying diseases, such as depression, cancer, cardiovascular disease, nervous system disease, diabetes, comorbidity and other ailments. Among those with underlying conditions, depression was the most prevalent, accounting for 279 cases. The incidence of acute poisoning was significantly higher in urban areas compared to rural areas, with urban areas comprising 87.2% of the cases and rural areas accounting for 12.8%. Notably, the vast majority of patients (98.8%) survived after receiving treatment.



TABLE 1 Basic characteristics of hospitalized patients with acute poisoning.
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Poisonous substances, cause of poisoning and place of poisoning

Drugs of abuse were present in 457 patients (53.2%), pesticides in 191 (22.2%), CO in 101 (11.8%), and alcohol in 46 (5.4%) (Table 2). The majority of drug poisonings were linked to the consumption of antidepressants and sleeping pills. Notably, paraquat, a commonly reported toxic agent in previous years, accounted for a reduced number of acute poisoning cases in recent years. The cause of poisoning was categorized as either suicide or accident (Table 2), with suicide attempt accounting for the majority of acute poisoning incidents (75.9%). Poisoning accidents predominantly occurred within the confines of the patients’ homes (93.8%) (Table 2).



TABLE 2 Distribution of poisonous substances, poisoning causes, and poisoning locations.
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Risk factors for suicide attempt

The acute poisoning patients were categorized into two groups based on the cause: suicide (75.9%) and accident (24.1%). Significant differences were observed between these groups in terms of gender (χ2 = 28.487, p < 0.0001), age (χ2 = 18.621, p = 0.001), and underlying diseases (χ2 = 158.045, p < 0.0001) (Table 3). Being female, adolescent and older adult, and having underlying medical conditions were risk factors for suicide attempts. However, no significant associations were found between place of residence and the incidence of acute poisoning.



TABLE 3 Risk factors of suicide using chi-square test.
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Pattern in poisoning characteristics from 2017 to 2022

From 2017 to 2022, there was an initial increase followed by a subsequent decrease in the number of acute poisoning cases (Figure 1). Among acute poisoning patients, there was an upward trend in the proportion of cases attributed to suicide, with suicide accounting for over 80% of cases after 2020 (Figure 2). The admission rates of rural patients to hospitals for suicide showed a fluctuating pattern, initially decreasing, then increasing, and finally decreasing again (Figure 3).

[image: Figure 1]

FIGURE 1
 Time-varying curve of the number of acute poisoning cases.
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FIGURE 2
 Time-varying curve of the proportion of suicides to acute poisoning cases.


[image: Figure 3]

FIGURE 3
 Time-varying curve of the proportion of suicide cases in rural areas.





Discussion

Acute poisoning is a major public health problem and an important reason for hospital emergency department visits (16–19). In this study, we investigated the clinical and sociodemographic profiles associated with acute poisoning cases, shedding light on the trends and risk factors in Chinese population. Among the 859 hospitalized patients diagnosed with acute poisoning, the majority of cases were female. The presence of underlying medical conditions, particularly depression, was identified as a significant risk factor for suicide attempt/suicide-related acute poisoning incidents. This finding highlights the association between mental health disorders and acute poisoning incidents. The substances involved in acute poisoning incidents varied, with drugs of abuse being the most common (53.2%), followed by pesticides (22.2%), carbon monoxide (11.8%), and alcohol (5.4%). It is worth noting that the incidence of poisoning due to paraquat, a previously common toxic agent, has decreased in recent years. This shift in poisoning patterns necessitates ongoing surveillance and adaptation of emergency medical resources to effectively respond to emerging toxicological challenges.

Suicide emerged as the leading cause of acute poisoning incidents, accounting for 75.9% of the cases. Furthermore, the temporal analysis revealed an upward trend in suicide-related cases, particularly after 2020. Notably, this timeframe aligns with the onset of the COVID-19 pandemic. The COVID-19 pandemic significantly altered daily routines and social interactions, amplifying the influence of the home environment on mental health. Lockdowns, quarantine measures, and remote work arrangements confined individuals to their homes, potentially exacerbating feelings of isolation and distress (20–23). This surge in psychological distress is closely linked to a substantially elevated risk of suicide and self-harm incidents amid the COVID-19 pandemic (20, 22, 24). The COVID-19 pandemic-induced uncertainties and anxieties further underscored the importance of home-based prevention strategies. Therefore, it is critical to develop effective prevention and intervention strategies to reduce the risk of suicide during the COVID-19 pandemic and during its subsequent years.

Gender differences in acute poisoning cases emerged as an essential factor to consider in suicide-related incidents. We found that females were more likely to be involved in acute poisoning incidents with suicidal intent compared to males. This aligns with previous research indicating gender-specific patterns in suicidal behavior (25–27). To assess the relationship between gender and suicide, Miranda-Mendizabal et al. (27) conducted a meta-analysis that included 67 studies, demonstrating a higher risk of suicide attempts in women compared to men (OR 1.96, 95% CI 1.54–2.50). Additionally, the study revealed that female-specific suicide risk factors, including depressive symptoms mentioned in our study, contributed to this higher risk. In the Chinese population, women are also identified as a significant risk factor for suicide. In a more recent study, Zheng et al. (26) prospectively included 237 patients treated for poisoning between May 2021 and May 2022, and their findings supported our results, with being female and anxious being significant risk factors for suicide. Thus, understanding these gender differences is essential for the development of gender-specific prevention and intervention strategies.

This study has some limitations. Firstly, this is a single center, retrospective study, which may limit the generalizability of the findings to other settings. Possibly shedding light on enhancing the representativeness of the results, future studies should consider a multi-center approach. Secondly, this study only looked at acute poisoning cases in the last 6 years. A longer time span of cases is needed to determine trends in the characteristics of acute poisoning.



Conclusion

This study provides valuable insights into the trends, profiles, and risk factors associated with acute poisoning cases, with a particular emphasis on suicide-related incidents and gender differences. The findings emphasize the importance of addressing mental health issues, particularly depression, in individuals at risk for suicide-related acute poisoning. By revealing changing toxicological patterns, identifying vulnerable populations, and recognizing urban-rural disparities, the study lays the groundwork for evidence-based public health initiatives to address the multifaceted challenge of acute poisoning.
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Background: The prevalence of psychoactive substance use is increasing worldwide and identifying adverse effects of these types of drugs is necessary in intoxicated patients.

Objective: We aimed to investigate the association of psychoactive substance intoxication with their adverse effects on the functioning of the bodily organs.

Methods: This was a single-center study between March 2019 and April 2022 on intoxicated patients with psychoactive substances. Inclusion criteria were intoxication with alcohol, opioids, and stimulants, and having available results of laboratory biomarkers. Demographic and clinical data of patients at the time of admission as well as during hospitalization were reviewed, retrospectively. Data were analyzed using a generalized linear mixed model in R software and the Adjusted Odds Ratio (AOR) was estimated.

Results: A total of 800 hospitalized patients in the ICU (n = 400) and general ward (n = 400) were divided into two groups of intoxicated with alcohol (n = 200) and opioids or stimulants (n = 200). Liver (AOR = 0.15, p = 0.033; AOR = 0.13, p = 0.007) and kidney (AOR = 0.46, p = 0.004; AOR = 0.24, p = 0.021) dysfunction occurred less in the ICU and general ward, respectively, in opioids or stimulants intoxication compared to alcohol. Cardiovascular dysfunctions occurred more in opioids or stimulants intoxication compared to alcohol in both ICU (AOR = 10.32, p < 0.0001) and general ward (AOR = 4.74, p < 0.0001).

Conclusion: Kidney dysfunctions had a greater effect on mortality compared to other dysfunctions. During the follow-up, the incidence of dysfunctions increased in those intoxicated with opioids or stimulants. Men experienced more liver and kidney dysfunctions as well as mortality, but psychoactive substance experience was a protective factor in cardiovascular dysfunctions and mortality.

KEYWORDS
 intoxication, psychoactive substance, adverse effects, hospitalized, mortality


1. Introduction

A Psychoactive substance or psychotropic is a form of chemical agent, affecting the function of the human body and a person’s mental and behavioral status. Psychoactive substances are classified into natural, synthetic, and semi-synthetic forms (alcohol, opioids, stimulants, sedative-hypnotics, cannabis, hallucinogens, and inhalants), which differ in influences based on the route of administration (injection, ingestion, smoking, inhalation) and adsorption speed (1, 2). World Drug Report 2020 reported that about 269 million people worldwide had used drugs at least once in 2017 which corresponds to 5.4% of the global population aged 15–64 (range: 3.3 to 7.5%), representing nearly 1 in every 19 people (3). The Middle East/South-West Asia is one of the regions with a high prevalence of opioid use and the prevalence of methamphetamine use in Iran is the highest (3). Acute intoxication is one of the problems that the medical staff working in emergency departments have to deal with, and this department is the first line of treatment for patients who suffer acute intoxication (4).

Irreversible health effects are one of the side effects of opioids and the mortality rate due to opioid overdose in the United States has increased over the years, while the synthesized form of opioids is responsible for most mortality events (5). Results of a cohort study for a 35-year period in Iran have shown that the prevalence of illegal use of drugs is 11.9%, alcohol consumption 9.0%, and co-use of alcohol and illegal drugs 47.7% (6). Another study reported that psychoactive substances including opium, amphetamine, and alcohol are responsible for 30.9% of suicide events and nearly 50% of events are due to addiction (7).

Adverse effects of psychoactive substances on the body depend on the single or multiple drug intoxication, route of administration, and type of combined substance (1, 8). However, the route of drug consumption is varied in different areas owing to specific demographic and socioeconomic characteristics (9). Several side effects of psychoactive substances on organ function have been reported that may differentially contribute to mortality events in terms of the type of consumed drug, history of intoxicated patient (10), and purpose of consumption in patients with drug overdoses (11).

In the present study, we aimed to determine the effects of intoxication with psychoactive substances on the function of the bodily organs including the liver, kidney, and cardiovascular system by investigating related biomarkers in hospitalized intoxicated patients over the course of treatment.



2. Methods


2.1. Study design and setting

This retrospective longitudinal study was conducted on intoxicated patients with psychoactive substances who were hospitalized either in the general ward or the Intensive Care Unit (ICU) between March 2019 and April 2022 in Loghman Hakim Medical Center (Tehran, Iran). The protocol of the study was approved by the institutional review board and written informed consent was obtained from all patients who participated in the study. Demographic data and medical records of patients were extracted from the Hospital Information System (HIS) and analyzed.



2.2. Population and inclusion criteria

Inclusion criteria to enter into the study were monointoxication with alcohol or psychoactive substances including natural, synthetic, and semisynthetic opioids (opium, methadone, cannabis, heroin, and tramadol), and stimulants (amphetamines and cocaine). Also, patients who were hospitalized for 48 h and had repeat testing at least 2 times during hospitalization and age ≥ 16 years were included. Patients who had incomplete medical records or were unwilling to participate in the study were excluded from the study.



2.3. Variables and data sources

In order to assess the adverse effects of psychoactive substances on the function of body organs, clinical index related to the function of the liver, kidney, and cardiovascular including aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), creatinine (Cr), troponin, and creatine kinase-MB (CK-MB) were serially checked throughout hospitalization. Moreover, demographic and clinical data including age, gender, purpose (intentional) and history of drug consumption, comorbidities, mean arterial pressure (MAP), Glasgow Coma Scale (GCS), and length of stay (LOS) were extracted from HIS.



2.4. Statistical analysis

Data are presented as mean ± standard deviation (SD) or median [IQR] and frequency (%). Normal distribution of data was assessed by the Kolmogorov–Smirnov test, then the student t-test and Mann–Whitney test were applied to compare the mean/median difference between groups. Categorical variables were compared by chi-square or Fisher’s exact test, as appropriate. The generalized linear mixed model (GLMM) estimates fixed and random effects between individual variabilities at baseline and correlation within repeated measures and is especially useful when the dependent variable is binary, ordinal, or quantitative but not normally distributed (12). We used the GLMM model to evaluate the occurrence of adverse effects in intoxicated patients and also effective factors in mortality events in the ICU. Also, the effect of the main covariates including age, gender, purpose, and history of drug consumption along with other covariates were adjusted in the model. We applied Maximum likelihood and Akaik Information Criteria (AIC) for the goodness of fit models and all analyzes were done in R software using the lme4 package.




3. Results


3.1. Participants and descriptive data

A total of 800 intoxicated patients met our inclusion criteria and were entered into the study. Participants were classified into 2 groups of patients hospitalized in the general ward (n = 400) and ICU (n = 400). Each group of the study consisted of 200 patients with alcohol (methanol) intoxication and 200 patients with opioids or stimulants, which included methadone (142, 17.8%), opium (81, 10.1%), tramadol (63, 7.9%), heroin (17, 2.1%), cannabis (13, 1.6%), amphetamines (67, 8.4%), and cocaine (17, 2.1%). Demographic and clinical data of participants are summarized in Table 1. In the ICU group, intoxicated patients with alcohol had significantly lower Glasgow Coma Scale scores (p < 0.001) and a higher level of ALT (p = 0.001), AST (p = 0.045), Cr (p = 0.001) while CK-MB level was significantly lower (p = 0.001). Positive troponin test (>12 ng/L) among patients with opioid or stimulant intoxication was remarkably more common in both ICU (p = 0.003) and general ward (p = 0.036) when compared with alcohol intoxication. Also, the past medical history of patients revealed that psychoactive consumption (p = 0.009) and liver disease (p = 0.019) differed significantly between the two groups of ICU patients. Regarding patients in the general ward, intoxication with alcohol was notably more common in men (p = 0.033) and levels of ALT (p = 0.009) and Cr (p = 0.001) were significantly higher whereas PH value was lower (p = 0.001) when compared with opioids or stimulants intoxication.



TABLE 1 Basic demographic and clinical characteristics of intoxicated patients.
[image: Table1]



3.2. Outcome data

Observed adverse effects in patients with alcohol intoxication who were hospitalized in ICU and general ward were liver dysfunction (81% vs. 58%), kidney dysfunction (83.5% vs. 52%), and cardiovascular dysfunction (14% vs. 7.5%), respectively, while adverse effects in opioid or stimulant intoxicated patients in ICU and general ward, respectively, were liver dysfunction (70% vs. 42%), kidney dysfunction (70.5% vs. 34%), and cardiovascular dysfunction (26% vs. 14%). Mortality event was observed in 119 (28.9%) ICU patients, of which 57.1% were alcohol intoxicated and 42.9% were opioid or stimulant intoxicated. Longitudinal changes in clinical indexes related to body organ function are represented in Figure 1 for the liver, Figure 2 for the kidney, and Figure 3 for the cardiovascular within 48 h of hospitalization.

[image: Figure 1]

FIGURE 1
 Liver clinical indexes for intoxicated patients in the ICU (upper panel) and general ward (lower panel) within 48 h of hospitalization.


[image: Figure 2]

FIGURE 2
 Kidney clinical indexes for intoxicated patients in the ICU (upper panels) and general ward (lower panels) within 48 h of hospitalization.


[image: Figure 3]

FIGURE 3
 Cardiovascular clinical index for intoxicated patients in the ICU (upper panel) and general ward (lower panel) duration of hospitalization.




3.3. Main results

Table 2 shows the association between the occurrence of dysfunctions (liver, kidney, and cardiovascular) in intoxicated patients with opioids or stimulants compared to alcohol during hospitalization. Adjusted Odds Ratio (AOR) of the dysfunctions at baseline is compared between the two groups. AOR for liver and kidney dysfunctions was significantly lower in the opioid or stimulant intoxication group in both the ICU and in general wards. Accordingly, AOR for liver dysfunction in ICU was 0.15 (p = 0.033), and for kidney dysfunction was 0.46 (p = 0.004). In the general ward, the estimated AOR was 0.13 (p = 0.007) for the liver and 0.24 (p = 0.021) for kidney dysfunction. Regarding cardiovascular dysfunction, AOR was notably higher in patients with opioid or stimulant intoxication compared to the alcohol group. The estimated AOR for cardiovascular dysfunction occurrence in the ICU and general ward, respectively, was 10.32 (p < 0.0001) and 4.74 (p < 0.0001). Over the course of hospitalization, the occurrence of liver and kidney dysfunction in the opioids or stimulants group increased in a time-dependent manner, whereas cardiovascular dysfunction occurred more in the alcohol group. Furthermore, AOR for the occurrence of dysfunction increased with the increase of the patient’s age. Among the ICU patients, AOR of liver and kidney dysfunction was higher in men and cardiovascular dysfunction was more frequent in women compared to men in both ICU and general ward. Also, a history of psychoactive substance use was a risk factor for the occurrence of liver and kidney dysfunction and a protective factor for cardiovascular dysfunction. The association between mortality and organ dysfunctions in ICU patients is shown in Table 3. Kidney dysfunction had a significantly high AOR of 3.35 (p = 0.0002) for mortality in hospitalized patients. The AOR of mortality also increased with the increase of age and duration of hospitalization and decrease of MAP and GCS.



TABLE 2 Occurrence of organ dysfunctions in opioids or stimulants versus alcohol intoxication.
[image: Table2]



TABLE 3 Association between patient variables and mortality in ICU.
[image: Table3]




4. Discussion


4.1. Principal finding

Our findings in this study showed that the occurrence of liver and kidney dysfunction was more common in intoxication with alcohol when compared with opioids or stimulants while the incidence of cardiovascular dysfunctions was higher in opioids or stimulants compared with alcohol. Moreover, mortality was higher in patients with alcohol intoxication in the ICU. Among the evaluated dysfunctions, kidney dysfunction showed the largest effect size on mortality events.

Diagnosis of liver dysfunction is possible through assessing serum levels of aminotransferases and hyperbilirubinemia as laboratory biomarkers of liver function (13). We observed a higher level of aminotransferases in the alcohol intoxication group compared to another group of patients who were intoxicated with psychoactive substances. In addition, pancreatitis and acute kidney injury (AKI) were reported in alcohol intoxication, especially with methanol, which is mostly due to myoglobinuria (14, 15). However, the symptoms of alcohol intoxication depend on the level of alcohol in the person’s body, tolerance to alcohol, weight, and the percentage of consumed alcohol (16). Mechanistically, oxidative stress and mitochondrial dysfunction are the main mechanisms contributing to liver dysfunction following alcohol intoxication (17).

In the laboratory setting, liver enzymes and kidney function biomarkers are utilized to diagnose hepatotoxicity and AKI in chronic alcohol consumption. Urinary biomarkers can also be used to follow up clinical condition of patients with alcohol intoxication (18) serial checking of biomarkers improves the patient management process by regular monitoring of hepatorenal function in those patients who develop hepatotoxicity and nephrotoxicity. In our under study population, early liver and kidney dysfunction occurred more in alcohol-intoxicated patients but late hepatorenal dysfunction was observed more during hospitalization in intoxicated patients with opioids or stimulants. Clinical outcomes may be affected by some factors including the half-life of substances, time from consumption to referring hospital, type of admission and speed of absorption, illegal handmade or commercial, quality of pre-hospital care, and undetectable components of illegal drugs. Metabolic acidosis and raised plasma osmolality are more common in alcohol intoxication but rhabdomyolysis, AKI, hypothermia, coma, and pulmonary edema are frequent in alcohol or opioid-intoxicated patients (19).

Cardiovascular dysfunction is more common in opioid intoxication compared to alcohol or stimulants. This phenomenon is mostly due to different toxidrome between opioids, stimulants, and alcohol (16, 19). Cardiotoxicity (20) or cardiomyopathy (21) are the most important contributing factors in the mortality of patients with amphetamines or cocaine intoxication, identified by pathological or electrocardiograph parameters. In addition, duration of consumption is an effective parameter in deteriorating a patient’s cardiovascular condition over hospitalization (22). The differences in the compounds of substances particularly synthesized forms, lead to uncertainty in generalizing obtained results. Furthermore, the composition of a particular substance may be different in a neighborhood, city, country, or continent which ultimately affects the severity and occurrence of side effects. Hence, we tried to reduce these errors in our study by selecting monointoxicated patients in the hospital. The association between the occurrence of cardiac arrest and opioid overdose has been confirmed in the pre-hospital period (23) and over the hospitalization period (24), resulting from cardiac toxicity and respiratory arrest following opioid overdose. In addition to this, attention should be paid to AKI which occurs in amphetamines or opioid-intoxicated patients resulting in rhabdomyolysis, high serum myoglobin, and ultimately nephropathy in consumers (25).

Another concern that should be considered is the increase in the possibility of intoxication due to the prescription of opioids in the hospital, especially in the ICU (26), and in methadone maintenance treatment which is used for Opioid Use Disorder (OUD) (27). Therefore, it is important to closely monitor patients’ clinical conditions and protocol for opioid administration. In recent years, mortality and hospitalizing rates have increased due to opioid overdose (28). Compared to ethanol, the odds ratio of mortality is higher in opioids and stimulants (29). We observed dissimilar results in our studied patients in the ICU and mortality also was more in alcohol overdose compared to opioids or stimulants. The median of laboratory results is reported to be high in methanol intoxications with unfavorable outcomes and shows a significant association with the number of hemodialysis sessions and Sequential Organ Failure Assessment (SOFA) score (30). Age, GCS, and MAP in methanol intoxication are the main risk factors for mortality in comparison with other sequelae (31, 32). In our study, age, MAP, and GCS showed a significant association with mortality in all comparisons. Male gender, intentional use, and no history of substance use were linked to mortality in overdoses with stimulants compared to opioids.

Conflicting results have been reported for the intentional use of substances and side effects. Although 82.2% of patients with AKI had unintentional exposure, the level of ethanol and methanol was higher in patients without kidney injury. Unintentional use of substances may be the reason for not referring to the hospital quickly or not receiving medical services. This claim is documented by the high average time from exposure to arriving at the hospital or even receiving the initiation of hemodialysis (15).

Global health communities should inform people about the adverse effects of consuming any type of psychoactive substances and also be aware of the severe side effects of substances for consumers. In the case of an overdose or change in clinical conditions of consumers, they should seek medical centers, immediately. In order to achieve effective care services, patients should have proper cooperation with health care providers in the physical exam, type of consumed substance, and time interval from consumption to arrival at the hospital. Novel synthetic opioids and substances made by clandestine laboratories are not detectable by conventional techniques, therefore, healthcare system labs need to be updated (33).



4.2. Limitations

Dissimilarity of the history of type psychoactive substances used by individuals, the inability of the hospital laboratory to detect some substances, and receiving different doses and types of opioids during the hospitalization are limitations of the study that may affect the results.




5. Conclusion

Although the incidence of liver and kidney dysfunction was more common in alcohol intoxication, patients with opioid or stimulant intoxication experienced liver and kidney dysfunction later over the course of hospitalization. Also, the incidence of cardiovascular dysfunction was higher in opioids or stimulant intoxication compared to alcohol. The occurrence of all dysfunctions was more frequent in older patients and females showed cardiovascular dysfunction more. In patients with a history of psychoactive substance use, liver dysfunction was observed more whereas cardiovascular dysfunction was less.
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Building on the Conservation of Resources Theory and the Stress-Coping Model, the present study explored the relationship between perfectionism (rigid, self-critical, narcissistic) and subjective happiness among youth. In this relationship, we also examined the mediating roles of substance use (i.e., drinking and smoking) and Internet addiction symptoms. Our sample comprised 431 Romanian university students aged 18–25 (M = 20.50, SD = 1.58), and most of them were females (79.81%, self-reported gender). Participants completed self-reported anonymous scales through a web-based survey at the beginning of 2023. Correlation analysis results indicated that all forms of perfectionism were associated with Internet addiction symptoms. Self-critical and narcissistic perfectionism and drinking, smoking, and Internet addiction symptoms were negatively associated with subjective happiness. Path analysis suggested that health-risk behaviors completely mediated the effect of perfectionism on subjective happiness. High levels of perfectionism were associated with high levels of health-risk behaviors, and high levels of addictive behaviors were associated with low levels of subjective happiness. We discuss the present findings considering their practical use regarding students' subjective happiness.
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Introduction

Over the past few decades, with the growth of positive psychology, an increasing number of studies focused on subjective happiness (or subjective wellbeing) (1). Subjective happiness refers to individuals' sense of good and wellness, including satisfaction with life, enjoyment, love, and overall positive feelings. Also, higher subjective happiness means lower distress and negative emotions, such as anger or fear (2). The reasons behind this interest could not be more important: compared with less happy people, happy individuals have better interpersonal relationships (3), are more productive (4), more socially responsible (5), have a higher academic achievement (6), and, generally, they live longer and have healthier lives (7).

However, recent estimates suggested that psychological distress (which includes feelings of depression, anxiety, and stress) (8)—as a measure of low subjective happiness, is one of the primary factors associated with reports of suicide ideation and attempts (9). Thus, it is all the more important to identify the risk factors contributing to lower happiness, especially among one particularly vulnerable population regarding this matter, i.e., university students (10). Therefore, in the present study, we focused on one less investigated factor when discussing subjective happiness, i.e., multidimensional perfectionism. Furthermore, we aimed to examine how different forms of perfectionism might indirectly affect youth's happiness through substance use (i.e., alcohol and nicotine) and Internet addiction symptoms, especially since a growing number of studies highlighted the high prevalence of co-occurrence of alcohol and tobacco use among students (11), as well as the high numbers regarding Internet addiction symptoms (12, 13).


Not all perfectionists are the same

Recent data estimates that perfectionism is increasing over time due to cultural changes reflected in competitive individualism, highlighting that today's youth have higher expectations of themselves, their peers, and society (14). Perfectionism is considered a multidimensional personality trait, relatively stable across time (15). It is characterized by excessively high expectations of one's abilities and those around them, harsh self- and social criticism, and an obsession with perfection (16). There are various models and measures of perfectionism (17), highlighting different facets such as (a) self-oriented perfectionism, other-oriented perfectionism, and socially prescribed perfectionism (15), (b) rigid, self-critical, and narcissistic perfectionism (18), or (c) adaptive and maladaptive perfectionism (19, 20). In the present study, we investigated perfectionism through the lenses proposed by the conceptualization proposed by Smith et al. (18).

Rigid perfectionists expect nothing less than excellence from oneself, comprising elements of self-oriented perfectionism and reliance on external validation (18). Furthermore, rigid perfectionism describes the importance of pursuing excellence and the connection between one's perceived worth and meeting personal standards of perfection (21). Next, concerns, adverse reactions to defective or faulty performance, and the belief that others want one to be flawless are characteristics of self-critical perfectionism (22). Individuals high in self-critical perfectionism generally have overly adverse reactions to their perceived mistakes and failures; they experience pervasive uncertainty and dissatisfaction with their performance—since they tend to believe others demand perfection—and are overly self-critical of their perceived absence of perfection (16, 22). Finally, narcissistic perfectionism defines the tendency to be excessively critical of others and self-centered in one's expectations of them (18). Individuals high in narcissistic perfectionism are usually intolerant to others' mistakes, might expect special treatment due to feelings of self-entitlement, and believe they are superior to others regarding their perfection (23, 24).



Perfectionism and substance use

According to the Conservation of Resources (COR) theory, as people's supplies run out, they may experience emotional distress, affecting their general wellbeing (25). Applying the COR theory to university students, Nelsen et al. (26) argued that students high in perfectionism may pursue excellence and high personal standards much more and consume more resources, such as energy and time, to achieve academic success. When these resources are drained over time, the emotional distress experienced by perfectionist students might be much higher than those lower in perfectionism. Furthermore, according to the stress-coping model (27), using alcohol and tobacco might be the reflection of a coping mechanism with negative emotions and to enhance positive emotions (28). Therefore, as perfectionists are less likely to lower their standards and more likely to resort to harmful coping mechanisms (29), they might also be more prone to substance use.

Some previous studies have explored the link between different facets of perfectionism and substance use. For example, some suggested that adaptive perfectionism might be related to better mental health among college students, compared to maladaptive forms of perfectionism and lower substance use (i.e., drinking and smoking) (26). Other studies suggested that maladaptive perfectionism and negative coping styles predicted substance abuse and addiction (30). Similar findings highlighted the significant link between maladaptive perfectionism and substance abuse as a coping mechanism [e.g., Rice and Van Arsdale (31)]. However, there is also mixed evidence regarding the link between perfectionism and drinking (32), highlighting the need for further evidence.

Previous studies suggested that rigid perfectionism positively predicts anxiety and negative emotions, such as guilt (14). Self-critical perfectionism is also considered a vulnerability toward stress perception, significantly predicting depression, anxiety, and risky health-related behaviors, such as eating disorders (33, 34). Since negative emotions and psychological distress are negative predictors of subjective happiness (35), we can consider the indirect association between perfectionism and happiness. Also, the positive link between psychological distress and substance use, highlighted in previous studies (36), might underline the direct relation between perfectionism and substance use proneness (37). Finally, narcissistic perfectionism, which involves being critical, demanding, arrogant, and entitled, often involves conflict and derogation (38). In response to these conflicts, individuals might use drinking and smoking as coping (maladaptive) strategies to manage the related emotional negativity.



Perfectionism and internet addiction

Though it has many conceptualizations, Internet addiction generally describes a maladaptive form of Internet use, a psychological dependence on the Internet, characterized by symptoms of withdrawal, anxiety, and a loss of impulse control concerning the urge to use the Internet (12). According to recent estimates, generalized Internet addiction prevalence rates seem to vary from 12.6 to 67.5%, with significantly higher numbers among adolescents and university students (39). Internet addiction has many adverse outcomes regarding one's psychological and physical health, including depression, anxiety, stress symptoms, disordered sleep and eating habits (40, 41), in addition to generally lower subjective happiness (42, 43). Furthermore, among university students, Internet addiction is also predicted by substance use and abuse, such as drinking and smoking (44).

Previous studies suggested that maladaptive perfectionism is significantly associated with Internet addiction through the mediating role of depression (45). Other studies suggested that a perfectionistic attitude predicts Internet addiction even when depression is controlled (46). Socially prescribed perfectionism, a facet of self-critical perfectionism, was also significantly related to problematic Internet use in previous studies (47, 48). Next, perfectionistic concerns seem significantly related to mobile phone addiction (49) and maladaptive cognitions about the self, translated by not meeting perfectionism standards, further predicting problematic social media use (which is a form of maladaptive Internet use) (50).

Finally, building on the stress-coping model (27), we consider Internet addiction as a result of maladaptive coping when managing the emotional burden of perfectionism. Previous studies that examined the risk factors of problematic Internet use, for instance, highlighted its role as a (maladaptive) mood regulation mechanism (51). Thus, when individuals' stress is high (due to not meeting the standards of perfectionism), Internet use might become maladaptive, i.e., addictive. Consequently, we believe that high perfectionists are more prone to develop Internet addiction, which, in turn, might lead to lower subjective happiness (52–54).



Perfect people, happier lives? The aims of the present study

Finally, we come to the question: perfect people, happier people? In other words, what is the connection between rigid, self-critical, and narcissistic perfectionism and subjective happiness? Previous studies suggested that perfectionism involves a rigid evaluation of daily problems and that cognitive reappraisal might reduce the unfavorable link between perfectionism and cognitive flexibility, except among individuals with strong narcissistic perfectionism (29). Since individuals high in cognitive flexibility are usually happier (55), perfectionism might indirectly affect happiness due to its negative association with cognitive flexibility. Other studies suggested that the link between various forms of perfectionism and subjective happiness is generally significant and negative (56).

Building on the COR theory (25), we believe that individuals high in perfectionism might use more resources and energy to fulfill their overly high standards than those low in perfectionism. Furthermore, building on the stress-coping model (27), due to the pressure of achieving perfection, they might also experience more emotional distress, which might make them more prone to drink, smoke, and use the Internet in a maladaptive way to cope with the perceived stress. Subsequently, these specific risky behaviors might be reflected in lower subjective happiness.

Previous studies examined the mediating role of risky behaviors on the link between perfectionism and students' mental health (26), but our research has some specific novelties. First, we conceptualized perfectionism using Smith et al.'s (18) framework, measuring rigid, self-critical, and narcissistic perfectionism. Second, we investigated not only substance abuse but also Internet addiction symptoms as an additional maladaptive coping mechanism with the potential stress caused by perfectionism. Finally, we measured subjective happiness, a less investigated construct when discussing the link with university students' rigid, self-critical, and narcissistic perfectionism.

Based on the COR theory (25), the stress-coping model (27), and previous findings examining the complex relationships between our variables of interest, our assumptions were the following:

H1. Perfectionism would be positively associated with health-risk behaviors, i.e., smoking, drinking, and Internet addiction symptoms.

H2. Health-risk behaviors would be related to lower subjective happiness.

H3. Health-risk behaviors would mediate the link between perfectionism and subjective happiness.

The proposed research model is detailed in Figure 1.


[image: Figure 1]
FIGURE 1
 The proposed research model.





Method


Participants and procedure

Our final sample comprised 431 students from two major universities in Romania. Their ages varied from 18 to 25 (M = 20.50, SD = 1.58), and most of them were females (79.81%, self-reported gender). Using convenience sampling (i.e., snowball sampling), data were collected in January 2023 using an online form distributed through student social media groups (e.g., Facebook). The participants replied to an invitation to participate in a study project addressing the psychological issues of the digital age in exchange for course credits.

All participants provided informed consent to participate in this study. Students were advised that their participation was entirely voluntary and that they might withdraw at any time. In addition, they were told that their answers would remain anonymous and private and would be utilized just for the current research. Twelve minutes was the average time necessary to answer all questions. The research was conducted following the ethical standards established by the 2013 Helsinki Declaration and was authorized by the Ethics Committee where the authors are affiliated.



Measures
 
Subjective happiness

We used the four-item Subjective Happiness scale developed by Lyubomirsky and Lepper (57). Example items included Some people are generally very happy., They enjoy life regardless of what is happening, getting the most out of everything., and To what extent does this characterization describe you? Participants answered the items on a 7-point Likert scale ranging from 1 (not at all) to 7 (a great deal). Higher scores indicated a higher level of subjective happiness. In the present study, Cronbach's alpha−s 0.79, 95% CI (0.75, 0.82).



Perfectionism

We used The Big Three Perfectionism Scale–Short Form (BTPS-SF) developed by Feher et al. (16) to measure three facets of perfectionism, i.e., rigid (four items, e.g., I have a strong need to be perfect), self-critical (six items, e.g., The idea of making a mistake frightens me), and narcissistic perfectionism (six items, e.g., It bothers me when people don't notice how perfect I am). Participants answered the items on a 5-point Likert scale ranging from 1 (disagree strongly) to 5 (agree strongly). Higher scores indicated higher perfectionism on all dimensions. In the present study, Cronbach's α for rigid perfectionism was 0.91, 95% CI (0.9, 0.92), for self-critical perfectionism was 0.88, 95% CI (0.86, 0.9), and for narcissistic perfectionism was 0.86, 95% CI (0.84, 0.88). A CFA was performed, resulting in a marginal acceptable fitted model under the orthogonal assumptions (χ2 = 562.72, df = 101, p < 0.001, TLI = 0.99, SRMR = 0.08, RMSEA = 0.10, p < 0.001, 90% CI (0.09, 0.11)].



Substance use

We measured participants' alcohol and nicotine use using the items from The Personal Experience Screening Questionnaire (PESQ) developed by Winters (58). Six items measured alcohol use (e.g., How often have you used alcohol at home? and How often have you used alcohol secretly, so nobody would know you were using?), and six items measured nicotine use, i.e., smoking (e.g., How often have you smoked at home? and How often have you smoked secretly, so nobody would know you were using?). Participants answered using a 4-point Likert scale ranging from 1 (never) to 4 (often). Higher scores indicated higher substance use. In the present study, Cronbach's α for alcohol use was 0.83, 95% CI (0.8, 0.85), and nicotine use was 0.88, 95% CI (0.87, 0.9). A CFA was also performed, resulting in a marginally acceptable fitted model under the orthogonal assumptions [χ2 = 325.98, df = 53, p < 0.001, TLI = 0.98, SRMR = 0.11, RMSEA = 0.11, p < 0.001, 90% CI (0.10, 0.12)].



Internet addiction

We used the 26-item Chen Internet Addiction (CIAN) scale developed by Chen et al. (59) to measure four dimensions of Internet addiction, i.e., compulsion symptoms [Cronbach's α = 0.84, 95% CI (0.81, 0.86)], withdrawal symptoms [Cronbach's α = 0.86, 95% CI (0.83, 0.88)], tolerance symptoms [Cronbach's α = 0.78, 95% CI (0.75, 0.81)], interpersonal and health-related problems [Cronbach's α = 0.86, 95% CI (0.84, 0.88)], and time management related problems [Cronbach's α = 0.79, 95% CI (0.75, 0.81)]. Example items included I make it a habit to sleep less so that more time can be spent online and Going online is the first thought I have when I wake up each morning. Participants answered on a 4-point Likert scale ranging from 1 (does not match my experience at all) to 4 (Definitely matches my experience). Higher scores indicated higher Internet addiction symptoms on all dimensions. Our choice for this scale was based on the fact that it is one of the most used instruments to assess Internet addiction symptoms, and its validity and fidelity were demonstrated in various samples and cultural contexts (60–62). The cut-off score for this scale is 63/64 points for diagnostic purposes (63). However, in the present study, we used Internet addiction as a latent variable in a SEM model, thus not the total score that would indicate clinical values based on these cut-off points. A CFA was performed, resulting in an acceptable fitted model under the orthogonal assumptions [χ2 = 936.78, df = 289, p < 0.001, TLI = 0.99, SRMR = 0.07, RMSEA = 0.07, p < 0.001, 90% CI (0.07, 0.08)].

A demographic scale assessed participants' age and self-reported gender. The instruments were translated using the back-translation procedure (64).





Results


Overview of statistical analysis

We used R (Version 4.2.3) (65) and the R-packages dplyr (Version 1.1.1) (66), flextable (Version 0.9.0) (67), foreign (Version 0.8.84) (68), Hmisc (Version 5.0.1) (69), kableExtra (Version 1.3.4) (70), lavaan (Version 0.6.15) (71), mvtnorm (Version 1.1.3) (72), naniar (Version 1.0.0) (73), papaja (Version 0.1.1) (74), PerformanceAnalytics (Version 2.0.4) (75), psych (Version 2.3.3) (76), rstatix (Version 0.7.2) (77), sasLM (Version 0.9.6) (78), tinylabels (Version 0.2.3) (74), xts (Version 0.13.0) (79), and zoo (Version 1.8.11) (80) for all our analyses.

The initial assumptions assessment was performed by descriptive univariate analysis, data screening for outliers, and missing cases analysis to verify univariate normality; the Mardia indicator (81) was computed to assess multivariate normality. A confirmatory factor analysis based on diagonally weighted least squares (82) was used to test the instruments' factorial validity and dimensional structure. Finally, the main SEM model was assessed based on robust SEM techniques and the parameters were estimated.



Preliminary analyses

An initial descriptive analysis was performed to assess the univariate normality assumptions for the scalar variables (see Table 1). The multivariate normality assumption based on the Mardia coefficient (81) was not met, as the Mahalanobis distances from centroid coordinates were between 1.14 and 6.23. A statistically significant multivariate positively skewed (Mardia = 12.91, Skewness = 927.38, p < 0.001) and multivariate leptokurtic distribution (Mardia = 159.21, Kurtosis = 9.95, p < 0.001) were observed.


TABLE 1 Descriptive statistics for the main variables (N = 431).

[image: Table 1]

Most of Spearman's ρ correlations were statistically significant (see Table 2), with values between −0.35 and 0.78, and the correlation matrix was positively defined. Rigid perfectionism was positively associated with compulsion (ρ = 0.19, p < 0.001), withdrawal (ρ = 0.19, p < 0.001), tolerance symptoms (ρ = 0.16, p = 0.001), and interpersonal and health problems (ρ = 0.15, p = 0.002), and negatively associated with substance use—smoking (ρ = −0.10, p = 0.031). Self-critical perfectionism was positively associated with compulsion (ρ = 0.29, p < 0.001), withdrawal (ρ = 0.28, p < 0.001), and tolerance symptoms (ρ = 0.27, p < 0.001), interpersonal and health problems (ρ = 0.27, p < 0.001), and time management (ρ = 0.17, p = 0.001), and negatively associated with subjective happiness (ρ = −0.25, p < 0.001). Narcissistic perfectionism was positively associated with alcohol use (ρ = 0.23, p < 0.001), smoking (ρ = 0.14, p = 0.003), compulsion (ρ = 0.33, p < 0.001), withdrawal (ρ = 0.23, p < 0.001), and tolerance symptoms (ρ = 0.16, p = 0.001), interpersonal and health problems (ρ = 0.32, p < 0.001), time management (ρ = 0.28, p < 0.001), and negatively associated with subjective happiness (ρ = −0.11, p = 0.022). Next, alcohol use was positively associated with smoking (ρ = 0.50, p < 0.001), and negatively associated with subjective happiness (ρ = −0.25, p < 0.001). Smoking was also negatively associated with subjective happiness (ρ = −0.18, p < 0.001). Finally, all Internet addiction dimensions were negatively associated with subjective happiness (all p-s < 0.001).


TABLE 2 Associations between the main variables (N = 431).
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We further analyzed the main model, and convergence was acquired after 111 iterations, estimating 26 parameters based on 431 data. The modification indices suggested a model adjustment by adding a covariance between measurement errors of substance use—drinking and smoking, resulting in an over-identified model with marginal acceptable fit indices [χ2 = 321.40, df = 40, p = 0.373, CFI = 0.90, SRMR = 0.07, RMSEA = 0.07, p = 0.02, 90% CI (0.05, 0.08); see Figure 2].
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FIGURE 2
 The results of the model examining the mediating role of substance use (i.e., drinking and smoking) and Internet addiction symptoms on the relationship between perfectionism and subjective happiness.


The results suggested that addictive behaviors completely mediate the effect of perfectionism on subjective happiness. High levels of perfectionism were associated with high levels of addictive behaviors (B = 0.28, z = 5.24, p < 0.001, β = 0.39), and high levels of addictive behaviors were associated with low levels of subjective happiness (B = −0.52, z = −3.74, p < 0.001, β = −0.37). Moreover, high levels of perfectionism, mediated by addictive behaviors, were associated with low levels of subjective happiness, with perfectionism determining an indirect, statistically significant effect on subjective happiness (B = −0.15, z = −3.12, p < 0.001, β = −0.15). On all paths, direct and mediated, our data suggested that perfectionism was negatively associated with subjective happiness (total effect: B = −0.16, z = −2.66, p = 0.001, β = −0.16). However, the direct effect of perfectionism on subjective happiness was statistically insignificant (B = −0.01, z = −0.17, p = 0.86, β = −0.01; see Table 3).


TABLE 3 Direct and indirect effects (N = 431).
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Discussions

Building on the Conservation of Resources Theory (25) and the Stress-Coping Model (83), the present study explored the relationship between perfectionism (rigid, self-critical, narcissistic) and subjective happiness among university students. In this relationship, we also examined the mediating roles of some specific health-risk behaviors, i.e., substance use (i.e., drinking and smoking) and Internet addiction symptoms.

We assumed that perfectionism would be positively associated with health-risk behaviors, i.e., smoking, drinking, and Internet addiction symptoms. Our results confirmed this assumption, but only in the case of narcissistic perfectionism, which was associated with all the examined health-risk behaviors. Rigid perfectionism was positively related to Internet addiction symptoms and negatively associated with smoking, but the link with drinking was insignificant. Furthermore, self-critical perfectionism was positively related to Internet addiction symptoms, but the link between drinking and smoking was insignificant. These results highlight some specific aspects of the negative outcomes regarding health-risk behaviors concerning narcissistic perfectionism. As previous research highlighted, narcissistic perfectionists are usually highly critical; they can be demanding and arrogant due to feelings of entitlement (38). Due to the conflicts generated by these behaviors, our results confirm the assumption that they might be more prone to engage in compensatory behaviors, such as drinking, smoking, and addictive Internet use, to manage the related emotional negativity.

Previous studies also suggested that individuals high in narcissistic perfectionism are also highly focused on being and seeming perfect (23). Thus, narcissistic perfectionists are vulnerable when confronted with the reality that they are not perfect and never will be flawless via the trials and tribulations of everyday life. When their private insecurities become public, the drive to seem flawless is coupled with a sense of hopelessness regarding recovery from public shame and embarrassment. Consequently, they might engage in addictive Internet use to build, maintain, manage, and protect their perfect public image. Furthermore, this effort might increase their proneness for other health-risk behaviors, such as drinking and smoking (84), and the present research results also underlined this significant positive association. At the same time, this striving for perfection comes with the price of addiction and risky behaviors, leading to lower subjective happiness (23, 85).

Next, we assumed that health-risk behaviors (i.e., drinking, smoking, and using the Internet addictively) would be related to lower subjective happiness. Our assumption was confirmed, with negative associations between all the examined risky behaviors and subjective happiness. Moreover, it seems that students who smoke and drink might be more prone to engage in addictive Internet use. These outcomes align with previous findings suggesting that health-risk behaviors (e.g., drinking) are generally negatively associated with subjective happiness among youth (86, 87). More importantly, these results highlight the need to assess and intervene when health-risk behaviors, such as drinking, smoking, and Internet addictive behavioral patterns emerge among students due to the various adverse negative consequences on their mental and physical health.

Finally, our study's most important result highlights that health-risk behaviors (smoking, drinking, and addictive Internet use) fully mediated the link between perfectionism and subjective happiness. There are both theoretical and practical considerations to discuss concerning these specific results. On the one hand, the present findings add to the scarce literature examining the multidimensional facets of perfectionism and their indirect link with subjective happiness. On the other hand, the present results highlight the specific maladaptive outcomes of narcissistic perfectionism and the need to address such cognitive and behavioral patterns due to (1) the risk of developing Internet addiction and engaging in smoking and drinking to cope with the negative emotions fueled by not meeting perfectionist standards, and (2) their significant indirect effect on subjective happiness, which further translates into a higher risk for developing psychological distress.

Though we did not use cut-off cores that would indicate whether our sample scored in the clinical or subclinical groups, descriptive statistics of the factors indicated a rather subclinical sample and some recommendations for preventive measures can also be considered, given the increasing prevalence of Internet-related addictions among youth (88). Also, recommendations for preventive measures in subclinical samples are also useful to manage the associated risk factors (in this case, perfectionism), to prevent developing health risk behavioral patterns into severe addictions or substance abuse disorders to enhance resilience and lower vulnerability. More specifically, the findings of the present study might bring important insights for interventions aimed at (1) reducing health-risk behaviors among students and (2) increasing subjective happiness by addressing the significant direct effect of perfectionism (on smoking, drinking, and addictive Internet use), as well as its indirect influence (on subjective happiness). In order to do that, parents, teachers, and students must be familiarized with the troubling signs of high perfectionism and its maladaptive function without ignoring its beneficial effects. We know from previous studies that adaptive perfectionism might contribute, for instance, to reducing academic procrastination (89) and enhancing creativity (90). Thus, a clear distinction between adaptive and maladaptive facets of perfectionism should be at the core of such interventions. Some possible ways to spot maladaptive perfectionism, especially narcissistic perfectionism, might include private conversations—face-to-face or online, group exercises, and formal and informal teacher-student contexts. The signs that might reflect a student's narcissistic perfectionism could include, for instance, the inability to get satisfaction from personal, professional, or leisurely pursuits because of their lofty expectations of themselves and others. Furthermore, anger and sadness stemming from unmet expectations of entitlement might as well contribute to the prevalence of depressive symptoms, translated into online and offline behaviors and speech, daily interactions with students and teachers, and even their GPA scores. Finally, similar to the cases of therapists treating individuals with high narcissistic perfectionism, teachers might feel worthless and inadequate, impatient and exploited, as common responses to such students' grandiosity and fragility. Thus, such signs should be spotted among both students and teachers, and further addressed in interventions aimed at reducing the negative effects of maladaptive perfectionism.

Furthermore, since drinking, smoking, and addictive Internet use might be used as coping mechanisms to deal with the frustration and negative emotions, in general (due to not meeting perfectionist standards), prevention and intervention campaigns among students might as well be effective in dealing with the negative outcomes of perfectionism, and its ramification on students' physical and mental wellbeing. Some examples in this regard are described in previous studies which highlight the important role of self-compassion when addressing maladaptive perfectionism (91). Also, multi-level ecological strategies are also recommended when discussing university-based interventions (instead of using a single level approach) aimed at reducing addictive behaviors among students (92).

However, there are also a series of limitations to be considered in the present study. First, we used convenience sampling, lowering the generalizability of the present findings. Second, we relied on self-reported measurements, which may have been skewed toward positive responses. The suggested research model may benefit from experimental analysis in the future (for instance, when measuring perfectionism) (93). Also, the scale that we used to measure health-risk behaviors was originally designed for younger samples. Though our sample was formed by young adults, i.e., students, and in Romania—according to the official statistics, most of them (i.e., more than 50%) live with their parents (94), future studies might benefit from using alternative measurements (designed for students) to address this limitation. Next, our methodology was cross-sectional, which prevented us from establishing a causal connection; future longitudinal studies might be employed to overcome this shortcoming. In addition, the proposed factors are not the only ones that influence the relationship between the proposed variables; additional variables may also be key predictors and moderators of the relationship between students' perfectionism and subjective happiness, such as autonomy, environmental mastery, and purpose in life (95), personality factors and resilience (96), intellectual giftedness (97), or achievement goals (98). Also, pre-existing clinical conditions of the participants might also account for variability in the present findings (e.g., previously diagnosed personality disorders), which might be controlled in further studies.



Conclusion

The present findings highlight the significant negative indirect effect of perfectionism on students' subjective happiness through the mediating effect of health-risk behaviors, i.e., smoking, drinking, and addictive Internet use. Moreover, the current results highlight the maladaptive function of narcissistic perfectionism and its significant link with alcohol and nicotine use and maladaptive Internet use. Though in need of further research, this study might have a significant theoretical and practical contribution in addressing the negative outcomes of students' perfectionism on their subjective wellbeing, as well as their physical health.
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Introduction: Binge drinking (BD) is a common health-risk behavior among young people. Due to the incomplete maturation of the adolescent brain, BD can lead to structural and functional changes that impact neurocognitive processes, particularly executive functioning and verbal memory. This study aimed to investigate the influence of executive components, such as mnemonic strategies and error avoidance, on performance in a verbal memory test and the potential effects of BD on this performance.

Methods: A sample of 160 college students (51.55% female) with a mean age of 18.12 ± 0.32 years completed assessments for alcohol use disorders using the Alcohol Use Disorder Identification Test (AUDIT), as well as psychopathological (Symptom Checklist-90-R) and neuropsychological evaluations (Verbal Learning Test Spain-Complutense and WMS-III Logical Memory). The Intensive Drinking Evaluation Instrument (IECI) was utilized to gather detailed information about binge drinking habits, including the calculation of the highest blood alcohol concentration (BAC) during an episode of intake.

Results: Correlation and clustering analyses revealed a negative association between BAC values and verbal memory performance, as well as the use of memory strategies. The high BAC group (BD) exhibited negative values in verbal memory variables, higher accuracy errors, and less efficient strategy usage, while the low BAC group (No BD) demonstrated better memory test performance, fewer precision errors, and superior use of memory strategies.

Discussion: These findings support the hypothesis that, when solving tests requiring verbal memory, adolescents reporting a BD consumption pattern show fewer executive skills in their resolution and, therefore, achieved poorer performance than non-binge drinkers. Addressing excessive alcohol consumption in young individuals is crucial for safeguarding their cognitive development and overall well-being.
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1. Introduction

Adolescence is a critical developmental phase. The adolescent brain undergoes structural and functional changes essential for optimal cognitive, behavioral, and emotional maturation throughout this stage (Konrad et al., 2013; Fuhrmann et al., 2015; Spear, 2018). Some characteristics of adolescence such as heightened reward sensitivity, experience seeking, impulsivity and poor self-control predispose them to engage in risky behavior, with alcohol use being the most frequent (Lees et al., 2020; Andrews et al., 2021). According to the World Health Organization (WHO), most adolescents start consuming alcohol between the ages of 12 and 16. Specifically, in Europe, 25% of adolescents start consuming alcohol at the age of 13 and the prevalence of weekly alcohol consumption among adolescents, although varying by region and gender, is between 2 and 33% (World Health Organization, 2019).

A common form of alcohol consumption among young people is called Binge Drinking (BD), which is characterized by the discontinuous consumption of quantities of alcohol that raises blood alcohol concentrations (BAC) up to 0.08 g/dL (Substance Abuse and Mental Health Administration, 2018; National Institute on Alcohol Abuse and Alcoholism, 2021). Many studies have demonstrated the detrimental effect of BD on different cognitive functions during adolescence (Nguyen-Louie et al., 2016; Carbia et al., 2017; Jones et al., 2017; Mahedy et al., 2018; Gierski et al., 2020). According to the meta-analysis by Lees et al. (2019), BD has structural and functional neural consequences among adolescents and young adults in the brain systems associated with reward systems and executive control. Neuropsychologically, several studies report specific cognitive deficits in verbal memory (Nguyen-Louie et al., 2016), working memory (Mahedy et al., 2018), visuospatial functioning (Winward et al., 2014), as well as decrements in attention, learning and executive functions (Gil-Hernandez and Garcia-Moreno, 2016; Carbia et al., 2018; Lees et al., 2019).

The term executive functions is used in reference to a group of complex top-down control processes that encompass working memory, inhibition, cognitive flexibility, and planning. These processes regulate non-automatic process and depend on the integrity of frontal circuits (Diamond, 2013). The developmental peak of the prefrontal regions of the brain occurs during adolescence and early adulthood. As a result, executive functions continue to improve throughout this stage (Miller and Cohen, 2001; Dumontheil, 2016; Berthelsen et al., 2017). According to the systematic review by Carbia et al. (2018), BD during adolescence and early adulthood is consistently associated with detriment to inhibitory control and cognitive flexibility. Furthermore, they suggest that BD seems to affect the more demanding working memory tasks that require information monitoring and executive strategies to compensate for a deficit in storage capacity. Other studies have not found any detrimental performance in typical neuropsychological assessment tests measuring executive functioning in adolescents with a short history of alcohol consumption, but it was observed in the performance of daily activities (Gil-Hernandez and Garcia-Moreno, 2016). They suggest that BD does not have an obvious neuro-cognitive impact in early stages of alcohol consumption, or that the adolescent brain can develop compensatory strategies.

Memory is one of the cognitive processes most affected by alcohol consumption, as the medial temporal regions on which it depends (DeMaster et al., 2014; Kitamura et al., 2017) are particularly vulnerable to its effects (Abrahao et al., 2017; Hermens and Lagopoulos, 2018). The prefrontal cortex, which supports executive functions, is also involved in memory functioning (Eichenbaum, 2017). Indeed, the efficiency of connectivity between the prefrontal and temporomedial circuits is very important in memory performance (Riggins et al., 2016; Guise and Shapiro, 2017), and these connections are dysfunctional in people with alcohol-related memory deficit (Nunes et al., 2019). The influence of executive functions on memory is primarily attributed to their regulatory role in propositional behavior processing rather than the direct processing of stimulus content (Miller and Cohen, 2001). This guiding action consists of organizing, classifying information, as well as choosing, designing plans, regulating, and evaluating behavior, giving flexibility to the proposed task (Tse et al., 2011; Milivojevic et al., 2015). The executive contribution can be considered as the enhancement of learning and memory efficiency through the utilization of cognitive strategies, particularly within the framework of metacognitive and meta-memory processes. Indeed, BD subjects with lower executive performance manifest inadequate use of semantic-type strategies and impaired learning interference, resulting in poorer performance in verbal memory tests (Carbia et al., 2018; Gierski et al., 2020). Recent studies suggest that BD subjects experience difficulties in executive functions and verbal memory, which are manifested as poor performance in tasks involving the recall of word lists guided by the creation of semantic groupings (Carbia et al., 2018; Kang and Kim, 2022; Rodríguez Holguín et al., 2023).

Learning word lists is one of the most common paradigms in neuropsychological verbal memory research (Flores-Lázaro et al., 2017; Lau et al., 2018; Pflueger et al., 2018; McAndrews et al., 2020). Literature describes adolescence as the most intense period for declarative memory development, which is mediated by information monitoring and cognitive control (Flores-Lázaro et al., 2017; Johnson et al., 2018). This control relies on the action of the executive components on memory content (Fernandez-Duque et al., 2000; Shimamura, 2000), as, for example, the use of grouping strategies (Roebers et al., 2007; Ghetti and Angelini, 2008).

Semantic clustering is the strategy most related to better memory performance, while the serial strategy does so in a less demanding way (Introzzi et al., 2010). Semantic clustering is a high-level cognitive process for encoding new information that involves deep processing and has been related to measures of executive functioning, namely cognitive control, working memory and verbal fluency (Broadway et al., 2019; Fynes-Clinton et al., 2019; Williams et al., 2021). Semantic strategies positively and significantly correlate with better performance in recall tests (Sohlberg and Mateer, 2001; Kirchhoff, 2009) and both short and long-term recall and recognition (Del Valle and Urquijo, 2015). Therefore, they are related to superior verbal memory performance. On the other hand, the serial grouping strategy is considered a passive strategy that depends on auditory and attentional knowledge and has been related to executive functioning to a lesser extent (Broadway et al., 2019; Williams et al., 2021). In addition, together with measures of executive functioning, semantic clustering predicts overall memory performance. For this reason, we consider it important to determine how the ability to use grouping strategies, especially of a semantic type, can determine performance in remembering a list of words. To the best of our knowledge, no studies have been reported on this relationship in subjects BD.

BD subjects present executive monitoring difficulties, closely linked to memory difficulties (Lannoy et al., 2017a, 2018). Such difficulties lead to lower accuracy, as a result of retrieval intrusions and perseveration errors that reduce memory performance (Scaife and Duka, 2009; Sanhueza et al., 2011; Lundervold et al., 2019). Due to the close relationship between verbal memory and executive functioning, the aim of this paper is to find out to what extent executive components, such as the use of strategies in mnemonic tasks (Carbia et al., 2018; Gierski et al., 2020), determine performance in a verbal memory test and how excessive alcohol consumption may affect this performance. We hypothesize that executive ability, assessed by strategies and accuracy errors committed, will determine the performance in verbal memory tests; moreover, we suggest that binge drinking will affect this performance and will relate to poorer executive ability, i.e., less use of strategies and more memory accuracy errors.



2. Materials and methods


2.1. Participants

One hundred and sixty five first-year university students (51.55% female and 48.45% male) with a mean age of 18.12 ± 0.32 years participated. They were selected according to a non-probabilistic sampling from the university campus and collectively and anonymously completed a questionnaire on sociodemographic information, psychopathological symptomatology and information on the use of other legal and illegal drugs, as well as prescription and non-prescription drugs, was collected in the collectively administered questionnaires that included the Symptom Checklist-90-R (SCL-90R; Derogatis, 1983), the Spanish version of the Alcohol Use Disorders Identification Test (AUDIT; Babor et al., 2001) and the Intensive Drinking Evaluation Instrument (IECI; Cortés et al., 2012). Participants reported via a 10 point Likert scale if they were “in agreement” (10) or “in disagreement” (0) with 16 different statements about the effects of carrying out an alcohol consumption. This information was used to decide on inclusion/exclusion in the study. And it was corroborated during the interview prior to the neuropsychological evaluation. Taking into account the amount of alcohol consumed, body mass index, gender and duration of the drinking episode, the highest blood alcohol concentration (BAC) that a subject would have reached in one of these episodes was estimated (Widmark, 1922; Fitzgerald, 1995).

Each participant was interviewed prior to the neuropsychological assessment. In the interview, information about their pattern of alcohol consumption was verified and the following exclusion criteria were applied: family history of alcoholism (first-and second-degree history) or major psychopathological disorder, personal history of neurological disorders or systemic diseases affecting neurocognitive functioning, regular use of drugs or prescription drugs with psychoactive effects, and motor or sensory impairment that prevented them from taking the tests. Then, they participated in two neuropsychological assessment sessions of 50-min sessions each on separate dates. This study is part of a larger project that used a comprehensive neuropsychological assessment protocol. In this paper we only present data referring to learning/memory tasks.



2.2. Instruments

The following instruments were applied:

Symptom Checklist-90-Revised (SCL-90-R; Derogatis, 1983): A self-administered questionnaire composed of a list of 90 items grouped in dimensions such as: depression, anxiety, somatizations, obsessions and compulsions, interpersonal sensitivity, hostility, phobic anxiety, paranoid ideation and psychoticism. In addition, it provides a global index of psychological distress and a global severity index (GSI).

Alcohol Use Disorders Identification Test (AUDIT): Adapted for the Spanish population by Babor et al. (2001). AUDIT was developed by the WHO as a simple screening method of excessive alcohol consumption and it is the most widely used instrument for this purpose. It has 10 questions that enquires about alcohol intake (3 questions about frequency, quantity and binge drinking), potential dependence on alcohol (3 questions), and experience of alcohol-related harm (4 questions).

Intensive Drinking Evaluation Instrument (IECI): Self-registration of consumption in which they report the number of times they drank alcohol during the last 6 months and indicate the number of drinks consumed each day of a week of habitual consumption during those 6 months. They also record the type of alcohol consumed and the time at which each intake was made. This scale presents a good fit in all the studies carried out, ranging from Cronbach’s alpha between 0.900 and 0.913 (Cortés et al., 2012; Motos, 2013).

For memory evaluation, the following instruments were applied:

Test de Aprendizaje Verbal España-Complutense (TAVEC) (Benedet and Alejandre, 2014): This test is equivalent to the California Verbal Learning Test-CVLT (Delis et al., 1987). It is applied to assess learning stability, short and long-term memory, retention, susceptibility to impaired learning interference and recognition. It provides a measurement of the learning strategies employed (serial and semantic). It consists of three-word lists: a learning list (List A), which is presented over five consecutive trials; an interference list (List B), which is presented once after the five previous trials; and a recognition list. Lists A and B are based on the learning of a list of 16 words grouped into four different semantic categories, with List B sharing two categories from the initial list and adding two new categories. The recognition list consists of 44 words. Free and cued recall of list A are tested immediately (short-delay recall), and again after 20 min (long-delay recall). In cued recall trials, the examiner prompts the subjects with the word category.

Logical Memory (WMS-III) (Wechsler, 1997): It is a two-part test in which two short stories (A and B) are read to the subject, with a second presentation of story B. After the presentation of each story, the subject is asked to try to reproduce the story as accurately as possible, emphasizing the importance of all the words in the text read (Logical Memory I). After 30 min, they must repeat what they remember from both stories (Logical memory II) and are given a recognition trial (15 questions per story in which they must say whether the information provided is true or false). Immediate and delayed verbal memory, functions related to hippocampal functioning are therefore assessed (De Toledo-Morrell et al., 2000; Papanicolaou et al., 2002; Wong et al., 2021).

Variables in this research are classified into two groups (Supplementary Table S1). Variables explicitly measuring memory performance in recall and recognition trials are in the first group. Variables which can be considered as indicators of executive skills, as is the case of those measuring strategies or accuracy errors, are in the second group.



2.3. Statistical analysis

Pearson’s correlation was calculated to analyze the relationship between participants’ BAC and verbal memory performance. Subsequently, a cluster analysis was conducted to describe and classify participants into groups sharing similar performance profiles in verbal memory and BAC levels achieved. This cluster analysis combines factorial methods and grouping techniques (Lebart et al., 1995) in four phases of analysis: in the first, a Principal Component Analysis (PCA) is carried out, this facilitates the identification of components (dimensions) underlying the data (Lebart et al., 1995; Pardo and Del Campo, 2007; Husson et al., 2010a,b); in the second phase, an agglomerative hierarchical classification is performed using Ward’s method (Pardo and Del Campo, 2007). Since the variables used to define the factorial plane are quantitative, the Euclidean distance between all the elements to be classified (160 participants) is determined using the first factorial plane obtained through the PCA. The third phase is a classification through mobile centers using the K-means method where, in addition, a validation of the identified groups is determined through hypothesis testing. Finally, the fourth phase includes the description of each of the groups obtained from the previously established continuous and categorical variables. If the variables are continuous, the mean of each group is compared with the general mean; in the case of categorical variables, the percentage of each group is compared with the general percentage. The v.test statistic (Husson et al., 2010a) is used to determine whether they are statistically significant. Data analysis was conducted with R version 3.2.4 (R Core Team, 2020) and the FactoMineR package (Lê et al., 2008) version 1.32 (Husson et al., 2016) was used for PCA and Cluster Analysis.

Data analysis was conducted using R version 3.2.4 (R Core Team, 2020). For PAC and Cluster Analysis, FactoMineR (Lê et al., 2008) version 1.32 (Husson et al., 2016) was used.




3. Results

Pearson’s correlation analysis demonstrates correlations between the use of memory strategies and performance in these tests (Table 1). Thus, for example, to the extent that participants were more skilled at using semantic strategies, their performance in the memory tests was better; on the contrary, the commission of perseverative errors or the inefficiency of monitoring processes was related to a worse performance in the memory tests. Finally, Table 1 also shows how the BAC achieved correlates negatively with both memory performance and total strategy use.



TABLE 1 Statistically significant correlations between BAC, MP, and ECMP (p < 0.05).
[image: Table1]

Cluster analysis was used to identify the possible groups into which the 160 participants fall. Based on the agglomerative hierarchical classification, three groupings were identified: cluster 1 is made up of 42 people (26.25%), cluster 2 of 69 people (43.12%), and cluster 3 of 49 people (30.63%).

Significant differences between three groups were estimated by variance analysis for the 42 previously defined variables. Table 2 shows the variables, including BAC. Differences between groups manifest an effect size greater than 0.8 which allows us to affirm that these variables behave differently depending on the group. In other words, the configuration of the groups estimated through the cluster analysis can be considered valid.



TABLE 2 Three estimated groups ANOVA for RM, CERM, and BAC.
[image: Table2]

Finally, Supplementary Table S2 lists the variables that characterize each of the three groups obtained.

If we take the BAC variable as a reference, whose overall mean is 0.08, we can observe that group 1 is characterized by a value of this variable of 0.12; while group 3 is characterized by a BAC value of 0.06. This means that group 1 includes those with binge drinking, while group 3 includes those who do not report binge drinking episodes. The BAC variable does not characterize group 2 in any way.

Group 1, which is characterized by a high BAC, it is also defined by negative values in variables measuring verbal memory performance (MP). In contrast, group 3, defined by a lower BAC, includes positive values in memory task performance.

In the case of variables related to executive components of memory performance (ECMP), such as use of strategies or commission errors, the values they acquire depending on whether they are in group 1 or 3 are different. For example, group 1 includes participants who made many errors (TAVEC_ERRORS), especially false positives and intrusions in cued recall (TAVEC_RFP; TAVEC_CRI) and are not very skilled at using memory strategies, especially semantic ones (TAVEC_TOTCS; TAVEC_TOTSMC). In contrast, group 3 includes participants who use these memory strategies efficiently by applying efficient memory strategies and make fewer mnemonic errors.

Moreover, 55.6% of the variables characterizing group 1 demonstrate a size effect greater than 0.80, which means they are highly relevant. Thus, Group 1 is made up of participants who consume alcohol intensively, whose performance in memory tests are lower than average and who make more accuracy errors. Group 3 is a specular clustering with that observed in Group 1. That is, subjects characterized by lower BAC values who perform well in the memory tests and make few errors in them. Likewise, the variables characterizing this group are very relevant, since the effect size observed is mostly higher than 0.8.

Table 3 shows the individual scores of the most characteristic subjects from the estimated clusters. Participant 73 represents cluster 3, with no alcohol consumption (BAC = 0.00). Their scores in the memory components (MP) and use of predominantly semantic strategies (CEM) are higher, and they do not score in memory error commission. On the other hand, subject 153, from cluster 1, with a BD consumption pattern (BAC = 0.18), exhibits the lowest scores in the strategy use variables (ECMP), a high commission of errors, and lower scores in the memory variables (MP).



TABLE 3 Most characteristic subjects of estimated clusters.
[image: Table3]



4. Discussion

The aim of our study was to find out to what extent an indicator of executive functioning, such as the accurate use of strategies in the memory process (Carbia et al., 2018; Gierski et al., 2020), might determine the performance of the participants in a verbal memory test and how excessive alcohol consumption can affect this performance. The results of this study indicate that there is a relationship between the executive components of memory performance and global memory performance. In addition, the participants are grouped into two significantly different clusters according to their drinking patterns, which represent specular images regarding TAVEC performance.

The participants who consume alcohol according to a BD pattern are characterized by poorer global performance in memory and ECMPs. They use less semantic grouping strategies, make more errors, more intrusions, and more false positives. They are characterized by using serial grouping strategies, which are less efficient. In contrast, the participants characterized by not binge drinking show good performance on memory tests and on ECMP-related indices. They use semantic grouping strategies. In other words, they engage cognitive abilities to organize and classify words based on their semantic similarities. These strategies allow for the identification and grouping of words into categories based on their related meanings. In addition, cognitive control is applied to avoid perseveration, intrusion, or false positives errors. Furthermore, they typically do not employ serial clustering strategies. Data collected in our research regarding the set of strategies and errors made in the memory tests allow us to configure different characterizations of the groups according to their pattern of alcohol consumption. As we have already noted, it seems the use of semantic strategies requires more cognitive effort than serial grouping strategies (Introzzi et al., 2010) and, moreover is regarded as one of the most efficient resources in memory tests (Sohlberg and Mateer, 2001). In our study, we observed that the participants in the BD cluster used less semantic strategies than non-drinkers or low-consumption-drinkers, like that observed by Squeglia et al. (2009), who found higher semantic strategy scores during the first learning stages in those participants who do not drink alcohol. Our results show that the use of serial strategies characterize BD subjects more than non-BD subjects, something that could be explained by the latter’s use of semantic strategies which, as we have pointed out, require better executive skills and are therefore more decisive in determining the outcome in word list learning results.

The importance of the engagement of prefrontal regions in strategy implementation has been described using the California Verbal Learning Test (CVLT) (Baldo et al., 2002; Alexander et al., 2003). The results of our study provide neuropsychological evidence that the overall use of grouping strategies (TAVEC_TOTCS) is lower or less frequent, as is the detriment in semantic grouping (TAVEC_TOTSMC), in BD subjects (Winward et al., 2014). In fact, there is evidence that BD affects prefrontal regions and thus executive functioning (López-Caneda et al., 2014; Lees et al., 2019).

In addition, our results show that participants in the BD group commit a higher number of intrusions, perseverations, and false positives. It is interesting to note that the performance of BD subjects in word list learning tests is characterized by displaying perseveration errors (Schweinsburg et al., 2010; Sanhueza et al., 2011; Parada et al., 2012; Gierski et al., 2020) and intrusions (Lundervold et al., 2019; Gierski et al., 2020). In addition, studies using this same test have also found that BD subjects make these same types of errors more frequently than non-drinkers (García-Moreno et al., 2008, 2009). These data could suggest that BD subjects may have difficulties in monitoring the test, i.e., in knowing precisely what information they have or have not been given previously. The ability to update and contrast presented information with that already stored depends on working memory (Carbia et al., 2017). The impairment of monitoring processes in BD has already been documented in electrophysiological and behavioral studies of executive function (Lannoy et al., 2017a,b; Lannoy et al., 2018), linking memory difficulties, at least in part, to executive processes.

The data from our study describe decrements in ECMP and overall impaired memory performance in BD participants. In fact, the long-term effects of BD in young people are associated with decreased learning ability and negative effects on verbal memory (Carbia et al., 2017; Lannoy et al., 2019; Lees et al., 2019). In line with the findings of our study, BD participants present impaired performance in verbal memory ability compared to non-drinkers (Winward et al., 2014). Various neuropsychological studies have described the relationship between BD in adolescents and verbal memory performance. In particular, worse performance is found in learning and verbal and visuospatial memory tests, reflecting verbal and non-verbal information retrieval deficits (Brown et al., 2000). Other studies, such as those by Mota et al. (2013) and Parada et al. (2011), observed differences in memory performance in both short and long-term recall in Wechsler Memory Scale (WMS) subtests, with lower performance in BD adolescents. However, these studies found no significant differences on the RAVLT (Rey Auditory Verbal Learning Test), a word list learning test with a very similar structure to the TAVEC test but using semantically unrelated words. Other studies, which used unrelated word lists, also found no differences in recall (Hartley et al., 2004; Carbia et al., 2017), which may mean that, as it does not require an executive skill such as the use of semantic strategies, differences in performance are not significant (Hartley et al., 2004; Carbia et al., 2017).

However, studies using semantically related word tests found young BD adults perform less well compared to the control group (García-Moreno et al., 2008, 2009; Sneider et al., 2013; Winward et al., 2014). Lower performance on story memory and semantically related word list learning tests has also been verified in longitudinal studies in young people who maintained a stable pattern of intensive alcohol consumption from adolescence to early adulthood (Hanson et al., 2011; Carbia et al., 2017). In the study by Gierski et al. (2020), free recall and immediate cued recall scores are markedly lower among BD subjects, suggesting difficulty in the process of retrieving verbal information from episodic memory. Overall memory scores were significantly lower for the BD group. Using visual material, in a verbal memory test, free and paired recall associated with concrete and abstract stimuli was assessed. Of these, BD youth demonstrated lower performance in the tests of learning pairs associated with abstract figures (Scaife and Duka, 2009) and in the recall of common drawn objects (Hartley et al., 2004).

This work is not without limitations. The main one is that although an effort has been made to measure alcohol consumption as reliably as possible, the calculated BAC is an estimate based on self-reports of consumption. In addition, young university students do not represent the entire population of young people who practice heavy alcohol consumption. Their higher academic level implies a certain type of cognitive training that can be reflected in their performance on memory tests. Therefore, we cannot generalize the results. This effect could be different, perhaps even greater, among young people with a lower academic level.

To conclude, our results demonstrate that there is a clear correlation between executive abilities displayed during the verbal memory process and the performance of these tests. Non-BD participants capable of using semantic grouping strategies or efficiently supervising the process to avoid perseverations or false positives, obtain better punctuations at variables measuring verbal memory performance. In contrast, intensive alcohol consumption its associated with poorer executive function. According to our results, BD participants display fewer executive abilities, such as semantic grouping strategies or error commission and as a result they have worse verbal memory performance than non-BD participants.
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Introduction: Several studies have reported structural and functional abnormalities of the amygdala caused by methamphetamine addiction. However, it is unknown whether abnormalities in amygdala function persist in long-term methamphetamine abstainers.
Methods: In this study, 38 long-term male methamphetamine abstainers (>12 months) and 40 demographically matched male healthy controls (HCs) were recruited. Considering the heterogeneous nature of the amygdala structure and function, we chose 4 amygdala subregions (i.e., left lateral, left medial, right lateral, and right medial) as regions of interest (ROI) and compared the ROI-based resting-state functional connectivity (FC) at the whole-brain voxel-wise between the two groups. We explored the relationship between the detected abnormal connectivity, methamphetamine use factors, and the duration of withdrawal using correlation analyses. We also examined the effect of methamphetamine use factors, months of withdrawal, and sociodemographic data on detected abnormal connectivity through multiple linear regressions.
Results: Compared with HCs, long-term methamphetamine abstainers showed significant hyperconnectivity between the left lateral amygdala and a continuous area extending to the left inferior/middle occipital gyrus and left middle/superior temporal gyrus. Abnormal connections negatively correlated with methamphetamine withdrawal time (r = −0.85, p < 0.001). The linear regression model further demonstrated that the months of withdrawal could identify the abnormal connectivity (βadj = −0.86, 95%CI: −1.06 to −0.65, p < 0.001).
Discussion: The use of methamphetamine can impair the neural sensory system, including the visual and auditory systems, but this abnormal connectivity can gradually recover after prolonged withdrawal of methamphetamine. From a neuroimaging perspective, our results suggest that withdrawal is an effective treatment for methamphetamine.
Keywords: long-term withdrawal, functional connectivity, amygdala, occipital gyrus, temporal gyrus
1 INTRODUCTION
Methamphetamine is a common amphetamine-type stimulant that excites the central nervous system. Methamphetamine abuse leads to cognitive impairment, increased impulsiveness, and aggression (Vocci, 2008; Hart et al., 2012; Cservenka and Ray, 2017; Wang et al., 2017), as well as severe psychotic symptoms, including visual hallucinations, auditory hallucinations, and persecution delusions (Grant et al., 2012; Yang et al., 2021; Edinoff et al., 2022). Additionally, the repeated use of methamphetamine can affect the hypothalamic-pituitary-adrenal (HPA) axis, which can result in a state of anxiety and depression (Li et al., 2013; Zuloaga et al., 2015), and even an increased risk of suicide (Berardelli et al., 2020). According to the World Drug Report 2022, in the past decade, the number of amphetamine users worldwide has been steadily increasing, surpassing traditional drugs such as heroin and ketamine. Methamphetamine is ranked as one of the most abused drugs worldwide. In China, methamphetamine is the most abused drug, with 57.2% of its users using it (World Drug Report, 2022). Currently, there is no effective treatment for methamphetamine use disorder (Shoptaw et al., 2009; Acheson et al., 2022), although withdrawal treatment has a certain effect (McCann et al., 2008; Iudicello et al., 2010; Zorick et al., 2010; Proebstl et al., 2019; Paulus and Stewart, 2020; Liu et al., 2021). Withdrawal treatment is one of the primary methods used by the Chinese government to control the use of methamphetamine (Shanghai Drug Rehabilitation Administration Subject Group, 2023).
Withdrawal treatment is a detoxification method that interrupts drug use and manages withdrawal symptoms. It can improve impulse inhibition (Liu et al., 2021), cognitive deficits (McCann et al., 2008; Iudicello et al., 2010; Proebstl et al., 2019), and psychotic symptoms (Zorick et al., 2010). However, this treatment also has shortcomings, specifically, abrupt cessation of methamphetamine use can lead to withdrawal syndrome including anxiety, anhedonia (Iudicello et al., 2010; Su et al., 2017; Proebstl et al., 2019; Acheson et al., 2022), and may even experience relapse behavior (Zuloaga et al., 2015) and a higher risk of treatment resistance (Serafini et al., 2017). Even after a short-term withdrawal, methamphetamine users may still have abnormal social functions, such as low social acceptance, violent behavior, and affective symptoms (Kim et al., 2011). With long-term withdrawal treatment, some of these symptoms gradually resolve, but others continue to develop into persistent symptoms, such as insomnia and anxiety (Peck et al., 2005; McCann et al., 2008; Iudicello et al., 2010; Proebstl et al., 2019). Assessing the neural mechanisms of long-term methamphetamine abstainers can help understand 1) the efficacy of withdrawal and 2) the long-term effects of methamphetamine on the neural system. However, few studies have shed light on the neural mechanisms of long-term abstaining (beyond the first 6 months of withdrawal).
Together with the nucleus accumbens, ventral tegmental area, thalamus, hippocampus, and medial prefrontal cortex, the amygdala forms a reward circuit in the brain that plays an important role in substance addiction and abuse (Huang et al., 2018; Yang et al., 2022). Previous studies reported that methamphetamine can cause structural and functional abnormalities in the amygdala (Dean et al., 2014; Okita et al., 2016). Methamphetamine users had reduced gray matter volume (Orikabe et al., 2011) and increased activation in the amygdala, resulting in poor regulation of emotion, increased aggression, and impulsivity, which may further exacerbate addictive behaviors in methamphetamine users (Payer et al., 2011). The amygdala is a heterogeneous structure that is further subdivided into lateral and medial parts. The lateral amygdala is associated with fear extinction and reward processes (Zhang et al., 2020; Choi et al., 2021), whereas the medial amygdala is associated with various social behaviors, stress responses, and aggression (Haller, 2018; Raam and Hong, 2021). Therefore, dividing the amygdala into multiple subregions could help us better understand its different roles in addiction.
Although several neuroimaging studies have investigated the neural mechanisms of acute methamphetamine users, few have investigated the neural mechanisms of long-term methamphetamine abstainers. Inspired by research reported the structural and functional abnormalities in the amygdala of methamphetamine addictions, and taking into account the heterogeneity nature of amygdala structure and function (Fan et al., 2016; Kang et al., 2017), we speculate that individuals who are long-term abstinent from methamphetamine may continue to exhibit functional abnormalities in amygdala, but the abnormalities of amygdala subregions may vary. This study aims to explore the resting-state functional connectivity (FC) between different amygdala subregions with other brain regions in individuals who long-term abstinent from methamphetamine, and to examine the relationship between these abnormal connections with withdrawal time, frequency of methamphetamine use, dosage, and other related factors.
2 MATERIALS AND METHODS
2.1 Participants
This was a retrospective case-control study. The participants included 47 male long-term methamphetamine abstainers and 44 age-matched healthy male volunteers. Long-term methamphetamine abstainers were obtained from the Pingtang Isolation and Compulsory Drug Rehabilitation Center of Hunan Province, China. The inclusion criterion for the methamphetamine withdrawal group was age: 18–45 years; Han nationality; right-handed; meeting the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) criteria for methamphetamine dependence; and using methamphetamine twice weekly for >2 years; duration of abstinence >12 months.
The exclusion criteria were illiteracy; lifetime diagnosis of substance dependence other than methamphetamine; Past serious I-axis medical, neurological, or psychotic disorders; current use of psychotropic or intravenous drugs; Patient Health Questionnaire-9 (PHQ-9) item (Spitzer, 1999; Kroenke et al., 2001) scores >5 or suicidal ideation, claustrophobia, learning disability, or central nervous system illness; traumatic brain injury with fracture or loss of consciousness for at least 10 min; and other contraindications for magnetic resonance imaging (MRI). The healthy controls (HCs) comprised local residents, male, 18–45 years old, Han nationality, and right-handed. Current or former methamphetamine users who met the DSM-IV criteria or had serious medical and/or neurological problems were excluded. All subjects were asked to abstain from alcohol, nicotine, or other potentially psychoactive substances for at least 48 h prior to the study and HCs were additionally required to have a score of less than four on the Alcohol Use Disorders Identification Test-Concise (AUDIT-C) (Bush, 1998). All research procedures were conducted in accordance with the ethical norms of the 1975 Declaration of Helsinki and were reviewed and approved by the Institutional Review Committee of Second Xiangya Hospital of Central South University. All participants were fully informed of the study procedures and provided signed informed consent. This study adhered to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement.
2.2 Measurements
Three days before the start of the study, the urine of the abstainers was tested to assess whether they had recently used drugs. Self-report questionnaires were collected on the day the study began or the day before. These questionnaires were used to collect demographic information, methamphetamine use information, and months of abstinence. Demographic information included age, marital status, years of education, monthly income before entering rehabilitation, and whether they smoked and drank, while information on methamphetamine use included frequency of methamphetamine use in the past year and month before enrollment, monthly methamphetamine doses before entering rehabilitation, age of first use, and months of methamphetamine-use. The Edinburgh Handedness Scale was used to determine the dominant hand of each participant.
2.3 Scanning parameters of functional MRI
Scans were performed using a Tesla Siemens 3.0 scanner (Allegra; Siemens Medical Systems, Erlangen, Germany) with a standard head coil. Whole-brain echo planar image from functional MRI (fMRI) scan with T2-weighted gradient echo sequence, repetition time (TR) = 2000 ms, echo time = 30 ms, flip angle = 80°, field of view (FOV) = 220 mm × 220 mm, voxel size = 3.4 mm × 3.4 mm × 4.0 mm; slice thickness = 4 mm; gap = 1 mm; matrix = 64 × 64; number of slices = 36, volume = 225. The total fMRI scan duration was 450 s. Earplugs and pillows were placed around the head to isolate and control head movement, respectively.
2.4 fMRI data preprocessing
The MATLAB-based SPM12 toolkit (SPM12 https://www.fil.ion.ucl.ac.uk/spm/) and DPABI (http://rfmri.org/dpabi) were used to preprocess the data. The steps included 1) image format conversion, converting DICOM format to NII format; 2) removal of the first 10 images to ensure the stability of the magnetic field and to give subjects time to adapt; 3) time layer correction, selecting the layer acquired at the middle time point as the reference layer, and correcting the other layers to make them consistent with the acquisition time of the reference layer; 4) head movement correction, remove of subjects whose head movements greater than 2 mm and 2°, which included four HCs and nine methamphetamine abstainers; 5) spatial normalization, aligning all images to Montreal Neurological Institute (MNI) space by Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL); 6) covariate removal, including 24 head motion parameters, cerebral white matter, cerebrospinal fluid and whole brain noise signals; 7) removal of linear drift; 8) smoothing, with a Gaussian smoothing kernel half-height width of 8 mm; 9) filtering, leaving data in the 0.01–0.08 Hz interval to reduce low frequency drift and physiological noise.
2.5 Functional connectivity analyses
Four amygdala subregions (left lateral, left medial, right lateral, and right medial) were selected as regions of interest (ROI). Time series correlations between the four ROIs and other regions in the whole brain were calculated voxel-wise, and Fisher’s Z transformation was performed to obtain normalized FC values.
2.6 Statistical analyses
General demographic and clinical data were analyzed using SPSS 23.0, with a two-sided test and a significance level of p < 0.05. The DPABI was applied as an independent samples t-test for FC values in the two groups, with age and years of education as covariates. The statistical significance level was set to Gaussian random field (GRF) correction with a voxel p < 0.05, and areas with a corrected cluster p < 0.05.
2.7 Linear regression analyses
Pearson’s correlations were used to examine the relationship between FC strength and methamphetamine use (including months of use, dose, frequency of use in the previous year and last month, age at first methamphetamine use, and months of withdrawal). Multifactorial linear regression equations were used to explore the independent risk factors for changes in brain function. Variance inflation factors (VIF) were used to determine multicollinearity between the independent variables, with VIF > 5 indicating multicollinearity and VIF > 10 indicating severe multicollinearity. If VIF > 10, one of the two variables with strong covariance was removed.
3 RESULTS
3.1 General demographic and drug use characteristics
After data quality analysis, there were 38 people in the long-term methamphetamine abstainer group and 40 in the HC group. No group-related differences in age, educational level, monthly income, smoking status, and drinking status were observed. Regarding marital status, the ratio of unmarried to divorced individuals was significantly higher in the methamphetamine withdrawal group than in the control group (χ2 = 26.57, p < 0.001), and the demographic data is provided in Table 1.
TABLE 1 | Demographics in methamphetamine long-term abstainers and healthy control group.
[image: Table 1]In the methamphetamine withdrawal group, the average first-use age was 25.92 ± 6.89 years, the average use time was 59.92 ± 32.42 months, the average use frequencies in the last year and last month were 2.08 ± 1.08 times and 2.00 ± 1.23 times, respectively. The average dose at the last month was 24.58 ± 25.12 g, indicating that the participants recruited in this study had severe methamphetamine abuse before entering the drug rehabilitation center. The average number of months of withdrawal after entering the drug rehabilitation center was 19.16 ± 2.55 months. Please refer to Table 2 for the detailed usage of methamphetamine.
TABLE 2 | Details of methamphetamine use characteristics and withdrawal months.
[image: Table 2]3.2 Functional connectivity analyses
As presented in Table 3; Figure 1, the methamphetamine abstainers group showed hyperconnectivity of the left lateral amygdala with a continuous area that extended to the left inferior occipital gyrus, left middle occipital gyrus, left middle temporal gyrus, and left superior temporal gyrus compared with HCs. However, no abnormal connectivity was detected in the methamphetamine abstainers group when the other 3 amygdala subregions were used as ROI.
TABLE 3 | Brain regions showing group-related difference in the functional connectivity with the left lateral amygdala.
[image: Table 3][image: Figure 1]FIGURE 1 | Regions of interest and the regions that differed significantly between the two groups. (A) Amygdala subdivisions from a dorsal view of the brain. The amygdala is segmented into four subregions based on the human Brainnetome Atlas. When the left lateral amygdala was used as the region of interest, the functional connectivity of the two populations showed a difference between groups. Red circle: left lateral amygdala. (B) Functional connectivity of parts of the superior temporal gyrus with the left lateral amygdala shows group-related differences. Abbreviations: ROI, region of interest.
3.3 Linear regression analyses
We extracted the average connectivity between the left lateral amygdala and the detected area and conducted a Pearson correlation to examine the relationship between this abnormal connectivity and methamphetamine use characteristics and months of withdrawal. Abnormal connectivity was negatively correlated with the number of months since withdrawal (r = −0.85, p < 0.001). After incorporating methamphetamine use characteristics, months of withdrawal, and sociodemographic data into the multiple linear regression equation, months of withdrawal independently identified abnormal functional connectivity (βadj = −0.86, 95%CI: −1.06 to −0.65, p < 0.001). Please refer to Figure 2 and Table 4 for further details.
[image: Figure 2]FIGURE 2 | Pearson’s correlation results and Scatter plot of functional connectivity strength between the detected functional connectivity with months of withdrawal. Note: **: At the α = 0.01 level (two-tailed), the correlation is significant. Months of withdrawal was negatively correlated with the strength of the functional connectivity (r = −0.85, p < 0.001), other variables were not found to be significantly associated with functional connectivity strength. Abbreviations: MA, Methamphetamine.
TABLE 4 | Multiple linear regression results.
[image: Table 4]4 DISCUSSION
By analyzing amygdala-based resting-state FC in long-term methamphetamine abstainers, the current study has reported several following findings. First, we observed that in terms of marital status, the proportion of unmarried and divorced was significantly higher in the long-term methamphetamine abstainers than that in the HCs. What’s more, compared with the HCs, long-term methamphetamine abstainers showed hyperconnectivity between the left lateral amygdala with a continuous area extending to the left inferior/middle occipital gyrus, and the left middle/superior temporal gyrus. Finally, Pearson correlation analysis and multivariate linear regression revealed that months of withdrawal were negatively correlated with the detected FC (r = −0.85, p < 0.001), which is also an independent predictor of abnormal FC (βadj = −0.86, 95% CI: −1.06 to −0.65, p < 0.001).
In this study, there were no significant group-related differences in age, educational level, monthly income, smoking status, or alcohol consumption. In terms of marital status, the ratio of unmarried to divorced long-term methamphetamine abstainers was significantly higher than that of the HCs (χ2 = 26.57, p < 0.001). This suggests that it is more difficult for methamphetamine users to maintain a healthy family life with others compared to non-users. A previous study reported that methamphetamine users were mostly unmarried (48.57%), divorced, separated, or widowed (15.14%) (Su et al., 2018). Furthermore, long-term methamphetamine abstainers included in this study were recruited from isolated drug rehabilitation centers. They seldom have contact with the outside world or participate in social activities; therefore, it is difficult for them to find suitable marriages. Stigma and discrimination against methamphetamine users are also common, which can create negative and derogatory impressions, resulting in less contact between methamphetamine users and the outside world (Deen et al., 2021).
In the current study, compared to HCs, long-term methamphetamine abstainers showed hyperconnectivity between the left lateral amygdala and left inferior/middle occipital gyrus. These areas are located in the occipital lobe, which is primarily responsible for processing visual, motor, and language information. Sato et al. (2017) reported that both the inferior occipital gyrus and amygdala are involved in facial recognition (Sato et al., 2017). Methamphetamine use may cause abnormalities in the visual system. Previous studies have reported that psychotic symptoms, such as visual hallucinations, may occur with continued methamphetamine use (Onitsuka et al., 2007; Grant et al., 2012). These symptoms appear during methamphetamine use and persist during the withdrawal period (Akiyama et al., 2011; Potvin et al., 2018). Van Hedger et al. have reported that methamphetamine users showed increased activation of primary visual centers in response to low “non-straight edges” (NSE) or less complex stimuli during an NSE visual stimulation task (Van Hedger et al., 2019). Based on these findings, we suggest that methamphetamine has long-term effects on the visual system.
Increased FC between the left lateral amygdala and left inferior/middle occipital gyrus may also be associated with increased sexual impulsiveness in long-term methamphetamine abstainers. Numerous studies have demonstrated that methamphetamine use enhances sexual assertiveness and reduces sexual inhibition (Giorgetti et al., 2017; Chen et al., 2020). Activities in the amygdala and occipital lobe are associated with sexual impulsivity (Gola et al., 2015; Huang et al., 2018; Iovino et al., 2019). Previous studies have reported increased activity in the amygdala when primitive impulses were enhanced (Gola et al., 2015; Iovino et al., 2019). However, the sexual activity of methamphetamine users confined to drug rehabilitation centers is inhibited (Bismpas et al., 2020), and sexual impulses during withdrawal treatment are increased (Semple et al., 2005; Jones et al., 2016). Our previous study also showed that long-term methamphetamine abstainers showed increased activity in the occipital lobe when exposed to pornographic cues (Huang et al., 2018).
Long-term methamphetamine abstainers showed hyperconnectivity between the left lateral amygdala and left middle/superior temporal gyrus compared to HCs. Previous studies have demonstrated a functional crossover between the amygdala and the voice-sensitive auditory cortex, which is located along the superior temporal gyrus and sulcus bilaterally and is often associated with auditory and emotional processing (Pernet et al., 2015; Pannese et al., 2016). The lateral amygdala is an important subregion that receives auditory input (Yang et al., 2022), When auditory information is delivered to the brain, both the amygdala and auditory cortex can process and decode emotional information in auditory information to discriminate emotions in sounds (Ousdal et al., 2014; Pannese et al., 2016). The current study found increased FC between the amygdala and superior temporal gyrus in long-term methamphetamine withdrawal, indicating that some brain regions involved in the auditory circuit are affected by methamphetamine. Furthermore, the middle temporal gyrus receives information from the occipital lobe for visual processing, facial recognition, and emotional recognition (Pourtois et al., 2005). Combined with the present finding of abnormal FC between the amygdala and occipital lobe, we speculated that methamphetamine use would cause some degree of effects on some brain regions involved in emotion regulation and sensory recognition and that these adverse effects could persist in the long term.
In the current study, abnormal FC in long-term methamphetamine abstainers was observed only when the left lateral amygdala was used as the ROI. Previous studies have reported imbalanced functions in different parts of the amygdala; for example, the left amygdala is more recruited in emotional processing than the right amygdala (Peng et al., 2020); whereas the lateral and medial amygdala are associated with terror acquisition, stress response, and aggression, respectively (Haller, 2018; Raam and Hong, 2021). Consistent with the results of the current study, Hayes et al. (2003) reported that the basolateral amygdala complex mediates drug-seeking behaviors in cocaine-dependent rats (Hayes et al., 2003). Furthermore, Li et al. have reported that the lateral amygdala is associated with the reward processes (Li et al., 2018). We speculate that abnormalities in the left lateral amygdala may be more prominent in addicted brains and call for future relevant research focusing on this amygdala subregion.
This study observed that withdrawal duration could independently identify abnormal hyperconnectivity after excluding the effects of other factors. Notably, a more lenient multiple-comparison correction method was used to derive the results. These findings suggest that methamphetamine use causes abnormalities in brain regions involved in sensory and emotional regulation. However, with long-term discontinuation and isolation, abnormalities in these brain regions can be partially reversed. Consistent with the current study, previous studies have reported that recovery of cognitive function and mood impairment occurs in methamphetamine users who undergo detoxification (Bensmann et al., 2019; Proebstl et al., 2019; Liu et al., 2021), and a gradual convergence of gray matter volume to normal size in the amygdala and parts of the temporal and occipital lobes of methamphetamine users after a period of discontinuation (Morales et al., 2012; London et al., 2015; Nie et al., 2020). However, due to the lack of an acute methamphetamine user group for comparison, our results should be interpreted with caution.
The present study has some limitations. First, the results of the current study were not corrected by stricter corrections, such as false discovery rate (FDR) or family-wise error (FWE), but by a more liberal scale of multiple comparison correction (GRF-corrected, p < 0.05). Considering that the recruited group included individuals with long-term methamphetamine withdrawal, we chose a more lenient multiple comparison correction. The correlation analysis results also supported this option, as the anomalous amplitude of the detected FC was negatively correlated with withdrawal duration. Although lenient corrections for multiple comparisons are more likely to detect residual abnormalities in long-term methamphetamine abstainers, these findings should be interpreted with caution, and further large-sample studies are needed to validate the results. Second, this was a case-control study that lacked follow-up data, and more longitudinal studies are needed to elucidate the relationship between the presence of sensory system abnormalities and methamphetamine use. Third, this study only recruited Chinese men. Women and long-term methamphetamine abstainers of other ethnicities should be studied as well. This study used a larger and more representative sample size. Finally, there were two limitations of this study to evaluate participants’ emotional states. One is we solely asked the participants about their current level of fear and the specific object of their fear (mainly focusing on claustrophobia). However, we did not gather additional information to assess participants’ fear using scales or interviews. Another one is that although we excluded participants with PHQ-9 scores above 5 (potentially depressed abstainers and healthy controls), we did not record the PHQ-9 scores of those included participants. These limitations hindered the further examination of whether changes in FC were influenced by mood states acting as confounding factors. Future studies should include the fear assessment scale and record depression scores for correlation analysis and comprehensive research.
5 CONCLUSION
This study explored amygdala-based resting-state FC in long-term methamphetamine abstainers at whole-brain voxel-wise. We observed that compared with HCs, long-term methamphetamine abstainers showed significant hyperconnectivity between the left lateral amygdala and parts of the temporal and occipital gyri. This hyperconnectivity was highly negatively correlated with withdrawal duration. Therefore, we speculate that the use of methamphetamine can impair the neural sensory system, including the visual and auditory systems, but this abnormal connectivity can gradually and partially recover after prolonged withdrawal of methamphetamine. Currently, effective methods for treating methamphetamine addiction are lacking. Nevertheless, our research suggests that withdrawal therapy may contribute to the restoration of sensory impairments in methamphetamine users. Despite this, owing to certain limitations inherent to our study, a study with a larger sample size could further explore the comprehensive impact of withdrawal therapy on individuals who use methamphetamine.
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Background: Cocaine use disorder (CUD) is a global health issue with severe behavioral and cognitive sequelae. While previous evidence suggests a variety of structural and age-related brain changes in CUD, the impact on both, cortical thickness and brain age measures remains unclear.

Methods: Derived from a publicly available data set (SUDMEX_CONN), 74 CUD patients and 62 matched healthy controls underwent brain MRI and behavioral-clinical assessment. We determined cortical thickness by surface-based morphometry using CAT12 and Brain Age Gap Estimate (BrainAGE) via relevance vector regression. Associations between structural brain changes and behavioral-clinical variables of patients with CUD were investigated by correlation analyses.

Results: We found significantly lower cortical thickness in bilateral prefrontal cortices, posterior cingulate cortices, and the temporoparietal junction and significantly increased BrainAGE in patients with CUD [mean (SD) = 1.97 (±3.53)] compared to healthy controls (p < 0.001, Cohen’s d = 0.58). Increased BrainAGE was associated with longer cocaine abuse duration.

Conclusion: Results demonstrate structural brain abnormalities in CUD, particularly lower cortical thickness in association cortices and dose-dependent, increased brain age.

KEYWORDS
 BrainAGE, cortical thickness, cocaine, substance use disorder, addiction, aging, cocaine use disorder


1. Introduction

Cocaine use disorder (CUD) is part of a spectrum of substance use disorders (SUD) that, according to the United Nations Office on Drugs and Crimes’ World Drug Report 2022, imposes a global health issue with approximately 21.5 million cocaine users annually, which translates into a 0.4% prevalence in the population aged 15–64. The prevalence of cocaine dependence, the second most commonly used illicit drug in Europe (1), is estimated to be approximately 1–2% in both European and American populations, with significantly more males affected (2, 3). CUD is defined in the DSM-5 as a specific pattern of cocaine use that leads to significant clinical impairment or distress and is caused by genetic, environmental, biological, and psychological factors (4). Behavioral-cognitive changes in CUD include changes in attention, compulsivity, impulsivity, and memory, thus making underlying brain changes plausible (5, 6).

In fact, frequent cocaine use is associated with microstructural, macrostructural, and functional brain changes, most of which have been demonstrated in animal studies (7–10). In humans, there is less and inconsistent evidence of structural changes in cocaine addicts, with most studies showing volumetric changes in prefrontal regions (9, 11–18). These structural changes have been shown to correlate with behavioral and cognitive measures such as impulsivity and compulsivity (19). However, it is unclear which distinct brain aspects contribute to the volume changes, such as cortical thickness. Therefore, the current study focuses on cortical thickness in CUD. We chose surface-based morphometry to directly assess cortical thickness as a distinct marker of brain integrity and cortical atrophy (20–22). Furthermore, frontal grey matter volume losses in patients with CUD compared with healthy controls (HC) have been shown to be age-related, suggesting potentially accelerated brain aging in CUD (23). An established biomarker of accelerated brain aging that is also related to cortical thickness, is the brain age gap estimation (BrainAGE) (24). BrainAGE is measured by structural MRI combined with machine-learning algorithms to estimate the difference between brain measures of a normal population and an index group (25–27). This biomarker has been reliably used to calculate the offset between biological and chronological brain age based on MRI and identified significant differences in various neuropsychiatric disorders (28–30). The current study therefore also focuses on BrainAGE in CUD.

In this study, we investigated the impact of CUD on biological brain age and cortical thickness in a relatively large cohort of adults with CUD and matched HC. We hypothesized that patients with CUD would have a significantly accelerated biological brain age and lower cortical thickness in prefrontal cortices (13, 14). To test these hypotheses, we analyzed high-resolution structural 3D T1-weighted MR images using surface-based morphometry and relevance vector regression. In addition, we investigated possible associations of potential changes in both accelerated biological brain age and cortical thickness with behavioral-clinical assessments, such as impulsivity and compulsivity, in the CUD cohort. Due to previously described widespread brain changes in CUD, we expected particularly that global brain age changes might be linked with both the ‘dose-effect’ and the most relevant behavioral changes of cocaine use, such as craving or impulsivity.



2. Materials and methods


2.1. Participants

A detailed description of the evaluated cross-sectional Mexican Substance Use Disorder neuroimaging dataset (SUDMEX_CONN) can be found in: (9, 31, 32). Briefly, 145 participants (patients with CUD and HC between 18 and 50 years of age) were enrolled in the study between March 2015 and October 2016. Cocaine dependence was diagnosed in patients with CUD using the MINI International Neuropsychiatric Interview - Plus Spanish version 5.0.0 (33) administered by trained psychiatrists.

Patients with CUD were actively consuming cocaine or had been abstinent for less than 60 days prior to the study; frequency of use had to be at least 3 days per week; and abstinence had to be no more than 60 days continuously in the past 12 months. Additional inclusion/exclusion criteria have been published with the dataset or have been made available at: https://zenodo.org/record/5123331. Verbal and written informed consent were obtained from all participants. The study was conducted in accordance with the Declaration of Helsinki and approved by the local ethics committees of the Instituto Nacional de Psiquiatría “Ramón de la Fuente Muñiz” in Mexico City, Mexico. Participants were invited through posters placed in addiction treatment centers.

Of the total 145 participants, 7 were excluded from data collection (see Supplementary material). In addition, 2 participants (HC) were excluded due to missing demographic data (age and sex). Thus, the final sample consisted of 136 individuals [74 patients with CUD (9 females) and 62 HC (11 females)].



2.2. Clinical and behavioral assessments

In the SUDMEX-CONN study, clinical standardized questionnaires, medical interviews, and cognitive tests were completed by participants. The tests were administered by trained psychiatrists and psychologists. We focused on the most prominent behavioral measures in CUD, namely craving as assessed by the Cocaine Craving Questionnaire (CCQ), which measures patients’ drug-related craving within the past week and has been validated in the Mexican population (34, 35), and impulsivity as assessed by the Spanish translation of the Barratt Impulsiveness Scale version 11 (BIS), that measures impulsive behaviors by the 3 categories of attentional, motor, and non-planning impulsiveness (36, 37). In addition, we assessed executive functioning by the Berg’s Card Sorting Test (BCST) (38, 39). Furthermore, we the average weekly cocaine dose and years consuming cocaine as a proxy for the cocaine dependent ‘dose-effect’.



2.3. Imaging data acquisition

MRI data were obtained using a Philips Ingenia 3 Tesla MR system (Philips Healthcare, Best, The Netherlands, and Boston, MA, United States), with a 32-channel dS Head coil. Breath alcohol tests were performed before MRI acquisition. High-resolution structural T1-weighted (T1w), 3D-FFE SENSE sequence was performed with the following parameters: TR/TE = 7/3.5 ms, field of view = 240 mm2, matrix = 240 × 240 mm, number of slices = 180, gap = 0, plane = sagittal, voxel = 1 × 1 × 1 mm (the first five participants were imaged with a voxel size of 0.75 × 0.75 × 1 mm). Image data quality was assessed visually and quantitively using MRIQC v. 0.15, which is available on the OpenNeuro platform and can be found in the dataset release publication. All images passed homogeneity control as implemented in the CAT12 toolbox (40).



2.4. MRI preprocessing

MRI data were processed in Matlab 2021b1 using SPM122 and the CAT12 toolbox3 (40). As detailed elsewhere, (26) all images were corrected for magnetic field inhomogeneities, tissue-classified into gray matter, white matter, and cerebrospinal fluid, and spatially normalized to MNI space using 12-parameter affine transformations. The normalized gray and white matter segments were then smoothed using a 4 mm and 8 mm FWHM Gaussian Kernel, and the images were resampled to 4 mm and 8 mm. These processed images provided the input for the BrainAGE analysis.



2.5. BrainAGE estimation

The BrainAGE framework is based on a Relevance Vector Regression Machine (RVR) (41). Based on T1-weighted images it models healthy brain development and aging, allowing individual brain age estimation (26). The initial model was trained using chronological age and processed gray and white matter segments based on T1-weighted images of MRI data from the IXI dataset4 to extract the salient features of healthy brain development and aging. Depending on the relative importance of each voxel for healthy brain aging voxel-specific weights are calculated. For a detailed description of the most important features that were used by the RVR to quantify healthy brain aging please refer to Franke et al. (26). Finally, individual brain age of a test subject can be calculated based on preprocessed T1-weighted MRI data across the whole brain applying the regression pattern of healthy brain aging. The difference between this estimated and chronological age is the individual’s BrainAGE score. Positive values indicate accelerated and negative values indicate decelerated structural brain aging. The model’s reliability has been demonstrated in several recent works at a mean absolute error of 3.322 years and has been shown to yield intraclass correlation coefficients of 0.9 calculated from two shortly delayed scans on the same MRI scanner (25, 42).

In this study, to consider the age range of our sample we limited the age range of the used training data to 18–50 years and finally used 255 healthy subjects (125 females, mean age 32.6, SD 7.21 years) for training. We applied this trained algorithm to the processed gray and white matter images normalized to MNI space of the current sample to estimate individual BrainAGE. The 8 different models (4 mm and 8 mm for resampling and smoothing, gray and white matter) were combined to one single BrainAGE value using a general linear model that maximized BrainAGE differences between the two groups.



2.6. Surface-based morphometry

Surface-based morphometry was also processed using the CAT12 toolbox. The extracted cortical thickness measures were smoothed using a 12 mm FWHM Gaussian Kernel. Surface region of interest (ROI) analysis was performed for 70 ROIs based on the Desikan-Killiany Atlas included in CAT12 (43). A list of the 70 ROIs can be found in the Supplementary material.



2.7. Statistical analysis

Statistical analyses on scalar variables were performed using IBM SPSS Version 27 (IBM Corp., Armonk, NY, United States): Normal distribution was assessed with the Shapiro–Wilk test. Differences in clinical variables between patients with CUD and HC were tested with the Chi2 test (sex) and two-sample t-tests (BCST, BIS). The threshold for statistical significance was set at p < 0.05.


2.7.1. Group comparison for cortical thickness

A general linear model (GLM) analysis was used to test for group differences (patients with CUD vs. HC) in cortical thickness of ROIs using the CAT12 toolbox. Sex and age were entered as covariates-of-no-interest. The threshold for statistical significance was set at p < 0.05, false discovery rate-corrected (FDRc) (44).

To validate the ROI-GLM approach, we performed vertex-wise GLM analysis to test for group differences (patients with CUD vs. HC) in cortical thickness using the CAT12 toolbox. Sex and age were entered as covariates-of-no-interest. Additional threshold-free cluster enhancement was performed using the TFCE toolbox of CAT12 with 10,000 permutations (45). The threshold for statistical significance was set at p < 0.05, family-wise error corrected (FWEc). We did not use total intracranial volume as a covariate-of-no-interest, since cortical thickness is widely independent of head size (46, 47).



2.7.2. Group comparison for BrainAGE

Group difference in BrainAGE between patients with CUD and HC was assessed by one-tailed t-test. The threshold for statistical significance was set at p < 0.05. Cohen’s d was calculated for group differences.



2.7.3. Linking BrainAGE and behavioral-clinical variables and the ‘dose-effect’

Linkage of BrainAGE to behavioral-clinical variables through statistical analyses was performed using IBM SPSS Version 27 (IBM Corp., Armonk, NY, United States) and SPM12, running under MATLAB 2021b. Correlations between behavioral-clinical variables and individual BrainAGE scores were tested in the CUD cohort with two-tailed partial Spearman correlation analysis, corrected for age and sex, and correlations between the ‘dose-effect’ and individual BrainAGE scores were tested in the CUD cohort with one-tailed partial Spearman correlation analysis, corrected for age and sex. Statistical significance was set at p < 0.05. We analyzed the CCQ and BIS scores for cocaine-related behavioral effects, the BCST for cognition, and the years consuming cocaine and average weekly dose of cocaine for cocaine dose-dependent effects on BrainAGE scores.

We also performed these analyses for the regional cortical thickness changes and behavioral-clinical variables, but as the effects of cocaine use on the brain are expected to be widespread, as an exploratory analysis.

Three patients with CUD had missing CCQ-scores, nine patients with CUD had missing ‘dose-effect’ data, and 10 patients with CUD had missing BCST and BIS scores. Subjects were excluded from the respective analyses.





3. Results


3.1. Sample characteristics

The demographic and clinical characteristics of the study cohort are shown in Table 1. There was no significant difference between patients with CUD and HC in age at scanning (p = 0.77) and sex (p = 0.54). Patients with CUD made significantly more errors in the BCST (p = 0.003) and showed higher impulsiveness in the BIS (p < 0.001). Median average weekly dose in grams of cocaine in the past year was 1–4 grams. The average years of consuming cocaine was 9.1 ± 6.8 years.



TABLE 1 Demographical, cognitive, and clinical data of the study cohort.
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3.2. Cortical thickness


3.2.1. Reduced cortical thickness in patients with CUD

The results of the ROI-based GLM cortical thickness analysis of patients with CUD and HC showed a significant (p < 0.05, FDRc) bilateral reduction of cortical thickness in the prefrontal cortices (superior frontal gyrus and rostral middle frontal gyrus), posterior cingulate cortex and temporoparietal junction in the CUD cohort (Figure 1A). The differences were more pronounced in the right hemisphere [8 (right) and 7 (left) significantly reduced ROIs, see Table 2]. There were no ROIs with a significantly increased cortical thickness in patients with CUD compared to HC.

[image: Figure 1]

FIGURE 1
 Decreased cortical thickness in prefrontal, temporoparietal, and posterior cingulate association cortices in CUD. The results of the ROI-based (A) and vertex-wise (B) comparison of cortical thickness in patients with CUD compared with HC show widespread, bilateral reductions of cortical thickness in the prefrontal cortices (superior frontal gyrus and rostral middle frontal gyrus), posterior cingulate cortex, and temporoparietal junction in the CUD cohort. Differences were more pronounced in the right hemisphere [8 (right) and 7 (left) significantly reduced ROIs]. There were no ROIs with a significantly increased cortical thickness in patients with CUD compared to HC. Statistical significance was set at p < 0.05, FDRc for the ROI-based approach and p < 0.05, FWEc for the vertex-wise approach. Warmer colors indicate lower value of ps. CUD, cocaine use disorder; HC, healthy controls; ROI, region of interest.




TABLE 2 ROIs with significantly reduced cortical thickness in patients with CUD compared to HC with T and p values, FDRc.
[image: Table2]

To validate the ROI-based GLM approach, we performed vertex-wise GLM analysis to test for significant cortical thickness group differences in patients with CUD compared to HC. Consistent with the previous approach, we found significant (p < 0.05, FWEc) bilateral cortical thickness reductions primarily in the prefrontal gyri (Figure 1B). There were no areas of significantly increased cortical thickness in patients with CUD compared to HC. The overlap of decreased cortical thickness from the ROI-based and vertex-wise GLM approach in patients with CUD compared to HC is presented in Supplementary Figure S1.



3.2.2. Relationship between cortical thickness and behavioral-clinical variables

To test whether the ROI-based cortical thickness in patients with CUD was associated with the behavioral-clinical variables, we performed partial correlation analysis for individual ROI-based cortical thickness in the ROIs that showed a significant group difference (Table 2; Figure 1A). We found no significant (p > 0.05) correlations for ROI-based cortical thickness in patients with CUD with behavioral-clinical variables (Supplementary Table S2).



3.2.3. Cortical thickness and ‘dose-effect’

To test whether the ROI-based cortical thickness in patients with CUD was associated with the ‘dose-effect’, we performed partial correlation analyses for individual ROI-based cortical thickness in the ROIs that showed a significant group difference (Table 2; Figure 1A). We found no significant (p > 0.05) correlations for ROI-based cortical thickness in patients with CUD with the ‘dose-effect’ (Supplementary Table S3).




3.3. BrainAGE


3.3.1. Brainage is significantly increased in patients with CUD

To assess the effect of CUD on the difference between chronological and biological brain age, we computed BrainAGE separately for patients with CUD [mean (SD) = 1.97 years (±3.53 years)] and HC [mean (SD) = 0.00 years (±3.27 years)]. The difference between the groups was significant (p < 0.001, t = 3.35) with a moderate effect size (Cohen’s d = 0.58) (Figure 2). This result indicates increased biological brain age in patients with CUD.

[image: Figure 2]

FIGURE 2
 Significantly increased BrainAGE scores in patients with CUD. The results of the BrainAGE analysis showed a significantly increased BrainAGE (p < 0.001) for patients with CUD [mean (SD) = 1.97 (±3.53)] compared with HC [mean (SD) = 0.00 (±3.27)]. Black dots indicate individual BrainAGE scores of subjects and outliers are marked by a red cross. The mean is indicated by a red vertical line. BrainAGE, brain age gap estimation; CUD, cocaine use disorder; HC, healthy controls.




3.3.2. Relationship between brain measures and behavioral-clinical variables

To test whether the BrainAGE scores in patients with CUD were associated with the behavioral-clinical variables, we performed partial correlation analyses for individual BrainAGE scores. We found a non-significant (p > 0.05) negative correlation for BrainAGE scores in patients with CUD with the behavioral-clinical variables (Table 3; Figure 3A).



TABLE 3 Relationship between individual BrainAGE scores of patients with CUD and behavioral-clinical variables and the ‘dose-effect’.
[image: Table3]
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FIGURE 3
 Association between BrainAGE scores in patients with CUD and behavioral-clinical variables and the ‘dose-effect’. (A) Scatterplot for BrainAGE scores plotted on the y-axis and the years consuming cocaine plotted on the x-axis in patients with CUD. (B) Scatterplot for BrainAGE scores plotted on the x-axis and the CCQ and BIS scores plotted on the y-axis for patients with CUD. Linear regression lines, 90% confidence interval bands, correlation coefficients r and value of ps were added. BIS, Barratt impulsiveness scale; BrainAGE, brain age gap estimation; CCQ, cocaine craving questionnaire; CUD, cocaine use disorder.




3.3.3. BrainAGE and ‘dose-effect’

To test whether the BrainAGE scores in patients with CUD were associated with the ‘dose-effect’, we performed partial correlation analyses for individual BrainAGE scores. We found a significant positive correlation between the years of consuming cocaine and BrainAGE scores (r = 0.28, p = 0.025, Figure 3B) and no significant correlation with the average weekly cocaine dose (Table 3).





4. Discussion

Using the BrainAGE method and surface-based morphometry, we demonstrated a significant decrease in cortical thickness in widespread bilateral association cortices and an increase in BrainAGE in a relatively large cohort of patients with CUD. While lower cognitive performance in patients with CUD was not significantly correlated with structural brain alterations, higher individual BrainAGE scores were significantly correlated with the number of years of cocaine consumption, underlining an association with prolonged cocaine use. Our study adds to previous evidence of widespread structural changes in CUD while suggesting a complex interaction between structural, behavioral, and cognitive measures.

The first main finding of our study is an increased BrainAGE score in patients with CUD, indicating accelerated biological brain aging. In an attempt to define the complexity of aging, geroscientific research specifies the key factors of aging as follows: epigenetics, inflammation, macromolecular damage, metabolism, regeneration, and stress (48). These key factors of aging can vary widely and therefore lead to an individual gap in biological and chronological brain age. This offset has been demonstrated in various diseases, such as neurodegenerative, inflammatory, or neurodevelopmental disorders (28–30). In CUD, the individual factors of accelerated aging are not known, but several of those mentioned in geroscience come into question. The results we have shown demonstrate an acceleration of brain aging that exceeds the offset observed in prematurity (28) or stable mild cognitive impairment (49) and is comparable to schizophrenia (50) but below Alzheimer’s disease (26). Another frequently used framework for age-related brain alterations is allostatic load (51). It refers to structural and functional brain changes induced by increased chronic stress that triggers a complex cascade of adaptive physiological processes leading to brain atrophy and cognitive decline (52, 53). There is evidence of allostatic load in CUD, with studies linking chronic cocaine use with increased allostatic load (54). Indeed, the association we demonstrated between BrainAGE scores and the ‘dose-effect’ supports the assumption of causality for increased biological brain aging due to prolonged cocaine use as depicted by years of cocaine use rather than the average weekly intake of cocaine. A similar relationship between years of cocaine use and structural brain changes, i.e., pulvinar volume, has been previously shown (9). While there is evidence for the ‘dose-effect’ in others and our study, the relationship between increased biological brain aging in CUD and behavioral-clinical alterations remains complex. While a decline in impulsivity with higher age has been previously described in healthy individuals (55, 56) and cocaine users (57), we found an additional correlation between increased BrainAGE scores and lower impulsivity after controlling for age, although this was not significant.

The second main finding of our study is the widespread, bilateral decreased cortical thickness in association cortices, mainly in the prefrontal cortices, temporoparietal junction, and posterior cingulate cortex in patients with CUD. The prefrontal cortex is a highly developed brain structure that is mostly unique to primates and thus difficult to study (for a recent review see Carlén) (58). Its basic physiology supports a variety of functions, including cognition, emotional, motivational, social, and perceptual processes (58). This basic functioning modulated by the prefrontal cortex overlaps with functions that are negatively affected in patients with CUD. Notably, decision-making, impulsivity, and attention, which are mainly attributed to the prefrontal cortex, may be involved in the addiction-related processes of patients with CUD (5, 6, 58). A loss of gray matter volume or, more precisely, a reduction in cortical thickness, particularly in prefrontal cortices, in chronic cocaine use has been previously demonstrated and associated with behavioral and cognitive impairments (14–16, 18, 19). In addition, PET-imaging confirmed decreased activity in the orbitofrontal cortex of cocaine users (59).

Recently, a rodent study demonstrated that abnormal neuronal projections to frontal cortices mediated cocaine reward context association, potentially providing a link between structural brain alterations, e.g., reduced prefrontal cortical thickness and accelerated brain aging, and behavioral patterns in CUD (60). Although this study has limitations, particularly with regard to the transferability of prefrontal cortex alterations observed in rodents to those in humans, future studies of cortical brain structure in CUD should focus on white matter alterations to potentially link cortical alterations and functional deficits.

Apart from prefrontal structural brain alterations, we found decreased cortical thickness in the temporoparietal junction and posterior cingulate cortices. These regions are part of the multimodal, widespread association cortex involved in information integration and higher cognition (for a recent review see Sydnor et al.) (61). Interestingly, these cortical regions have an extended multi-decade duration of brain development, thus potentially being more vulnerable to negative effects, e.g., cocaine consumption, which begins in the first three decades (61). Another implication of these structural alterations, particularly in the temporoparietal junction, is their importance in neurodegenerative diseases (62, 63). Further studies are needed to investigate the effects of CUD on aging and potential accelerated neurodegeneration.

While we investigated cortical thickness and BrainAGE in CUD separately, it is important to recognize that these two measures are not independent. Previous research has demonstrated that cortical thickness age-dependently declines across the adult life span (64–67). Notably, both GM volume and cortical thickness are key features in many brain age models (25, 68), and cortical thickness has shown some of the largest disparities in brain age across different durations of illnesses (69). Consequently, the regions with reduced cortical thickness identified in our study might be the main drivers of accelerated brain aging in individuals with CUD. This, in turn, could influence forebrain volume losses in CUD. It is hypothesized that the deterioration of cortical thickness is a driving factor behind reductions in brain volume (69, 70). However, it is important to note that these are speculative assumptions, as several other factors such as cortical surface area, gray/white matter intensity contrast, and curvature may collectively contribute to changes in brain volume (69, 70). Further investigations are needed to comprehensively understand the complex interplay of these factors.



5. Limitations

While the relatively large sample size (74 patients with CUD and 62 HC) enhances the generalizability of our findings, the current sample is biased toward patients with CUD with less severe sequelae, as individuals with stronger craving and more cognitive deficits were less likely to participate in an MRI scan or continuation in the study’s clinical and cognitive assessments. Additionally, the original cohort excluded subjects older than 50 years (31). Therefore, our results are rather conservative estimates, as age differences might be larger at older ages, which needs further investigation. We found a significantly accelerated brain aging in patients with CUD, but no significant correlation with the participants’ cognitive or clinical variables. This might indicate a compensatory mechanism between altered structure and functional outcome or be due to the less affected, younger cohort. In addition, while the BCST is a well-established test for the assessment of problem-solving, it may fall short regarding the individuals’ cognitive capacities. Other cognition sensitive tests, like the full-scale IQ test, might have shown an association between decreased cortical thickness or increased BrainAGE with cognitive variables.



6. Conclusion

CUD is associated with widespread reductions of cortical thickness, mostly in prefrontal and parietal association cortices, and with dose-dependent, increased brain aging. Further studies are needed to investigate the functional implications of these findings, especially regarding age-related disorders and neurodegeneration.
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Opioid use disorder is characterized by excessive use of opioids, inability to control its use, a withdrawal syndrome upon discontinuation of opioids, and long-term likelihood of relapse. The behavioral stages of opioid addiction correspond with affective experiences that characterize the opponent process view of motivation. In this framework, active involvement is accompanied by positive affective experiences which gives rise to “reward craving,” whereas the opponent process, abstinence, is associated with the negative affective experiences that produce “relief craving.” Relief craving develops along with a hypersensitization to the negatively reinforcing aspects of withdrawal during abstinence from opioids. These negative affective experiences are hypothesized to stem from neuroadaptations to a network of affective processing called the “extended amygdala.” This negative valence network includes the three core structures of the central nucleus of the amygdala (CeA), the bed nucleus of the stria terminalis (BNST), and the nucleus accumbens shell (NAc shell), in addition to major inputs from the basolateral amygdala (BLA). To better understand the major components of this system, we have reviewed their functions, inputs and outputs, along with the associated neural plasticity in animal models of opioid withdrawal. These models demonstrate the somatic, motivational, affective, and learning related models of opioid withdrawal and abstinence. Neuroadaptations in these stress and motivational systems are accompanied by negative affective and aversive experiences that commonly give rise to relapse. CeA neuroplasticity accounts for many of the aversive and fear-related effects of opioid withdrawal via glutamatergic plasticity and changes to corticotrophin-releasing factor (CRF)-containing neurons. Neuroadaptations in BNST pre-and post-synaptic GABA-containing neurons, as well as their noradrenergic modulation, may be responsible for a variety of aversive affective experiences and maladaptive behaviors. Opioid withdrawal yields a hypodopaminergic and amotivational state and results in neuroadaptive increases in excitability of the NAc shell, both of which are associated with increased vulnerability to relapse. Finally, BLA transmission to hippocampal and cortical regions impacts the perception of conditioned aversive effects of opioid withdrawal by higher executive systems. The prevention or reversal of these varied neuroadaptations in the extended amygdala during opioid withdrawal could lead to promising new interventions for this life-threatening condition.
Keywords: opioid withdrawal, neuroplasticity, extended amygdala, opioid use disorder, morphine, heroin, addiction
1 INTRODUCTION
Opioid use disorder (OUD) is a major, enduring public health issue in the United States. The National Survey on Drug Use and Health reported that approximately 1.6 million individuals in the US met the diagnostic criteria for OUD in 2020 (SAMHSA, 2021). According to the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders fifth ed. of the American Psychiatric Association (APA, 2013), OUD is characterized by impaired inhibitory control over involvement with opioids, role dysfunction due to recurrent opioid use, opioid use in physically hazardous situations, tolerance to the effects of opioids, physical dependence, a withdrawal syndrome upon discontinuation of opioids, and long-term likelihood of relapse, often due to persistent craving to use opioids and despite negative consequences (Schuckit, 2016).
Physical dependence in addiction has been used to describe the adaptations that result in withdrawal symptoms when opioids are discontinued. Opioid-induced physical dependence along with opioid withdrawal both produce morphological alterations at the cellular level, along with corresponding organizational changes among neural circuits that are associated with addiction-related behavioral adaptations (Thompson et al., 2021), so too is chronic opioid withdrawal associated with critical changes in neurophysiology, dendritic connectivity and molecular changes in key brain areas that make individuals more susceptible to developing OUD. The somatic symptoms that accompany abstinence from chronic opioid exposure and characterize the subjective phenomenon of withdrawal include vomiting, diarrhea, chills, muscle cramps and spasms, and tremor whereas the negative affective experiences include anxiety, dysphoria, insomnia, and heightened sensitivity to pain and stress (Kaplan et al., 2011). There is evidence that the underlying neurobiological vulnerability for OUD consists, in part, of opioid-induced structural and functional synaptic adaptations at the level of the stress system. Importantly, these neurophysiological changes to the stress system are accompanied by negative affective experiences that commonly give rise to relapse, even after prolonged periods of abstinence (Koob, 2020). A constellation of brain regions within the stress system, known as the “extended amygdala,” functions critically in the facilitation of the stress response to both external and internal stimuli by modulating the release and transmission of stress hormones, such as corticotrophin-releasing factor (CRF), and activating the hypothalamic-pituitary-adrenal (HPA) axis (Koob and Schulkin, 2019; Koob, 2020), as well as stress-related neurotransmitters, and the noradrenergic system.
Our objective in this review is to summarize and synthesize the literature related to neuroadaptations within the extended amygdala during the withdrawal and abstinence phases of opioid addiction. Because most of the neurobiological evidence related to opioid withdrawal comes from research using nonhuman animal models, and the diagnostic criteria for OUD within the Diagnostic and Statistical Manual of Mental Disorders fifth ed. comprises many items that are limited to human-related consequences of pathological opioid use (American Psychiatric Association, 2013), we use the term “opioid addiction” to refer to the trans-species phenomenon, unless otherwise specified. We begin our review by situating the behavioral and affective elements of opioid addiction within the allostatic framework proposed by Koob and colleagues who have provided a central role in its definition (Koob and Le Moal, 1997; Edwards and Koob, 2010; Shurman et al., 2010; Volkow and Koob, 2015; George and Koob, 2017; Koob and Schulkin, 2019). Here, we focus primarily on the relevance of withdrawal-relief craving as a motive force perpetuating pathological opioid involvement, and we describe how the different manifestations of craving correspond with the opponent process view of motivation, as well as how the physiological phenomenon of allostasis drives this process. Next, we describe how opioid-related allostasis disproportionately recruits the stress system in general and neurocircuits that are part of the extended amygdala in particular. We then summarize research related to the structural and functional plasticity that occur within the brain regions constituting the extended amygdala, specifically during the process of opioid withdrawal and prolonged abstinence. We conclude by considering the possible implications of the findings for the development of novel clinical interventions. Our main objective is to begin to elucidate some of the neurobiological underpinnings of OUD by providing examples of the relevant scientific findings with the hope that meaningful advances in etiology and prevention of OUD.
2 THEORETICAL FRAMEWORK FOR OPIOID ADDICTION
There are many biological, genetic and environmental risk factors relevant to the development of OUD. Genetic risk factors for OUD include polymorphisms in several genes, including opioid receptor genes that have been associated with OUD (Kreek et al., 2012). Additionally, increased drug availability through prescription practices is important to the development of prescription opioid abuse (Volkow et al., 2011). In this last paper, Volkow and associates demonstrated that increases in opioid prescriptions were associated with increases in abuse and overdoses and the authors challenged existing opioid prescribing practices. Human studies have also reported a positive association between adverse life events and chronic distress. In animal models, stress exposure increases drug self-administration and reinstates drug seeking in drug-experienced animals suggesting stress-induced vulnerability to relapse (Sinha, 2013). Other studies have highlighted demographic factors of sex, race, and education to be important in risk for OUD (Bonar et al., 2020). For example, in prescription opioid abuse, females without college education were at greater risk than males without college. Furthermore, the risk of prescription opioid abuse was much higher for non-Hispanic whites while it is negligible for Hispanics (McCabe et al., 2017). In summary, genetics, white race, gender, lower educational and socioeconomic status, and chronic stress are all risk factors in the development of OUD.
One theoretical model that describes the development and persistence of opioid addiction within the allostatic framework suggested by the neuroscientist of addiction, George Koob and others (Koob and Le Moal, 1997; Edwards and Koob, 2010; Shurman et al., 2010; Volkow and Koob, 2015; George and Koob, 2017; Koob and Schulkin, 2019). We begin by discussing the relevance of addictive craving to the loss of control feature that defines the addiction cycle, prior to considering how the behavioral and affective correlates of the addiction cycle can be understood in terms of opponent process theory. We then explain what the concept of allostasis adds to our understanding of the negative experiences characterizing withdrawal and abstinence.
2.1 Craving and the loss of control
The defining feature of OUD, which distinguishes it (and all substance use disorders) as a clinical phenomenon from mere dependence, is the loss of inhibitory control (i.e., agency or autonomy) over involvement with opioids, despite negative consequences. For those who suffer with OUD, the thought of the almost certain consequences, whether personal, interpersonal, professional, that will accompany continued use, either do not come to mind or they are easily displaced and discounted in favor of the hedonic value associated with involvement (Bickel and Marsch, 2001). The pathological motivation to use opioids, despite the likely consequences, can be understood in terms of craving, which has been defined as an intense, urgent, and abnormal longing or yearning for involvement with a substance or activity (Anton, 1999; Sinha, 2013). From a phenomenological perspective, craving can be viewed as the experience whereby individuals with a substance use disorder are essentially pulled in the direction of values they do not find rationally valuable, or rather, by “wants they do not want to want” (Frankfurt, 1988). The paradox of this dilemma is that, although these addictive cravings are categorically out of control, they nevertheless represent a physiological strategy to regain control by stabilizing the internal milieu.
The type of craving characteristic of process (a) is referred to as “reward craving,” whereas the craving typical of an opposing process (b) is known as “withdrawal relief craving” (Heinz et al., 2003). When an individual’s intention is to control involvement [process (a)] through moderation, but reward craving becomes operative through an involuntary narrowing of their “salience landscape” (Hovhannisyan and Vervaeke, 2022), they report not being able to “stop, once they start.” On the other hand, when the intention is to control involvement through abstinence [process (b)], and the persistent acute discomfort of withdrawal becomes a salient motivator, affected individuals commonly report being driven by a desire for relief and, hence, not being able to “stop from starting again,” despite the negative consequences associated with previous involvement. Notably, the relief commonly sought by affected individuals typically emerges in the context of uncontrollable stress, which may be either exogenous (e.g., traumatic experiences, economic hardship, and social isolation) (Morgan et al., 2002; Laudet and White, 2008) or endogenous (e.g., the development of allostatic load in response chronic involvement with opioid) (Koob et al., 2014). While this depiction characterizes the loss of inhibitory control in terms of opponent process theory, it does not provide a mechanistic account for why control gets lost in the first place, nor why the out-of-control behavior not only persists but tends to worsen over time.
2.2 What allostasis adds
To address this gap in understanding, Koob and colleagues have adapted an allostatic model of physiological and affective regulation (Koob, 2004; 2009; Koob and Le Moal, 1997; 2008b; Solomon, 1980; Solomon and Corbit, 1974). Originally, allostasis was proposed as the innate tendency of organisms to contend with perceived or anticipated chronic stress (Sterling and Eyer, 1988; Schulkin, 2011) Importantly, the concept of allostasis is understood in distinction to the idea of homeostasis, which refers to a dynamic state of equilibrium or balance that has been hypothesized to underlie motivated behaviors (Ramsay and Woods, 2014). Whereas the homeostatic view of behavior, physiological and affective regulation or stability are achieved through counterbalancing processes, as in opponent process theory (Solomon, 1980), allostasis refers to the tendency of a system to self-regulate/stabilize through change or adaptation (Ramsay and Woods, 2014). The concept of homeostasis as applied to organismic motivation was derived from physics-based observations of inorganic matter and was adapted to explain the body’s use of feedback systems to self-stabilize in the presence of both internal and external perturbations. What the homeostatic framework essentially failed to provide, however, was an explanation for how an organism achieves self-stability less by real-time feedback and more by predictions about future experiences based on prior feedback, which are stored as a type of memory at the cellular level across multiple systems (Goldstein and Kopin, 2007, p. 116). As such, an allostatic state can be defined as a chronic deviation of the regulatory system from its normal (homeostatic) operating level (Koob, 2004), which can be either adaptive or maladaptive, depending upon the lesson learned and predictions made.
In the case of opioid use, the hedonic effects that accompany involvement are mediated by sensor-effector loops within the reward system (Solomon and Corbit, 1974; Solomon, 1980; Koob and Le Moal, 1997; Koob, 2004; 2009; Koob and Le Moal, 2008), which, in turn, reflexively trigger sensor-effectors of the so-called anti-reward system that offset the excessive reward system activation (Koob and Le Moal, 2004; Koob, 2009; Koob and Schulkin, 2019). On this view, to compensate for the chronic involvement with reward via exposure to opioids, the anti-reward system becomes functionally “upregulated,” whereas the reward system is functionally “downregulated” (George and Koob, 2017). In addition, the stress system also becomes upregulated as it is conditioned to anticipate the aversive affective state that characterizes the withdrawal process through abstinence (Koob and Le Moal, 2008; Koob, 2020). What emerges is a chronically high state of endogenous stress and a blunted homeostatic “set point” (Koob and Le Moal, 1997; Ahmed and Koob, 1998).
Paradoxically, with addiction, inhibitory control (i.e., intentional self-regulation) is undermined by the body’s innate allostatic tendency to self-regulate through self-change. Notably, the affective changes that characterize opioid-induced allostasis supervene upon corresponding distinctive neuroadaptations, particularly in the extended amygdala. Such adaptations are neuroplastic events that include the restructuring of neuronal connections, electrophysiological changes within regions and circuits, and a host of complex neurotransmitter, neuromodulator, signaling and molecular changes and corresponding behavioral changes.
3 EXPERIMENTAL MODELS OF OPIOID ABSTINENCE AND WITHDRAWAL
In the preceding section, we described how a new homeostatic set point emerges through allostasis in response to chronic stress, in addition to how chronic exposure to opioids upregulate the stress system both during the involvement stage and the abstinence/withdrawal stage. In this section, we briefly describe the experimental models commonly employed to investigate the phenomenon of withdrawal from opioids.
3.1 Models of abstinence and withdrawal from opioids
Withdrawal from opioids can be modeled in nonhuman animals, such as with mice implanted with morphine pellets or mini-osmotic pumps with opioids, which upon drug discontinuation produce significant increases in the somatic signs of opioid withdrawal, relative to vehicle pellet- or pump-implanted mice. In this model or by giving opioids repeatedly and at escalated doses or repeated self-administration (Harris and Aston-Jones, 1993), after administration of naloxone or naltrexone both of which are opioid antagonists, somatic withdrawal signs can be induced. In this non-contingent withdrawal model using morphine pellets, Kaplan and coworkers (1998; 1996) showed that somatic signs of withdrawal included jumping, wet-dog shakes, forepaw tremors, weight loss, and diarrhea. Both these negative affective and somatic states have been shown to accompany drug-induced neuroadaptations to the glutamate (GLU), dopamine (DA), norepinephrine (NE), and corticotrophin-releasing factor (CRF) systems, and they are believed to negatively reinforce abstinence, which in turn motivates reinstatement of opioid involvement via relief craving (Koob and Le Moal, 2005; George and Koob, 2017).
Another recent model of opioid withdrawal revealed that heroin-treated mice demonstrated both hyperalgesia and somatic signs (Alvarez-Bagnarol et al., 2022). Following behavioral assessments of hyperalgesia and somatic signs of withdrawal, this study examined neural activity using activity marker c-Fos expression. Using principal component analyses, they demonstrated that hyperalgesia was associated with c-Fos expression in the lateral hypothalamus, CeA, VTA, parabrachial nucleus, dorsal raphe, and LC. Somatic withdrawal was associated with c-Fos expression in the paraventricular nucleus of the thalamus, lateral habenula, dorsal raphe, and LC. In summary, hyperalgesia during spontaneous opioid withdrawal and somatic withdrawal resulted in c-Fos expression in autonomic and limbic brain regions.
3.1.1 Opioid conditioned place aversion
An experimental measure of the negative affective and somatic experiences of withdrawal is derived from performance on a variation of the conditioned place preference (CPP) paradigm, known as conditioned place aversion (CPA). This technique involves training animals to associate the rewarding effects of opioid administration with a specific cue or environment/context, followed by the association of a different environment with the absence of the drug or place aversion. One study by Hand and others (1988) used a CPA approach to investigate the aversive effects of naloxone in morphine-implanted rats. In the study, rats that had received several days of morphine pellet implantation were confined to the naloxone-paired compartment of a CPP box immediately following the administration of naloxone. The rats were then allowed to freely explore their two-compartment apparatus, and the time spent in each compartment was recorded. The difference between time spent in the naloxone-paired compartment post-conditioning, minus the time spent in the same compartment pre-conditioning, represented the naloxone-induced change in preference. Place aversion, which is indicated by a negative score, is a behavioral proxy for the negative experiences during withdrawal (Hand et al., 1988; Koob et al., 2014).
3.1.2 Suppression of operant conditioning
Another paradigm used to study opioid withdrawal employs a variation of operant conditioning, whereby the animals learn to press a lever or engage in a specific response to receive an intravenous infusion of the drug (Bouton, 2019). Once self-administration (SA) behavior is established, the suppression of operant conditioning begins. During the suppression phase, animals are subjected to a procedure to induce opioid withdrawal symptoms, which can involve the administration of an opioid receptor antagonist, such as naloxone which precipitates withdrawal, or a cessation of drug availability to mimic the withdrawal process. Following the induction of withdrawal, a conditioned stimulus (CS) associated with the withdrawal experience is presented alongside the opportunity to self-administer the opioid. The CS may be a sensory cue, environmental context, or other cues that have been previously paired with opioid administration or withdrawal. The presence of the CS during the self-administration session serves to suppress the animals’ motivation to engage in drug-seeking behavior. The suppression of operant responding is then measured by comparing the rate of lever pressing or other operant responses during CS presentations to baseline response rates in the absence of the CS. This suppression of operant responding reflects the aversive effects of withdrawal and the impact of withdrawal-related cues on drug-seeking behavior (Schulteis et al., 2000).
4 EXTENDED AMYGDALA OVERVIEW
In the preceding sections, we have outlined the relevance of negative affective experiences and emotional dysregulation in the phenomenon of opiate withdrawal and prolonged abstinence. We also described how allostatic principles can be used to explain the progressive nature of the loss of control feature of OUD. These behavioral, cognitive and affective adaptations necessarily supervene upon discrete neuroplastic changes, particularly within what is known as the extended amygdala. In this section, we provide more detail about the roles of these component regions of the extended amygdala, including an overview of their constituent neurons and the unique plasticity mechanisms that pertain to them from opioid withdrawal.
The amygdala is a brain region found in the medial temporal lobe that is anterior to the hippocampus. It is comprised of several nuclei that mediate affective, autonomic, motivational and endocrine functions, associative learning and addiction-related processes. The concept of the extended amygdala, proposed by Alheid and Heimer (1988); Heimer and Alheid (1991), is supported by numerous neuroanatomical studies which highlight the structural symmetry, cytoarchitectural, and functional similarities between its component regions. These subregions include the bed nucleus of the stria terminalis (BNST), central nucleus of the amygdala (CeA), and a transition zone within the nucleus accumbens (NAc) shell. Each subdivision of the central and medial amygdala has a corresponding subdivision in the lateral and medial BNST yielding interconnected and continuous columns. Additionally, subregions of the extended amygdala share similar inputs and outputs from with other brain regions, such as the hypothalamic and brainstem regions and the ventral tegmental area (VTA), periaqueductal gray (PAG) area, basolateral amygdala (BLA), hippocampus, perirhinal and entorhinal cortices (McDonald et al., 1999; Baidoo and Leri, 2022).
4.1 Substructures and constituent neurons
The extended amygdala comprises a network of brain regions enriched with neuropeptides that includes the CeA, BNST, and the NAc shell and we will describe inputs, outputs and functioning of each (Heimer and Alheid, 1991; Koob, 2020).
4.1.1 Central nucleus of the amygdala
The CeA is situated at the central core of the amygdala and receives executive, contextual, sensory and visceral inputs from a host of regions (Tillman et al., 2018) including sensory inputs coming from the central portion and the midline nuclear complex of the thalamus as the termination region of the thalamo-amygdaloid projections. Hypothalamic inputs also come from ventromedial hypothalamus and from other nuclei that include paraventricular and arcuate nuclei and the lateral hypothalamus (Aggleton et al., 1980); these inputs facilitate homeostatic and somatic functions. Brainstem inputs provide somatosensory, taste, vestibular, and auditory information via the PAG, the pars compacta of the substantia nigra, the VTA, and nuclei of the medulla (e.g., dorsal raphe nucleus, lateral parabrachial nucleus, solitary tract nuclei, interpeduncular nucleus). Somatosensory inputs are also provided from the ventrolateral nucleus of the spinal cord (Aggleton et al., 1980; Norita and Kawamura, 1980). In addition, the CeA and BLA each receive rich cholinergic innervation and the major source of input into the amygdala is from afferents originating from the nucleus basalis of Meynert (Emson and Lindvall, 1979).
Contextual information is processed from various hippocampal subregions including the CA1 region, entorhinal cortex, the subiculum and the perirhinal cortex, medial part of the temporal pole, insula, and parahippocampal regions. These regions provide contextual and cue information to the CeA which attaches emotional valence these stimuli. Inputs from a variety of frontal, associative and temporal cortical regions project mostly to the BLA which serves as an important hub for sensory and executive information processing to the CeA (Rosene and Van Hoesen, 1977; Di Marino et al., 2016).
The CeA has extensive outputs, including connections to the striatum, hippocampus, and neocortex, as well as projections to the hypothalamus, thalamus, brainstem, and basal brain regions. Efferent fibers provide outputs through ventral or dorsal pathways. The ventral amygdalofugal pathway provides a linkage for motivational and emotional functions, through the limbic system, and can influence behavioral responses (Di Marino et al., 2016). This ventral pathway targets the structures of septal region, the sublenticular region (including the basal nucleus of Meynert), the BNST, the thalamus (Price and Amaral, 1981) and the lateral hypothalamic area (Nauta, 1969). Other ventral amygdalofugal fibers provide outputs to various levels of the brainstem and spinal cord and impact stress and motor responses (Mizuno et al., 1985). Dorsal outputs from the CeA also project to septal nuclei, diagonal band nucleus, NAc and hypothalamic nuclei. Post-commissural fibers terminate at the BNST, the mediodorsal nucleus of the thalamus and to the posterior hypothalamus which impacts energy balance, blood pressure, memory, and learning (Di Marino et al., 2016).
CeA efferent projections target the CA1 and CA3 fields of the hippocampus which are involved in the formation, consolidation, and retrieval of hippocampal-dependent memories (Amaral and Cowan, 1980). However, most of the primary projections from the amygdala to the hippocampus originate in the BLA and medio-basal nuclei. It is the BLA and basomedial nuclei that also project towards all the cortical areas of vision, the temporal, frontal and occipital areas and influence sensory experience. The CeA is connected to the BNST via two major fiber bundles—the ventral amygdalofugal pathway and the stria terminalis (Price and Amaral, 1981). The CeA and the BNST both anatomically and functionally activate key features of fear and anxiety via projections to the brainstem, midbrain, and hypothalamic nuclei There is structural symmetry and cytoarchitectural, and functional similarities between the CeA and the BNST. Each subdivision of the central and medial CeA has a corresponding subdivision in the lateral and medial BNST (Di Marino et al., 2016; Krabbe et al., 2018; Tillman et al., 2018).
Striatal projections from the CeA influence both the somatomotor system and the locomotor system, resulting in locomotion and mobility changes (Holstege, 1991), which are part of the “fight or flight” response seen in anxiety and opiate withdrawal. Other motor responses associated with these connections produce opiate withdrawal-induced somatic symptoms, such as vocal emotional expressions, head rotations, urinary dyscontrol, and anxious facial reactions and tics The amygdalar outputs to the hypothalamus (Price and Amaral, 1981) results in major endocrinological impacts including regulation hormonal activity such as the release of adrenocorticotropic hormone (ACTH) and corticotrophin-releasing factor (CRF) in response to stress and drug withdrawal and can be responsible for allostasis. The CeA can influence both sympathetic and parasympathetic effectors, resulting in physiological responses such as increased heart rate, elevated blood pressure, dry mouth, dilated pupils, paleness, sweating, and piloerection. Moreover, hyperactivity of the CeA can contribute to gastrointestinal functional disorders and colonic crises in some individuals, also contributing to allostatic load (Di Marino et al., 2016; Tillman et al., 2018). These connections enable the CeA to mediate expression of fear and stress responses and provide a crucial link between sensory processing and behavioral and physiological outcomes. Indeed, because of its role in processing inputs related to chronic anxiety-like states, and its role in stress, induction of the CeA is thought to be critical to the development of allostatic load (Schulkin et al., 1994).
4.1.2 Bed nucleus of the stria terminalis
The BNST is a basal brain structure that borders on edge of the caudate nucleus and the septal region of the amygdaloid body while passing through the stria terminalis. As mentioned, the BNST and CeA demonstrate anatomical and structural symmetry and similar projections to the brainstem, midbrain, and hypothalamic nuclei which activate key signs of fear and anxiety. The BNST receives many cortical inputs from the limbic lobe, insula, the subiculum, and the entorhinal cortex (McDonald et al., 1999). It receives major amygdaloid inputs from the lateral and BLA nuclei (Petrovich and Swanson, 1997). It also receives hypothalamic inputs from the ventromedial and paraventricular nuclei. It also receives inputs from brainstem centers from the PAG, VTA, bulbar nuclei and parabrachial, solitary and dorsal nuclei of the vagus nerve (Sofroniew, 1983; Di Marino et al., 2016). Accordingly, the BNST receives emotional, somatosensory, motivational and autonomic inputs.
The BNST provides efferent connections to the hypothalamus (dorsomedial, ventromedial, paraventricular, supramammillary nuclei and lateral hypothalamus), the thalamus (thalamic nuclei of the midline) and various levels of the brainstem. Efferent projections also target the dopaminergic neurons of the pars compacta of the substantia nigra and VTA, the PAG (autonomic function, motivation, and behavioral responses to threat), and serotonergic neurons of the raphe nuclei (modulating anxiety). BNST neurons also project to midbrain nuclei of the solitary tract (autonomic functions), the noradrenergic locus coeruleus (LC) neurons, the dorsal nucleus of the vagus nerve, and parabrachial nuclei and to the reticular formation (arousal functions) (Dong and Swanson, 2006a; 2006b; Di Marino et al., 2016).
There is a major influence of NE on BNST neurons, and the BNST receives major noradrenergic inputs from the nucleus of the solitary tract and plays a role in dopamine-norepinephrine neurotransmitter interactions through connections with the VTA, substantia nigra and LC. This interplay with noradrenergic and dopaminergic systems affects aversion and anxiety and motivation, respectively, and can greatly influence negative affective phenomena in withdrawal (Di Marino et al., 2016) through its putative role in the development of allostatic load (Elman and Borsook, 2018; Feliu-Soler et al., 2020).
4.1.3 Nucleus accumbens shell
The NAc is a heterogeneous area composed of both core and shell regions, delineated by anatomical connectivity. The NAc core subregion interacts with brain regions associated with motor circuitry and behavioral outputs, while the NAc shell interacts with limbic and autonomic brain regions and plays a key role in reward, aversion, and other emotional and visceral responses to stimuli (Everitt et al., 1999). Within each subregion, the principal medium-spiny neurons (MSNs) are GABAergic neurons that are the primary target of excitatory glutamate afferents and dopamine neurons. These MSNs are divided into two types activated by different dopamine receptors, type 1 (D1) and type 2 dopamine receptors (D2) (Le Moine and Bloch, 1995).
The NAc shell, a subregion of the brain’s reward system, plays a critical role in regulating motivation, reward-related behaviors, and stress and anxiety responses. It is anatomically and functionally distinct from the NAc core. The NAc shell receives inputs from various cortical and subcortical structures, including the BLA, hippocampus, hypothalamus, brainstem, and visceral- and olfactory-related cortices (Brog et al., 1993). These inputs are involved in processing both rewarding and aversive information, potentially contributing to the aversive properties of opiate withdrawal and thus contribute to negative allosteric load. The NAc shell projects to specific targets, notably the ventromedial part of the ventral pallidum which impact motor responses. The NAc shell sends efferents to thalamic mediodorsal nucleus and has strong reciprocal connections with the prelimbic and insular cortex, which are involved in aversion-related behaviors (Groenewegen et al., 1993; Zahm, 1999).
There are differences in the neuroanatomy of the NAc shell and NAc core. Morphological differences are found in dopamine-containing axons and axon terminals in the core that are distinct from those in the shell. Afferents of the shell are largely derived from cortical and subcortical structures that are segregated from those projecting to the core (Alheid and Heimer, 1988). Efferent connections from the NAc shell selectively innervate subregions of the ventral pallidum which projects to the thalamic mediodorsal nucleus. The NAc shell also innervates distinct subregions of the hypothalamus (Zahm et al., 1999). The connectivity of the medial shell with subcortical and brainstem structures combined with these neurochemical distinctions suggest that the NAc shell represents an extension of the extended amygdala and bridges basal ganglia and centromedial amygdaloid patterns of neural organization (Zahm, 1999).
The NAc shell is thought to be functionally relevant to the emergence of allostasis largely through its role in the facilitation of rewarding and aversive experiences. In the brain’s attempt to maintain physiologic homeostasis, activation of the reward system (process (a)) triggers the corresponding activation of the anti-reward system, including the stress system (process (b)). In addition, it is hypothesized that chronic exposure to highly rewarding stimuli (e.g., substances with high potential for addictive involvement), however, leads to chronically high levels of extracellular dopamine, which is offset by a downregulation of dopamine receptors within the NAc, resulting in hypodopaminergia and associated anhedonia (Koob, 2013; Thompson et al., 2021). This anhedonia overlaps with the hyperkatifeia (negative reinforcement and the negative emotions of addiction) that accompanies the chronically upregulated stress system characteristic of allostatic overload (Koob, 2020).
4.1.4 Basolateral nucleus of the amygdala
Though the BLA is not considered as a subregion of the extended amygdala it serves as a critical center for sensory information processing to the CeA and is a region included in this review because of its large significance in mediating opiate withdrawal. The BLA is a cortical-like structure comprising the lateral, basal, and basomedial or accessory basal nuclei, all of which consist of both glutamatergic principal cells and GABAergic interneurons. The flow of information between the BLA and the CeA is mostly unidirectional and linked by multiple parallel pathways involving several types of GABAergic cells. The BLA receives inputs from the thalamus and sensory cortices, enabling the integration of sensory information relevant to conditioned stimuli (McDonald et al., 1999). The BLA plays a pivotal role in relaying sensory inputs to the CeA and maintains reciprocal connections with other key regions, such as the PFC, which provides drug cue information, as well as the ventral hippocampus, which contributes information about drug context (Krettek and Price, 1978; Capogna, 2014). Thus, the BLA acts as a major source of sensory inputs into these interconnected regions and mediates the processing of drug-related information and the generation of behavioral responses.
Conceptually, the BLA is considered as the main input station of the amygdala for conditioned stimulus information while the CeA is viewed as the main output station for conditioned fear responses which are particularly relevant to allostasis during opiate withdrawal. BLA neurons play a key role in responding to conditioned stimuli and via projections to the CeA nucleus and then to brainstem and hypothalamic fear effectors. The fear response pathways include CeA neurons projecting to brainstem fear effectors that are primarily contained within its medial section. The lateral amygdala projects to the lateral CeA, which in turn sends GABAergic neurons to the medial CeA, creating a feedback loop. It is hypothesized that fear expression and fear extinction cells in the BLA form a variety of connections within the basal amygdala, as well as with GABAergic inputs to intercalated neurons and medial CeA neurons (Pare and Duvarci, 2012).
5 FUNCTIONAL RELEVANCE OF EXTENDED AMYGDALOID SUBREGIONS TO OPIATE WITHDRAWAL
In this section, we discuss the relevance of each subregion within the extended amygdala to the facilitation of acute and prolonged opioid withdrawal, before describing their respective various neuroplasticity mechanisms impacting this process.
5.1 Role of the central nucleus of the amygdala in opioid withdrawal
As described, the CeA plays a vital role in neural circuits that trigger various changes in response to stress, including autonomic, neuroendocrine, and behavioral adjustments, all of which are intrinsic to allostatic-driven adaptations related to opioid withdrawal. The CeA influences hypothalamic CRF systems which act as a central regulator of the hypothalamic-pituitary-adrenal (HPA) axis that coordinates the body’s stress response by stimulating the production and secretion of cortisol from the adrenal cortex. CRF has a broad regulatory influence on multiple organ systems, including behavioral, endocrinological, reproductive, metabolic and autonomic functions and cardiovascular and gastrointestinal activity both at the central and peripheral levels (Slominski, 2009).
Early studies have identified the CeA and other limbic regions as key mediators of the opioid withdrawal response. For instance, in experiments with morphine-dependent rats, administration of intracerebral naloxone to the CeA resulted in withdrawal-induced jumping behavior. Moreover, bilateral electrolytic lesions of the CeA successfully eliminated this withdrawal jumping in rats. This seminal study specifically highlighted the CeA’s central role in mediating behavioral effects of morphine withdrawal (Calvino et al., 1979). Subsequent studies using bilateral excitotoxic lesion techniques in rat models further demonstrated that morphine dependence can be modified through lesions in the amygdala, including the CeA and the BLA. In this study conducted by Watanabe et al. (2002), a CPA paradigm was employed to examine the intracerebral effects of naloxone. Lesions in CeA attenuated withdrawal-induced CPA, while lesions in the BLA had minimal impact. These two studies highlighted the significance of the CeA in both somatic and affective aspects of opioid withdrawal.
Findings from these early lesion studies were corroborated by other approaches that identified the specific locations of withdrawal-induced neuronal activity. For example, an imaging study compared local cerebral metabolic rate for glucose in 84 brain regions of rats treated with naloxone and/or morphine, with saline controls. Naloxone alone caused alterations in the local metabolic rate for glucose in several discrete brain regions, including the extended amygdala (Kraus et al., 1996). Notably, the CeA exhibited an increase in metabolic activity in naloxone-treated rats, suggesting a tonic influence of endogenous opioids upon these regions. Co-administration of morphine reversed this metabolic change, indicating the specificity of naloxone’s metabolic actions for opioid receptors. Another approach utilized immunocytochemical localization of neural activity marker c-Fos in opiate withdrawal. Jin and associates (2005) demonstrated neuronal activation using immunohistochemical studies with the IEG c-Fos in the CeA and BLA following naloxone-precipitated withdrawal in morphine dependent rats. CPA was also tested in morphine withdrawing rats using a range of naloxone doses. In rats given a single morphine exposure, naloxone dose-dependently resulted in CPA. In morphine dependent rats, naloxone treatment produced a dose-dependent increase in c-Fos immunoreactivity within the CeA that was associated with CPA in morphine dependent rats (Jin et al., 2005). The findings in the extended amygdala were evaluated by Gracy et al. (2001), who observed that morphine-dependent rats showed increased c-Fos immunoreactivity in the CeA, NAc shell, and BNST, when treated with higher doses of naloxone. Neural c-Fos values correlated with CPA scores in the naloxone-paired chamber among morphine-dependent rats. Consequently, these results provide support for the hypothesis that the CeA plays a role in the aversive effects induced by opioids, as measured by CPA.
The pharmacological inhibition of the CeA has also been shown to effectively block the expression of opioid withdrawal-induced startle behavior. Cabral et al. (2009) investigated the effects of short-term naltrexone-induced withdrawal at 24 and 48 h post-withdrawal on anxiety-related behaviors. Rats undergoing morphine withdrawal were subjected to the startle reflex paradigm to assess anxiety levels during these two time periods. Notably, at 24 h of withdrawal, an enhanced startle response was observed, which was effectively inhibited by intra-CeA injections of the inhibitory GABA-A agonist, muscimol. These findings provide evidence that the CeA plays a crucial role in mediating the potentiation of startle response during withdrawal (Cabral et al., 2009).
The CeA plays a dual role in mediating fear responses and avoidance behaviors associated with stress responses. Administration of a CRF antagonist into the CeA of morphine-dependent rats resulted in the reversal of withdrawal-induced CPA. Moreover, the administration of immune-toxins to CRF neurons in the CeA produced a reduction in cue-induced operant responding in morphine-dependent subjects. These findings emphasize the significance of blocking intra-amygdala CRF systems, underscoring the role of CeA CRF neurons in mediating behavioral and aversive responses during withdrawal (Heinrichs et al., 1995).
Other studies demonstrated the involvement of CRF neurons in the CeA as crucial to mediating opiate withdrawal. Experimental studies using morphine-dependent rats receiving naloxone injections revealed the significance of CRF mRNA in this process (McNally and Akil, 2002). In situ hybridization studies measuring CRF mRNA showed that rats undergoing naloxone-precipitated withdrawal had elevated mRNA levels in the CeA, but not in the BNST. Intracerebral injections of CRF-1 antagonist to the CeA effectively mitigated the severity of somatic opiate withdrawal signs. However, antagonist administration to the BNST did not impact withdrawal. These studies underscore the role of CeA CRF neurons and the CRF-1 receptor (CRF-1) in modulating the effects of opioid withdrawal.
Noradrenergic activity in the CeA also plays a crucial role in the generation of aversive and anxiety-related behaviors in opioid withdrawal. As an amygdaloid nucleus, the CeA receives dense projections of dopaminergic, noradrenergic, and adrenergic pathways (Asan, 1998). Watanabe and associates (2003) demonstrated increased NE levels in the CeA using in vivo microdialysis during naloxone-precipitated morphine withdrawal in rats. Furthermore, intra-CeA injections of beta-adrenoceptor antagonists reduced morphine withdrawal behaviors. Specifically, microinjection of propranolol attenuated various somatic withdrawal signs, such as rearing, wet-dog shakes, teeth chattering, paw shakes, diarrhea, ptosis, and rhinorrhea. Intracerebral treatment with different beta-1 and beta-2 receptor antagonists into the CeA also diminished withdrawal-induced CPA. These findings highlight the contribution of NE within the CeA to the motivational and somatic effects of naloxone-precipitated morphine withdrawal (Watanabe et al., 2003).
5.2 Role of neuroplasticity in the central nucleus of the amygdala in opioid withdrawal
In addition to CRF neurons, there are other types of neurons in the CeA that play a significant role in opiate withdrawal. Electrophysiological recordings in CeA parvalbumin (PV+) interneurons revealed increased excitability during morphine withdrawal (Wang et al., 2016). Action potentials from PV + interneurons were recorded in mice undergoing withdrawal after a 6-day morphine treatment. Membrane excitability and the membrane spike number were increased in PV + interneurons, while PV- interneurons did not display these changes. Moreover, PV + interneurons exhibited a lower threshold for action potential initiation. Morphine withdrawing mice receiving optogenetic inhibition of PV + neurons exhibited behavioral changes indicative of decreased anxiety and aversive behaviors, as well as increased motivation for natural rewards. Specifically, these mice spent more time in the open arms of the elevated plus maze (EPM) test, showed a higher preference for saccharin, and demonstrated lower CPA scores. Conversely, activation of PV + interneurons in the CeA induced negative affective withdrawal behaviors. Additionally, morphine withdrawal led to an increase in CeA CRF mRNA levels which were attenuated by optogenetic inhibition of CeA PV + interneurons. The findings of this study highlight the role of plasticity within CeA PV + interneurons in modulating the negative affective states associated with morphine withdrawal through the expression of CRF.
Changes in glutamatergic alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits (or GluA) were found to regulate opioid withdrawal-related behaviors (Cai et al., 2020). This study utilized adeno-associated virus (AAV) vectors to achieve GluA1 overexpression (AAV-GluA1) in the CeA. They first demonstrated that bilateral microinjection of AMPA receptor protein into the CeA attenuated CPA behavior induced by naloxone-induced morphine withdrawal. To confirm these findings, the study infused bilateral AAV-GluA1 vectors into the CeA of rats. Rats receiving a control vector exhibited significant CPA behavior during naloxone-precipitated morphine withdrawal, while AAV-GluA1-infused rats showed reductions in aversive CPA behavior. These findings suggest that the neuroadaptive activation of GluA1 receptors in the CeA inhibits the aversive effects of opioid withdrawal (Cai et al., 2020).
The projections from the CeA to dopaminergic neurons in the VTA play a critical role in mediating the negative motivational effects observed in opiate withdrawal. Downregulation of the DA reward system and upregulation of the CRF brain-stress system have been implicated in the behavioral responses of opiate withdrawal (Koob and Mason, 2016; Koob and Volkow, 2016; Koob, 2020). These mechanisms appear to involve projections from CRF neurons in the CeA to VTA dopaminergic neurons. Jiang and others (2021) employed neuronal activity-dependent labeling methods to examine the recruitment of neuronal ensembles in the VTA, termed morphine ensembles (Mor-Ens), during initial morphine exposure. These ensembles projected to the NAc and induced dopamine-dependent positive reinforcement, as observed in morphine-induced operant conditioning. Electrophysiology and tracing techniques also revealed connections between CeA CRF neurons and ensembles Mor-Ens in the VTA (named the CRF CeA→VTA network) which exhibited neuroadaptive enhancements during morphine withdrawal. Deletion of CRF-R1 in Mor-Ens ensembles during opiate withdrawal produced anxiolytic (increased time spent in the open arm of the EPM), antidepressant (increased struggling time in the TST) and increased social preference scores. Pharmacological blockade or CRISPR- (Clustered Regularly Interspaced Short Palindromic Repeats of genetic information) repression of CRF-R1 in Mor-Ens ensembles and weakened these inhibitory CRF CeA→VTA inputs. Inhibition of this circuit produced less aversive effects as measured by CPA during opiate withdrawal. This study suggests that the neurons encoding opioid reward are regulated by withdrawal induced increases in CRF CeA→VTA inputs and result in negative withdrawal behaviors (Jiang et al., 2021).
To investigate the neuroadaptive role of the N-methyl-D-aspartate (NMDA) N1 receptor subunit gene in the CeA during opioid withdrawal, genetic deletion studies were performed by injecting a recombinant adeno-associated virus (rAAV) into the CeA of conditional knockout mice (Glass et al., 2008). This procedure resulted in reduced expression of the NR1 gene and its protein in CeA neurons. Bilateral local deletion of the NR1 gene did not affect somatic signs of opiate withdrawal but influenced CPA in withdrawing mice. To assess the impact of NR1 knockdown on dendritic plasticity in the CeA, ultrastructural analysis was performed to examine dendritic spine morphology, including measures of cross-sectional area, surface area, and axis length. No significant differences were found in dendritic spine number in sections from mice undergoing opiate withdrawal. However, conditional deletion of the CeA NMDA NR1 receptor subunit gene inhibited naloxone-induced CPA, while somatic signs remained unaffected, in morphine-dependent mice. In sum, these studies indicate that both CeA NMDA and AMPA receptors and their associated neuroplasticity play a role in the aversive properties of opioid withdrawal. These CeA plasticity changes are summarized in Table 1.
TABLE 1 | Neuroplasticity in the central nucleus of the amygdala (CeA) and bed nucleus of the stria terminalis (BNST).
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Because of its noradrenergic inputs to the brainstem, the BNST of the extended amygdala is especially relevant to opioid withdrawal. Criner and investigators (2007) examined the role of the BNST, and other regions within the extended amygdala, in the expression of opiate antagonist-induced suppression of operant responding during opioid withdrawal. Rats were trained to lever press for food and were then administered single or repeated doses of morphine. Previous research from the same group had indicated that repeated withdrawal inductions could lead to conditioned withdrawal responses, resulting in suppressed food lever pressing following opiate antagonist administration. Rats in this study received multiple doses of the opioid antagonist methylnaloxonium that were infused into various brain regions after the repeated morphine treatments. The researchers found that methylnaloxonium was more effective in suppressing food responding when infused into the NAc (17.9-fold potency shift), BNST (6.8-fold), and CeA (5.5-fold), compared to non-specific i.c.v. administration, highlighting the significance of all three regions. Overall, the study suggests that the BNST, CeA and NAc mediate the suppression of operant responding during morphine withdrawal.
Noradrenergic cells within the BNST were also demonstrated to have a role in opiate withdrawal (Fuentealba et al., 2000). Extracellular levels of NE in the ventral BNST (vBNST) of saline- and chronic morphine withdrawing rats were studied using in vivo microdialysis in rats. Additionally, the tissue concentration of NE was studied at different rostrocaudal levels of the vBNST. Chronic morphine treatment resulted in increased extracellular levels of NE in vBNST. Two days after naloxone-induced morphine withdrawal, there were further increases in the extracellular levels of NE in the vBNST. The presence of UK 14304, an alpha-2 adrenergic agonist, induced a decrease in NE extracellular levels in all experimental groups. The results also showed that the vBNST presents a rostrocaudal gradient of NE and contains nearly 10% of total brain NE. The increase in extracellular NE levels in vBNST induced by chronic morphine treatment and the further increase in NE levels 48 h after naloxone-induced morphine withdrawal suggest that NE within the vBNST is involved in the effects of both morphine dependence and withdrawal.
Other studies support these findings of BNST noradrenergic mechanisms in opioid withdrawal. Fuentealba and workers (2000) also used in vivo microdialysis studies to demonstrate naloxone-induced withdrawal increases extracellular levels of NE in the BNST. This study also demonstrated a rostrocaudal gradient of NE concentrations in the BNST. Delfs and associates (2000) utilized a retrograde tract-tracer injected into the BNST to identify noradrenergic afferents during opiate withdrawal. They also labeled noradrenergic neurons with tyrosine hydroxylase and assessed these regions using c-Fos-related activity markers. Their findings revealed that tyrosine hydroxylase-immunoreactive neurons in the A1 area of the caudal ventrolateral medulla, as well as A2 cell groups in the caudal medulla sent projections to the BNST. Comparatively fewer noradrenergic neurons from the pontine locus coeruleus (LC) projected to the BNST. All these afferents displayed activation, as indicated by c-Fos expression following opiate withdrawal. Ascending axons of the medullary A1 and A2 noradrenergic neurons constitute the ventral noradrenergic bundle, while neurons from the pontine locus coeruleus form the dorsal noradrenergic bundle. Lesions of the ventral bundle reduced withdrawal-induced CPA but not somatic signs of withdrawal. Conversely, lesions of the dorsal bundle or the LC did not impact aversive or somatic withdrawal signs of withdrawal. Microinjections of beta-1 and beta-2 noradrenergic antagonists into the BNST diminished opiate withdrawal-induced CPA. The alpha-2 adrenergic agonist clonidine, commonly used to alleviate somatic symptoms of opiate withdrawal in humans, also produced a reduction in withdrawal-induced CPA when injected into the BNST. This study highlighted the critical involvement of noradrenergic projections from the caudal medulla to the BNST in the aversive effects of opiate withdrawal (Delfs et al., 2000).
Cecchi and others (2007) examined the roles of the BNST in the somatic and motivational components of opioid withdrawal in rats with high reactivity (HR) versus low reactivity (LR) to novelty. During the initial day of spontaneous morphine withdrawal, HR rats displayed increased teeth chattering and eye twitching as compared to LR rats. This study examined adrenergic receptor gene expression in the BNST and found that HR rats showed a selective increase in beta-1 adrenoreceptor expression. To explore the functional relevance of this difference, they microinjected betaxolol, a selective beta-1 receptor antagonist, into the dorsal BNST. The administration of this antagonist dose-dependently decreased teeth chattering during withdrawal in HR rats and blocked opiate withdrawal-induced CPA in HR but not LR rats. These findings support the role beta-1 adrenoreceptors in the BNST in somatic and aversive aspects of opiate withdrawal (Cecchi et al., 2007).
Harris and Aston-Jones (2003) examined the role of the BNST in morphine reward following opiate withdrawal. Rats received chronic morphine treatment followed by a 1-month period of spontaneous opiate withdrawal and then were tested in the CPP paradigm. Rodents undergoing morphine withdrawal showed higher morphine preference scores for the drug-paired environment compared to chronically placebo-treated rats. Morphine-pretreated rats, vs. placebo-pretreated rats, displayed greater c-Fos expression in the ventrolateral BNST, but not in the dorsolateral BNST, compared to control rats. In morphine pretreated rats, there was a positive correlation between place preference measures and c-Fos expression in the ventrolateral BNST (vlBNST) (Harris and Aston-Jones, 2003). Harris and Aston-Jones (2007) also investigated motivational changes for natural rewards during prolonged opiate withdrawal. They employed a similar experimental design, using a chronic morphine pellet implantation followed by CPP testing for food rewards. In the CPP device, the animals were alternately placed in one compartment containing cereal or the other compartment with an empty food container. This process was repeated and a place preference test was performed after prolonged abstinence. They study demonstrated induction of c-Fos expression in the vlBNST, CeA, and noradrenergic neurons (A2) in the nucleus tractus solitarius in morphine-withdrawn animals tested for food preference. The number of c-Fos-positive neurons in these areas exhibited a negative correlation with food preference in abstinent animals. These findings suggest reduced hedonic processing for food rewards, but not morphine reward, during prolonged morphine withdrawal in these stress-related brain areas of the extended amygdala along with its medullary noradrenergic inputs (Harris and Aston-Jones, 2007).
Fox and colleagues (2017) examined the hypothesis that DA and NE signaling interact reciprocally during opiate exposure and withdrawal. To investigate this, they utilized voltammetry to measure catecholamine release in rats exposed to morphine and naloxone-precipitated withdrawal. They compared DA transmission in the NAc with NE concentration changes in the vBNST, and correlated neurotransmitter changes with withdrawal-related behaviors. Acute morphine treatment increased DA transients in the NAc but had no effects on NE responses in the vBNST. Conversely, DA output was decreased during opiate withdrawal, while NE was released in the vBNST during specific withdrawal symptoms. Both NE and withdrawal symptoms could be induced by administering naloxone with an alpha-2 adrenoreceptor antagonist in morphine dependent rats. These findings support reciprocal roles for DA and NE neurotransmission during drug exposure and withdrawal. In summary, these studies support a role for the noradrenergic signaling in the BNST in the somatic and motivational behaviors of opiate withdrawal.
5.4 Withdrawal-related neuroplasticity in the bed nucleus of the stria terminalis
Multiples studies have demonstrated the presence of neuroplasticity in the BNST during opiate withdrawal. Shalev and associates (2001) showed the effects of stress on the reinstatement of heroin seeking following different withdrawal periods, as well as the involvement of CRF mRNA in the BNST and CeA. Rats were initially trained to self-administer heroin, underwent extinction, and then experienced footshock-induced reinstatement of heroin seeking. The reinstatement of lever-pressing behavior in response to the footshock stimulus did not occur on day 1 of withdrawal, but it progressively increased and reached its peak on days 6 and 12 of heroin withdrawal. Responding was still present on days 25 and 66 of withdrawal. Increases in CRF mRNA levels were found in the dorsal BNST (on days 1 and 6 of withdrawal) in response to footshock-induced reinstatement, as well as in the CeA (on day 1 of withdrawal). It is hypothesized that the dysphoric and somatic symptoms of heroin withdrawal are associated with neuroplastic elevations of CRF mRNA levels in the BNST and CeA, which may contribute to stress-induced reinstatement (Shalev et al., 2001).
A subregion of the BNST, known as the juxtacapsular division of the lateral BNST (jcBNST), was shown to mediate opiate withdrawal behaviors through a distinct neuroplastic mechanism. The jcBNST receives dense glutamatergic projections from the BLA, via stria terminalis, and then projects back to the anterior BLA and to CeA, lateral hypothalamus, striatum, and NAc (Dong et al., 2000). Francesconi and associates (2009) demonstrated that a form of long-term potentiation (LTP) in jcBNST neurons responded to high-frequency stimulation of the stria terminalis. Rats were trained to self-administer heroin on either a short access (i.e., 1 h per day) or a long access schedule (i.e., 23 h per day). In long access heroin SA rats, there were impairments in the field potential in the jcBNST for one-two weeks after heroin withdrawal. Short access rats also exhibited a partial level of impairment after cessation of SA. These effects were associated with an elevation in heroin SA. The study demonstrated that chronic opiate exposure escalated SA during withdrawal and resulted in reductions in long-term potential in the jcBNST, likely impacting its connections with the BLA, CeA, NAc, and other key regions involved in drug reward. This persistent decrease in the firing threshold of jcBNST neurons may contribute to the anxiety and stress-related relapse mediated by the BLA and CeA during opiate withdrawal.
Luster and others (2020) investigated plasticity in GABAergic signaling within the BNST during opiate withdrawal in mice. After 3 days of morphine administration, mice demonstrated a sensitization of withdrawal symptoms. Electrophysiology experiments were conducted in the BNST 1 day after naloxone-precipitated withdrawal. All morphine withdrawing mice exhibited a variety of electrophysiological changes in the BNST. Withdrawal produced a decrease in the amplitude and increase in frequency of miniature inhibitory postsynaptic currents (mIPSCs). Withdrawal elevated the paired-pulse ratio in all mice suggesting a presynaptic mechanism. Morphine withdrawal induced sex-related bidirectional plasticity in spontaneous IPSCs on BNST neurons, increasing GABA release in male mice and decreasing GABA release in female mice. These findings suggest that neuroadaptations in BNST inhibitory signaling and the divergence of plasticity changes in male and female mice following morphine withdrawal (Luster et al., 2020).
Another potential plasticity mechanism contributing to aversive properties of opiate withdrawal involves BNST inhibition of VTA dopamine neurons. Neurons projecting from the VTA to the vlBNST were identified through retrograde transport of fluorescent microspheres injected into the VTA and through whole-cell voltage clamp recordings in vlBNST neurons. Acute morphine withdrawal increased miniature GABAA-IPSCs through an adenylate cyclase-protein kinase A pathway. NE increased spontaneous GABAA-IPSCs in the vlBNST of morphine withdrawn rats and alpha-1 antagonist (prazosin) and beta-adrenergic receptor blockade (propranolol) blocked noradrenaline-induced increase of GABAA-IPSCs. Downstream adenylyl cyclase blockade inhibited NE-induced increases of spontaneous GABAA-IPSCs in slices from morphine withdrawing rats. Given that neurons in the vlBNST send excitatory projections to the VTA, NE may diminish the excitatory drive to mesolimbic dopamine cells during opiate withdrawal via these GABAergic changes in plasticity; this effects may contribute to the amotivational state of opiate withdrawal (Dumont and Williams, 2004). These BNST plasticity changes are summarized in Table 1.
5.5 Role of the nucleus accumbens shell in opioid withdrawal
Impairments in negative affect processing during opiate withdrawal may arise from circuit dysfunction in the mesolimbic DA pathway, which is believed to mediate anhedonia-like behaviors and reduce motivational approach behaviors (Ploski and Vaidya, 2021). Sensory afferents to the NAc shell receive conditioned sensory information from the BLA, hippocampus, hypothalamus, brainstem, and visceral- and olfactory-related cortices, which can contribute to the aversive features of opiate withdrawal. Efferents from the NAc shell innervate the ventromedial part of the ventral pallidum that projects to thalamic mediodorsal nucleus with strong limbic connections and could mediate aversion-related behaviors (Zahm, 1999). The NAc integrates both dopaminergic and glutamatergic inputs to modulate the rewarding and aversive properties of opiates. Medium-spiny neurons (MSNs) in the NAc shell are divided into two types activated by different DA D1 and D2 receptors (Le Moine and Bloch, 1995).
Given that mesolimbic DA activation plays a crucial role in producing the rewarding effects of various drugs of abuse, it is hypothesized that the suppression of DA output in the limbic forebrain are associated with the aversive symptoms during withdrawal. In line with this hypothesis, Rossetti and associates (1992) demonstrated that withdrawal from chronic ethanol, morphine, cocaine, and amphetamine resulted in a substantial reduction in extracellular dopamine concentration in the ventral striatum, as measured by in vivo microdialysis. After naloxone-precipitated morphine withdrawal, the time course of dopamine reduction mirrored that of the withdrawal symptomatology (Rossetti et al., 1992). These findings were complemented by electrophysiological evidence following morphine withdrawal. Diana et al. (1995) demonstrated that 1 day after chronic morphine treatment, the neural activity of mesoaccumbal DA neurons, as indicated by firing rate and burst firing, was significantly reduced compared to chronic saline-treated controls. However, the administration of morphine restored these electrophysiological parameters. Similarly, when rats were tested after an intravenous challenge with the opiate antagonist naloxone, there was a sharp and substantial decrease in dopaminergic firing rate and burst firing rate. These results suggest that the mesolimbic DA system is chronically downregulated during morphine withdrawal syndrome, leading to a depressed extracellular release of dopamine in the NAc. Diana and coworkers (2006) showed that spontaneous and naloxone-induced withdrawal produces an enduring but reversible decrease in NAc shell spine density in shell, as compared with core neurons. This effect persists up to 14 days when spine density was found within pretreatment values. These findings imply that the hypoactivity of DA neurons during withdrawal may be related to the dysphoric state associated with morphine withdrawal and could lead to increased vulnerability to relapse in an effort to restore euthymia.
Enoksson and researchers (2012) conducted a study in transgenic mice to examine the immunofluorescence of the activity-related IEG, c-Fos, and to investigate separate populations of DA D1-and D2-receptor expressing neurons. Chronic morphine-treated mice underwent naloxone-precipitated withdrawal, and the effects on c-Fos expression were examined in the NAc of transgenic mice that selectively expressed the D2 receptor. The study found that c-Fos expression in the NAc core and shell was increased 2 h after naloxone injection during withdrawal. Furthermore, c-Fos immunoreactivity was predominantly observed in D2 receptor-positive neurons. This study also examined naloxone-precipitated withdrawal in transgenic mice that exclusively expressed D1 receptors. The withdrawal-induced increase in c-Fos expression was also mostly confined to presumed D2 receptor-expressing (D1 receptor-negative) neurons. These findings highlight the distinct neuronal responses occurring in the two DA receptor populations of MSNs within the NAc in response to morphine withdrawal (Enoksson et al., 2012).
A study by Radke and Gewirtz (2012) examined the effects of administration of DA receptor agonists on opiate withdrawal. In their study, intra-accumbal administration of the D1-like receptor agonist SKF82958 and the D2-like receptor agonist quinpirole, as well as systemic administration, were tested after morphine withdrawal. Neither agonist decreased the morphine withdrawal-potentiated startle responses. However, when rats instead received a systemic injection of both SKF82958 and quinpirole after morphine withdrawal, there were decreases in startle responses. The investigators proposed that the potentiated startle response during opiate withdrawal is dependent on reduced activity at both D1-and D2-like receptors, and the administration of D1/D2 receptor agonists prevents the expression of opiate withdrawal-potentiated startle by activating both receptor types (Radke and Gewirtz, 2012).
The transcription factor deltaFosB (DFosB) has been shown to be induced by drugs of abuse highly rewarding substances and activities in the NAc. Nunez and others (2010) investigated the expression of FosB transcription factor plus DFosB proteins in brain stress and motivational systems during morphine withdrawal. Rats were made dependent on morphine and then injected with either saline or naloxone to induce withdrawal. Naloxone-induced withdrawal resulted in expected somatic behaviors and increases in systemic ACTH and corticosterone levels, indicating stress responses. Acute withdrawal led to increases in immunoreactivity of FosB/DFosB in various brain regions, including the extended amygdalar regions of the NAc shell, CeA, BNST, noradrenergic inputs from the nucleus tractus solitarius, and hypothalamic regions of the paraventricular nucleus. This study highlights the expression of FosB/DFosB in different components of the brain stress and motivational systems during morphine withdrawal (Núñez et al., 2010).
Noe and associates (2019) investigated the functional implications of withdrawal-induced hypodopaminergic activity in the NAc shell using a conditioned suppression paradigm of operant food seeking. Rats were trained to lever press for food pellets and then were chronically treated with morphine or vehicle. During naloxone-precipitated withdrawal, the conditioned cue was presented in the operant cage context, resulting in the suppression of lever pressing. In a subsequent cue-only session, reactivation of the aversive memory associated with opiate withdrawal inhibited lever pressing. Neural analyses revealed the activation of NAc shell, BLA, and hippocampal neurons during withdrawal-induced context and cue exposures, while NAc core neurons responded only during the cue period. These findings suggest the important role of the NAc shell-BLA-hippocampal circuit in suppressing food responding during opiate withdrawal.
5.6 Withdrawal-related neuroplasticity in the nucleus accumbens shell
As previously mentioned, neuroadaptive morphological changes in accumbal neurons with DA hypoactivity were demonstrated during opiate withdrawal (Rossetti et al., 1992; Diana et al., 1995). Spiga and colleagues (2005) used the Golgi-Cox staining technique and confocal microscopy to measure MSNs in the NAc after opiate withdrawal. Both spontaneous and naloxone-induced withdrawal resulted in a selective reduction of spine density in NAc shell neurons, while spine density counts in rats chronically treated with morphine were not altered. These findings support the hypodopaminergic hypothesis of opiate withdrawal. Furthermore, the reduction in spine density in NAc shell medium spiny neurons was replicated and persisted for up to 2 weeks before returning to pre-treatment levels.
In a study by Kasture and others (2009), the effects of treatment with a neuroprotective agent, withania somnifera extract, were investigated in rats undergoing chronic morphine treatment and subsequent withdrawal. Golgi-Cox staining and confocal microscopy were used to analyze the brains of rats subjected to spontaneous or pharmacologically precipitated withdrawal. The administration of withania somnifera extract during chronic morphine treatment reduced somatic withdrawal behaviors during withdrawal. Additionally, treatment with the extract prevented the reduction in spine density of the NAc shell observed during spontaneous and naltrexone-induced morphine withdrawal. These results suggest that pretreatment with the neuroprotective agent protects against neuroadaptive reductions in dendritic plasticity and somatic symptoms induced by morphine withdrawal.
Wu and colleagues (2013) examined the excitability of MSNs in the NAc shell during morphine withdrawal through in vitro whole-cell recordings. NAc shell MSNs were categorized according to their firing patterns as following: repetitive spike discharge with and without firing cessation (types I and II, respectively), and non-repetitive spike discharge (type III). Findings were that morphine withdrawal (for a period of 10 days) increased the intrinsic excitability in type II MSNs and led to rapid spike adaptation that terminated repetitive spike discharge during the depolarization of type I MSNs. Additionally, the afterhyperpolarization currents in NAc shell MSNs were attenuated after chronic morphine withdrawal. These findings indicate that individual MSNs of the NAc shell exhibit unique electrophysiological properties and undergo neuroadaptation during morphine withdrawal (Wu et al., 2013).
Wu and associates (2012) also demonstrated that withdrawal from repeated morphine exposure led to potentiation of both glutamatergic synaptic strength and intrinsic excitability within the NAc shell. Chronic morphine withdrawal potentiated glutamatergic synapses and increased the probability of glutamate release at synapses of MSNs. This potentiation was characterized by the increased frequency of the miniature excitatory postsynaptic currents (mEPSCs), a decrease in the paired-pulse ratio, and an increase in the ratio of AMPA receptor/NMDA receptor mediated currents. MSN intrinsic excitability was also potentiated through the inhibition of sustained potassium currents via extrasynaptic NMDA receptor activation. Chronic morphine withdrawal produced the downregulation of presynaptic group II metabotropic glutamate receptors (mGluR2/3), whereas mGluR2/3 receptor agonist pretreatment blocked this change. These findings underscore the role of glutamatergic neuroadaptations within the MSN of the NAc shell during chronic morphine withdrawal (Wu et al., 2012).
Russell et al. (2016b) demonstrated the contribution of AMPA receptors within the NAc shell to somatic and affective signs of opiate withdrawal. This study demonstrated the effects of NBQX (2,3-dioxo-6-nitro-7-sulfamoyl-benzo [f]quinoxaline), which is an antagonist of the AMPA receptor, on withdrawal behaviors. Intracerebral administration NBQX into the NAc shell prevented naloxone-induced CPA but not somatic signs in morphine-dependent rats. In morphine-dependent rats, cross-linking of NAc tissue resulted in increased surface to intracellular ratios of GluA1, which returned to control levels after naloxone administration. Fractionation of NAc tissue from naloxone-treated morphine-dependent rats showed a decrease in GluA1 subunits in synaptosomal membranes, indicating compensatory removal of GluA1 from synaptic zones during morphine withdrawal. These changes in the synaptic availability of GluA1-containing AMPA receptors in the NAc shell may contribute to the development of negative affective states in response to naloxone. Similarly, Edwards et al. (2009) examined neuroadaptations in AMPA GluA1 phosphorylation in multiple limbic brain regions during opiate withdrawal. Protein kinase A-mediated GluA1 phosphorylation was increased in the NAc shell, CeA, BLA, VTA, hippocampal CA1 and CA3 subregions, and premotor cortex during spontaneous withdrawal from chronic heroin SA. These two studies highlight the involvement of AMPA receptor neuroadaptations in the NAc shell and other brain regions during opiate withdrawal (Edwards et al., 2009; Russell et al., 2016b).
Re-exposure to environments associated with morphine elicits morphine-seeking behavior even after a prolonged period of withdrawal in rats (Kong et al., 2014). Following operant training for morphine-induced nose-poking, rats underwent different durations of spontaneous withdrawal (1, 10, or 30 days) before being returned to the operant chambers for context-induced SA testing. SA behavior was observed to resume after 1 and 10 days of withdrawal. To investigate molecular mechanisms underlying this behavior, the expression and phosphorylation of GluA1 at serine 845 and serine 831 were examined in the NAc and CeA of rats after 1 or 10 days of withdrawal. The levels of phosphorylation of GluA1 at serine 845 phosphorylation in the NAc were correlated with the intensity of active responses after 10 days of withdrawal. Rats exhibiting stronger motivation for morphine SA following 10 days of withdrawal displayed greater neuroadaptations in GluA1 phosphorylation in the NAc. These findings suggest that alterations in GluA1 phosphorylation in the NAc may contribute to the expression of morphine-seeking behavior during prolonged withdrawal periods.
Madayag and others (2019) investigated glutamatergic transmission in D1-or D2-neurons in the NAc shell and core after repeated morphine treatment. Glutamatergic mEPSCs were measured in D1-and D2-neurons in the NAc core and shell subregions 24 h after repeated morphine injection and 2 h after behavior assessment. The results showed an increase in the frequency of miniature EPSCs (mEPSCs) specifically in D2-MSNs in the NAc shell. In the NAc core, repeated morphine treatment had no effect on the amplitude or frequency of mEPSCs in either D1-or D2-neurons. Furthermore, following chronic morphine treatment and subsequent abstinence, a single re-exposure to morphine triggered a rapid and sustained endocytosis of GluA2-containing AMPA receptors in D1-neurons in the NAc shell. This effect was blocked by the infusion of an AMPA receptor blocking peptide administered into the NAc shell. These findings highlight the role of glutamatergic mEPSCs on D1-and D2-neurons in the NAc shell, via AMPA receptor changes, that are associated with morphine withdrawal (Madayag et al., 2019).
Lefevre and associates (2023) examined the intrinsic excitability and synaptic plasticity of DA D1-or D2-neurons using ex vivo electrophysiology. Mice received continuous infusion of morphine over 6 days. Additionally, they received twice-daily injections of saline or naloxone to create continuous or interrupted morphine administration conditions. In the NAc shell, spontaneous excitatory postsynaptic current (sEPSC) amplitudes were higher in D1-MSNs of mice treated with discontinuous morphine compared to those with continuous morphine treatment. A similar trend was observed in D2-MSNs. The study also investigated the effects of continuous and interrupted morphine exposure on excitatory synaptic strength by measuring the ratio of AMPA and NMDA receptor-mediated currents. In male mice only, the AMPAR/NMDAR ratio decreased in D1-MSNs in both morphine groups but not in D2-MSNs. The investigators further examined inhibitory inputs to D1-and D2-MSNs and found that continuous morphine administration increased inhibitory signaling selectively onto D1-MSNs, while interrupted morphine decreased inhibitory input selectively onto D2-MSNs. Discontinuous morphine, as found in withdrawal, increased sEPSC amplitudes in D1-and D2-MSNs and D1-MSN functional outputs. Continuous morphine treatment, which produces opioid dependence induces adaptations that reduced the output of D1-MSNs, which are known to promote reward-related behavior and this may contribute to the amotivational state of dependence/withdrawal (Lefevre et al., 2023).
In a study by Qu and associates (2019), the role of small conductance calcium-activated potassium channels (SK channels) was examined in the NAc shell and medial prefrontal cortex of rats after morphine withdrawal. Rats underwent repeated morphine treatment that yielded CPP and were sacrificed 3 weeks after the final CPP test during a morphine abstinence period. Brain slices were analyzed using ex vivo electrophysiology, revealing enhanced spike firing of NAc shell neurons in the morphine abstinence group. Voltage clamp methods were employed to isolate SK currents and morphine abstinence produced a reduction in SK currents in NAc shell neurons. Immunohistochemistry was used to show decreased expression of SK2 and SK3 subunits in the NAc after morphine abstinence. These findings suggest that neuroadaptive changes in small conductance calcium-activated potassium channels in the NAc shell, resulting in enhanced MSN excitability, and play a role in morphine withdrawal and indicate their potential as a target for preventing relapse (Qu et al., 2019). These NAc shell plasticity findings are summarized in Table 2.
TABLE 2 | Neuroplasticity in the nucleus accumbens (NAc) shell.
[image: Table 2]5.7 Role of the basolateral nucleus of the amygdala in opioid withdrawal
The BLA serves as the major conduit for sensory information processing to the CeA and has large impacts in opiate withdrawal. It receives and processes cortical, thalamic and hippocampal sensory information related to drug and withdrawal and has efferent connections to the medial CeA which projects to the hypothalamus, midbrain, LC, and PAG which serve as effectors for withdrawal behaviors. Roozendaal et al. (2002) demonstrated the presence of CRF receptors in the BLA that are critical to stress-induced memory consolidation. Martínez-Laorden and associates (2020) utilized the CPA paradigm to evaluate the role of BLA CRF/CRF1 receptor signaling on corticosterone plasma levels. In this study, opiate dependent mice demonstrated somatic withdrawal symptoms. They then underwent a CPA conditioning paradigm with naloxone and demonstrated place aversion along with increases in plasma corticosterone. Intracerebral CRF1 antagonist treatment in the BLA reversed withdrawal CPA demonstrating that withdrawal is a potentially treatable stress-related phenomena.
García-Pérez and Milanés (2020) conducted a CPA study examining the roles of NA and DA neurotransmission within the BLA during opiate withdrawal. The analysis of BLA punches revealed reductions in NE, its metabolites, and NE turnover during morphine withdrawal CPA testing. Conversely, morphine withdrawal CPA led to increases in DA metabolites, specifically dihydroxyphenylacetic acid, and DA turnover in the BLA. Furthermore, a negative correlation was observed between NA turnover in the BLA and body weight loss during withdrawal. A positive correlation was found between BLA DA and dihydroxyphenylacetic acid/DA turnover, and the CPA score in morphine withdrawn rats. These results indicate that the BLA NA system is associated with somatic symptoms, while the BLA DA system modulates the negative affective state of withdrawal (García-Pérez and Milanés, 2020).
Wu and others (2014) conducted a study utilizing the both CPP and CPA paradigms to investigate the role of the BLA and its adrenoreceptors in the reconsolidation of morphine-associated emotional memory in rats. The experiment involved conditioning morphine withdrawing rats to a specific context. After contextual reactivation, the researchers infused a protein inhibitor, anisomycin, into the BLA, which disrupted the reconsolidation of CPP at 4 days, 1 week, and 2 weeks after withdrawal. In other experiments, the beta-adrenoreceptor receptor propranolol was bilaterally administered to the BLA and resulted in impaired reconsolidation of CPA. These findings indicate that aversive memories associated with opiate withdrawal undergo reconsolidation within the BLA, requiring protein synthesis and beta-receptor adrenergic transmission (Wu et al., 2014).
GABA is another important transmitter in the BLA that plays a role in opiate withdrawal behaviors. Seno and coworkers (2022) examined the role of intra-BLA administration of GABA-A agonist and GAD inhibitor in startle potentiation and freezing behavior produced by morphine-precipitated withdrawal. Intra-BLA treatment with GABA-A agonist reduced naloxone withdrawal-induced freezing behaviors while GAD inhibitor inhibited the amplitude of the contextual fear-potentiated startle during withdrawal. Researchers hypothesized that increases in BLA GABAergic transmission may interfere with or inhibit the formation or storage of fear and drug memories.
5.8 Neuroplasticity in the basolateral nucleus of the amygdala in opioid withdrawal
Frenois and colleagues (2002) localized the neural circuit involving the BLA responsible for the somatic and motivational effects of opiate withdrawal. In morphine-dependent rats, different doses of naloxone induced various somatic signs of withdrawal. The lower naloxone dose primarily produced some somatic signs, while the higher dose led to additional systemic signs like diarrhea, weight loss, and jumping behaviors. Motivational signs of withdrawal, demonstrated through naloxone-induced CPA, were also observed at multiple naloxone doses, triggering c-Fos mRNA expression in the BLA, lateral septal nucleus, and CA1 regions of the hippocampus. Higher naloxone doses activated DA structures (VTA and striatum), the NA region of the LC, hypothalamic nuclei, and the PAG. Interestingly when the number of c-Fos-expressing neurons increased in the CeA it conversely decreased in the BLA. Their hypothesis was that inhibitory BLA GABA interneurons control the activity of BLA excitatory glutamatergic efferent projections to the CeA. Naloxone-induced c-Fos mRNA expression in the CeA was hypothesized to result from the loss of inhibitory control over glutamatergic efferents in the BLA.
In a translational model of heroin SA and withdrawal, Hellemans et al. (2006) the role of the BLA in suppressing opioid seeking was examined. Rats were implanted with bilateral cannulae in the BLA and trained to self-administer heroin by responding on a drug seeking lever in an operant paradigm. Rats were then made opiate dependent via continuous infusion of heroin using mini-osmotic pumps and were subsequently conditioned to associate a stimulus (CS) with naloxone, which triggered CPA. The presence of the heroin withdrawal led to inhibition of heroin-seeking, possibly due to impairments resulting from withdrawal. Furthermore, the IEG Zif268 protein was upregulated in the BLA, but not in the CeA, 2 h after re-exposure to the withdrawal-conditioned stimulus. When antisense oligonucleotides targeting Zif268 were administered into the BLA, there was an impairment in the CS-mediated suppression of heroin seeking. These findings identify the role of the BLA in suppressing opioid seeking during opiate withdrawal and suggest that drug memories undergo protein synthesis-dependent reconsolidation in this region (Hellemans et al., 2006).
Frenois et al. (2005) conducted a study to identify the specific types of neurons in the BLA and CeA involved in opioid withdrawal. The BLA primarily consists of glutamate output neurons (GAD-) with a smaller population of GABA interneurons expressing glutamate decarboxylase (GAD+), the enzyme involved in GABA synthesis. In contrast, the CeA primarily contains GAD + neurons. By performing double-labeling of GAD and IEG c-Fos in the BLA and CeA, the study revealed that acute opiate withdrawal reduced the density of c-fos/GAD + neurons (GABAergic neurons) in the BLA and increased their density in the CeA. Then re-exposure to withdrawal-related conditioned stimuli increased the density of these neurons in the BLA and reduced their density in the CeA, indicating a neuroplastic response. These findings suggest that withdrawal memories produce activity-dependent neuroplastic and reciprocal changes in different subpopulations of amygdalar neurons (BLA and CeA) involved in aversive conditions such as opiate withdrawal.
A variety of studies highlight the importance of DA pathways from the BLA in opiate withdrawal. Lintas and coworkers (2011) examined the intra-BLA effects of DA D1 and D2 antagonist on morphine CPP in heroin withdrawing mice. In opiate-naive rats, blockade of intra-BLA D1, but not D2, receptor transmission blocked the acquisition of opiate CPP. In opiate dependent and withdrawal-conditioned rats, intra-BLA D2, but not D1, receptor blockade blocked opiate reward indicating a neuroadaptive switch in mechanisms. Single-unit in vivo extracellular recordings were performed NAc neurons in the opiate-dependent/withdrawn state and showed increases in dopaminergic firing frequency. This suggests an important BLA-NAc shell projection relevant to opiate dependence and withdrawal.
Lyons and coworkers (2013) demonstrated the ability of intra-BLA DA D1 or D2 receptor transmission modulate the motivational salience of opiates via a D1-mediated extracellular signal-regulated kinase- (ERK) dependent mechanism in the opiate-naive state. They found that in the state of opiate dependence/withdrawal, BLA systems switch from a D1-ERK mechanism to a D2-mediated calcium/calmodulin-dependent protein kinase (CaMKIIα) mechanism. Opiate dependence/withdrawal also produced a downregulation of ERK1/2 phosphorylation and a reduction in both total and phosphorylated CaMKIIα signaling in the BLA. In sum, opiate exposure state changes functional control of BLA ERK1/2-dependent versus CaMKIIα-dependent memory mechanisms.
Rosen and coworkers (2017) demonstrated that chronic heroin reduces the expression of the DA D3 receptor in the BLA. They showed intra-BLA DA D3 receptor blockade in the BLA with had no effect on opiate reward memory formation in opiate naïve animals. In opiate dependent rats, intra-BLA DA D3 receptor antagonist treatment prevented the formation of opiate reward and withdrawal aversion memory. In summary, there are important BLA dopaminergic signaling pathways involving DA D1, D2 and D3 pathways and downstream DA effectors of ERK 1/2 and CaMKII that play key roles in opiate dependence and withdrawal. There are neuroadaptive switches in these mechanism in naïve rodents that undergo morphine dependence/withdrawal.
Song and coworkers (2019) examined the importance of projections between the PrL cortex and the BLA in the conditioned retrieval of opiate withdrawal memories. To identify this projection, FluoroGold was injected into the PrL to retrogradely label BLA neurons. Morphine dependent mice were trained in a naloxone-induced CPA paradigm. To inhibit this BLA-PrL projection and impact opioid withdrawal-induced CPA, optogenetic silencing was employed. When the optical fiber was activated above the PrL, the projection was inhibited and resulted in the elimination of withdrawal-induced CPA. Optogenetic activation of the BLA inputs to PrL neurons and subsequent feedback signals produced a plasticity-related process in other BLA neurons which were not identified as projection neurons. This study also demonstrated a feedback circuit from the PrL to the BLA using a two-step virus injection approach. BLA neurons projecting to the PrL play an important role in conditioned context–induced retrieval of withdrawal memories and PrL activation induces a neuroplasticity–related feedback process in BLA neurons relevant to these memories.
Shao and associates (2021) conducted a study examining the role of the BLA-anterior cingulate cortex (ACC) projection in the formation of early morphine withdrawal memories and for the longer term transfer of this information to the ACC. Fluorogold was injected into the ACC to label projection neurons. A chemogenetic approach was used to influence this projection in a rodent model of morphine withdrawal-induced CPA. Inhibition of BLA–ACC projection neurons had no effects on the retrieval of long-term CPA withdrawal memory. But repeated chemogenetic inactivation of this BLA-ACC projection did block CPA and resulted in its blockade 14 days later. This produced the inhibition of long-term withdrawal memory formation and decreased in IEG expression in the ACC. The findings suggested that the persistent activation of the BLA-ACC projection following the formation of early withdrawal memory plays a crucial role in the transfer of memories to the cerebral cortex to form long-term memories via plasticity of ACC neurons.
Deji and associates (2022) discovered that another projection originating from the BLA to the ventral hippocampus plays a key role in mediating anxiety during opiate withdrawal. Using a mouse model, they employed anterograde and retrograde viruses to track the activation of this projection, along with c-Fos to measure activity in both regions. During the first 2 weeks after morphine withdrawal, mice exhibited anxiety-like behaviors, as assessed by the EPM and OFT. Optogenetic and chemogenetic inhibition of BLA inputs to the ventral hippocampus produced reduction in anxiety-like behaviors in mice in morphine withdrawal. Furthermore, knockdown of the kappa opiate receptor in the BLA-ventral hippocampus circuit not only diminished its function but it also alleviated anxiety-like behaviors and prevented stress-induced CPP reinstatement. These findings underscore the importance of the BLA-ventral hippocampus projection in modulating anxiety-like behaviors during opiate withdrawal and highlight the kappa opioid receptor as a target for therapeutic interventions.
Yuan et al. (2020) utilized a rat model of heroin SA, consisting of several days of SA followed by extinction training, in order to examine the role of the BLA in heroin seeking. After 1 month of SA training, the rats were exposed to either a noncontingent heroin injection (UCS), or a drug-associated sound (CS), 1 h before extinction sessions. Exposure to the UCS, but not CS memory, prior to extinction training reduced priming-induced reinstatement of heroin seeking. The combination of chemogenetic reactivation of BLA and CS exposure during extinction procedures also inhibited extinction retrieval. Chemogenetic inactivation of the BLA eliminated the inhibitory effects of UCS on extinction procedures and increased heroin seeking. Chemogenetic activation of the BLA restored the inhibitory effects of the UCS on extinction retrieval and reduced heroin seeking. AMPA GluA2 receptor trafficking in the BLA was required for the inhibitory effect of UCS extinction manipulation on heroin seeking. These findings emphasize the involvement of the BLA in the reconsolidation of heroin-associated memory after prolonged withdrawal that involves AMPA receptor trafficking (Yuan et al., 2020).
Protein kinase M ζ (PKMζ) has an important role in neuroplasticity as it increases the number of active postsynaptic AMPA receptors, enhances excitatory synaptic transmission, and has a role in LTP. In a study conducted by He and colleagues (2011), the effects of a PKMζ inhibitor in the BLA on aversive and reward memories was examined during morphine withdrawal in rats. Subjects undergoing morphine withdrawal were tested for the expression of CPA and the following day and received injections of either the PKMζ inhibitor or vehicle into the BLA or the CeA. The study demonstrated intra-BLA injection of the PKMζ inhibitor impaired the expression of CPA on the day following injection, while intra-CeA injection had no effect. In another group, PKMζ inhibitor was microinjected into the BLA 1 day after testing for morphine CPP. The protein kinase inhibitor blocked the expression of CPP on days 1, 7, and 14 of retesting. These findings indicate that PKMζ in the BLA is necessary for the maintenance of associative morphine withdrawal-associated aversion and reward memories (He et al., 2011). These BLA plasticity changes are summarized in Table 3.
TABLE 3 | Neuroplasticity in the basolateral nucleus of the amygdala (BLA).
[image: Table 3]6 DISCUSSION
OUD is often a chronic disorder that produces tremendous morbidity and mortality. It is characterized by uncontrolled and hazardous use of opioids with impaired inhibitory control over involvement with opioids, resulting role dysfunction, a dysphoric withdrawal syndrome upon discontinuation of opioids, and long-term likelihood of relapse despite negative consequences. With prolonged opioid SA an allostatic state develops in which there is chronic deviation of the neural regulatory system from its normal operating level that is maladaptive, depending upon the lessons learned and predictions made by the opioid dependent individual. Opioid withdrawal is associated with neuroplastic changes as manifested by alterations in neuronal electrophysiology and neural connectivity and molecular changes in key brain areas. There is evidence that the underlying neurobiological vulnerability for OUD consists, in part, of opioid-induced structural and functional synaptic adaptations of the brain’s reward and stress systems. Importantly, these neuroadaptive changes to the stress and reward systems are accompanied by negative affective experiences that commonly give rise to relapse, even after prolonged periods of abstinence.
With persistent opioid use, the positive affective effects of opioids and conditioned stimuli mediated by the neural reward system reflexively trigger an anti-reward system that offsets the excessive reward activation. This anti-reward system becomes functionally “upregulated” by persistent opiate exposure while the reward system is “downregulated” to offset persistent mesolimbic dopaminergic activation. In addition, the amygdala-based stress system also becomes sensitized or upregulated after repeat drug exposure and conditioning to aversive cues and contexts associated with negative aspects of opiate withdrawal. The result of this neuroplasticity is a chronically high state of endogenous stress and a dampened or blunted hedonic state during opioid dependence and abstinence. Additionally, the inhibitory control system of the prefrontal cortex is eroded or undermined by the body’s allostatic tendency to achieve self-control through maladaptive self-regulation. Notably, the affective changes that characterize this opioid-induced allostasis are the result of distinctive neuroadaptations, particularly in the extended amygdala. These neuroadaptations result from neural transcriptional and translational processes, varied molecular mechanisms, and electrophysiological changes in neurons and neurocircuits.
The extended amygdala encompasses a network of brain regions that are involved in motivation, stress responses and the regulation of emotions. It includes highly interconnected regions that include the BNST, the CeA and NAc shell. The CeA is located at the central core of the amygdala and receives and integrates sensory inputs coming from the hippocampus, temporal and parahippocampal regions of the cortex and the thalamus, hypothalamus, brainstem. It receives inputs from a variety of frontal, associative and temporal cortical regions via the BLA which integrates sensory information processing to the CeA (Di Marino et al., 2016). The CeA has extensive outputs, including connections to the striatum, hippocampus, and neocortex, as well as projections to the hypothalamus, thalamus, brainstem, and basal brain regions. These projections provide a linkage for autonomic, stress, motivational, emotional functions that and influence behavioral and motoric responses.
Neurophysiological changes in the CeA during opiate withdrawal include increased excitability of neurons during withdrawal associated with anxiety, dysphoria, and amotivational behavioral states (Wang et al., 2016). AMPARs are enriched in the postsynaptic membrane on dendritic spines, are highly dynamic, and play an important role in synaptic plasticity. Changes in AMPA number, composition, phosphorylation state can modify synaptic strength and support cellular forms of learning (Chater and Goda, 2014). There are neuroadaptations of AMPA GluA1 receptor in the CeA and this change is associated with the conditioned aversive effects of opioid withdrawal (Cai et al., 2020). Additionally, glutamatergic plasticity in the CeA involves NMDA receptor mechanisms. Studies show that the CeA NMDA-NR1 receptor contributes to opioid withdrawal-induced aversive effects and highlight the importance of NMDA plasticity in opioid withdrawal.
The CeA is part of an endogenous CRF circuit that mediates neuroendocrine, autonomic, and behavioral changes in response to stress. The CeA contains CRF-expressing neurons that communicate with widespread regions of the neural axis. A CeA-VTA projection exhibits neuroadaptive changes following escalating morphine treatment and mediates dysphoria during withdrawal (Jiang et al., 2021). Indeed, repression of this CeA CRF-VTA projection reduces withdrawal-induced dysphoria. Also, footshock stress in heroin-trained subjects increases CRF levels in the CeA and BNST (Shalev et al., 2001). Perhaps due to the CRF changes, footshock-induced reinstatement of heroin seeking is maintained for over 3 months after withdrawal. In summary, the glutamatergic and CRF-mediated plasticity in the CeA accounts for many of the aversive, dysphoric and effects of opioid withdrawal and associated vulnerability to relapse.
The BNST and CeA demonstrate anatomical and structural symmetry and similar projections to the brainstem, midbrain, and hypothalamic nuclei which activate key signs of fear and anxiety. The BNST receives many cortical limbic inputs and major amygdaloid inputs through the BLA. Importantly, the BNST receives major noradrenergic inputs from the nucleus of the solitary tract and plays a role in DA-NE neurotransmitter interactions through connections with the VTA, SN and LC. This interplay with noradrenergic and dopaminergic systems affects aversion, anxiety and motivation in opiate withdrawal. BNST neurons also project to midbrain nuclei, NA LC neurons, the dorsal nucleus of the vagus nerve, and the reticular formation important in fear responses, arousal and autonomic activity.
Neurophysiological elements of plasticity in the BNST during opiate withdrawal involve several specific subtypes of neurons. Noradrenaline-induced increases of GABAA-IPSC interneurons may contribute to aversion during opioid withdrawal (Dumont and Williams, 2004). Medications that treat some symptoms of opiate withdrawal, including alpha-1 antagonist (prazosin) and beta-adrenergic antagonist (propranolol) block noradrenaline-induced increases in vlBNST GABAA IPSCs, highlighting the importance of this form of plasticity. The BNST contains a dense population of GABAergic interneurons and receives GABAergic input largely through projections from the CeA. It is hypothesized that plasticity changes in the CeA ➔ BNST circuit contributes to the affective component of withdrawal (Luster et al., 2020). Neuroadaptations in BNST pre- and post-synaptic GABAergic neurons, and their noradrenergic influences, may contribute to a variety of affective and aversive behaviors in opiate withdrawal.
The NAc shell is a subregion of the brain’s reward system and is anatomically and functionally distinct from the NAc core. The NAc shell receives inputs from various cortical and subcortical structures, including the BLA, hippocampus, hypothalamus, brainstem, and sensory cortices. These inputs are involved in processing both rewarding and aversive information. The NAc shell projects to the ventral pallidum which impact motor and responses and thalamic mediodorsal nucleus with its connections with the prelimbic and insular cortex involved in aversion-related behaviors (Zahm, 1999).
Neuroplastic changes in the NAc shell during opiate withdrawal include decreases in mesolimbic dopaminergic inputs. Withdrawal from chronic morphine reduces extracellular dopamine concentration in the ventral striatum that is associated with inhibition of somatic symptoms (Rossetti et al., 1992). Spontaneous opiate withdrawal reduces neural activity of dopaminergic neurons, as indicated by firing rate and burst firing and this was associated with dysphoria and reduced reward (Diana et al., 1995). The results of this hypodopaminergic effects of opiate withdrawal are manifested in changes the NAc shell structural plasticity. Spiga and others (2005) show that spontaneous and naloxone-induced withdrawal produces a reduction in spine density in NAc shell neurons and these decreases persist for 2 weeks (Diana et al., 2006). Kasture and associates (2009) demonstrated that these neuroplastic changes in the NAc shell follow the behavioral time course of withdrawal and are reversible with treatment of a neuroprotective agent.
Characteristics of these NAc shell electrophysiological adaptations in opiate withdrawal have been further characterized. Prolonged morphine abstinence after chronic treatment increase intrinsic excitability and spike adaptation in MSNs and reduce afterhyperpolarization currents (Wu et al., 2012). Furthermore, morphine withdrawal increases MSN excitability through the following: increased frequency of mEPSCs, and AMPAR/NMDA receptor-mediated currents and inhibition of paired-pulse ratios and potassium currents via extrasynaptic NMDA receptor activation (Russell et al., 2016a). Withdrawal produces downregulation of presynaptic group II metabotropic glutamate receptors (mGluR2/3) and enhanced glutamate release probability, which also increases MSN excitability; this is reversible by metabotropic glutamatergic agonist treatment. Several studies show that changes in neurophysiological plasticity in MSNs are mediated by AMPA receptor regulation. Treatable changes in the synaptic availability of GluA1-containing AMPARs in the NAc shell develop and appear to contribute the development of negative affective states in opiate withdrawal. A mechanism of phosphorylation of GluA1 receptors may mediate NAc shell neuronal changes in opioid withdrawal and contribute to the expression of morphine-seeking behavior during prolonged withdrawal (Edwards et al., 2009; Kong et al., 2014). Chronic morphine treatment increases the frequency of mEPSCs in D2-MSNs in the NAc shell while morphine re-exposures produces endocytosis of GluA2-containing AMPARs in D1-MSNs (Madayag et al., 2019). AMPA receptor changes are found in D1-and D2-neurons including increased amplitudes of EPSCs in D1-and D2-MSNs in morphine withdrawal paradigms (Lefevre et al., 2023). Morphine abstinence reduces small conductance calcium-activated potassium (SK) currents in NAc shell neurons (Qu et al., 2019). These changes all increase the excitability of MSNs in opiate withdrawal. This hypodopaminergic state may reduce the impact of natural rewards and produce dysphoria while the increase in excitability of NAc shell MSNs may increase vulnerability to relapse. These mechanisms underscore the possibility of treatment of withdrawal with mGluR and AMPA receptor agents and drugs which regulate specific potassium channels.
The flow of information from the BLA to the CeA are linked by multiple parallel pathways involving several types of GABAergic cells. The BLA receives inputs from the thalamus and sensory cortices, enabling the integration of sensory information relevant to conditioned stimuli. The BLA maintains reciprocal connections with key regions such as the prefrontal cortex, which provides drug cue information, and the ventral hippocampus, which contributes drug context information. Thus, the BLA acts as a major source of sensory inputs into these interconnected regions and mediates the processing of drug-related information and the generation of behavioral responses (Capogna, 2014).
Conceptually the BLA is considered as the main input station of the amygdala for conditioned stimulus information while the CeA is viewed as the main output station for conditioned fear responses relevant during drug withdrawal. Frenois et al. (2002) showed that inhibitory BLA GABA interneurons control the activity of BLA excitatory glutamatergic efferent projections to the CeA. Withdrawal-related aversive effects lead to inhibition of heroin SA and produces IEG upregulation in the BLA (Hellemans et al., 2006). This suggests drug memories undergo protein synthesis-dependent reconsolidation in the BLA. Acute opiate withdrawal reduces the density of GABAergic neurons in the BLA and reciprocally increases their density in the CeA (Frenois et al., 2005). The BLA has an important role in the reconsolidation of heroin-associated memory after prolonged withdrawal which involves AMPA receptor trafficking (Yuan et al., 2020). These findings suggest that opiate withdrawal memories produce activity-dependent and reciprocal neuroplastic changes in the BLA and CeA and that BLA effects are AMPA receptor-dependent.
Several projections from the BLA appear to have critical roles in opiate withdrawal including those to the PrL. Optogenetic silencing of this BLA-PrL projection eliminated withdrawal-induced aversion (Song et al., 2019). Projections from the BLA to the ACC are also critical in opiate withdrawal. Shao and others (2021) showed that repeated chemogenetic inhibition of the BLA-ACC projection blocked long-term withdrawal memory formation and reduced IEG expression in the ACC. This suggests that persistent activation of BLA-ACC projection after the formation of early withdrawal memory blocks the transfer of memories to the ACC where long-term drug memories are formed. Projections from the BLA to the hippocampus are also critical to opiate withdrawal behaviors. Optogenetic and chemogenetic inhibition of BLA inputs to the ventral hippocampus reduces anxiety-like behaviors in mice undergoing morphine withdrawal (Deji et al., 2022). This BLA-hippocampal projection modulates anxiety-like and reward behaviors during opiate withdrawal and kappa-opioid receptor knockdown in this circuit reduces anxiety-like behaviors and blocks stress-induced CPP reinstatement. BLA projections to hippocampal and cortical regions create drug memories and mediate conditioned aversive and motivational effects of opiate withdrawal.
Ultimately, an allostatic framework is integral to understanding the neurobiological mechanisms underlying OUD and opiate withdrawal. Through the process of allostasis, new homeostatic set points develop via neuroplastic changes in key circuits, which are more consistently negatively valenced (Figure 1). The extended amygdala, including the CeA, BNST, and NAc shell, undergoes neuroplastic changes that contribute to the negative affective states, aversion, and relapse behaviors observed in OUD. Furthermore, the BLA’s involvement in processing conditioned stimuli and its projections to various brain regions highlight its crucial role in opiate withdrawal and the allostatic adaptations associated with opioid addiction.
[image: Figure 1]FIGURE 1 | A schematic depiction of the emergence of allostasis through the transition from acute to chronic opioid involvement. The circumplex at the center of the cross-section of this figure represents the affective experiences that correspond to the two discrete behavioral phases of addiction: involvement and abstinence. The recursive arrows of the outer cylinder represent the cyclical nature of the addictive experience, which coincides with both behavior and affective experience. See the text for a summary. The three-dimensional cylinder represents a hypothetical “space” of affective experience through time. The wavefunction represents perpetual departures and fluctuations around the homeostatic set point, which may extend into any of the quadrants (represented from the cross-sectional viewpoint) with variable intensity and frequency, depending on numerous influences for varying durations of time. During acute involvement, there are corresponding affective experiences (i.e., reward craving and withdrawal relief craving), which correspond with a relatively contained range of oscillation of the wave function around the baseline homeostatic set point. Through the process of allostasis, a new homeostatic set point emerges, which, in the case of chronic opioid involvement, tends to be more consistently negatively valenced.
7 CONCLUSION
Despite advances in medication-assisted treatments, OUD remains a widely prevalent condition with tremendous morbidity and mortality. The underlying neurobiological vulnerability for OUD involves structural and functional synaptic adaptations in the brain’s reward and stress systems. Allostasis, the process by which the body achieves stability and adapts to stressors, plays a crucial role in the development and maintenance of OUD. In the context of opioids, allostasis refers to the body’s attempt to achieve stability by predicting future feelings states based on previous opioid involvement and withdrawal. However, this response can lead to neurobiological adaptations that contribute to the chronic negative affective experiences associated with OUD and increase the risk of relapse.
One key aspect of allostasis in OUD is the interaction between the reward system and the stress system in the brain. With prolonged opioid involvement, the positive affective effects of opioids, mediated by the NAc shell, and associated conditioned stimuli trigger an anti-reward system that counteracts the excessive activation of the reward system. This anti-reward system becomes functionally “upregulated” while the reward system is “downregulated” to restore stability. Consequently, individuals with OUD experience a chronically elevated state of endogenous stress and a diminished hedonic state during both opioid dependence and abstinence. Furthermore, opiate withdrawal memories induce activity-dependent and reciprocal neuroplastic changes in both the major input system, via BLA, and the major stress output systems, via the CeA and BNST. These neuroplastic changes contribute to the allostatic process by modulating the transmission of sensory information to the extended amygdala. Consequently, disturbances in the effector output of the CeA and the BNST stress systems may arise, leading to various affective, aversive, and relapse behaviors during opiate withdrawal.
In summary, investigating the intricate neuroplastic changes occurring within the extended amygdala’s reward and stress systems, as part of the allostatic response, provides valuable insights into the mechanisms underlying opioid addiction. By understanding how the brain adapts and maintains stability through allostasis during opiate withdrawal, we can identify potential targets for developing novel treatments that address the negative affective experiences and relapse tendencies associated with this disorder. Opiate dependence and withdrawal reduce neural activity of mesoaccumbens dopaminergic neurons and reduce structural plasticity in the NAc shell, resulting in amotivational effects of opiate withdrawal and abstinence. This hypodopaminergic state produces dysphoria and may reduce the impact of natural rewards while the increase in excitability of NAc shell neurons may increase vulnerability to relapse. Finally, BLA transmission to hippocampal and cortical regions are clearly impactful in the perception of conditioned aversive and anxiety effects of opiate withdrawal by higher executive systems. In conclusion, the prevention or reversal of these many neuroplastic effects in the extended amygdala of opiate dependence or withdrawal could lead to novel and hopeful new interventions in this life-threatening condition.
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Background: Previous research has outlined the health benefits of exercise including its therapeutic potential for substance use disorders (SUD). These data have already been utilized and it is now common to find exercise as part of SUD treatment and relapse prevention programs. However, we need to better understand different exercise regimens and determine which would be the most beneficial for SUDs. Recently, high intensity interval training (HIIT) has gained attention in comparison with aerobic and resistance exercise. Little is known regarding the neurobiological mechanisms of HIIT, including its effects on dopamine signaling and receptor levels in the brain. The present study examined the effects of chronic HIIT exercise on dopamine signaling as measured by dopamine type 1-like receptor (D1R)-like, dopamine type 2-like receptor (D2R)-like, and tyrosine hydroxylase (TH) quantification in the brains of male and female rats as measured by [3H] SCH 23390 and [3H] spiperone autoradiography, and TH-immunoreactive optical density values.

Methods: Rats were separated in two groups: sedentary and HIIT exercise. Exercise was on a treadmill for 30 min daily (10 3 min cycles) for six weeks with progressive speed increased up to 0.8 mph (21.5 m/min).

Results: Results showed for D2R-like binding, a significant effect across the ventral caudate putamen (V CPU) between sexes, such that mean D2R-like binding was 14% greater for males than females. In the nucleus accumbens shell (Nac Shell), the HIIT Exercise rats showed 16% greater D2R-like binding as compared to the sedentary rats. No significant effects of HIIT exercise were found across groups for brain D1R-like binding levels or TH expression.

Conclusion: These results suggest that HIIT exercise can modulate dopamine signaling by way of increased D2R. These findings support the premise that HIIT exercise plays an important role in dopamine signaling and, may provide a potential mechanism for how HIIT exercise can impact the brain and behavior.

KEYWORDS
 autoradiography, addiction, dopamine, tyrosine, exercise, running, reward deficiency


Introduction

The therapeutic potential of exercise in medicine continues to grow as the application of its benefits is realized (1). Exercise has been shown to reduce the risk of several diseases, and improve overall health (2–4). Exercise intervention has also shown particular efficacy in risk reduction and treatment of substance use disorders (SUDs) (5–11).

In the US there has been a significant increase in substance abuse in the past 5 years, with 40.3 million individuals currently affected, coupled with a $6.8 billion increase in federal spending for drug control from 2015 to 2020 (12). Considering current trends, exercise is a valuable intervention given its cost-effectiveness, accessibility, and ease of use. Clinical trials have proven the efficacy of exercise in treating SUDs while animal models identified its effectiveness in preventing initiation, escalation, and relapse. Exercise is a valuable treatment modality for SUDs as it positively modulates dopamine pathways, specifically the mesolimbic reward pathway, back to a healthy baseline. Given the efficacy of exercise as a therapeutic adjunct for SUDs, research continues with the goal of better understanding the exercise regimen and architecture for maximizing effects and benefits.

As exercise research evolves, more evidence continues to support the potential of high intensity interval training (HIIT) in both preclinical and clinical studies. HIIT is defined by the American College of Sports Medicine as short bouts of high intensity, greater than 65% of maximal capacity, anaerobic exercise “alternating with very short bouts of less intense recovery” (13). In stark contrast, moderate intensity aerobic exercise (MIAE) consists of intensities ranging from 40% to 60% with little fluctuation during exercise (14). HIIT has proven an effective exercise regimen in general given its greater improvements in VO2 max compared to MIAE (15), significant enhancement of working memory capacity and cognitive performance (16), and marked reduction of fasting glucose levels and insulin resistance (17). More important to its application in the treatment of addiction is its outstanding efficacy in the field. HIIT is preferred over MIAE by inactive individuals and is shown to have higher rates of adherence to the regime over time. Moreover, HIIT may possess greater reinforcing properties allowing for better reception and retention among sedentary individuals (18). This increased adherence is especially important given the major difficulties experienced by drug addicts in adhering to certain exercise types (19). HIIT, compared to vigorous-intensity continuous training, was shown to produce higher serum neurotrophin-3 concentrations in humans which plays an important role in the attenuation of craving and reward dependence through a preponderance of dopaminergic regulation (20). When comparing cortisol levels among different endurance exercise protocols, levels were significantly higher with the HIIT protocol (21). Increased cortisol levels following exercise were associated with decreased substance craving. Significantly higher insulin-like growth factor1 (IGF-1) levels were also identified for participants in a HIIT group versus the control resulting in increased hippocampal BDNF expression and neuronal differentiation (22). HIIT provides greater benefits for physical and mental health compared to MIAE (23, 24). Furthermore, patients with SUDs have displayed significant improvements on depression, anxiety, and substance craving scales following a HIIT regimen compared to the control group (22). Other research has confirmed these findings and highlighted additional health benefits conferred by HIIT in those with SUDs such as decreased cardiovascular disease and premature death risk (25).

Exercise’s efficacy in treating addiction is largely linked to its ability to positively modulate the mesolimbic reward pathway. The mesolimbic pathway transports dopamine from the ventral tegmental area (VTA) to the nucleus accumbens and amygdala. The nucleus accumbens is located within the striatum and is of particular importance to addiction as it is believed to modulate reward, desire, and the placebo effect (26). Previous research reported reductions in dopamine D1R-like binding as a neurobiological factor contributing to exercise-induced attenuation of drug-seeking behavior (6–8); however, dopaminergic signaling in response to HIIT exercise has yet to be elucidated. Past studies have shown that chronic treadmill exercise resulted in lower levels of D1R-like binding in the ventral striatum and higher D2R-like binding in several subregions of the dorsal striatum (6–8). Blocking dopamine D1 receptors in the nucleus accumbens core and shell attenuated ethanol-seeking behavior in rats (27). Dopamine D1 receptor knock-out mice were also shown to self-administer significantly less cocaine than wild type (28). This pathway is further supported by previous findings that antagonists of D1-like receptors facilitated drug extinction and attenuated drug-seeking behavior (29). These findings suggest that reductions in D1R-like binding contribute to the attenuation of drug-seeking behavior, thus supporting the efficacy of exercise in treating addiction due to its ability to reduce D1R-like binding.

Conversly, increasing D1R-like binding is linked to exacerbation of addiction symptomology. Previous research has shown that increases in D1R and a decreases in D2R are linked to enhanced compulsive and drug-seeking behavior (30). D1R stimulation has proven important for drug reward and conditioned association (30). This was further supported by postmortem studies of methamphetamine users which revealed significant increases in D1R in the NAc (31). Considering current research, it can be reasonably suggested that increases in D1R exacerbate addiction while reductions in D1R may help alleviate addiction symptomology, specifically drug-seeking behavior.

Previous research has also highlighted exercise’s ability to increase dopamine type 2-like receptor levels and to attenuate drug and alcohol consumption in rats in a sex-dependent (8). These results suggest that an increase in dopamine type 2-like receptor levels may be causally related to attenuation of drug and alcohol consumption (32–37). Robison et al. (8, 11) highlighted how exercise’s benefits on the dopamine (DA) system may be dependent on the intensity or “dose” of the exercise itself; which would impact the reward pathway differently. In mouse models of Parkinson’s disease, high-intensity exercise was shown to increase striatal dopamine D2R expression (38). Additional studies on treadmill running have confirmed the D2R enhancement conferred by exercise (39–41). The increase of D2R-like binding as a result of exercise has also been suggested to attenuate aversion to pain and act as an analgesia (42). In this study, the D2R antagonist was only able to attenuate the pain-blocking response in the presence of the stressor of exercise. Particularly, HIIT would be a high-intensity, short-duration stressor that is suggested to provide a significant analgesic effect. In contrast, chronic pain decreases D2R which may have implications for drug-seeking behavior, suggesting a possible chemical connection between pain medication reliance and addiction (43). Increased D2R-like binding has also been shown to have implications for extending lifespan through the GOA-1-DGK-1-PKC/PKD signaling pathway (44). The dopamine receptor D2 gene (DRD2) is known to play an important role in determining the effectiveness of exercise through the modulation of lipid and carbohydrate metabolism (45). Exercise has also been shown to increase D2R-like binding promoting defensive behavior and conditioned place avoidance (46). Decreased D2 receptor levels, specifically in the striatum, have been associated with increased addictive behavior and increased impulsivity, while increased D2 receptor signaling is associated with increased motivation for recovery from addiction (47). Polymorphisms that elicit reduced D2R densities and binding affinity are significantly associated with nicotine, alcohol, heroin, and cocaine dependence (48–51). Perhaps one of the most replicated findings, however, is the association of cocaine abuse and alcohol dependence with significantly decreased D2R striatal availability (47). Preclinical research has linked increased D2 receptor signaling with enhanced motivation and decreased D2 receptor signaling with attenuated motivation (52). Additionally, successful treatment of depression is correlated with increased striatal D2R-like binding (53). This is important as depressive symptoms including suicide ideation, are known to play a key role in impeding remission efforts, whereby the top candidate gene was the D2R using large GWAS (54, 55).

Tyrosine hydroxylase (TH) levels are another important neurobiological marker of dopamine signaling. TH is the rate-limiting enzyme in the synthesis of catecholamine neurotransmitters, notably dopamine; therefore, TH levels effectively correlate with dopamine bioavailability (56, 57). Past research has indicated that drugs of abuse attenuate tyrosine hydroxylase activity through methylation of the tyrosine hydroxylase gene effectively decreasing TH levels (58, 59). Multiple differing models have highlighted elevations in tyrosine hydroxylase levels conferred by exercise (60–63). Therefore, these studies suggest that exercise modulates TH in such a way that may have therapeutic potential for SUD and, thus, TH levels are important to being examined.

The present study examined the effect of HIIT treadmill exercise on dopamine signaling as measured by D1R, D2R, and TH levels in the brains of rats as compared to sedentary rats. These data will aid our understanding of how varying intensities of prescribed exercise can impact dopamine signaling and this information would be important in exercise neuroscience and medicine.



Methods


Subjects

Male (n = 15) and female (n = 16) Lewis rats (Charles River) at 3 weeks of age were individually housed under standard laboratory conditions at 22.0-C T 2-C with a 12 h reverse light/dark cycle (lights off: 06:00 AM to 06:00 PM). Food and water were available ad libitum for the duration of the study. All subjects were handled daily. The experiment was conducted in accordance with the National Academy of Sciences Guide for the Care and Use of Laboratory Animals (1996) and University at Buffalo Institutional Animal Care and Use Committee.



Treadmill

A custom-made motorized treadmill divided into eight lanes by Plexiglas walls and by a sheet of metal at its end to keep the rats enclosed on the treadmill was used, as previosuly described (8). The dimensions of the running lanes were 56 cm long, 9 cm wide, and 31 cm high.



Exercise regimen

The rats received a 7 days acclimation period upon arrival. Groups were randomly assigned. n = 8 male rats and n = 8 female rats were placed in the HIIT group while n = 7 male rats and n = 8 female rats were selected for the sedentary group. On the first day following the acclimation period, animals began their exercise regimen of 6 weeks. The rats within the HIIT cohort began at 10 m/min for 30 min. This regimen consisted of 3 min intervals in which the rats ran for 2 min followed by a 1 min break and was repeated 10 times for a total of 30 min. After 5 days, the speed was increased by increments of 2.87 m/min each day until a speed of 21.46 m/min was reached to allow for steady acclimation to the exercise regimen. This speed was chosen as it essentially doubles previous MIAE speeds of 10 m/min to significantly increase intensity to greater than 65% maximal capacity (8). The exercise continued at the top speed for the remainder of the exercise regimen. The HIIT regimen ran 7 days a week. The animals were monitored for the entire span of their exercise regimen. All exercise sessions were performed during the subjects’ dark cycle (06:00 AM to 06:00 PM). Sedentary rats were exposed to the same environment and hadling but without treadmill being on.



D1 autoradiography

Dopamine type 1-like receptor (D1R) expression was assessed using [3H] SCH 23390 autoradiography. Binding was performed as previously described (8). Briefly, slides were preincubated for 60 min at room temperature in 50 mM Tris HCl buffer (120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, pH = 7.4). Next, 2.5 nM [3H] SCH 23390 (specific activity = 85 Ci/mmol) and 40 nM ketanserin were added to the pre-incubation buffer followed by an additional 60 min incubation at room temperature. Non-specific binding was determined in the presence of 1 μM flupenthixol. Brain section slides were then washed 2× 5 min at 4°C in pre-incubation buffer followed by brief immersion at 4°C in dH2O.



D2 autoradiography

Dopamine type 2-like receptor (D2R) expression was assessed using [3H] Spiperone autoradiography. Binding was performed as previously described (8). Briefly, slides were preincubated for 60 min at room temperature in 50 mM Tris 7 HCl buffer (120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, pH = 7.4). Next, 0.5 nM [3H] Spiperone (specific activity = 16.2 Ci/mmol) and 40 nM ketanserin were added to the pre-incubation buffer followed by an additional 60 min incubation at room temperature. Non-specific binding was determined in the presence of 10 μM sulpride. Brain section slides were then washed 2× 5 min at 4°C in pre-incubation buffer followed by brief immersion at 4°C in dH2O.



TH immunohistochemistry

Brain section slides were initially dehydrated in 90% ethanol for 10 min at room temperature (64). TH IHC was performed as previously described but with a few modifications (65). Next, 3× 5 min washes were completed in 1X PBS. Slides were then blocked with a solution containing 0.4% Trition-X, 10% normal goat serum, and 1% H2O2 for 30 min at room temperature followed by 24 h incubation at 4°C with TH primary antibody: Rabbit anti-TH antibody (1:2000, Thermofischer). After five washes in 1X PBS with 0.4% Triton-X (PBS-T), slides were sequentially incubated in biotinylated goat anti-rabbit (1:800, Vector Laboratories, Burlingame, CA) for 1 h and avidin-biotin complex (ABC Kits; Vector Laboratories, Burlingame, CA) for 45 min separated by five washes in PBS-T. Following five washes in PBS-T, immunostaining was visualized using 3,3-diaminobensidine (Vector, Burlingame, CA), mixed with H2O2. Slides were then washed 4× 5 min in PBS-T, dipped into dH2O, and coverslipped with Permount mounting medium (Fisher Scientific). After TH-staining, sections from the striatum were imaged with a digital camera connected to a compound microscope (National DC3-163 Digital Microscope) and with a computer equipped with MOTIC imaging software. Density in the striatum was measured using ImageJ software.



Regions of interest

Bound slides and tritium standards on glass slides were opposed to Kodak MR Film. The film was scanned at 1,200 dpi, and images were quantified using ImageJ software. The regions of interest include the nucleus accumbens shell (NAc Shell), nucleus accumbens core (NAc Core), ventromedial caudate putamen (VM CPU), ventrolateral caudate putamen (VL CPU), dorsolateral caudate putamen (DL CPU), dorsomedial caudate putamen (DM CPU), olfactory tubercle (OT), and substantia nigra (SNR) were analyzed for [3H]SCH 23390 and [3H] Spiperone binding and TH Immunohistochemistry.



Statistical analysis

For each region of interest, two-way ANOVA was conducted to determine exercise or sex differences with a dependent variable of D1R, D2R, or TH binding. The significance level was set at α = 0.05 and all statistical analyses were performed with Prism9 Graphpad software version 9.4.1. Post-hoc tests were performed on significant main effects within the region of interest using Sidak’s multiple comparison test (see Figure 1).
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FIGURE 1
 Brain anatomical atlas images of the regions analyzed: the OT (#1), NAC Shell (#2), NAC Core (#3), VM CPU (#4), DM CPU (#5), DL CPU (#6), and VL CPU (#7) as adopted from the Paxinos & Watson rat brain atlas.





Results


[3H]SCH 23390 autoradiography

No significant effects of HIIT exercise were found across groups for brain [3H]SCH 23390 binding levels (D1R-like). Specifically, in the DM CPU [F(1,25) = 2.65; p > 0.05], DL CPU [F(1,25) = 2.60; p > 0.05], VL CPU [F(1,25) = 0.48; p > 0.05], VM CPU [F(1,25) = 1.81; p > 0.05], D CPU [F(1,25) = 1.74; p > 0.05], V CPU [F(1,25) = 0.57; p > 0.05], Nac Core [F(1,25) = 1.92; p > 0.05], Nac Shell [F(1,25) = 1.59; p > 0.05], OT [F(1,25) = 2.93; p > 0.05], and SNR [F(1,25) = 0.19; p > 0.05]. Two-way ANOVA found no significant interactions or main effects across groups (p > 0.05; Figure 2). Across D1R-like binding, a general trend towards significance was observed for HIIT females compared to the sedentary female group with the strongest trend towards significance observed in the OT [F(1,25) = 2.93; p < 0.1]. This trend reflected an increase in D1R-like binding in all regions of interest for the HIIT female rats compared with the sedentary female rats.
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FIGURE 2
 Quantitative autoradiography of [3H]SCH 23390 (D1R-like) binding levels within the nucleus accumbens shell (Nac Shell), nucleus accumbens core (Nac Core), ventromedial caudate putamen (VL CPU), ventrolateral caudate putamen (VL CPU), dorsolateral caudate putamen (DL CPU), dorsomedial caudate putamen (DM CPU), dorsal caudate putamen (D CPU), ventral caudate putamen (V CPU), olfactory tubercle (OT), and substantia nigra (SNR) across exercise treatment groups. Measurements of the following regions were carried out at the bregma coordinates taken from the Paxinos & Watson rat brain atlas. Values are expressed as total [3H]SCH 23390 binding means ± S.E.M. for D1R receptors. No significant group differences were observed (p > 0.05). Each bar represents the group mean for dopamine D1 receptor binding.




[3H] Spiperone autoradiography

Two-way ANOVA found a main effect across the ventral caudate putamen (V CPU) for sex [F(1,26) = 4.84; p < 0.04; Figures 3A,B], such that mean [3H] spiperone (D2R-like) binding was significantly greater for males than females. The main effect of HIIT Exercise [F(1,26) = 0.91; p > 0.05] and the HIIT-sex interaction [F(1,26) = 1.96; p > 0.05] were not significant in the V CPU.
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FIGURE 3
 (A) Quantitative autoradiography of [3H] Spiperone (D2R-like) binding levels within the nucleus accumbens shell (Nac Shell), nucleus accumbens core (Nac core), ventromedial caudate putamen (VL CPU), ventrolateral caudate putamen (VL CPU), dorsolateral caudate putamen (DL CPU), dorsomedial caudate putamen (DM CPU), dorsal caudate putamen (D CPU), ventral caudate putamen (VCPU), and olfactory tubercle (OT) across exercise treatment groups. Measurements of the following regions were carried out at the bregma coordinates taken from the Paxinos & Watson rat brain atlas. Values are expressed as total [3H] Spiperone binding means ± S.E.M. for D2R receptors. Two-way ANOVA found a main effect across the ventral caudate putamen (V CPU) for sex [F(1,26) = 4.84; p < 0.04], such that D2R-like binding was significantly greater for males than females. Across the nucleus accumbens shell (Nac Shell), a main effect was found for HIIT Exercise [F(1,26) = 5.27; p < 0.03], such that mean D2R-like binding was significantly greater for the HIIT group than the sedentary group. Each bar represents the group mean for dopamine D2 receptor binding. (B) A representative image of D2 autoradiographic binding distribution Specific images were taken from [3H] Spiperone binding in the rat brain. Representative images were taken at approximately bregma level +1.32 mm.


In the nucleus accumbens shell (Nac Shell), a main effect was found for HIIT Exercise [F(1,26) = 5.27; p < 0.03], such that mean D2R-like binding was significantly greater for the HIIT group than the sedentary group. The main effect of sex [F(1,26) = 0.36; p > 0.05] and the HIIT-sex interaction [F(1,26) = 1.14; p > 0.05] were not significant in the Nac Shell. No other main effects were observed in the Nac Shell (p > 0.05; Figures 3A,B).

No significant effects were reported across the DM CPU [F(1,26) = 1.94; p > 0.05], DL CPU [F(1,26) = 0.76; p > 0.05], VL CPU [F(1,26) = 0.17; p > 0.05], VM CPU [F(1,26) = 0.19; p > 0.05], D CPU [F(1,26) = 1.03; p > 0.05], Nac Core [F(1,26) = 0.44; p > 0.05], and OT [F(1,26) = 0.0021; p > 0.05].



TH immunohistochemistry

No significant effects of HIIT exercise were found across groups for TH-immunoreactive fiber densities across the DM CPU [F(1,20) = 2.03; p > 0.05], DL CPU [F(1,20) = 2.24; p > 0.05], VL CPU [F(1,20) = 2.93; p > 0.05], VM CPU [F(1,20) = 2.44; p > 0.05], Nac Core [F(1,20) = 4.24; p > 0.05], Nac Shell [F(1,20) = 1.98; p > 0.05], and OT [F(1,20) = 0.99; p > 0.05; Figures 4A,B].

[image: Figure 4]

FIGURE 4
 (A) Two-way ANOVA found no significant interactions or main effects across groups (p > 0.05). Each bar represents the group mean for TH DAB optical density. (B) Effect of treadmill exercise on tyrosine hydroxylase (TH)-immunoreactive fibers in the striatum of the Lewis rats. Photomicrographs of TH-positive fibers in the striatum. The scale bar represents 100 μm.





Discussion

The current study examined the effects of chronic HIIT exercise on dopamine (DA) signaling in rats. Results demonstrated that chronic HIIT exercise produced significant changes in D2R binding levels in the Nac Shell. Specifically, the mean D2R-like binding was 16% greater in the HIIT rats as compared to the sedentary rats. Previous research has reported an increase in D2R after a moderate-intensity treadmill exercise regimen which was shown to attenuate drug-seeking behaviors (8). Sex-dependent differences were mainly observed in the V CPU for D2R-like binding wherein binding was 14% greater for males than females. This finding suggests sex-dependent differences in D2R-binding levels.

For D2R-like binding, we observed an effect of HIIT exercise in the Nac Shell. This brain region is of particular importance due to its critical role in the mesolimbic pathway and association with the modulation of reward and desire. The mesolimbic pathway is highly influenced by dopamine signaling including D1 and D2 receptor levels (66). Past research found that steady moderate treadmill exercise elicited an increase in D2R-like binding in several subregions of the dorsal and ventral striatum, specifically within the DM CPU, VL CPU, VM CPU, and OT (8). The CPU is believed to control compulsive aspects of addiction, such as drug-seeking behavior (67). Previous findings outlined how treadmill exercise enhanced D2R in the basal ganglia, a brain region responsible for SUD habit formation through control of reward (38–40). Additionally, environmental enrichment with wheel running has also been associated with a significant increase in D2R gene expression (68). Clinical research has confirmed this association between D2R-like binding and exercise in which higher-intensity physical activity was associated with greater D2/3 receptor availability (69). Our study’s findings of the increased Nac Shell D2R-like binding agree with these aforementioned studies.

Thus, we may speculate that HIIT also attenuates drug-seeking behavior through its modulation of D2R binding. The present study, along with many others, have confirmed the increase in D2R conferred by exercise, including HIIT exercise (8, 11, 38–41). Rodent models have specifically outlined a causal link between exercise-induced D2R enhancement and attenuation of drug consumption (6–8). This exercise-induced enhancement of D2R is also linked to conditoned place avoidance, enhanced motivation, and decreased depressive symptoms (46, 52, 53). These are important factors known to play key roles in remission efforts. Furthermore, enhancement of D2R signaling is associated with increased motiviation for recovery from addiction, while reduction in D2R levels in the striatum is associated with increased impulsivity and addictive behavior (47). Since previous research suggests that positive modulation of dopamine is likely dependent on exercise intensity, we may speculate that exercise remains a beneficial treatment modality for addiction due to its enhancement of D2R and that HIIT may provide exceptional efficacy due to its greater intensity.

In contrast to D2R, HIIT exercise did not to have a significant effect on D1R-like binding, across all regions of interest in both male and female rats. Previous research using a steady and moderate-intensity treadmill exercise regimen—showed a reduction of D1R (8). Compared to moderate-intensity aerobic continuous exercise (MI-ACE), our findings point to neurochemical differences in D1R levels between a HIIT exercise regimen and a MI-ACE regimen.

TH levels are known to correlate with dopamine bioavailability and effectively predict dopamine levels (56, 57). As indicated by previous research, TH activity decreases with the loss of dopamine neurons as TH is the rate-limiting enzyme in the synthesis of dopamine (70). The present study showed that chronic HIIT exercise did not produce significant changes in TH levels, thus suggesting insignificant changes in DA levels.

Insignificant modulation of TH and D1R may be explained by a suggested upper limit to neurotrophic factors. Previous studies have indicated that exercise-induced modulation of neurotrophic factors is occasionally absent in healthy controls, despite observing significant effects of exercise in animal models representing a diseased condition subject to the same protocol (63). This phenomenon may be explained by a sort of natural ceiling or upper limit to neurotrophic modulation. The healthy rats are already at homeostasis and thus much closer to an upper limit than rats of a diseased model such as Parkinson’s disease or SUDs where baseline dopamine signaling is already significantly imparied. Therefore, the healthy rats may not show a significant effect when the diseased model does because the diseased model has a much larger increase in neurotrophic factor from deficit to upper limit rather than from homeostasis to upper limit. Likewise, the rodents utlized in our study were healthy and thus theoretically had a less significant range baseline to upper limit than would a diseased or addicted model. Hence, it would be unreasonable to assume that an addicted model would not exhibit positive modulation of TH and D1R with HIIT solely based on the insignificant effects observed in our healthy model. This topic warrants further exploration and comparison between addicted and healthy models of exercise-induced dopamine signaling.

The disparate findings in D1R binding demonstrated by HIIT exercise compared to moderate-intensity exercise could be explained by exercise intensity. Chronic high-level voluntary wheel running has been shown to produce lower levels of D2R mRNA and higher levels of ΔFosB/FosB immunoreactivity and TH mRNA in the NAc Core, NAc, and the ventral tegmental area (VTA) respectively, exhibiting a resemblance to chronic drug exposure (71, 72). Stimulation of D1-expressing medium spiny neurons has been shown to enhance sensitivity to drugs of abuse (26, 73–75). Additionally, chronic methamphetamine users are known to exhibit significantly higher D1R levels (31). Previous research has outlined D1R stimulation as the primary mechanism for drug reward and conditioned association (30). The results of the present study suggest that HIIT exercise regimen resulted in increased D2R levels in the brain. Therefore, it would be beneficial for future studies to directly examine various intensities of exercise and their potential effects on substance abuse behavior (76).

A plausible contributor to varied responses of exercise on D1R, D2R and TH expression can be overtraining; however, this notion was refuted for our study. A recent study on HIIT analyzed the threshold for overtraining in humans (77). Current HIIT training recommendations advise that HIIT be followed by low-to-moderate intensity training for at least the first 48 h to ensure proper recovery, especially in untrained individuals (13, 77). Furthermore, HIIT guidelines also recommend 1–2 recovery days per week and no more than a weekly increase of 10% in training time or intensity (78). Overtraining has been shown on numerous accounts to induce neurotransmitter and enzyme disturbances including disturbances of dopamine and modulation of TH expression (60–63, 79, 80). Furthermore, overtraining can dampen and even reverse some of the positive effects of exercise; therefore, it is imperative to screen for signs and symptoms of overtraining syndrome to validate related findings.

Our present study utilized a HIIT exercise regimen consisting of daily 30 min training sessions amounting to a total of 210 min of HIIT per week for 6 weeks. Although a HIIT overtraining threshold has yet to be identified for rodents, corticosterone ELISA analysis found no significant difference in corticosterone levels between HIIT treated rats relative to sedentary rats (72). Additionally, a significant decrease in animal body weight, which is an accepted sign of overtraining, was not observed throughout this HIIT regimen (81, 82). These findings indicate that our HIIT regimen did not induce overtraining syndrome in the exercise group thus validating our findings.

The varied effects of our HIIT results compared to other exercise routines point to the importance of exercise specificity in clinical application. It is evident that different exercise regimens are better at producing certain results and treating specific conditions. Resistance training is a prime example with its unmatched efficacy in treating osteoporosis and sarcopenia (83). Other research suggests that MIAE may be the best regimen for reducing all-cause mortality and that high-dose resistance training may be the worst followed by vigorous exercise possibly due to increased vessel calcification (84, 85). These differences are likely transferable to treating addiction; wherein, there is a most effective and least effective or possibly even counterproductive exercise regimen in treating addiction. The present study findings support further research to elucidate exercise regimen or exercise perscription differences and their efficacy in therapeutic tools combating many psychiatric disorders, including substance use disorders.

The results of this study alluded to sex-dependent differences in dopamine signaling. As discussed, past studies have shown that female rats are more susceptible to addiction (86–88). These sex-dependent effects were observed in our D2R data. The male rats showed 14% greater D2R binding levels in the V CPU as compared to females. The greater levels of D2R indicate sex-dependent differences in D2R binding. Striatal D1 receptors enhance the synaptic activity of “Go” pathways, promoting the likelihood of triggering a specific response. Conversely, striatal D2 receptor activation inhibits “NoGo” pathways, which in turn increases the probability of initiating a particular response (89). Moreover, D1-expressing neurons directly activate motor responses, while D2-expressing neurons indirectly trigger motor responses by removing inhibitory signals (Figure 5). This data alludes to the notion that there are sex differences in how exercise may mediate neurochemistry and thus a sex difference in their utility and therapeutic potential. Careful consideration is needed in terms of exercise prescription. Furthermore, exercise prescription may be further influenced by sex and so further research is warranted on this. Since our study focused on the neurological effects of exercise, future studies should explore how HIIT exercise affects drug-seeking and even non-drug seeking behaviors like overeating and gambling. This may provide insight into the best exercise-based treatment for drug-use attenuation.
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FIGURE 5
 Effect of D1R and D2R activation on motor responses.




Conclusion

SUD programs have had considerable interest in dopamine as relative dopamine deficiences have been considered central to the pathophysiology of human addiction, drugs of abuse-related dysphoria, and craving (90, 91). The present findings showed that daily HIIT treadmill exercise had a significant effect on D2R-like binding in the Nac Shell, as the exercise group displayed 16% higher D2R-like binding compared to the sedentary group. Sex differences were also observed in the V CPU wherein males showed 14% greater D2R-like binding than females. HIIT exercise did not impact D1R-like binding or TH expression as compared to a sedentary group.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by the Institutional Animal Care and Use Committee (IACUC). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JT: Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. MP: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. BR: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. NR: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. NH: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. JH: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. KB: Writing – review & editing. MG: Funding acquisition, Writing – review & editing. DB: Writing – review & editing. PT: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by NY Research Foundation (RIAQ1094) and partially supported by the University of Buffalo ELN fund.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Swenson, S, Blum, K, McLaughlin, T, Gold, MS, and Thanos, PK. The therapeutic potential of exercise for neuropsychiatric diseases: a review. J Neurol Sci. (2020) 412:116763. doi: 10.1016/j.jns.2020.116763 

 2. Warburton, DER, and Bredin, SSD. Health benefits of physical activity: a systematic review of current systematic reviews. Curr Opin Cardiol. (2017) 32:541–56. doi: 10.1097/HCO.0000000000000437


 3. Piercy, KL, and Troiano, RP. Physical activity guidelines for Americans from the US Department of Health and Human Services. Circ Cardiovasc Qual Outcomes. (2018) 11:e005263. doi: 10.1161/CIRCOUTCOMES.118.005263


 4. Mandolesi, L, Polverino, A, Montuori, S, Foti, F, Ferraioli, G, Sorrentino, P , et al. Effects of physical exercise on cognitive functioning and wellbeing: biological and psychological benefits. Front Psychol. (2018) 9:509. doi: 10.3389/fpsyg.2018.00509 

 5. Rahman, N, Mihalkovic, A, Geary, O, Haffey, R, Hamilton, J, and Thanos, PK. Chronic aerobic exercise: autoradiographic assessment of Gaba (a) and mu-opioid receptor binding in adult rats. Pharmacol Biochem Behav. (2020) 196:172980. doi: 10.1016/j.pbb.2020.172980 

 6. Thanos, PK, Tucci, A, Stamos, J, Robison, L, Wang, GJ, Anderson, BJ , et al. Chronic forced exercise during adolescence decreases cocaine conditioned place preference in Lewis rats. Behav Brain Res. (2010) 215:77–82. doi: 10.1016/j.bbr.2010.06.033 

 7. Thanos, PK, Stamos, J, Robison, LS, Heyman, G, Tucci, A, Wang, GJ , et al. Daily treadmill exercise attenuates cocaine cue-induced reinstatement and cocaine induced locomotor response but increases cocaine-primed reinstatement. Behav Brain Res. (2013) 239:8–14. doi: 10.1016/j.bbr.2012.10.035 

 8. Robison, LS, Swenson, S, Hamilton, J, and Thanos, PK. Exercise reduces dopamine D1r and increases D2r in rats: implications for addiction. Med Sci Sports Exerc. (2018) 50:1596–602. doi: 10.1249/MSS.0000000000001627 

 9. Smith, M, and Lynch, W. Exercise as a potential treatment for drug abuse: evidence from preclinical studies. Front Psychiatry. (2012) 2:82. doi: 10.3389/fpsyt.2011.00082 

 10. Wang, D, Wang, Y, Wang, Y, Li, R, and Zhou, C. Impact of physical exercise on substance use disorders: a meta-analysis. PLoS One. (2014) 9:e110728. doi: 10.1371/journal.pone.0110728 

 11. Robison, LS, Alessi, L, and Thanos, PK. Chronic forced exercise inhibits stress-induced reinstatement of cocaine conditioned place preference. Behav Brain Res. (2018) 353:176–84. doi: 10.1016/j.bbr.2018.07.009 

 12. Knopf, A
. NSDUH 2020: 40 million adults with SUD. Alcohol Drug Abuse Wkly. (2021) 33:1–3. doi: 10.1002/adaw.33251


 13. Liguori, G, American College of Sport Medicine
. ACSM’s guidelines for exercise testing and prescription Lippincott Williams & Wilkins (2020).


 14. De Feo, P
. Is high-intensity exercise better than moderate-intensity exercise for weight loss? Nutr Metab Cardiovasc Dis. (2013) 23:1037–42. doi: 10.1016/j.numecd.2013.06.002 

 15. Milanovic, Z, Sporis, G, and Weston, M. Effectiveness of high-intensity interval training (hit) and continuous endurance training for Vo2max improvements: a systematic review and meta-analysis of controlled trials. Sports Med. (2015) 45:1469–81. doi: 10.1007/s40279-015-0365-0 

 16. Moreau, D, Kirk, IJ, and Waldie, KE. High-intensity training enhances executive function in children in a randomized, placebo-controlled trial. eLife. (2017) 6:6. doi: 10.7554/eLife.25062 

 17. Jelleyman, C, Yates, T, O’Donovan, G, Gray, LJ, King, JA, Khunti, K , et al. The effects of high-intensity interval training on glucose regulation and insulin resistance: a meta-analysis. Obes Rev. (2015) 16:942–61. doi: 10.1111/obr.12317 

 18. Epstein, LH, O’Donnell, S, Biondolillo, MJ, Hostler, D, and Roemmich, JN. Comparing the reinforcing value of high intensity interval training versus moderate intensity aerobic exercise in sedentary adults. Physiol Behav. (2021) 238:113468. doi: 10.1016/j.physbeh.2021.113468 

 19. Abrantes, AM, and Blevins, CE. Exercise in the context of substance use treatment: key issues and future directions. Curr Opin Psychol. (2019) 30:103–8. doi: 10.1016/j.copsyc.2019.04.001 

 20. Li, X, Han, T, Zou, X, Zhang, H, Feng, W, Wang, H , et al. Long-term high-intensity interval training increases serum neurotrophic factors in elderly overweight and obese Chinese adults. Eur J Appl Physiol. (2021) 121:2773–85. doi: 10.1007/s00421-021-04746-w 

 21. Wahl, P, Mathes, S, Kohler, K, Achtzehn, S, Bloch, W, and Mester, J. Acute metabolic, hormonal, and psychological responses to different endurance training protocols. Horm Metab Res. (2013) 45:827–33. doi: 10.1055/s-0033-1347242


 22. Tas Durmus, P, Vardar, ME, Kaya, O, Tayfur, P, Sut, N, and Vardar, SA. Evaluation of the effects of high intensity interval training on cytokine levels and clinical course in treatment of opioid use disorder. Turk Psikiyatri Derg. (2020) 31:151–8. doi: 10.5080/u25070 

 23. Bahdur, K, Gilchrist, R, Park, G, Nina, L, and Pruna, R. Effect of Hiit on cognitive and physical performance. Apunts Medicina de l’Esport. (2019) 54:113–7. doi: 10.1016/j.apunts.2019.07.001


 24. Loprinzi, PD, Frith, E, Edwards, MK, Sng, E, and Ashpole, N. The effects of exercise on memory function among young to middle-aged adults: systematic review and recommendations for future research. Am J Health Promot. (2018) 32:691–704. doi: 10.1177/0890117117737409 

 25. Flemmen, G, Unhjem, R, and Wang, E. High-intensity interval training in patients with substance use disorder. Biomed Res Int. (2014) 2014:616935:1–8. doi: 10.1155/2014/616935 

 26. Blaess, S, Stott, SRW, and Ang, SL. Chapter 17-the generation of midbrain dopaminergic neurons In: J Rubenstein, P Rakic, B Chen, and KY Kwan, editors. Patterning and cell type specification in the developing CNS and PNS. 2nd ed: Academic Press (2020). 369–98.


 27. Chaudhri, N, Sahuque, LL, and Janak, PH. Ethanol seeking triggered by environmental context is attenuated by blocking dopamine D1 receptors in the nucleus accumbens core and shell in rats. Psychopharmacology. (2009) 207:303–14. doi: 10.1007/s00213-009-1657-6 

 28. Caine, SB, Thomsen, M, Gabriel, KI, Berkowitz, JS, Gold, LH, Koob, GF , et al. Lack of self-administration of cocaine in dopamine D1 receptor knock-out mice. J Neurosci. (2007) 27:13140–50. doi: 10.1523/JNEUROSCI.2284-07.2007


 29. Shahveisi, K, Abdoli, N, Farnia, V, Khazaie, H, Hosseini, M, Ghazvini, H , et al. Rem sleep deprivation before extinction or reinstatement alters methamphetamine reward memory via D1-like dopamine receptors. Pharmacol Biochem Behav. (2022) 213:173319. doi: 10.1016/j.pbb.2021.173319 

 30. Volkow, ND, Michaelides, M, and Baler, R. The neuroscience of drug reward and addiction. Physiol Rev. (2019) 99:2115–40. doi: 10.1152/physrev.00014.2018


 31. Worsley, J, Moszczynska, A, Falardeau, P, Kalasinsky, K, Schmunk, G, Guttman, M , et al. Dopamine D1 receptor protein is elevated in nucleus accumbens of human, chronic methamphetamine users. Mol Psychiatry. (2000) 5:664–72. doi: 10.1038/sj.mp.4000760 

 32. Thanos, PK, Volkow, ND, Freimuth, P, Umegaki, H, Ikari, H, Roth, G , et al. Overexpression of dopamine D2 receptors reduces alcohol self-administration. J Neurochem. (2001) 78:1094–103. doi: 10.1046/j.1471-4159.2001.00492.x 

 33. Hitzemann, R, Hitzemann, B, Rivera, S, Gatley, J, Thanos, P, Shou, LL , et al. Dopamine D2 receptor binding, Drd 2 expression and the number of dopamine neurons in the BXD recombinant inbred series: genetic relationships to alcohol and other drug associated phenotypes. Alcohol Clin Exp Res. (2003) 27:1–11. doi: 10.1097/01.Alc.0000047862.40562.27 

 34. Thanos, PK, Taintor, NB, Rivera, SN, Umegaki, H, Ikari, H, Roth, G , et al. DRD2 gene transfer into the nucleus accumbens core of the alcohol preferring and nonpreferring rats attenuates alcohol drinking. Alcohol Clin Exp Res. (2004) 28:720–8. doi: 10.1097/01.alc.0000125270.30501.08 

 35. Thanos, PK, Rivera, SN, Weaver, K, Grandy, DK, Rubinstein, M, Umegaki, H , et al. Dopamine D2r DNA transfer in dopamine D2 receptor-deficient mice: effects on ethanol drinking. Life Sci. (2005) 77:130–9. doi: 10.1016/j.lfs.2004.10.061 

 36. Delis, F, Benveniste, H, Xenos, M, Grandy, D, Wang, GJ, Volkow, ND , et al. Loss of dopamine D2 receptors induces atrophy in the temporal and parietal cortices and the caudal thalamus of ethanol-consuming mice. Alcohol Clin Exp Res. (2012) 36:815–25. doi: 10.1111/j.1530-0277.2011.01667.x 

 37. Thanos, PK, Michaelides, M, Umegaki, H, and Volkow, ND. D2r DNA transfer into the nucleus accumbens attenuates cocaine self-administration in rats. Synapse. (2008) 62:481–6. doi: 10.1002/syn.20523 

 38. Vučcković, MG, Li, Q, Fisher, B, Nacca, A, Leahy, RM, Walsh, JP , et al. Exercise elevates dopamine D2 receptor in a mouse model of Parkinson’s disease: in vivo imaging with [18F]Fallypride. Mov Disord. (2010) 25:2777–84. doi: 10.1002/mds.23407 

 39. Fisher, BE, Petzinger, GM, Nixon, K, Hogg, E, Bremmer, S, Meshul, CK , et al. Exercise-induced behavioral recovery and neuroplasticity in the 1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine-lesioned mouse basal ganglia. J Neurosci Res. (2004) 77:378–90. doi: 10.1002/jnr.20162 

 40. Foley, TE, and Fleshner, M. Neuroplasticity of dopamine circuits after exercise: implications for central fatigue. NeuroMolecular Med. (2008) 10:67–80. doi: 10.1007/s12017-008-8032-3 

 41. Cho, HS, Baek, DJ, and Baek, SS. Effect of exercise on hyperactivity, impulsivity and dopamine D2 receptor expression in the substantia Nigra and striatum of spontaneous hypertensive rats. J Exerc Nutr Biochem. (2014) 18:379–84. doi: 10.5717/jenb.2014.18.4.379 

 42. Noursadeghi, E, Rashvand, M, and Haghparast, A. Nucleus accumbens dopamine receptors mediate the stress-induced analgesia in an animal model of acute pain. Brain Res. (1784) 1784:147887. doi: 10.1016/j.brainres.2022.147887


 43. Gee, TA, Weintraub, NC, Lu, D, Phelps, CE, Navratilova, E, Heien, ML , et al. A pain-induced tonic hypodopaminergic state augments phasic dopamine release in the nucleus Accumbens. Pain. (2020) 161:2376–84. doi: 10.1097/j.pain.0000000000001925 

 44. Jiang, Y, Gaur, U, Cao, Z, Hou, S-T, and Zheng, W. Dopamine D1-and D2-like receptors oppositely regulate lifespan via a dietary restriction mechanism in Caenorhabditis elegans. BMC Biol. (2022) 20:71. doi: 10.1186/s12915-022-01272-9 

 45. Świtała, K, Bojarczuk, A, Hajto, J, Piechota, M, Buryta, M, and Leońska-Duniec, A. Impact of the DRD2 polymorphisms on the effectiveness of the training program. Int J Environ Res Public Health. (2022) 19:4942. doi: 10.3390/ijerph19094942 

 46. Greenwood, BN
. The role of dopamine in overcoming aversion with exercise. Brain Res. (2019) 1713:102–8. doi: 10.1016/j.brainres.2018.08.030 

 47. Trifilieff, P, and Martinez, D. Imaging addiction: D2 receptors and dopamine signaling in the striatum as biomarkers for impulsivity. Neuropharmacology. (2014) 76 Pt B:498–509. doi: 10.1016/j.neuropharm.2013.06.031 

 48. Lachowicz, M, Chmielowiec, J, Chmielowiec, K, Suchanecka, A, Masiak, J, Michałowska-Sawczyn, M , et al. Significant association of DRD2 and ANKK1 genes with rural heroin dependence and relapse in men. Ann Agric Environ Med. (2020) 27:269–73. doi: 10.26444/aaem/119940 

 49. Blum, K, Chen, TJ, Downs, BW, Bowirrat, A, Waite, RL, Braverman, ER , et al. Neurogenetics of dopaminergic receptor supersensitivity in activation of brain reward circuitry and relapse: proposing “deprivation-amplification relapse therapy” (DART). Postgrad Med. (2009) 121:176–96. doi: 10.3810/pgm.2009.11.2087 

 50. Dahlgren, A, Wargelius, HL, Berglund, KJ, Fahlke, C, Blennow, K, Zetterberg, H , et al. Do alcohol-dependent individuals with DRD2 A1 allele have an increased risk of relapse? A pilot study. Alcohol Alcohol. (2011) 46:509–13. doi: 10.1093/alcalc/agr045 

 51. Blum, K, Han, D, Bowirrat, A, Downs, BW, Bagchi, D, Thanos, PK , et al. Genetic addiction risk and psychological profiling analyses for “Preaddiction” severity index. J Pers Med. (2022) 12:1772. doi: 10.3390/jpm12111772 

 52. Salamone, JD, Correa, M, Farrar, A, and Mingote, SM. Effort-related functions of nucleus accumbens dopamine and associated forebrain circuits. Psychopharmacology. (2007) 191:461–82. doi: 10.1007/s00213-006-0668-9 

 53. Klimke, A, Larisch, R, Janz, A, Vosberg, H, Müller-Gärtner, H-W, and Gaebel, W. Dopamine D2 receptor binding before and after treatment of major depression measured by [123I] IBZM SPECT. Psychiatry Res Neuroimaging. (1999) 90:91–101. doi: 10.1016/S0925-4927(99)00009-8 

 54. Levey, DF, Stein, MB, Wendt, FR, Pathak, GA, Zhou, H, Aslan, M , et al. Bi-ancestral depression Gwas in the million veteran program and Meta-analysis in >1.2 million individuals highlight new therapeutic directions. Nat Neurosci. (2021) 24:954–63. doi: 10.1038/s41593-021-00860-2 

 55. Kimbrel, NA, Ashley-Koch, AE, Qin, XJ, Lindquist, JH, Garrett, ME, Dennis, MF , et al. A genome-wide association study of suicide attempts in the million veterans program identifies evidence of Pan-ancestry and ancestry-specific risk loci. Mol Psychiatry. (2022) 27:2264–72. doi: 10.1038/s41380-022-01472-3 

 56. Salvatore, MF, and Pruett, BS. Dichotomy of tyrosine hydroxylase and dopamine regulation between somatodendritic and terminal field areas of nigrostriatal and mesoaccumbens pathways. PLoS One. (2012) 7:e29867. doi: 10.1371/journal.pone.0029867 

 57. Daubner, SC, Le, T, and Wang, S. Tyrosine hydroxylase and regulation of dopamine synthesis. Arch Biochem Biophys. (2011) 508:1–12. doi: 10.1016/j.abb.2010.12.017 

 58. Vaillancourt, K, Chen, GG, Fiori, L, Maussion, G, Yerko, V, Théroux, J-F , et al. Methylation of the tyrosine hydroxylase gene is dysregulated by cocaine dependence in the human striatum. iScience. (2021) 24:103169. doi: 10.1016/j.isci.2021.103169 

 59. Beitner-Johnson, D, Guitart, X, and Nestler, EJ. Dopaminergic brain reward regions of Lewis and Fischer rats display different levels of tyrosine hydroxylase and other morphine-and cocaine-regulated phosphoproteins. Brain Res. (1991) 561:147–50. doi: 10.1016/0006-8993(91)90759-O 

 60. da Silva, WAB, Ferreira Oliveira, K, Caroline Vitorino, L, Ferreira Romão, L, Allodi, S, and Lourenço, CC. Physical exercise increases the production of tyrosine hydroxylase and CDNF in the spinal cord of a Parkinson’s disease mouse model. Neurosci Lett. (2021) 760:136089. doi: 10.1016/j.neulet.2021.136089


 61. Baek, DJ, Lee, CB, and Baek, SS. Effect of treadmill exercise on social interaction and tyrosine hydroxylase expression in the attention-deficit/hyperactivity disorder rats. J Exerc Rehabil. (2014) 10:252–7. doi: 10.12965/jer.140162 

 62. Arnold, JC, and Salvatore, MF. Exercise-mediated increase in Nigral tyrosine hydroxylase is accompanied by increased Nigral Gfr-Α1 and Eaac 1 expression in aging rats. ACS Chem Neurosci. (2016) 7:227–39. doi: 10.1021/acschemneuro.5b00282 

 63. Fallah Mohammadi, Z, Falah Mohammadi, H, and Patel, DI. Comparing the effects of progressive and mild intensity treadmill running protocols on neuroprotection of parkinsonian rats. Life Sci. (2019) 229:219–24. doi: 10.1016/j.lfs.2019.05.036 

 64. Shi, SR, Liu, C, Pootrakul, L, Tang, L, Young, A, Chen, R , et al. Evaluation of the value of frozen tissue section used as “gold standard” for immunohistochemistry. Am J Clin Pathol. (2008) 129:358–66. doi: 10.1309/7cxuyxt23e5al8kq 

 65. Koprich, JB, Johnston, TH, Reyes, MG, Sun, X, and Brotchie, JM. Expression of human A53t alpha-synuclein in the rat substantia Nigra using a novel Aav1/2 vector produces a rapidly evolving pathology with protein aggregation, dystrophic neurite architecture and nigrostriatal degeneration with potential to model the pathology of Parkinson’s disease. Mol Neurodegener. (2010) 5:43. doi: 10.1186/1750-1326-5-43 

 66. Pariyadath, V, Gowin, JL, and Stein, EA. Chapter 8-resting state functional connectivity analysis for addiction medicine: from individual loci to complex networks In: H Ekhtiari and MP Paulus, editors. Progress in brain research : Elsevier (2016). 155–73.


 67. Yoo, JH, Chun, JW, Choi, MR, Cho, H, Kim, JY, Choi, J , et al. Caudate nucleus volume mediates the link between glutamatergic neurotransmission and problematic smartphone use in youth. J Behav Addict. (2021) 10:338–46. doi: 10.1556/2006.2021.00024 

 68. Thanos, PK, Hamilton, J, O’Rourke, JR, Napoli, A, Febo, M, Volkow, ND , et al. Dopamine D2 gene expression interacts with environmental enrichment to impact lifespan and behavior. Oncotarget. (2016) 7:19111–23. doi: 10.18632/oncotarget.8088 

 69. Köhncke, Y, Papenberg, G, Jonasson, L, Karalija, N, Wåhlin, A, Salami, A , et al. Self-rated intensity of habitual physical activities is positively associated with dopamine D (2/3) receptor availability and cognition. NeuroImage. (2018) 181:605–16. doi: 10.1016/j.neuroimage.2018.07.036


 70. Haavik, J, and Toska, K. Tyrosine hydroxylase and Parkinson’s disease. Mol Neurobiol. (1998) 16:285–309. doi: 10.1007/bf02741387


 71. Greenwood, BN, Foley, TE, Le, TV, Strong, PV, Loughridge, AB, Day, HE , et al. Long-term voluntary wheel running is rewarding and produces plasticity in the mesolimbic reward pathway. Behav Brain Res. (2011) 217:354–62. doi: 10.1016/j.bbr.2010.11.005 

 72. Hammond, N, Rahman, N, Zhan, S, Yim, YY, Nestler, EJ, and Thanos, PK. Chronic high intensity interval training (HIIT) exercise in adolescent rats results in cocaine place aversion and ΔFosB induction. (2023).


 73. Hikida, T, Kimura, K, Wada, N, Funabiki, K, and Nakanishi, S. Distinct roles of synaptic transmission in direct and indirect striatal pathways to reward and aversive behavior. Neuron. (2010) 66:896–907. doi: 10.1016/j.neuron.2010.05.011 

 74. Lobo, MK, and Nestler, EJ. The striatal balancing act in drug addiction: distinct roles of direct and indirect pathway medium spiny neurons. Front Neuroanat. (2011) 5:41. doi: 10.3389/fnana.2011.00041 

 75. Kreitzer, AC, and Berke, JD. Investigating striatal function through cell-type-specific manipulations. Neuroscience. (2011) 198:19–26. doi: 10.1016/j.neuroscience.2011.08.018 

 76. Hatoum, AS, Colbert, SMC, Johnson, EC, Huggett, SB, Deak, JD, Pathak, GA , et al. Multivariate genome-wide association Meta-analysis of over 1 million subjects identifies loci underlying multiple substance use disorders. Nat Ment Health. (2023) 1:210–23. doi: 10.1038/s44220-023-00034-y 

 77. Stanley, J, Peake, JM, and Buchheit, M. Cardiac parasympathetic reactivation following exercise: implications for training prescription. Sports Med. (2013) 43:1259–77. doi: 10.1007/s40279-013-0083-4 

 78. Brenner, JS
. Overuse injuries, overtraining, and burnout in child and adolescent athletes. Pediatrics. (2007) 119:1242–5. doi: 10.1542/peds.2007-0887 

 79. Anish, EJ
. Exercise and its effects on the central nervous system. Curr Sports Med Rep. (2005) 4:18–23. doi: 10.1097/01.CSMR.0000306066.14026.77


 80. Meeusen, R, and Piacentini, M. Exercise and neurotransmission: a window to the future? Eur J Sport Sci. (2001) 1:1–12. doi: 10.1080/17461390100071103


 81. Kreher, JB, and Schwartz, JB. Overtraining syndrome: a practical guide. Sports Health. (2012) 4:128–38. doi: 10.1177/1941738111434406 

 82. Kadaja, L, Eimre, M, Paju, K, Roosimaa, M, Põdramägi, T, Kaasik, P , et al. Impaired oxidative phosphorylation in overtrained rat myocardium. Exp Clin Cardiol. (2010) 15:e116–27.

 83. Tyler, J, and Thanos, PK. Raising the bar for public health: resistance training and health benefits. Int J Strength Cond. (2023) 3. doi: 10.47206/ijsc.v3i1.195


 84. Lee, DH, Rezende, LFM, Joh, HK, Keum, N, Ferrari, G, Rey-Lopez, JP , et al. Long-term leisure-time physical activity intensity and all-cause and cause-specific mortality: a prospective cohort of us adults. Circulation. (2022) 146:523–34. doi: 10.1161/circulationaha.121.058162 

 85. Momma, H, Kawakami, R, Honda, T, and Sawada, SS. Muscle-strengthening activities are associated with lower risk and mortality in major non-communicable diseases: a systematic review and meta-analysis of cohort studies. Br J Sports Med. (2022) 56:755–63. doi: 10.1136/bjsports-2021-105061 

 86. Perry, AN, Westenbroek, C, and Becker, JB. The development of a preference for cocaine over food identifies individual rats with addiction-like behaviors. PLoS one. (2013) 8:e79465. doi: 10.1371/journal.pone.0079465 

 87. Kerstetter, KA, Ballis, MA, Duffin-Lutgen, S, Carr, AE, Behrens, AM, and Kippin, TE. Sex differences in selecting between food and cocaine reinforcement are mediated by estrogen. Neuropsychopharmacology. (2012) 37:2605–14. doi: 10.1038/npp.2012.99 

 88. Kerstetter, KA, and Kippin, TE. Impact of sex and gonadal hormones on cocaine and food reinforcement paradigms. J Addict Res Ther. (2011) 1:2963. doi: 10.4172/2155-6105.s4-002


 89. Cohen, MX, and Frank, MJ. Neurocomputational models of basal ganglia function in learning, memory and choice. Behav Brain Res. (2009) 199:141–56. doi: 10.1016/j.bbr.2008.09.029


 90. Dackis, CA, and Gold, MS. New concepts in cocaine addiction: the dopamine depletion hypothesis. Neurosci Biobehav Rev. (1985) 9:469–77. doi: 10.1016/0149-7634(85)90022-3


 91. Blum, K, Liu, Y, Shriner, R, and Gold, MS. Reward circuitry dopaminergic activation regulates food and drug craving behavior. Curr Pharm Des. (2011) 17:1158–67. doi: 10.2174/138161211795656819 









 


	
	
ORIGINAL RESEARCH
published: 21 February 2024
doi: 10.3389/fpubh.2024.1203631








[image: image2]

Application of inverse weighting analysis to assess the association of youth perceptions with the age of initiation of tobacco products

Folefac D. Atem1,2*, Meagan A. Bluestein3, Baojiang Chen1,3, Melissa B. Harrell3,4,5, Sarah E. Messiah2,4, Arnold E. Kuk3 and Adriana Pérez1,3


1Department of Biostatistics and Data Science, School of Public Health, The University of Texas Health Science Center at Houston (UTHealth), Houston, TX, United States

2Center for Pediatric Population Health, School of Public Health in Dallas, UT Health Science Center School of Public Health, Dallas, TX, United States

3Michael & Susan Dell Center for Healthy Living, School of Public Health, Austin Campus, The University of Texas Health Science Center at Houston (UTHealth), Austin, TX, United States

4Department of Epidemiology, Human Genetics, and Environmental Sciences, School of Public Health, The University of Texas Health Science Center at Houston (UTHealth), Austin, TX, United States

5Consultant with Litigation Involving the Vaping Industry, Austin, TX, United States

Edited by
 Muthuraju Sangu, University of Houston, United States

Reviewed by
 Yasmine Sherafat, California State University, San Marcos, United States
 Omotayo Francis Fagbule, University College Hospital Ibadan, Nigeria

*Correspondence
 Folefac D. Atem, Folefac.D.Atem@uth.tmc.edu 

Received 11 April 2023
 Accepted 15 January 2024
 Published 21 February 2024

Citation
 Atem FD, Bluestein MA, Chen B, Harrell MB, Messiah SE, Kuk AE and Pérez A (2024) Application of inverse weighting analysis to assess the association of youth perceptions with the age of initiation of tobacco products. Front. Public Health 12:1203631. doi: 10.3389/fpubh.2024.1203631
 

Introduction: To examine if perceptions of harmfulness and addictiveness of hookah and cigarettes impact the age of initiation of hookah and cigarettes, respectively, among US youth. Youth (12-17 years old) users and never users of hookah and cigarettes during their first wave of PATH participation were analyzed by each tobacco product (TP) independently. The effect of perceptions of (i) harmfulness and (ii) addictiveness at the first wave of PATH participation on the age of initiation of ever use of hookah was estimated using interval-censoring Cox proportional hazards models.

Methods: Users and never users of hookah at their first wave of PATH participation were balanced by multiplying the sampling weight and the 100 balance repeated replicate weights with the inverse probability weight (IPW). The IPW was based on the probability of being a user in their first wave of PATH participation. A Fay’s factor of 0.3 was included for variance estimation. Crude hazard ratios (HR) and 95% confidence intervals (CIs) are reported. A similar process was repeated for cigarettes.

Results: Compared to youth who perceived each TP as “a lot of harm”, youth who reported perceived “some harm” had younger ages of initiation of these tobacco products, HR: 2.53 (95% CI: 2.87-4.34) for hookah and HR: 2.35 (95% CI: 2.10-2.62) for cigarettes. Similarly, youth who perceived each TP as “no/little harm” had an earlier age of initiation of these TPs compared to those who perceived them as “a lot of harm”, with an HR: 2.23 (95% CI: 1.82, 2.71) for hookah and an HR: 1.85 (95% CI: 1.72, 1.98) for cigarettes. Compared to youth who reported each TP as “somewhat/very likely” as their perception of addictiveness, youth who reported “neither likely nor unlikely” and “very/somewhat unlikely” as their perception of addictiveness of hookah had an older age of initiation, with an HR: 0.75 (95% CI: 0.67-0.83) and an HR: 0.55 (95% CI: 0.47, 0.63) respectively.

Discussion: Perceptions of the harmfulness and addictiveness of these tobacco products (TPs) should be addressed in education campaigns for youth to prevent early ages of initiation of cigarettes and hookah.

Keywords
 tobacco; addictiveness; harmfulness; truncation; interval censoring; weighted survival analysis


Introduction

Many studies have been conducted to assess the prevalence of tobacco product (TP) use in youth, and several studies have suggested risk factors for initiation including previous substance use, lack of awareness, and socioeconomic status (1, 2). Moreover, initiation of TP use is associated with decreased perceptions of harmfulness (3); however, other studies have shown that most youth who initiated cigarette use were aware of the risks associated with these TPs (4). Nonetheless, most of the studies on the impact of harmfulness and addictiveness have focused on the initiation of TP use with binary outcomes (yes/no) (3, 5, 6). Rather than analyzing the initiation as a yes/no answer, monitoring participants over time until some of them experience the event of interest improves precision and decreases bias (7). In a 2022 longitudinal study using Population Assessment of Tobacco and Health (PATH) data, the impact of the perceptions of hookah harmfulness and addictiveness on the age of initiation was examined among never users during their initial participation in the PATH study (8). However, analyses excluded the youth who reported hookah use during their first wave of PATH participation. This type of study design that involves only never users at the outset of the study and follows them prospectively until the occurrence of the event of interest is referred to as an incident cohort design (9). According to Cain et al. (9), excluding these participants may result in biased estimates. In this study, we aimed to incorporate both participants who had already initiated each TP use at their first wave of PATH participation and never users of each TP at that same wave. This approach allowed us to separately investigate their perceptions of hookah and cigarettes regarding their harmfulness and addictiveness at the age of initiation (9). Employing a survival analysis study design, participants were followed until they initiated the TP use (8, 10). To comprehend the impact of the perceptions of harmfulness and addictiveness on the age of initiation for hookah and cigarette use among the youth population, we carefully balanced the effects of users and never users at their first wave of PATH participation through the inverse probability weighting (IPW) method (11, 12). The strength of this approach is that it does not exclude users from the analysis and balances between covariates such as sex and race/ethnicity between users and never users (13, 14).



Methods

We performed secondary data analysis using the PATH data, which is a longitudinal study of tobacco use in the US (15). This study began during 2013–2014 with annual samples collected until 2017; when samples were collected every 2 years a complex stratified area probability sampling method was employed to generate a nationally representative sample of youth and adults in the US (15, 16). We included youth (aged 12–17 years) data from waves 1–4 (wave 1: 2013–2014, wave 2: 2014–2015, wave 3: 2015–2016, and wave 4: 2016–2017). Shadow youth participants, that is, youth aged 9–11 years at wave 1, entered the study once they turned 12 at wave 2 and wave 3, respectively. All youth who turned 18 years in the subsequent waves were invited to participate in the adult study, and their follow-up data as adults were included in the analyses (15, 16). The institutional review board approval for this study was obtained from the Committee for the Protection of Human Subjects at the University of Texas Health Science Center at Houston (protocol number HSC-SPH-17-0368).


How PATH measures TPs?

In the first wave of participation (waves 1–4), participants were asked the following question: “Have you ever smoked tobacco in a hookah, even one or two puffs?,” and the response options were “yes,” “no,” and “I do not know” (15). In waves 1–4, using PATH, youth respondents were asked the following question: “Have you ever smoked a cigarette, even one or two puffs?,” and the response options were “yes,” “no,” and “I do not know (15, 16). These analyses were limited to participants that responded “yes” or “no.”



Interval-censored outcome: ever age of initiation of TP

The restricted-use PATH data do not provide the date of birth information for youth participants; however, it does provide the participants’ age in years at each wave and the number of weeks between the waves. For each participant, we created a lower and an upper age bound for each TP outcome. At the first wave of PATH participation, youths were asked the following question: “Have you ever smoked tobacco in a hookah, even one or two puffs?,” and the response options were “yes” and “no.” Those who answered “yes” were asked another question: “Age when first tried smoking a hookah, even one or two puffs?” This recalled age of initiation as indicated by the youth is what we labeled “recalled age.” Similar questions were asked about cigarettes, separately.

The lower age bound for the youth who indicated the use of TPs at their first wave of PATH participation was their recalled age of initiation, while the upper age bound was the age at the first wave of PATH participation (17).

For never users of each TP at their first wave of PATH participation, the lower age bound was the participants’ age at the first wave of PATH participation plus the number of weeks between the first wave and the last wave the participant reported non-use of each TP. For those who initiated the TP after the first wave of PATH participation, the upper age bound was the age at the lower bound plus the number of weeks between the lower bound and the first wave the participant reported the initiation of each TP (18). Never users during the study period were considered right-censored, that is, their upper bound age of initiation was unbounded (19).



Exposures: perceptions of harmfulness and of addictiveness of each TP

PATH assessed perceptions of harmfulness and addictiveness of hookah and cigarettes individually for youth in their first wave of PATH participation (waves 1–3). The perceptions of harmfulness of cigarettes and hookah in waves 1–3 were only assessed among the youth participants who had heard of each TP at each wave. Since all users of a TP at their first wave of PATH participation must have heard of the TP, never users, those who had not heard of each TP, were excluded. The following question was used to measure the perceptions of harmfulness: “How much do you think people harm themselves when they smoke/use [TP]?” (16). The response options included (i) “no harm”; (ii) “little harm”; (iii) “some harm”; (iv) “a lot of harm”; (v) “do not know”; and (vi) “refused.” These responses were recoded as “no/little harm,” “some harm,” and “a lot of harm.” The participants who answered “do not know” and “refused” were not included in the analysis.

Similarly, the perceptions of addictiveness of each TP were assessed at the first wave of PATH participation, using the questions, “How likely is someone to become addicted to shisha or hookah tobacco?” or “How likely is someone to become addicted to cigarettes?” (16). The response options included (i) “very unlikely”; (ii) “somewhat unlikely”; (iii) “neither likely nor unlikely”; (iv) “somewhat likely”; (v) “very likely”; (vi) “do not know”; and (vii) “refused.” We excluded those who responded with “do not know” and “refused” from our analyses. The variables were recoded as follows: “very/somewhat unlikely,” “neither likely nor unlikely,” and “somewhat/very likely.” Similarly, the youth who had not heard of each TP were excluded from the analyses.



Covariates: Sex and race/ethnicity

Sex was classified as female or male, and this variable was imputed by PATH using the household information at wave 1 (16). Race was assessed as white, Black, Asian, and other (including multi-racial). Ethnicity was categorized as either Hispanic or non-Hispanic. In our analyses, compared to the previous publications, we categorized race/ethnicity into four categories, with non-Hispanic white as the reference: non-Hispanic white, Hispanic, non-Hispanic Black, and non-Hispanic other (Asian, multi-race, and other races) (19, 20, 21).



Statistical analysis

A two-phase secondary analysis for understanding the perceptions of harmfulness and addictiveness at the age of initiation of hookah or cigarette use was conducted among the youth who participated in PATH (aged 12–17 years) at their first wave of PATH participation (waves 1–3) (16). In the first phase, we employed the IPW method, considering the probability of being a user, to balance the confounding effects related to sex and race/ethnicity between users and never users of each TP at their first wave of PATH participation (12). The primary goal of IPW is to create a pseudo-population where the distribution of sex and race/ethnicity is balanced across TP users and never users at their first wave of PATH participation, similar to what might be observed in a randomized controlled trial. This weighting technique helps in mitigating the biases that could arise due to sex and race/ethnicity or uneven distribution of characteristics among TP users and never users at their first wave of PATH participation, thereby allowing for more accurate estimations of treatment effects or associations between variables.

The IPW technique uses propensity score to balance the characteristics of users and never users of each TP (hookah and cigarettes) by weighing each individual in the analysis (22).

Specifically, we developed a weight known as IPW by fitting a logistic regression with the binary indicator variable (yes/no) for users versus never users at the first wave of PATH participation for each TP with sex and race/ethnicity as the covariates (12, 23).

Thus, the propensity score, defined as p(K) = Pr(Z = 1 | K), is the conditional probability of being a user of hookah (yes/no) at the first wave of PATH participation, that is, Z = 1 for users of hookah at their first wave of PATH participation and Z = 0 for never users of hookah at their first wave of PATH participation. K refers to the measured covariates, that is, sex and race/ethnicity. The p(K) is estimated using a logistic regression for the probability of being a user of hookah at the first wave of PATH participation with sex and race/ethnicity as covariates, and its estimate (output) represented the predictive value from this model. Then, weights are assigned for users and never users of each TP by exemplifying the case for hookah. Hookah users at their first wave of PATH participation were assigned a weight: w(K) = 1/p(K), whereas never users of hookah were assigned a weight: w(K) = 1/1-p(K) (11, 12, 23). Weight assignment was repeated for cigarette users and non-users at the first wave of PATH participation. Next, we created a new set of composite weights by (1) multiplying the IPW with the PATH sampling weight and (2) multiplying the IPW with the 100 balance replicate weights (24, 25). This new set of composite weights is expected to minimize the bias due to the lack of randomization in being a user or never user at the first wave of PATH participation (24). Differences in perceptions of harmfulness and addictiveness were explored by fitting composite weighted Cox proportional hazards regression models to interval-censored data with a constant baseline hazard function, which represents the instantaneous rate of initiation of a TP within the interval. Hazard ratios (HR), serving as indicators for the likelihood of TP initiation between groups, were estimated, and their respective 95% confidence intervals (CI) were reported (26, 27). The hazard function and non-parametric estimators for each significant level by perceptions of harmfulness and addictiveness, separately from the Cox proportional hazards regression models, were estimated (28–30). A type I error level of 0.05 was used. For each TP, Statistical Analysis System (SAS version 9.4) macros were developed.




Results

Weighted summary statistics for demographic characteristics for PATH youth (aged 12–17 years at their first wave of PATH participation) are shown in Table 1. The sample size for the users and never users (waves 1–3) for each of the TPs was as follows: 16,564 youth (representing 30,85,8,246 US youth) for hookah, and 17,689 youth (representing 32,982,770 US youth) for cigarettes. Among these youth, 5.9% ever used hookah and 10.7% ever used cigarettes by their first wave of PATH participation. The average age of participants in their first wave of PATH participation was 13.9 years for these TPs. The distribution of sex was almost evenly distributed, with girls accounting for approximately 49.1% of the hookah sample and 48.8% of the cigarette sample. The racial/ethnic distribution among various TP usage was notably consistent, with approximately 54% being non-Hispanic white, 23% Hispanic, 13% non-Hispanic Black, and 10% falling into the non-Hispanic other category. The majority of youth perceived both hookah and cigarettes as harmful, with 52.3% reporting “a lot of harm” for hookah and 83.3% for cigarettes. Additionally, a considerable percentage of youth perceived hookah (75.3%) and cigarettes (81.5%) to be “somewhat/ very likely” in terms of addictiveness.



TABLE 1 Demographic characteristics of users and never users of each TP in PATH USA youth (aged 12–17 years).
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In Table 2, we present the adjusted hazard ratios and their 95% CIs exploring the impact of the perceptions of harmfulness and addictiveness on the age of initiation of each TP using the composite weight and the 100 composite BRR weights. Adjusted hazard ratios are balanced by sex and race/ethnicity. The findings revealed distinct patterns regarding perceptions of harm and addictiveness influencing the initiation of hookah and cigarette use among youth. Youth perceiving hookah as having “no/little harm” showed a strikingly higher likelihood (123%, HR, 2.23, 95% CIs, 1.82–2.73) of being more prone to initiate hookah use earlier compared to those perceiving it as having “a lot of harm.” Similarly, those perceiving hookah as having “some harm” were 253% (HR: 3.53, 95% CI: 2.87–4.34) more likely to initiate use at younger ages than those perceiving “a lot of harm.”



TABLE 2 Hazard ratios (and 95% confidence intervals) for the association between perceptions of harmfulness and addictiveness and the age of initiation of hookah and cigarette use.
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Regarding the addictiveness perceptions, the youth who reported feeling “very/somewhat unlikely” were 45% (HR: 0.55, 95% CI: 0.47–0.63) less likely to initiate hookah use early compared to those feeling “somewhat/very likely.” Meanwhile, those with “neither likely nor unlikely” perceptions were 25% (HR: 0.75, 95% CI: 0.67–0.83) less inclined to initiate hookah use at a younger age compared to those perceiving addictiveness as “somewhat/very likely.” Concerning cigarettes, youth perceiving “no/little harm” and “some harm” were notably 85% higher for early age of initiation (HR: 1.85, 95% CI: 1.72-1.98) and 135% (HR: 2.35, 95% CI: 2.10-2.62) respectively, as compared to those perceiving cigarettes as having “a lot of harm”.

Table 3 shows the hazard function and its 95% CI of ever use of each of these TPs stratified by three categorized classes of the perceptions of harmfulness. For all three TPs, initiation increases as the perceptions of harmfulness decrease from “a lot of harm” to “no/little harm.” By the age of 17 years, the proportion of youth who perceived “a lot of harm” from hookah and initiated it was 3.4% (95% CI, 2.8–4.1), those who perceived “some harm” and initiated it was 10.8% (95% CI, 9.1–11.8), and those who perceived “no/little harm” and initiated it was 27.7% (95% CI, 25.0–30.3). Moreover, by the age of 17 years, the proportion of youth who perceived “a lot of harm” in cigarettes and initiated them was 22.9% (95% CI, 20.2–25.6), those who perceived “some harm” and initiated them was 40.0% (95% CI, 33.3–45.7), and those who perceived “no/little harm” and initiated them was 42.1% (95% CI, 36.1–48.1).



TABLE 3 Estimated hazard function (95% confidence interval) of the age of initiation of ever TP use outcomes by perceptions of harmfulness of PATH USA youth.
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Table 4 shows the hazard functions and its 95% CIs of ever use of each of these TPs stratified by three categorized classes of the perceptions of addictiveness. The results limited to the strata that are significantly different from the reference class “somewhat/very likely” perception of addictiveness were presented. Our results showed that, by the same age, the proportion of initiation of hookah increases as the perception of addictiveness decreases from “somewhat/very likely” to “very/somewhat unlikely.” For example, by the age of 17 years, 5.2% (95% CI: 4.4–6.0) of youth were estimated to initiate hookah among those who reported “somewhat/very likely” perceptions of addictiveness for hookah, 16.2% (95% CI: 14.0–18.4) of youth were estimated to initiate hookah among those who reported “neither likely nor unlikely” perceptions of addictiveness, and 38.8% (95% CI: 30.5–37.1) of youth were estimated to initiate hookah among those who reported “very/somewhat unlikely” perceptions of addictiveness.



TABLE 4 Estimated hazard function (95% confidence interval) of the age of initiation of ever TP use outcomes by perceptions of addictiveness of PATH USA youth.
[image: Table4]



Discussion

In this study, we examined the association between the youth perceptions of harmfulness and addictiveness and the age of initiation of ever use of hookah and cigarettes. These two TPs reported more than 5% ever use at the first wave of PATH participation. Each TP product was examined independently to understand how youth’s perceptions of harmfulness and addictiveness influence the age of initiation of each of these TPs. This study differs significantly from the two previous studies (8, 10) in two ways. First, the dataset analyzed by Chen et al. (10) and Kuk et al. (8) was limited to non-users of TPs at their first wave of PATH participation, while we included both users and non-users of each TP at the first wave of PATH participation, separately, in this study. Second, in the previous two studies, the analyses took advantage of the PATH sampling weights and the 100 balance replicate weights; however, in this study, we created composite weights by multiplying the IPW with the PATH sampling weight and multiplying the IPW with the 100 balance replicate weights. In our inverse probability approach, we aimed to achieve equilibrium in sex and race/ethnicity distributions. This balancing act mirrors block randomization based on sex and race/ethnicity. The goal is to ensure that any observed disparities between groups are not attributed to differences in sex or race/ethnicity but instead reflect the impact of other factors under examination.

The findings from the previous studies indicated that, when youth perceived these tobacco products as less harmful, they tended to initiate their use at earlier ages. Our results support this trend with a nuanced twist: the likelihood of initiating ever use of cigarette and hookah at younger ages follows the order of “some harm” > “no/little harm” > “a lot of harm.”

Moreover, a previous study revealed that a lower perceived risk was linked to the likelihood of ever using hookah (31). Our study, in conjunction with this research, highlights the potential impact of educating youth about the potential harmfulness and addictiveness of hookah, which could significantly decrease its consumption. Overall, the analysis results suggest that educating these young individuals about the potential risks associated with these tobacco products might prove beneficial in altering their perceptions of them.

This nationally representative US sample, combined with a causal analytical approach that balanced users and non-users during their initial participation in the PATH study, offered valuable insights into how perceptions of harmfulness and addictiveness influence the age of hookah and cigarette initiation. Moreover, our longitudinal study design strengthens the validity of findings, illustrating a robust and consistent relationship between risk perceptions and the age at which individuals initiate hookah and cigarette use.

A potential limitation in the design of this study is that the perceptions of harmfulness and addictiveness were recorded at the first wave of PATH participation, where users of each TP were recorded after the initiation, while never users of each TP were recorded before the initiation. Despite these measurement issues, we do not think this will have a tremendous effect on our results since we assumed the exposure does not change over time in the model (32, 33). Another potential drawback is with the recalled age of initiation for users at their first wave of PATH participation because these users might not precisely know when they initiated the TP. However, in one of our previous publications, we performed a sensitivity analysis where we replaced the recalled age of initiation with a uniform six “6” as the lower age bound under the assumption that the participants were at least 6 years old when they initiated each of these products. The results showed insignificant differences using the recalled age and the uniform six “6” as the lower age bound for these TPs (17), indicating that recall bias was minimal.



Conclusion

Our findings highlight the importance of the perceptions of harmfulness and addictiveness in the age of initiation of hookah and cigarettes. The perceptions of harmfulness and addictiveness of these TPs should be addressed in education campaigns for youth to prevent earlier ages of initiation of these products.
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Background

Cocaine use disorder (CUD) is characterized by the continued use of cocaine despite serious impacts on life. This study focused on understanding the perspective of individuals with current CUD, individuals in CUD remission, and their supporters regarding current therapies, future therapies, and views on clinical trials for CUD.





Methods

The online bulletin board (OBB) is a qualitative tool where participants engage in an interactive discussion on a virtual forum. Following completion of a screening questionnaire to determine eligibility, individuals in CUD remission and their supporters logged in to the OBB and responded to questions posed by the moderator. Individuals with current CUD participated in a one-time virtual focus group.





Results

All individuals with current CUD and 94% of those in CUD remission reported a diagnosis consistent with CUD or substance use disorder during screening. Individuals with current CUD and their supporters were recruited from the United States (US). Individuals in CUD remission were recruited from five countries, including the US. Individuals with current CUD reported hesitation about seeking treatment due to stigma, a lack of privacy, and being labeled as a drug seeker; barriers to therapy included time, cost, and a lack of privacy. Participants wanted a safe therapy to stop cravings and withdrawal symptoms. Seven clinical trial outcomes, including long-term abstinence and craving control, were suggested based on collected insights.





Conclusion

This study can help inform the design of clinical trials and emphasize the need for effective, safe, and accessible therapies. Recruiting participants will require significant trust building.





Keywords: cocaine use disorder, online bulletin board, individuals with current cocaine use disorder, individuals in cocaine use disorder remission, unmet needs, clinical trial outcomes




1 Introduction

Cocaine is used by an estimated 20 million people globally, with an annual prevalence of use of 0.4% among those aged 15–64 years (1). Some of these individuals will develop cocaine use disorder (CUD), which is characterized by meeting at least two Diagnostic and Statistical Manual of Mental Disorders-5 (DSM-5) criteria such as “hazardous use”, “social or interpersonal problems related to use”, and “neglected major roles due to use” (2). The 2016 Global Burden of Disease study estimated an age-standardized prevalence of 77.6 CUD cases per 100, 000 people worldwide (3). Furthermore, an increase of 39.7% in CUD diagnoses was reported from 2010 to 2016 (4), and rates of overdoses, including cocaine overdoses, have recently increased exponentially (5, 6).

Although there are approved pharmacotherapies for opioid, tobacco, and alcohol use disorders, the treatment options are limited for CUD, with no approved pharmacotherapies in the United States (US) or Europe despite multiple clinical trials in the last several decades (4, 7, 8). Brain stimulation modalities such as deep brain stimulation (DBS) and repetitive transcranial magnetic stimulation (rTMS) are add-on therapies that have an acute effect on a person’s craving for drugs and alcohol. These modalities are utilized when pharmacological interventions are not successful, but may not always be available in certain regions or considered cost effective (9). Even though psychosocial and behavioral interventions have demonstrated efficacy in CUD, there is no one superior treatment, resulting in the use of a range of therapies (10). These therapies include evidence-based approaches such as individual counseling, cognitive behavioral therapy (CBT), community reinforcement approach (CRA), and contingency management (CM) (8). These treatments often demonstrate clinical benefit, but long-term abstinence remains elusive for the majority of patients with CUD (7–9, 11).

Clinical trials frequently consider abstinence from cocaine use as the criterion of therapy efficacy (12). However, abstinence can be a difficult outcome to achieve, and may not be the ultimate goal for some patients. Recently, the US Food and Drug Administration issued a status update declaring their interest in the use of novel, non-abstinence-based outcomes as part of product development, along with the development of new products that address a fuller range of symptoms of addiction, such as cravings (13–15).

Clinical trial participation and the response of the participant to psychotherapy are interconnected. Relapse rates are high in substance use disorder (SUD) studies, and dropout is an important predictor of relapse (16). Approximately 30% of participants drop out of SUD trials, and studies targeting cocaine use are associated with higher dropout rates than those involving tobacco smoking and heroin use. Because of this high dropout rate in SUD trials, it is difficult to observe the beneficial effect of treatment.

Supporters (defined here as friends or family members involved in caring for a patient with CUD) also play an important role in the effective treatment of patients with CUD. However, owing to the social stigma associated with CUD, few supporters share their burdens and perspectives, or receive support from their community (17). Some studies have explored the burden of the supporters in taking care of loved ones with alcohol use disorder (18–22) and with SUD (17, 22–24), but, to date, no studies have provided the supporters’ perspectives on CUD and treatment options for the individuals they care for and support.

The online bulletin board (OBB) method used in this study is a moderated, qualitative tool where participants engage in an interactive discussion in an open virtual forum (25). To date, studies using an OBB have provided valuable insights into different health conditions (25–28). To better understand patient and supporter perspectives, the current study used both an OBB and a supplemental virtual focus group to try and determine (1) patient and supporter preferences on an ideal therapy for CUD (2), patient and supporter perspectives on the design and execution of future CUD clinical trials, and (3) clinical trial potential outcomes that are the most important and useful to patients with CUD.




2 Methodology



2.1 Study design and setting

This study was conducted over 2 weeks from February to March 2021 across the following groups: individuals in CUD remission (five OBBs in the US, United Kingdom, France, Spain, and Brazil with individuals who reported they had recovered from CUD); supporters (one OBB in the US with friends or family members of someone with CUD); and individuals with current CUD (one focus group in the US with individuals currently diagnosed with CUD). An external vendor specializing in market research methodologies partnered with BGM, DL, SM, and KW to lead all recruitment, screening, and moderating efforts for the OBB and focus group.

A mix of recruitment methods were used, including contacting participants on market research panels, social media advertising in relevant special interest groups, and referrals from volunteers at rehabilitation clinics. Interested participants would then complete a series of screening questions (18 to 22 questions) over a secure survey platform. They would then receive a follow-up phone call from a trained staff member to confirm their eligibility and schedule their time in the OBB or virtual focus group.

Individuals in CUD remission and their supporters were requested to log in to the OBB for a total of 60 min split across 8 days over a 2-week period and respond to the questions posed by a trained moderator that spoke in the participant’s respective native language. Depending on the day of the OBB, participants were asked anywhere from a total of 5 to 13 questions (Supplementary Material 2: Screeners). Participants were encouraged to engage in anonymous discussions with other participants to exchange their views and experiences.

Individuals with current CUD were requested to join a virtual focus group once for a 90-min discussion that was conducted by a trained moderator who asked a series of 40 open-ended questions that explored the objectives in Section 2.3. The virtual focus group occurred on a confidential online platform (InterVu, FocusVision, USA) to ensure that participant names and/or locations were not displayed. All recordings of the focus group were destroyed after transcription.

For the purpose of simplicity, pharmacological treatments, 12-step programs, and other community mutual help groups were included within the definition of therapies, as many individuals with SUD engage in these programs as an integral part of their remission.




2.2 Participants

During screening, to qualify as an individual with current CUD, participants had to report the use of “cocaine” or “crack cocaine” regularly, report a diagnosis consistent with CUD or SUD, or answer “yes” to at least five DSM-5 criteria questions about CUD to ensure the inclusion of patients with self-reported CUD to have moderate to severe CUD. Individuals in CUD remission must have said “yes” to regularly using “cocaine” or “crack cocaine” in the past, reported a past history of substance use—including cocaine use—or must have said “yes” to at least five DSM-5 criteria questions to attempt to ensure the inclusion of moderate to severe CUD.

A supporter was defined as a friend or family member of someone who regularly used cocaine. A supporter was eligible to participate if they stated they were caring for or supporting someone currently using “crack cocaine” or “cocaine”. They must have said “yes” to five or more DSM-5 criteria questions about their loved one’s current cocaine use or confirmed a past diagnosis of CUD or SUD.




2.3 CUD OBB and focus group study objectives

The study objectives were as follows:

	a) Gather participants’ insights into current therapies.

	b) Assess satisfaction levels with current therapies.

	c) Identify barriers to accessing treatment.

	d) Obtain participants’ insights into an ideal future therapy for CUD.

	e) Obtain participants’ insights into the design of future clinical trials for CUD therapy.






2.4 Qualitative analysis of participant responses

The main output for the OBB and the virtual focus group was a transcript of the discussion. The OBB also generated some additional outputs, such as images and responses to closed questions (e.g., agreement with statements or polling) that were analyzed alongside the transcripts. The anonymized data underwent thematic analysis by trained staff. Transcripts were reviewed iteratively by several team members to identify and examine key themes and patterns within interviews, within and across markets and patient demographics.

Additional details on the methodology as well as screener, OBB, and focus group questions can be found in the Supplementary Material Sections 1-3.





3 Results



3.1 Participants

All individuals with current CUD (N = 5) and 94% of those in remission reported a diagnosis consistent with current or past CUD or SUD. The remaining 6% of those in remission reported cocaine use consistent with CUD by patient history and DSM-5 criteria. Individuals with current CUD and supporters participating in the study were aged 22–49 years (n = 5) and 33–53 years (n = 6), respectively. Those in CUD remission (N = 35) were aged 22–65 years and were from Brazil (n = 7), France (n = 4), Spain (n = 6), US (n = 12), and UK (n = 6). Details of participant demographics are presented in Table 1.


Table 1 | Demographics of individuals with current CUD, individuals in CUD remission, and supporters.






3.2 Insights from participants regarding current therapies and barriers to treatment



3.2.1 Individuals with current CUD

Individuals with current CUD reported moderate satisfaction with available therapies (average score of 4; scale of 1–7, with 7 being the highest possible score). Residential rehabilitation and 12-step programs prompted some negative feedback, while counseling and CBT were preferred. These individuals felt that society considered them as “once an addict, always an addict,” and that admitting they had a problem to a peer support group was challenging. Off-label medications received mixed views, as there were concerns about dependence and having to go to a healthcare professional (HCP). Most considered seeking professional help but were distrustful of HCPs due to concerns about a lack of anonymity or of being judged negatively by the HCP. Those who had approached HCPs were worried about the interventions being documented permanently in their medical records and being perceived as drug seekers in the future. Having a good connection with an HCP was considered a crucial factor for remission (Supplementary Material 4; Table S1).

Lifestyle changes were appealing to individuals with current CUD who were not interested in receiving formal treatment.

This participant group listed several barriers to available therapies, such as the time and effort required, the cost, and skepticism about the effectiveness of therapy. For working professionals, a concern was the potential stigma of requesting medical leave for the treatment of CUD. A summary of current therapies and barriers can be found in Table 2.


Table 2 | Insights from individuals with current CUD and supporters regarding current therapies/community mutual help groups used by CUD patients.






3.2.2 Individuals in CUD remission

Of those in CUD remission, 86% were satisfied with the available therapies for CUD (Figures 1A, B). Individuals in CUD remission thought that CUD was not taken as seriously as other addictions, such as alcohol or opioid use disorders, so there were fewer options available (Supplementary Material 4; Table S1).




Figure 1 | Insights from individuals in CUD remission regarding current therapies for CUD. (A) Those in CUD remission favored 12-step programs and cognitive behavioral therapy. (B) Most individuals in CUD remission were dissatisfied with current therapies. Apps, applications; CBT, cognitive behavioral therapy; CUD, cocaine use disorder; UK, United Kingdom; US, United States.



Overall, 77% of those in CUD remission tried counseling as a form of treatment, with all participants from Brazil and France attempting it. A majority of the participants highlighted the neutral, judgment-free, professional approach to listening and being provided with useful guidance as the reason for trying counseling. However, either the perceived high cost or lack of health insurance coverage was a barrier for accessing counseling.

The next most commonly tried approaches were lifestyle changes and 12-step programs with 69% and 62% of participants having tried them, respectively. These approaches were reported to have few cost-related barriers; however, participants believed that it was critically important that individuals had sufficient motivation to try these approaches. Peer support groups and 12-step programs were favored by older (aged >49 years) individuals in CUD remission.

The majority of participants considered engaging in CBT, and 48% actually tried it.

In the UK, CBT is available through the National Health Service and can also be free or compulsory if compelled by law enforcement. However, in other locations, participants reported that it may be more difficult to access or find CBT options.

Individual and/or family therapy was tried by 36% of those in CUD remission. Participants thought therapy could help them recover from CUD and address other factors that led to their CUD. Involving family in therapy was viewed as a chance to mend relationships and allows the participant’s family to better understand them. However, participants did state that involving family can be uncomfortable.

For participants in the US, residential rehabilitation was widely known, but the quality of such residential facilities was thought to vary in quality and approach. Residential rehabilitation was favored by those aged <49 years but was also deemed expensive and there was a perceived risk of relapse upon returning to everyday life.

Alternative therapies for CUD, including yoga, reiki, and hypnosis, were not well-known. In addition, only 3% of participants tried medications. Available off-label medications were considered unsuitable due to perceived factors like dependency, side effects, or concerns about being labeled a drug seeker.

Mobile applications were considered convenient but also thought to be impersonal and boring to use. Medical devices were mostly unheard of, and those individuals who were aware of them thought they were expensive and ineffective.

Concerns over lack of confidentiality was another barrier that prevented users from seeking out different therapies. However, participants had fewer concerns about visiting HCPs for medical care compared with those with current CUD.

In summary, in France and Spain, all participants tried counseling, and this was also a common therapy option in Brazil. Medication was considered more frequently in France than elsewhere. On average, the therapies detailed above were used less frequently in the UK than in other countries. Twelve-step programs were most widely used in the US, had a lower uptake in Spain, and were common in Brazil along with mobile applications. Residential rehabilitation was considered an option by participants in the US, but cost was a barrier.

See Supplementary Material 4; Table S1 for a detailed summary of insights from individuals in CUD remission regarding current therapies and barriers.




3.2.3 Supporters

Residential rehabilitation was favored by supporters looking for a total environment change. However, residential rehabilitation was considered expensive with a perceived risk of relapse upon returning to everyday life (Table 2). Counseling was considered meaningful. Social stigma and concerns over confidentiality were viewed as barriers that prevented their loved ones from seeking out the different therapies.





3.3 Insights from participants regarding future therapies



3.3.1 Individuals with current CUD

Individuals with current CUD, when prompted to describe an “ideal” therapy, stated that they wanted a therapy that addressed cravings, withdrawal symptoms, and the “lows” of cocaine use (low mood, anxiety, and paranoia caused by the effect of cocaine wearing off) without developing a new addiction (Table 3). Access to these new therapies should be through HCPs but, again, users mentioned hesitancy about approaching HCPs.


Table 3 | Insights from participants regarding future therapies, including an ideal tool to measure treatment efficacy.






3.3.2 Individuals in CUD remission

Individuals in CUD remission had similar views on future therapies to those with current CUD, including the importance of new therapies stopping or reducing cravings (72% of participants) and withdrawal symptoms (64% of participants) (Table 3; Figure 2). Individuals in CUD remission were more interested in holistic treatment options that were tailored to individual needs. They felt that if a pharmacological treatment existed, it should exist alongside a support system that would promote physical and mental health, improve one’s quality of life (QoL), and everyday relationships. To determine how individuals are doing on a new therapy, they recommended realistic HCP tools that combined clinical interviews and questionnaires with parameters such as assessment on physical appearance, patient logs on moods and cravings, and verifications with family and other professionals in contact with the patient.




Figure 2 | Insights into future therapies. (A) Individuals in CUD remission. (B) Supporters. The format of the focus group with those with current CUD did not allow collection of certain data. Therefore, this group is not included here. CUD, cocaine use disorder; UK, United Kingdom; US, United States.






3.3.3 Supporters

Supporters wanted therapies, especially pharmacological therapies, that would stop or reduce cravings (33% of participants) and withdrawal symptoms (67% of participants). They also wanted long-term intensive therapies that were holistic and affordable, and included mental support for users and care for supporters (Table 3; Figure 2). They also noted that these therapies should be convenient and quick to ensure compliance and long-term abstinence (Figure 2), with an emphasis on therapies that can improve QoL. Location, treatment flexibility, and willingness to undergo treatment were the barriers cited by the supporters. The cost of therapy was a potential barrier for supporters, if not reimbursable or covered by insurance (Supplementary Material 5; Table S2). Lastly, all participants had mixed views on pharmacological therapies due to concerns about safety, dependence, and an overall concern with pharmacological therapies being “easy fixes” that would cater more to the symptoms than the root causes of their CUD. In their opinion, this could lead to relapse.





3.4 Insights from participants regarding future clinical trials on CUD

Most participants across the three groups were interested in clinical trials (Table 4), but expressed some specific concerns, as outlined below.


Table 4 | Insights from participants regarding potential clinical trials on CUD.





3.4.1 Individuals with current CUD

Access to free trial medication, an eagerness to advance scientific research on CUD, and assured anonymity were key motivators to participate in a clinical trial (Table 4). Clinical trials were perceived as an opportunity for CUD to be taken more seriously in the medical and scientific fields. However, concerns about the potential side effects of medication and their privacy while being in a clinical trial were cited. Specifically, when prompted about their thoughts on taking medication via a video recording for compliance purposes, most participants were not supportive of this approach as it was considered intrusive. Although privacy was a concern, participants noted that anonymity in a clinical trial could also be a good motivator as they could take a potential trial treatment for their CUD without it being documented in their medical records.




3.4.2 Individuals in CUD remission

Individuals in remission had overall positive perceptions about participating in clinical trials but were concerned about their privacy and a lack of confidentiality (Table 4). They were also worried about receiving placebo instead of an active treatment. Participants from the US were most interested in clinical trial participation, with 42% of participants showing definite interest and 42% of participants showing possible interest (Figure 3).




Figure 3 | Insights from individuals in CUD remission regarding participating in future clinical trials for cocaine use disorder. CUD, cocaine use disorder; UK, United Kingdom; US, United States.






3.4.3 Supporters

Supporters thought that clinical trials could save lives and provide hope to loved ones who had multiple relapses (Table 4). However, they were skeptical about the willingness of their friends and relatives to participate in these trials due to their loved one’s potential lack of interest in stopping their cocaine use or concerns over confidentiality and privacy. Similar to those with current CUD, supporters were also uncomfortable about their loved ones taking treatment on camera.

Based on the insights collected regarding current and future therapies as well as regarding potential clinical trials, seven outcomes were suggested by participants for the success of a therapy. To achieve long-term abstinence, a blood/urine test was run in only individuals in CUD remission. To stop or reduce cravings, a patient log was maintained, and a clinical interview was conducted in individuals with current CUD and individuals in CUD remission. To feel free from dependency, a patient log was maintained, a clinical interview was conducted, and verifying with other professionals or supporters was done in individuals in CUD remission as well. To improve physical health/prevent long-term problems, a full physical exam and clinical tests were performed in individuals in CUD remission. To improve mental health, an interview with a trusted, empathetic person/read non-verbal signs was conducted in individuals with current CUD, individuals in CUD remission, and supporters. To improve QoL, including with work and relationships, an interview with a trusted, empathetic person/read non-verbal signs was conducted in individuals in CUD remission. To achieve all of the above, a realistic tool that combines clinical interviews and questionnaires with other parameters such as physical appearance, patient logs on moods and cravings, and verifications with family and other professionals in contact with the patient were performed in individuals in CUD remission.






4 Discussion

Studies on substance use and SUD have found individual counseling, CBT, and 12-step programs, among others, to be effective interventions (29–31). In the present study, counseling was the most popular therapy. Where it was available, CBT was popular among those looking for practical techniques to support their remission. Peer support groups and 12-step programs were of interest to older individuals in CUD remission (aged >49 years). Those with current CUD and some in remission found it challenging to connect with peers in a group setting and subsequently rejected the 12-step programs as outdated and religious in nature. Those with current CUD thought medication for comorbidities could be useful, but going to an HCP generated concerns about privacy, anonymity, stigma, and documented treatment. Both current and recovered individuals with CUD were concerned about off-label medications leading to dependence, or about being perceived or labeled as drug seekers. Residential rehabilitation was not frequently tried due to the high cost. Alternative medicine was not well-known as a CUD therapy. Medical devices and mobile applications were the least-used approaches for CUD therapy.

Costs of therapy, lack of anonymity, and social stigma were the frequently cited barriers to treatment for all groups of participants in this study, similar to other studies (32). The time required for therapy was a major barrier for those with current CUD, whereas location and flexibility of therapy were a concern for the supporters.

In the present study, those with current CUD were most interested in new therapies, and those in remission and supporters were more focused on other aspects such as psychosocial therapies. Although supporters were looking forward to fast-acting, effective oral therapies, those with current CUD or in remission were fearful about dependence or quick fixes where the root cause remained unaddressed. However, a common point of agreement among all participants was that a new therapy could stop or reduce cravings and withdrawal symptoms, and achieve long−term abstinence.

Despite the potential drawbacks identified for clinical trials, such as intrusivity of being filmed if that was part of the clinical trial compliance measures, the interventions and questions in clinical trials as a possible trigger for relapse and paranoia, side effects, and concerns over receiving a placebo, there was a general interest and desire to contribute to science. The anonymity and privacy afforded by a clinical trial setting were also viewed favorably.

Limitations of the study included a modest study sample. Owing to the limitations of the format of the focus group, some questions varied between the OBB and the focus group. Because of cultural differences toward addiction and the willingness to talk about it, individuals with current CUD and their supporters were only from the US, which may have led to bias in the results. Consistent with qualitative research, the patient population was not balanced as in a standard clinical trial. Moreover, some participants (6% of the individuals in CUD remission) had no diagnosis consistent with CUD, although they did have at least five criteria of SUD per DSM-5 criteria.




5 Conclusion

Experiences with therapy varied among participants, and several attempts were often needed to stop or reduce cocaine use. Satisfaction with the available treatment options was low, with concerns about efficacy, therapies not being tailored to cocaine use, and cost to the patient. A holistic treatment—that is, pharmacological treatment with personalized therapy that helps reduce cravings and is affordable—was considered as ideal. Interest in a potential new oral treatment was mixed, with some concerns around dependence or misuse. Patient information and support tailored to stopping cocaine use would be beneficial, particularly if it is adaptable to the unique psychosocial needs of the individuals with current CUD or in CUD remission.

Long-term abstinence may be the main goal for a clinical trial; however, based on the perspectives of individuals with current or past CUD and supporters, other outcomes such as reduced cravings, improvement in physical and mental health, improvement in QoL, and prevention of long-term problems were also viewed as important considerations for potential clinical trials. Therapy outcomes need to include patient-led evaluation and objectives to realistically assess if the patient is still using cocaine.

Enthusiasm about clinical trials was high among the participants due to the anticipation of improved treatment options specific to CUD. However, those with current CUD reported many barriers to participation, particularly paranoia, which could be worsened if the trial required treatment compliance to be documented by video recording. This study suggests that participants require efforts to be made on building trust and ensuring the privacy of their personal information. Furthermore, although many legal and ethical safeguards exist to ensure anonymity and privacy of a clinical trial participant’s data, this study made it clear that special care must be taken to explain to participants in CUD trials about their privacy rights and provide additional plain language educational materials regarding their privacy rights outside of the informed consent form. Participants had many concerns about their privacy and documentation of a potential CUD prescription drug in their medical record. As medical record privacy is a major barrier to individuals seeking professional help, it is important to identify ways to create an environment of assured privacy and anonymity once a medication is available on the market (e.g., coding the medication in the record).

With a growing interest in patient-informed clinical trial designs, this study highlights the unmet needs of individuals with current, or in remission from, CUD and their supporters. There is an urgent need to continue investing in research for new CUD therapies, given the scope of the problem and the soaring rates of cocaine use globally.
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Introduction: The Community Reinforcement Approach is an evidence-based treatment modality for alcohol and drug addiction treatment with proven efficacy and cost-effectiveness. The present study investigated the effectiveness of the Community Reinforcement Approach (CRA) in the context of quality of life among drug addicts.

Materials and methods: A total of 60 inpatient substance abusers post detoxification in Fountain House, Lahore, Pakistan, participated in this study. Fountain House was selected as the Minnesota model is primarily used there. Therefore, a new treatment approach was introduced to investigate its effectiveness for individuals with substance abuse. A randomized 12-week trial was conducted as a substance use disorders (SUDs) treatment program. Persons with SUD (i.e., identified patients) enrolled in a residential treatment program were randomized into the integrated model of the Community Reinforcement Approach (CRA) and traditional Minnesota model treatment (n = 30), and traditional Minnesota model treatment only (TMM; n = 30). All the participants in the experimental group attended the group therapy sessions and other activities in the facility in addition to the treatment conditions. The participants attended the individual therapeutic sessions, which were conducted according to the CRA guidelines used in the experimental group. In this study, each individual in the CRA treatment group received 12 one-to-one sessions ranging from 45 min to 1 h. The WHOQOL-BREF scale and Happiness Scale (1) were used for data collection.

Result: The results showed a significant increase in the quality of life of participants in the treatment group with CRA compared with the control group with TMM. The findings also indicated that the individuals in the treatment group with CRA had improved levels of happiness compared with individuals with TMM.

Discussion: The CRA is an effective and adaptable treatment approach that works well in combination with other treatment approaches. The proven efficacy, compatibility, and cost-effectiveness distinguish it from other treatment methods.

Implications: The CRA should be adapted, assessed, and evaluated further, especially in Pakistan, where there is a pressing need to adopt an effective treatment strategy for addiction problems.
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1 Introduction

Drug abuse and addiction is a serious problem in Pakistan with numerous causal factors (2–4), including recreation, pleasure, social, medical, and psychological reasons (5). Currently, there are approximately seven million drug addicts, with an alarming number of injecting addicts, which is also a public health problem (6). It is not only a problem for the individual who uses or abuses drugs but also their loved ones (7).

For this reason, it is not a simple phenomenon and instead presents several challenges that require ameliorating multidimensional strategies (8). In addition, drug addiction increases the risk of numerous serious health issues, such as hepatitis, liver failure, heart attack and pulmonary arrest, HIV and AIDS, premature death, and bearing children with a range of mental and physical illnesses.


1.1 Historical perspectives and the disease model

Historical, cultural, and geographical values are very important in the onset and progression of drug abuse; however, sociodemographics, financial status, and psychological dynamics are key determinants of drug addiction. The results from a study conducted in Pakistan show that the different facets of an individual’s life are very much correlated with substance use, of which unemployment and post-traumatic stress disorder (PTSD) are two of the most crucial (9–11). Likewise, societal and environmental aspects, such as the availability and accessibility to drugs, increase the risk of and vulnerability to drug misuse.

Historically, the problem of addiction was thought of as an individual problem in the context of the disease model (12), and the main focus was placed on individual factors and ignored the environmental factors, which are equally important. Availability, accessibility, and acceptability play an important role in the spread of drug addiction.

The disease model states that addiction is a disease (12), which is irreversible. It can be treated only by lifelong sobriety or abstinence. It only considers individual factors and ignores the importance of the societal role in the initiation, sustenance, and relapse of addiction.

Therefore, the treatment approaches grounded in the disease model mainly focus on bringing about changes in the individual by improving their deficiencies while ignoring the environmental factors. Consequently, there has been a high level of relapse when using strategies that only focus on the deficiencies of individuals.



1.2 Community reinforcement approach

Keeping in view the importance of environmental factors, Hunt and Azrin (13) crafted the Community Reinforcement Approach (CRA) while striving to restructure a patient’s community so that a recovery was more rewarding than a life of addiction. The CRA was established on the principle that environmental settings and uncertainties are important for encouraging or discouraging substance use (14). The CRA rationales that an individual’s recovery from drugs is highly affected by their surrounding environment (15). The CRA uses familial, social, recreational, and vocational reinforcers to assist drug addicts in the recovery process. It is a comprehensive behavioral program for drug addiction treatment.

The CRA is a wide-ranging cognitive and behavioral approach for addictions and has been successfully used with inpatient (16) and outpatient drug addicts with high efficacy (17). Likewise, it has been studied with homeless individuals and resulted in good treatment outcomes (18).

Three meta-analytic studies cited the CRA as a highly cost-effective treatment program (19). In another evaluative study of the most economical treatment methods for drug addiction (alcoholism), the CRA was number one among 24 treatment methods (20). During the past 25 years, several studies have proven the effectiveness of the CRA in the treatment of substance use disorders.

Regarding the evaluation of the CRA itself, studies indicate its significant efficacy. Azrin initially assessed the program among alcohol-dependent inpatients in two studies (13, 16), revealing that the CRA outperformed the hospital’s Alcoholics Anonymous program in reducing drinking. Additionally, participants in the CRA program exhibited superior job and family relationship outcomes. Azrin later adjusted the program slightly for testing with outpatients at a rural alcohol treatment agency (21), once again demonstrating its superiority over the comparison condition.

However, a broader study in the 1990s showed mixed results, despite demonstrating immediate benefits from the CRA (22). Nonetheless, various comprehensive reviews, meta-analyses, and randomized controlled trials affirm the CRA’s high effectiveness compared with other treatments for alcohol, cocaine, and opioid use (22–27).

A recent short-term test of IA-CRA in Pakistan demonstrates its ability to help individuals achieve abstinence from cannabis use and provides moderate relief for depressive and anxiety symptoms. These positive effects persist for a minimum of 36 weeks after the intervention (28).



1.3 Study significance

In practice, individuals with drug addiction problems have diverse needs, and there is no single treatment modality that can meet all of these needs or is effective for all types of drug addiction. Moreover, traditional methods of drug addiction treatment are not sufficiently effective and lack research, which is also one of the main reasons for the high relapse ratio.

In Pakistan, there is lack of studies on the CRA with substance users in this context. This research is innovative as, through empirical study, it assesses the effectiveness of an integrative strategy including the CRA and Minnesota model, which form a unique combination despite their theoretical and philosophical differences. Therefore, this study aims to test the effectiveness of this integrative model in a Pakistani population, in which addiction is a major and serious problem and requires a treatment of proven efficacy.

There is a dire need to integrate traditional treatment modalities with effective and evidence-based approaches, such as the CRA, to meet the present demand and challenges of our society. The CRA has shown high efficacy in multiple clinical trials and also when it has been integrated with other treatment methods, such as pharmacological support, contingency management (CM), motivational interviewing (MI), and family therapy (29). The compatible integration of different approaches can provide the synergized effect with highly effective outcomes. The CRA has not been combined in such a way in which its core strengths and those of another treatment have been assessed and evaluated.



1.4 Theoretical framework: the CRA, quality of life, and happiness

The CRA serves as the central therapeutic model, focusing on behavioral strategies to address substance use disorders. It emphasizes positive reinforcement for non-substance-related behaviors, improving the social, vocational, and familial aspects of the lives of individuals (30) (Figure 1).

[image: Figure 1]

FIGURE 1
 Flow chart of participant enrollment for trial management.


The research and development of the Community Reinforcement Approach (CRA) in addressing substance use disorders are influenced by several theoretical perspectives:

Behavioral Theory: Operant Conditioning: The CRA draws heavily from operant conditioning theory, particularly B.F. Skinner’s principles, emphasizing how behaviors are reinforced or extinguished based on their consequences. The CRA employs positive reinforcement to promote positive behaviors that are incompatible with substance use.

Social Learning Theory: Bandura’s social learning theory underscores the impact of social environments on behavior. The CRA acknowledges the role of social and environmental factors in maintaining or changing substance use behavior, focusing on modifying the individual’s surroundings to support sobriety.

Motivational Enhancement Theory: The CRA incorporates motivational enhancement principles to increase an individual’s motivation for change. It aims to increase intrinsic motivation by helping individuals recognize and reinforce positive changes in their lives.

Social Reinforcement Theory: The CRA leverages positive reinforcement theory by fostering positive social interactions and reinforcing non-substance-related behaviors. It aims to create a social context that rewards sober behaviors.

Health Behavior Change Models: Elements from models such as the Transtheoretical Model (Stages of Change) inform the CRA by recognizing different stages of readiness for change in individuals and tailoring interventions accordingly.

Ecological Systems Theory: Environment and Context: The CRA considers individuals within their broader ecological context, acknowledging the influence of various systems (family, work, and community) on substance use behaviors.

The CRA framework, when applied effectively, contributes to improvements in various aspects of the lives of individuals, ultimately enhancing their QoL and fostering happiness. By targeting behaviors and environments that contribute to well-being, CRA interventions can create a positive ripple effect on overall life satisfaction and happiness.

This theoretical framework aligns CRA interventions with broader dimensions of QoL and happiness, emphasizing the holistic nature of behavioral interventions in promoting well-being beyond solely addressing substance use disorders. The strength of the CRA lies in its tailored approach, addressing each individual’s unique circumstances and reinforcing behaviors that lead to a substance-free lifestyle.




2 Materials and methods


2.1 Purpose of the study

The aim of this study was to evaluate the effectiveness of this integrated model within the Pakistani population, addressing the significant and pressing issue of addiction that demands treatment with established efficacy.



2.2 Participants

The sample consisted of 60 participants with substance use disorders in Fountain House, Lahore, Pakistan, between October, 2016, to February, 2017. The 30 participants were randomly allocated to each group, i.e., the experimental (CRA) and control (TMM) groups. The experimental group received a 12-week intervention based on an integrated model of the Community Reinforcement Approach (CRA) and traditional Minnesota model treatment, and the control group received the treatment via the traditional Minnesota model (TMM) only at the treatment facility. The adult inpatients with a chemical addiction to cannabis, heroin, and alcohol were included in the study. The age range was 15 to 50 years. The consent for inclusion in the study was taken from the participants; in scenarios in which participants were unable to provide consent, their parents/guardians/attendants completed the consent form. The participants were not diagnosed with any other major psychological or psychiatric issues. The participants who were admitted for non-chemical addiction or with comorbidity, as well as outpatients, were excluded from the study.



2.3 Procedure

The integration of the Community Reinforcement Approach (CRA; Table 1) and traditional Minnesota model was applied to the experimental group, whereas the control group only received the traditional Minnesota model. All participants were still attending group therapy sessions and other activities in the facility.



TABLE 1 The community reinforcement approach protocol.
[image: Table1]

After initial working (permissions, sample selection, sampling, and allocation of groups), the duration of treatment application was 3 months. The researchers followed the “Clinical Guide to Alcohol Treatment” (1) as a treatment protocol. At the end of the treatment, post-tests were conducted for all of the individuals who took part in the study. A comparison was made to check the significant differences between the applied treatments.



2.4 Measures


2.4.1 The WHOQOL-BREF scale

The brief version of quality of life consisted of 26 items. It is a five-point Likert scale. This scale expresses quality of life in four domains of an individual: physical health, psychological health, social relationship, and environment (31). The WHOQOL brief scale is a detailed, cross-cultural, valid, and reliable scale (α = 0.90) for evaluating the quality of life of an individual (32).



2.4.2 Happiness scale

This scale is used in the Community Reinforcement Approach (CRA) to evaluate the current happiness with life of an individual in 10 different areas of life. It is a 10-point Likert scale. The therapist/counselor uses the responses to design counseling goals. It is a self-administered scale in which the respondent asks himself “How happy am I with this area of my life?”; they rate each area from 1 to 10 with regard to how they presently feel. It is a reliable (α = 0.82) and valid scale (33–35).





3 Data analyses

Descriptive analysis was used for the sociodemographic and clinical characteristics of the sample. A t-test for the independent sample was used to analyze the data.



4 Results


4.1 Participants characteristics

The clinical characteristics of the participants showed that the mean age of initiating smoking was 15 years, ranging from 5 to 36 years. The mean age of initiating drug use was 18 years, ranging from 9 to 41 years. Of the participants, 18.3% had drug users in their family, whereas 81.7% did not have a drug user in their family. Most participants were heroin users (68.3%); among others, 28.3% were cannabis users and 3.3% were alcohol users. The highest route of drug administration was smoking (40%), followed by the inhalation of fumes (23.3%). The percentage of snorting and IV injection was the same (16.7%). Swallowing had the lowest percentage (3.3%). The median number of treatments was 1, with a range of 1 to 16. Of the participants, 58.3% were going through treatment for the first time (Table 2).



TABLE 2 Clinical characteristics of the participants (n = 60).
[image: Table2]



4.2 Psychometrics of the study variables

Table 3 shows the reliability of the Happiness Scale, which was 0.74. The Cronbach alpha reliability of the QOL scale was 0.83 for the present study.



TABLE 3 Psychometric properties of the major variables in the study (n = 60).
[image: Table3]



4.3 Treatment analysis

Table 2 provides a comprehensive overview of the clinical characteristics related to substance use among the 60 participants in the study. It includes details such as age of initiation of smoking and drug use, family history, drug preferences, methods of drug intake, treatment frequency, and relapse instances, which are essential factors in understanding and analyzing substance use behaviors and treatment outcomes.

The ages at which participants started smoking ranged from 5 to 36 years old, indicating a wide range of initiation ages within the group. On average, participants began smoking at around 15 years old (standard deviation [SD] = 5.5: there was a variability of approximately 5.5 years around the mean age of initiating smoking among the participants). The ages at which participants started using drugs ranged from 9 to 41 years old, demonstrating that there was a wide range of initiation ages in this group. On average, participants initiated drug use at around 18 years old (M = 18, SD = 6.7), with a variability of approximately 6.7 years around the mean age of initiating drug use among the participants. Eleven participants (18.3%) had drug users in their family, whereas 49 participants (81.7%) did not. This indicates a minority of participants had a family history of drug use. Additionally, Table 2 shows the drug of choice among participants. Cannabis was the choice for 17 participants (28.3%), heroin for 41 participants (68.3%), and alcohol for 2 participants (3.3%). Heroin stands out as the most prevalent choice among the participants. The most common routes of drug administration were smoking (40%), inhaling fumes (23.3%), and snorting (16.7%). IV injection and swallowing were less common methods. Participants received between 1 and 16 treatments, with varying frequencies for different treatment cycles. This shows a diversity in the number of treatments each participant underwent.

Similarly, participants also experienced relapses ranging from 0 to 15 instances, with different frequencies for each. This suggests a wide variation in the number of relapses among participants, with some experiencing multiple relapses.

Table 3 presents the psychometric properties of various major variables measured via study instruments in the investigation, providing information on the reliability and characteristics of these measurements. The “Quality of Life” measure, comprising 26 items, demonstrated notably high internal consistency (α = 0.87), with scores averaging 278.72 and displaying a moderately peaked distribution. “Physical Health” and “Environmental Health” exhibited acceptable internal consistency (α = 0.70 and 0.74, respectively), with the former showing mildly negatively skewed scores and the latter demonstrating nearly symmetric scores. Conversely, “Psychological Health” and “Social” aspects displayed relatively lower internal consistency (α = 0.53 and 0.39, respectively), signifying more variability within their item set, while “Happiness,” measured with 10 items, presented good internal consistency (α = 0.74) despite a moderately negatively skewed distribution and notably heavy-tailed scores. These findings collectively highlight varying degrees of reliability and distributional characteristics across distinct domains, suggesting the nuanced nature of quality of life and happiness among the study’s participants.

An independent samples t-test in Table 4 showed that QOL scores were significantly higher for the experimental group (M = 299.06, SD = 60.04) than for the control group (M = 258.38, SD = 43.61, t (58) = 3.00, p < 0.01). The effect size of 0.7 indicates a moderate effect size; there is a noticeable and meaningful difference between the two groups, indicating that the CRA is an effective approach for drug abuse treatment as it increases the overall quality of life of individuals. The scores for the physical domain were significantly higher for the experimental group (M = 83.12, SD = 12.55) than for the control group (M = 70.85, SD = 12.50, t (58) = 3.75, p < 0.001). The scores for the psychological domain were significantly higher for the experimental group (M = 78.02, SD = 10.62) than for the control group (M = 64.03, SD = 13.95, t (58) = 4.32, p < 0.001). The scores for the social relationship domain were significantly higher for the experimental group (M = 71.26, SD = 17.99) than for the control group (M = 59.44, SD = 18.01, t (58) = 2.53, p < 0.05). The scores for the environmental domain were significantly higher for the experimental group (M = 74.14, SD = 18.03) than for the control group (M = 63.96, SD = 14.67, t (58) = 2.38, p < 0.05). The effect size for four domains varied from a moderate to a large effect; 1.13 is the highest effect size for the psychological domain, which suggests a substantial and noteworthy difference between the groups being compared. The scores for the Happiness with Life Scale were significantly higher for the experimental group (M = 79.43, SD = 8.68) than for the control group (M = 68.47, SD = 13.90, t (58) = 3.70, p < 0.001). An effect size of 0.95 for happiness between an experimental group and a control group indicates a substantial and noteworthy difference in terms of happiness levels between the two groups.



TABLE 4 A t-test analysis of the experimental and control groups with regard to the variables of quality of life and its subdomains and happiness with life (n = 60).
[image: Table4]




5 Discussion

The primary aim of this study was to evaluate the effectiveness of the community reinforcement approach on the quality of life of drug addicts when it is integrated with the traditional Minnesota treatment method and compared with individuals who received traditional treatment only.

The Community Reinforcement Approach stands as an evidence-based treatment method for addressing substance-abuse disorders and is known for its proven effectiveness and cost efficiency. The present study specifically delved into the impact of the Community Reinforcement Approach (CRA) on the Quality of Life of individuals struggling with drug addiction. The findings highlight a notable improvement in the quality of life among participants in the treatment group utilizing the CRA compared with the control group undergoing TMM. Moreover, levels of happiness were significantly higher in the treatment group employing the CRA than in the control group with TMM. The CRA proved itself as an effective and adaptable treatment strategy, showcasing its ability to synergize effectively with other treatment approaches.

Other studies have confirmed that the Community Reinforcement Approach is an extensive behavioral treatment strategy designed to address challenges related to substance use, emphasizing the management of its effects on social, occupational, and vocational aspects (13, 15, 22, 36). When contrasted with a placebo, the CRA shows a favorable effect on fostering abstinence while also exerting a positive influence on depressive and anxiety symptoms, along with improving overall quality of life (28).

The present study also explored the sociodemographics of the study participants. In Pakistan, the continuously increasing population causes various issues, including drug addiction. When a population increases, the diffusion of drug abuse also increases (an analysis of drug abuse networking in Pakistan). The results show that the number of siblings (81.7% have four or more) and birth order (23.3% are first born and 21.7% are middle born) may be important factors for the initiation of drug addiction. A previous study by Argys et al. (37) obtained similar results and found that the middle-born and last-born individuals are more likely to use drugs and be sexually active than their first-born siblings. The outcomes can vary culturally but these factors are important and need further investigation.

In the present study, the mean onset age of drug use was 18, which indicates the desperate need for drug education and prevention programs for adolescents and even younger people so that they can avoid addiction while living in an environment full of drug addiction cues. A previous study by Lloyd et al. (38) showed that drug use in early age, such as the use of tobacco, correlates with later drug misuse. The results of a study conducted by (39) suggested the use of goal settings for harm reduction and classroom approaches in school drug education.

There are so many treatment modalities for the problem of addiction, but each model has its own strengths and limitations. No single treatment modality has been adopted as a universal treatment model for the treatment of addiction. Moreover, there is no uniform treatment model that is appropriate for every individual with a drug abuse problem. The National Institute on Drug Abuse (NIDA) suggested that tailor-made treatment plans and interventions are critical for the rehabilitation of drug addicts so that they can become a positive part of society. Integrated approaches can result in more effective outcomes than a single or tunnel-viewed model.


5.1 Limitations and recommendations

The research had some limitations because of the small sample size and treatment engagement problems due to LAMA (left against medical advice), family dissatisfaction with the treatment, economic reasons, the resistance of staff, and the administration at the treatment center. The authors tried to reduce limitations by continuously assessing and updating treatment manuals or guidelines based on feedback, new research findings, or clinical experiences, which can increase the CRA’s relevance and effectiveness.

The inability to enroll the control group participants in the Community Reinforcement Approach (CRA) treatment due to time constraints and consent limitations represents a significant limitation of the study. This limitation may have impacted the ability to directly compare the effectiveness of the CRA with the traditional Minnesota Model treatment within the same study sample. Future research endeavors aiming to compare different treatment modalities should consider strategies to overcome such limitations, such as ensuring a sufficient time for enrollment, obtaining comprehensive consent protocols, or implementing alternative study designs that account for these challenges without compromising the study’s integrity.

Despite all these issues, there is a dire need to work on the CRA and its integration approach with present treatment methods. This is the only way to provide quality treatment for drug addiction. It may be adapted, assessed, and evaluated further in this regard, especially in Pakistan, where there is a pressing need to adopt and adapt treatment strategies for addiction problems with proven efficacy. This integrated method can bring about a revolution in the field of drug addiction treatment.

Future researchers delving into similar topics could benefit significantly from the integration of innovative qualitative methodologies such as Online Interpretative Phenomenological Analysis (OIPA) and Community-Based Participatory Research (CBPR). Integrating OPV and OIPA from a CBPR perspective can further explore and increase the impact of CRA-based interventions on individuals with SUD. This approach would capture rich lived experiences, potentially leading to improvements in CRAs tailored to the needs of the affected communities.

The integration of these methodologies aims to authentically capture the intricate nuances of thoughts, emotions, mental images, and behaviors stemming from individuals’ unique lived experiences. By drawing directly from these lived experiences, researchers can establish a robust foundation for understanding and addressing the topic effectively.

Moreover, the inclusion of Online Photovoice (OPV) as another innovative qualitative method could further enrich research endeavors. OPV’s capacity to allow participants to express their experiences with minimal manipulation provides an avenue to glean genuine and unfiltered insights into how the CRA functions in the context of substance use disorders.




6 Conclusion

This study aimed to assess the usefulness of the Community Reinforcement Approach in the context of quality of life when it is combined effectively with the traditional treatment method. The results show a notable increase in the quality of life of individuals receiving the combined treatment compared with those who receive the traditional treatment. Likewise, the happiness of the participants with the integrated method also increased compared with the participants in the Minnesota model treatment.

The integration approach can achieve much better results than any single treatment modality. We can integrate, customize, and tailor the strengths of different modalities with respect to the culture, type of addiction, and treatment method (indoor and outdoor). The CRA is highly flexible and compatible and is proven to be effective in combination with different treatment methods for substance use disorders.


6.1 Utilization of research results

This study can be very helpful in the planning and policymaking for the treatment of substance use disorders. In Pakistan, the traditional methods do not support current needs. Incorporating the CRA into traditional treatment methods will achieve great results in the treatment of drug addiction because it is a flexible, compatible, and highly effective treatment approach with proven efficacy. The best thing is that we can implement it according to cultural norms and traditions. It is the right time to introduce CRA in our country. This study offers a great initiative, to use this integrative model of the Community Reinforcement Approach and Minnesota Model for the treatment of addiction as evidence-based strategy.



6.2 Implications

The present study’s implications extend across various domains:

a. Mental Health:

Treatment Enhancement: CRA’s effectiveness in improving quality of life and life satisfaction for individuals struggling with drug addiction can inform mental health professionals and clinicians about an evidence-based approach that goes beyond substance use treatment.

Management in Functional Domains: The positive impact of CRA on quality of life suggests its potential in managing co-occurring mental health issues in various domains of functioning, highlighting its relevance in integrated care models.

a. Education:

Training and Curriculum: Insights from this study could influence educational programs for mental health professionals, potentially incorporating CRA techniques into training curricula for addiction treatment.

a. Research:

Further Investigations: Encourages more research into CRA’s mechanisms, its adaptability to diverse populations, and its comparative efficacy with other treatment modalities, contributing to a more nuanced understanding of addiction treatment.

a. Administrators:

Resource Allocation: Administrators in healthcare settings might consider the integration of the CRA into existing treatment programs based on its proven effectiveness, potentially improving outcomes for individuals struggling with addiction.

a. Services:

Treatment Planning: The adaptability and compatibility of the CRA with other approaches could prompt service providers to consider its integration into existing treatment services, possibly enhancing their effectiveness.

This study’s findings suggest that CRA holds promise not only as a standalone treatment but also as a complementary approach in diverse settings, indicating its potential for broader implementation across mental health, education, research, administrative, and service domains.
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Unadjusted OR Adjusted O

OR (95% ClI) Value of p OR (95% CI) Value of p

Dual-system vs. mono group 177 (1.69,1.84) <0.0001 185 (1.76,1.93) <0.0001
Age 0.98(0.98,098) <0.0001 0.98 (0.98,098) <0.0001
Female vs. male 133127, 1.40) <0.0001 0.95 (0.90, 1.00) 00346
African vs. white Americans 1.05(1.01,1.09) 00177 1.00 (097, 1.04) 08442
Other Race vs. white Americans 125 (112, 1.40) <0.0001 0.93(0:83,1.04) 01770
Hispanics vs. non-Hispanics 143.(1.30,1.57) <0.0001 107 (0.97, 1.18) 01978
Hypertension 0.58(0.56,061) <0.0001 0.94 (0.89,098) 0.0051

Diabetes mellitus 0.6 (0.63,0.69) <0.0001 0.90 (0.86,094) <0.0001
Post-traumatic stress disorder 0.90 (0.87,095) <0.0001 1.06 (101, 1.12) 00169
Alcohol 075 (0.71,078) <0.0001 0.98 (0.92,1.04) 04823
Tobacco 0,80 0.77,0.84) <0.0001 097 (093,1.02) 0.2898
Other drug addiction 0,66 (0.62,0.70) <0.0001 078 (0.73,084) <0.0001
Anxiety 0.79 (0.76,0.83) <0.0001 0,87 (0.83,091) <0.0001
Depression 076 (0.73,0.79) <0.0001 0.8 (0.84,092) <0.0001
Traumatic brain injury 0.71(0.66,0.77) <0.0001 078 (0.71,084) <0.0001
Neck pain 0.58(0.56,0.61) <0.0001 0.69 (0.66,073) <0.0001
Backpain 0.62(0.60,0.64) <0.0001 0.70 (0.68,0.73) <0.0001
Cancer 0.56(0.53,0.59) <0.0001 081(0.77,087) <0.0001

*OR generated using proc genmod with repeated statement.
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Unadjusted OR Adjusted O

OR (95% ClI) Value of p OR (95% CI) Value of p
Dual system vs. mono group 130(1.27,1.32) <0.0001 124(1.22,1.27) <0.0001
Age 1.00(1.00,1.00) <0.0001 0.9 (0.99,099) <0.0001
Female vs. male 079(0.77,081) <0.0001 095 (092,098) 0.0038
African vs. white Americans 094(0.92,097) <0.0001 0.77(0.75,079) <0.0001
Other race vs. white Americans 0.64(0.59,0.69) <0.0001 0.73(067,079) <0.0001
Hispanics vs. non-Hispanics 0.74(0.69,0.79) <0.0001 0.85 (0.80,091) <0.0001
Hypertension 1.93(1.88,1.97) <0.0001 139(1.35,1.43) <0.0001
Diabetes mellitus 1.62(1.58,1.65) <0.0001 1.23(1.20,1.26) <0.0001
Post-traumatic stress disorder 157 (1,53, 1.60) <0.0001 1.00(0.98,1.03) 08754
Alcohol 177 (172, 1.81) <0.0001 0.98 (0.95,1.01) 0.2965
Tobacco 204(2.00,2.09) <0.0001 135 (131,1.38) <0.0001
Other drug addiction 203 (1.98, 2.09) <0.0001 1.23(1.18,1.27) <0.0001
Anxiety 1.63 (1,59, 1.66) <0.0001 1.03 (1,00, 1.05) 0.0287
Depression 186 (1.82,1.90) <0.0001 116 (113, 1.19) <0.0001
Traumatic brain injury 150 (1.44,1.56) <0.0001 0.9 (0.96,1.03) 0.6641
Neck pain 219(2.14,2.24) <0.0001 138 (134, 1.41) <0.0001
Backpain 235 (230, 2.40) <0.0001 151 (1.48,155) <0.0001
Cancer 1.42(1.39, 1.46) <0.0001 116 (113, 1.19) <0.0001

opioid prescription 391 (3.81,4.02) <0.0001 240 (233,247) <0.0001

*OR generated using proc genmod with repeated statemen
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Dual-system Mono users All (N=520,049) New opioid Continued

users (N=442,824) opioid
(N=77,225)
2015 1717 99,741 101,458 9,962 (9.82%) 22,933 (22.60%) 2088 (2.06%)
2016 15,504 86,645 102,149 8,901 (8.71%) 20,360 (19.93%) 1933 (1.89%)
2017 18,095 85,166 103,261 7,942 (7.69%) 17,871 (17.31%) 2079 (2.01%)
2018 15,879 88,645 104,524 6,946 (6.65%) 14,880 (14.24%) 2020 (1.93%)

2019 26,030 82,627 108657 6,281 (5.78%) 12,741 (11.73%) 2054 (1.89%)
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Patients who had an encounter at
either DC or Baltimore VA between
2015 and 2019
N=261,007

Patients without incorrect data
N=256,161

Exclude patients with inconsistent date
of birth, gender, race, or ethnicity
N=4,846

Patients with >1 encounter during the
cohort year and >1 encounter during
the previous year
N=169,514

Exclude Patients who had only one R
encounter in the cohort year, or had >1
encounters but no more than 1
encounter in the previous year
N=86,647 W,






OPS/images/fpsyt.2024.1230699/crossmark.jpg
©

2

i

|





OPS/images/fpubh-12-1203631/fpubh-12-1203631-t004.jpg
Hookah Cigarettes

n =16,564; N = 30,858,246 n =17,689; N =32,989,770
Very/somewhat unlikely
Age of initiation Hazard function Hazard function
12 0.8% (0.3, 1.3) 6.1% (4.3,8.0)
3 1.6%(1.0,22) 6.9% (53,85)
1 33%(23,43) 9.3% (7.3, 11.2)
15 9.2% (7.7,10.7) 12.9% (10.8, 15.0)
16 20.5% (18.2,22.8) 22.5% (16,6, 28.4)
17 33.8% (30.5,37.1) 22.9% (18.2,27.4)
18 NAT 33.4% (22.1,44.7)
19 NA 34.8% (30.2,39.4)
20 NA 46.5% (35.6,57.5)

Neither likely nor unlikely

Age of initiation Hazard function Hazard function
12 0.2% (0.0,0.3)

3 0.8% (0.3,1.2)

1 20% (1.2,2.7)

15 43%(32,53)

16 9.3% (7.6, 11.1)

17 16.2% (14.0, 18.4)

18 NA

19 NA

20 NA

Somewhat/very likely

Age of initiation Hazard function Hazard function
12 0.1% (00,02) 49% (42,55)

13 0.3% (02,04) 54% (48,6.1)

14 0.7% (0.5, 0.9) 10.3% (7.6, 12.9)
15 15% (11,1.9) 15.9% (139, 18.0)
16 35% (29,40) 19.9% (17.4,223)
17 5.2% (44,6.0) 26.19% (23.5,28.7)
18 NA 33.4% (30.0,37.1)
19 NA 35.0% (33.0,37.0)
20 NA 39.4% (37.2,41.6)

“PATH Restricted file received disclosure to publish: 22 April 2021, United States Department of Health and Human Services. National Institutes of Health. National Institute on Drug Abuse,
and United States Department of Health and Human Services. Food and Drug Administration. Center for Tobacco Products. Population Assessment of Tobacco and Health (PATH) Study
[United States] Restricted-Use Files. ICPSR 36231-v13. AnnArbor, M: Iter-university Consortium for Political and Social Research [distributor], 5 November 2019, hitps://doi.org/10.3886/
ICPSR36231.323.

NA means not enough samples for estimation.
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Hookah Cigarettes

n =16,564; N = 30,858,246 n =17,689; N = 32,989,770
No/little harm
Age of initiation Hazard function Hazard function
12 0.5% (02,09) 16.8% (11.4,22.2)
3 17%(12,23) 16.8% (11.5,22.0)
1 39% (3.0, 48) 22.7% (14.1,31.4)
15 8.3% (7.1,95) 29.9% (25.6,34.2)
16 17.2% (15.2,19.1) 34.4% (29.8,39.0)
17 27.7% (25.0,30.3) 42.1% (36.1,48.1)
18 NAT 54.0% (43.0,65.0)
19 NA 54.0% (47.3, 60.8)
20 NA 70.1% (42.8,98.3)
Some harm
Age of initiation Hazard function Hazard function
12 0.3% (0.1,04) 8.7% (6.8, 10.6)
3 0.4% (02,07) 9.4% (7.5, 11.4)
1 0.9% (06,12) 14.6% (12.5,16.7)
15 25% (19,3.1) 25.9% (18.3,33.5)
16 58% (49,6.6) 30.0% (25.2,34.9)
17 104% (9.1,11.8) 40.0% (33.3,45.7)
18 NA 42.0% (37.8,46.1)
19 NA 50.0% (45.8, 54.1)
20 NA 54.1% (47.2,61.0)

A lot of harm

Age of initiation Hazard function Hazard function
12 0.0% (00,0.1) 42% (3.6,4.7)

13 0.1% (0.0, 0.2) 4.6% (4.1,5.2)

14 0.3% (0.1, 0.5) 8.8% (6.5, 11.1)

15 0.6% (04,09) 13.1% (11.0,15.2)
16 18%(13,22) 18.1% (16,6, 19.5)
17 34% (28,4.1) 22.9% (20.2,25.6)
18 NA 31.3% (29.3,33.2)
19 NA 32.3% (30.0,34.5)
20 NA 36.9% (34.7,39.1)

“PATH Restricted file received disclosure to publish: 22 April 2021, United States Department of Health and Human Services. National Institutes of Health. National Institute on Drug Abuse,
and United States Department of Health and Human Services. Food and Drug Administration. Center for Tobacco Products. Population Assessment of Tobacco and Health (PATH) Study
[United States] Restricted-Use Files. ICPSR 36231-v13. AnnArbor, M: Iter-university Consortium for Political and Social Research [distributor], 5 November 2019, hitps://doi.org/10.3886/
ICPSR36231.323.

NA means not enough samples for estimation.
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Variable Hookah Cigarettes

n =16,564; N = 30,858,246 7,689; N =32,989,770
Perception of harmfulness Adjusted hazard ratios Adjusted hazard ratios
Alot of harm 100 100
Some harm 353 (2.87,4.34) 235(210,2.62)
No/little harm 223(1.82,2.71) 185(1.72,1.98)
Perception of addictiveness Adjusted hazard ratios Adjusted hazard ratios
Somewhat/very likely 100 100
Neither likely nor unlikely 0.75 (067, 0.83) 1.08(0.94,1.23)
Very/somewhat unlikely 0.5 (047, 0.63) 0.98 (088, 1.10)

“PATH Restricted file received disclosure to publish: 22 April 2021 United States Department of Health and Human Services. National Insttutes of Health. National Insttute on Drug Abuse,
and United States Department of Health and Human Services. Food and Drug Administration. Center for Tobacco Products. Population Assessment of Tobacco and Health (PATH) Study
(United States] Restricted-Use Files. ICPSR 36231-v13. AnnArbor, M Inter-university Consortium for Political and Social Research [distributor], 5 November 2019. hitps://doi.org/10.3886/
ICPSR36231.v23.
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Variables Hookah Cigarettes

n=16,564 N =30,858246 Weighted n=17689 N =32,989,770 Weighted

% (SE) % (SE)
Wave 1
12,552 22,781,268 738(0.19) 13,583 24,730,664 750(0.15)
(2013-2014)
Waveofentry  Wave2
2,000 3937998 12 0.14) 2080 4092448 124(0.13)
into path (2014-2015)
Wave 3
2012 4138980 134 (0.21) 2026 4,166,676 126 (0.19)
(2015-2016)
Proportion of users at entry 996 1,834,228 59(0.28) 1,940 3,521,686 107 (0.33)
Ageatentr
> T Weighted
into the study n=16564 139 001 n=17,689 139 001
mean (SE)
(SE)
Female 8,105 15,146,244 49.1(0.12) 8597 16,073,450 488 (0.08)
Sex Male 8451 15,693,004 509(0.12) 9,083 16,896,371 51.2(0.08)
ng 8 9
Non-Hispanic
) 7957 16,519,908 537(0.17) 8526 17,685,987 537(0.12)
white
4815 7,159,820 233(0.14) 5076 7,544,231 29(0.11)
2183 4089071 133 (0.11) 2376 4462032 136 (0.07)
Racefethnicity
Non-
Hispanic 1,564 3,009,399 98(0.12) 1,661 3213348 9.8(0.09)
others'
Missing 45 47
No/litle
2855 5,256,695 170 (0.43) 522 912,600 28(0.14)
Perceptionof | harm
harmfulness  Some harm 5152 9,462,627 307 (0.45) 2520 4579952 139(0.33)
Alotof harm 8,557 16,138.924 523(0.63) 14,647 27,497,218 833(0.38)
Very/
somewhat 1,769 3262520 106(0.27) 1,883 3,390,306 103 (0.25)
unlikely
Perception of
Neither likely
addictiveness 2368 4344067 14.10.34) 1499 2715850 82(022)
nor unlikely
Somewhat/
12,427 23,251,658 753 (0.44) 14307 26,883,614 815(0.34)
verylikely

“PATH Restricted file received disclosure to publish: 22 April 2021 United States Department of Health and Human Services. National Institutes of Health. National Institute on Drug Abuse,
and United States Department of Health and Human Services. Food and Drug Administration. Center for Tobacco Products. Population Assessment of Tobacco and Health (PATH) Study
[United States] Restricted-Use Files. ICPSR 36231-v13. AnnArbor, M Inter-university Consortium for Political and Social Research [distributor], 5 November 2019. https://doi.org/10.3886/
ICPSR36231.23.

"Non-Hispanic others include Asian, mul

race, et.
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IGD + AUD HC

Unadjusted 73.7 £ 10.86 67.69 £9.9 0.001%
HR

Adjusted 73.1 £ 116 687 £ 1.6 0.045°
Frequency Domain ‘

Unadjusted 4725 £ 71379 502.9 + 477.26 0768
LE

Adjusted 495.55 + 69.58 464.36 + 95.62 0819

Unadjusted 11337 £ 8298 109.01 + 51.66 0712
HF

Adjusted 11824 + 805 100.86 + 11.06 0252

Unadjusted 553+ 115 58+ 096 0118
Log LF

Adjusted 559 +0.12 5.69 +0.16 0.659

Unadjusted 444 £ 085 457 £0.53 0291
Log HF

Adjusted 453 + 0.08 443 +0.11 0515
Time Domain

Unadjusted 37.15 £ 1874 4159 £ 18.17 0141
SDNN

Adjusted 37.98 + 204 402+ 281 0.565

Unadjusted 384.28 + 106.41 433.69 £ 108.27 0.005*
SDNNi

Adjusted 383.92 £ 11.89 434.29 £ 1634 0.026°

Unadjusted 389 + 2525 438+232 0218
RMSSD

Adjusted 39.64 £ 2.69 4256 £ 3.7 0565

Unadjusted 6932 £ 17.23 73.63 £ 13.18 0.095
PNN50

Adjusted 7108 £ 1.73 70.69 + 2.38 0.904

“p < .05. Data values of statistical significance are expressed in bold characters.

IGD: internet gaming disorder; AUD: alcohol use disorder; HC: healthy control; HR: mean heart rate; LF: Low-frequency band; HF: High-frequency band; Log_LF: Logarthmically transformed
value of low-frequency band; Log_HF: Logarthmically transformed value of high- frequency band; SDNN: The standard deviation of normal-to-normal [R-R] intervals; SDNNi: SONN index,
the average of SDNN, for each segment of 50 s length; RMSSD: The root mean square of successive R-R interval differences; pNNS0: The percentage of successive R-R intervals differing more

than 50 milliseconds.
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Cigarettes ENDS

Ingredients Tobacco Nicotine; Solvent (Glycerin, Propanediol, Propylene glycol etc.)
Flavoring Scarcely any Diversified

Prevalence trends Stable, slowly declining Fast increasing

Content of inhalation Smoke from burning tobacco Aerosol from heated e-liquid

Product of combustion | Large amounts of particulate matter, carbon monoxide, tar | None

Carcinogens More than 70 carcinogens in combustion Greatly reduced with unknown long-term effects
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IGD HC

n 53 49 61
SEX | M:50, F:3 M:38, F:11 [ M:52, F:9 | 0.120°
AGE 23.66 £ 5.02 27.51 £ 5.01 25£337 <0.001%
AUDIT 53 %491 26.06 + 6.77 458 £3.26 <0.001%
7 Y_IAT 63.66 + 15.27 1 3431 £ 1445 3003 £ 885 <0.001%
BDI 18.7 + 11.84 2247 £ 1549 [ 407 £ 4.08 | <0.001%
BAI 16.23 + 13.45 19.94 £ 15.25 492 £532 <0.001%
BIS-11 66.66 + 10.24 69.16 £ 10.92 56.36 + 7.66 <0.001%

*Chi-square test, “p < .05. Data values of statistical significance are expressed in bold characters.
IGD: internet gaming disorder; AUD: alcohol use disorder; HC: healthy control; AUDIT: alcohol use disorder identification test; Y-IAT: Young's Internet Addiction Test; BDI: Beck Depression
fawscitorpIE BAT heck midtioty irrvensors BIS-11: Barvaes Bitndssrenace Seale-11:
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AUD HC

Unadjusted 73.95 + 11.24" 73.44 £ 1054* 67.69 + 9.9 0.002
HR

Adjusted 7347 £ 15 72.64 £ 166 6874 + 161 0.126
Frequency Domain ‘

Unadjusted 544.32 + 81648 39481 £ 581.38 502.9 + 477.26 0475
LE

Adjusted 55473 + 8951 421.82 + 9881 47216 + 95.88 0.561

Unadjusted 12119 + 87.62 1049 £ 7765 10901 £ 51.66 0496
HE I

Adjusted 12445 £ 10.36 11052 £ 11.44 10167 £ 111 0331

Unadjusted 573+ 1.06 531+ 1.22% 5.8+ 0.96 0.045
Log LF I

Adjusted 576 +0.15 539 £0.17 571 +0.16 0.206

Unadjusted 451+ 084 436 £ 0.86 457 £ 053 0344
Log HF

Adjusted 457 +0.1 447 £ 0.12 443 £ 011 0.635
Time Domain

Unadjusted 39.73 £ 19.44 3437 £17.72 4159 £ 18.17 0117
SDNN

Adjusted 40.14 £ 262 353£29 4048 + 281 0364

Unadjusted 389.33 + 11281 378.81 £ 99.91% 433.69 + 108.27 0.017
SDNNi

Adjusted 388.61 + 15.34 378.07 + 1693 4349 £ 1643 0.074

Unadjusted 4161 £ 2839 3597 £21.26 438+232 0239
RMSSD

Adjusted 4193 £ 346 3679 £ 382 4286 + 371 0490

Unadjusted 69.67 + 16,86 68.95 £ 17.78 7363 + 13.18 0243
PNN50 s :

Adjusted 7091 £ 224 7129 £ 247 7067 + 239 0986

“p < .05, compared to healthy control. Data values of statistical significance are expressed in bold characters.
IGD: internet gaming disorder; AUD: alcohol use disorder; HC: healthy control; HR: mean heart rate; LF: Low-frequency band; HF: High-frequency band; Log_LF: Logarthmically transformed
value of low-frequency band; Log_HF: Logarthmically transformed value of high-frequency band; SDNN: The standard deviation of normal-to-normal [R-R] intervals; SDNNi: SDNN index,
the average of SDNN, for each segment of 50 s length; RMSSD: The root mean square of successive R-R interval differences; pPNN50: The percentage of successive R-R intervals differing more
Sha wA Lot ot
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Unadjusted OR Adjusted O

OR (95% ClI) Value of p OR (95% CI) Value of p

Dual-system vs. VA group 128(1.22,1.35) <0.0001 120 (1.14,1.27) <0.0001
Age 099 (0.99,099) <0.0001 0.98 (0.98,099) <0.0001
Female vs. male 038 (0.33,043) <0.0001 0.53(0.46,0.62) <0.0001
African vs. white Americans 190(1.77,2.03) <0.0001 1.02(0.95,1.10) 05823
Other Race vs. white Americans 049 (0.36,0.68) <0.0001 0.5 (0.39,0.78) 0.0007
Hispanics vs. non-Hispanics 048 (0.37,061) <0.0001 0.65 (050, 0.86) 00027
Hypertension 122(1.15,1.30) <0.0001 095 (0:87,1.03) 0.1895
Diabetes mellitus 1.00(0.93,1.07) 09811 0.87 (0.80,094) 0.0005
Post-traumatic stress disorder 265 (2.45,2.86) <0.0001 126 (116, 1.36) <0.0001
Alcohol addiction 7.90(7.21,8.65) <0.0001 161 (146, 1.77) <0.0001
Tobacco addition 663 (6.11,7.20) <0.0001 235(2.15,2.58) <0.0001
Other drugs addiction 2147 (19.64, 23.47) <0.0001 7,50 (6.74, 8.36) <0.0001
Anxiety 216/(2.02,2.32) <0.0001 115 (107, 1.24) 0.0002

Depression 297 (276,3.19) <0.0001 120110, 1.31) <0.0001
Traumatic brain injury 215 (1.93, 2.40) <0.0001 121(1.09,133) 0.0001

Neck pain 1.85(1.74,1.97) <0.0001 1.04(0.96, 1.11) 03388

Backpain 173(1.62,1.84) <0.0001 1.03 (095, 1.10) 05074

Cancer 073 (0.67,0.80) <0.0001 0.71(065,079) <0.0001

opioid prescription 346 (3.22,3.72) <0.0001 210(1.91,2.31) <0.0001

*OR generated using proc genmod with repeated statemen
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Performance

objectives

Knowledge

Triggers

Relief behaviors

Self-efficacy/self-
esteem and skills

Behavior: Establish a healthy sleep pattern

P.O 1 Select pattern of sleep
relevant to lifestyle

P.O 2 Select physical activities
relevant to lifestyle

K.1 Develop knowledge about
the most common patterns of
sleep

K.2 Develop knowledge of the
benefits of physical activities
to improve sleep

T.1 Analyze the triggers that
interfere with sleep

T. 2 Identify triggers that
interfere with physical activity

RB.1 Create new relief
behavior to achieve sleep

RB.2 Identify physical activity

as a relief behavior

SES.1 Build self-confidence in
ability to adequate pattern of
sleep in their lifestyle

SES.2 Build self-confidence in
ability to do physical activity

P.0 3 Monitor progress in

K.3 Develop knowledge about

T.3 Evaluate triggers that

RB.3 Distinguish the relief

SES.3 Build self-confidence in

increasing sleep their habitual pattern of sleep interrupt sleep behaviors that promote ability to change pattern of sleep
healthy sleeping habits from
those that impede them

P.0 4 Cope with the K.4 Develop knowledge of the | T.4 Avoid triggers that RB.4 Modify the relief SES.4 Build self-confidence in

challenges of engaging in
selected pattern of sleep

challenges to achieve a good
pattern of sleep and safer
places to sleep

interrupt sleep

behaviors that are used to
achieve sleep

ability to face the challenges of
adopting healthy sleeping
pattern

Behavior: Establish a healthy diet

P.O 1 Select pattern of eating
relevant to lifestyle

P.O 2 Monitor food intake

P.O 3 Cope with the
challenges of engaging in
selected healthy eating pattern

Behavior: Manage cocaine use

P.O 1 Monitor cocaine use

K.1 Develop knowledge about
the possible pattern of eating
in their lifestyle

K.2 Develop knowledge about
the healthier pattern of eating

K.3 Develop knowledge about
the places to eat healthily

K.1 Develop knowledge about
the habitual consumption of
cocaine and its characteristics

T.1 Analyze triggers that
interfere in the healthy diet

T.2 Evaluate the triggers that
affect the diet

T.3 Avoid the triggers that
interfere with healthy eating

T.1 Analyze the triggers that
interfere directly or indirectly
in cocaine use

RB.1 Develop new relief
behavior to achieve a good
diet

RB.2 Distinguish the relief
behaviors that promote from
those that impede a healthy
diet

RB.3 Modify the relief
behaviors to achieve a healthy
diet

RB.1 Develop new relief
behaviors

SES.1 Build self-confidence to
adjust eating patterns to their
lifestyle

SES.2 Build self- confidence to
monitor one’s own food intake

SES.3 Build self-confidence to
face the challenges encountered
toward pattern of eating

SES.1 Build self-confidence to
monitor one’s own cocaine use

P.0 2 Cope with the
challenges of manage cocaine
use

Behavior: Manage anxiety

K.2 Develop knowledge about
the challenges to manage
consumption of cocaine

T.2 Avoid the triggers that
influence in the cocaine use

RB.2 Modify the relief
behaviors

SES.2 Build self-confidence to
generate coping strategies to
deal with the challenges

P.O 1 Become aware of and
name anxiety

K.1 Develop knowledge about
what anxiety means

T.1 Identify the triggers of
anxiety

RB.1 Identify the relief
behaviors used during anxiety

SES.1 Build self-confidence to
recognize anxiety

P.0 2 Become aware of and K.2 Develop knowledge about | T.2 Define the connection RB.2 Analyze the relief SES.2 Build self-efficacy to
state the connection between the connection between the between triggers and anxiety behaviors establish connection between
the anxiety and behaviors to anxiety and behaviors to anxiety and relief behaviors
relieve it relieve it

P.0 3 Identify the K.3 Develop knowledge about | T.3 Analyze the triggers RB3 SES.3 Build self-confidence to

expectations created

the influence of expectations

involved in the operative
expectations

recognize expectations

P.0 4 Recognize the
connection between
unfulfilled expectations and
what happened instead

K.4 Develop knowledge about
the connection between
unfulfilled expectations and
what happened instead

T.4 Appraise the connection
among triggers, expectations
and what happened instead

RB.4 Identify whether the
relief behaviors are connected
with the expectations

SES.4 Build self-efficacy to
identify the connection among
expectations, what happened
instead, anxiety and relief
behaviors

P.O 5 Consider which factors
in the sequence are amenable
to control

K.5 Develop knowledge about
the connection between the
controllable factors and
anxiety

T.5 Categorize the factors in
possible triggers for anxiety

RB.5 Modify the relief
behaviors that are changeable

SES. 5 Build self-confidence to
change expectations and factors
to break the cycle

Interpersonal environmental: Decrease social isolation and loneliness

P.O 1 Identify different places to
reduce loneliness and social

K.1 Develop knowledge about
accessible locations for social

R.1 Prepare to establish
interpersonal bonds in new places

SES.1 Build self-efficacy to
recognize barriers‘ to knowing

isolation interaction near the place where different places
the client lives
P.O 2 Contact family K.2 L Develop knowledge about R.2 Prepare to reestablish relational SES.2 Build self-confidence to

family’s story bonds establish contact with their family

P.O 3 Establish network with other
people

SES.3 Build self-confidence to
establish healthy networks

K.3 Develop knowledge about the
importance of healthy network

R.3 Establish interpersonal bonds
in new places

SES.4 Build self-confidence to
contact people who can help them
with job opportunities

P.O 4 Establish contact with people
who can help them with job
opportunities

K.4 Develop knowledge about the
importance of a network that can
help them with job opportunities

R.4 Find healthy networks with
other people

SES.5 Build self- confidence to
practice physical activity

R.5 Establish relational ties to
support physical activity

P.O 5 Be more physically active K.5 Develop knowledge about
physical activity programs in
different places near the place they

live

Interpersonal environment: Establish good relationships with friends, peers and family

SES.1 Build self-confidence to
differentiate good and complicated
relationships

P.O 1 Evaluate past, current, and
potential relationships

K.1 Develop knowledge about the
past, present and future
relationships

R.1 Deep understanding about
interpersonal relations that are
significant (relational bonds and
ties)

SES.2 Build self-confidence in their
ability to change/ finish
complicated relationships

P.0 2 Avoid complicated
relationships with friends, peers
and family

K.2 Develop knowledge and
strategies about how to avoid
problematic relationships

R.2 Recognize complicated
relational bonds and ties

Organizational environment: Leave homelessness

P.O 1 Find a shelter SES.1 Build self-confidence to find

abetter shelter for their reality

K.1 Develop knowledge about the
shelter available in their
environmental scenario and the
shelter’s rules

R.1 Identify shelter as a positive
relational tie

P.O 2 Keep contact with their
family

K2 Develop knowledge about the
importance of family

R.2 Synthesize the dynamic of
family's bond

SES.2 Build self-confidence to keep
contact with their family and
return to their family's house, if
possible

Community environment: Establish psychosocial rehabilitation

SES.1 Build self-confidence to deal
with environmental cues

P.O 1 Avoid dangerous places or
places that remind them of harmful
pattern behavior

K.1 Develop knowledge about the
advantages to avoid dangerous
places or places that remind them
of harmful pattern behavior

R.1 Deep understanding about the
relations in dangerous places

SES.2 Build self-confidence to visit
social support in their region

R2 Establish relational ties to
achieve social support

P.0 2 Develop knowledge about
social support to homeless people

K.2 Develop knowledge about the
social support available in their city

SES.3 Build self-confidence to
search some important policies

P.0 3 Develop knowledge about
policies for the homeless and
people who have substance use
disorders

K.3 Develop knowledge about the | R3
specific policies for the homeless
and people who have substance use
disorders available in their city
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Substance SCs Non- Total x  Value

users users (N, %) of p
(N, %) (N, %)
Tobacco 17(81L0%) | 36(83.7%)  60(938%) 0076 0783
Alcohol 11(524%) | 9(209%) = 20(313%) 649 0011
Marijuana 10015.6%) | 8(125%)  18(28.1%) 5876 0015

Polytoxicomania  $(38.1%)  7(163%) | 15(23.4%) 4068 0047

Total 21(1000%) | 43(100%) | 64 (100.0%)
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Reported effects experienced by SC users
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Parameter No % 57 Value of p
Gender 64 100 0963 0326
male 5 8

female n 17.19

Education 6 00 7.064 0216
less than high school 7 1094

high school or equivalent 56 875

college and above 1 156

Living arrangements 64 00 3032 0553
‘married/cohabiting/civil union 25 3906

single B 5156
divorced/widowed/separated 6 938

Employment status 64 100 s34 0.148
employed full-time/part time a n2s

temporary jobs 0 32

unemployed 23 359

Residential area 6 100 1746 0.186
urban 2 8125

rural 12 1875

Family type 61 00 4307 0.366
nuclear 2 3594

joint 2 5000

alone 9 14.06

Living

with young children 2 w3 302 0553
with opiate addict 9 1406 0533 0465

*users vs. non-users.
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Source Non- Total 4 Value of p

users
Friends 16(76.0%) | 11(260%) | 27(42.0%)  19.564, <0.001
Social media 2(100%) | 16(37.0%) | 18(28.0%)

and internet

TV, radio, 3(140%) | 3(7.0%) 6(9.0%)
newspapers

Havenotheard | 0(0.0%)  13(30.0%)  13(20.0%)
about SC

Total 21(100.0%) | 43(100.0%) | 64 (100.0%)
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References Study Study area Study design Study Sample size  Diagnostic Alcohol Lifetime

country population criteria dependence AUD
1 Chen etal. (31) China Institution based Case-control Adults Control: 129 DSM IV NA NA NA NA
Cases: 129

2 Lee etal. (38) Korea Community based Comparative cross sectional Adults 7,867 DSM-1V 2 5.1 7.1 17.2
3 Kim etal. (36) Hong Kong Community based Cross-sectional Adults 9,860 DSM-1V 6.7 3 9.7 NR

4 Zhou etal. (44) China Community based Cross sectional Adults 9,866 DSM-1V 2.1 6.6 8.7 17.7
5 Guo etal. (32) China Community based | Cross sectional survey adults 3,171 DSM-IV 2.7 13.5 162 NR
6 Hahm etal. (33) Korea Community based | Cross sectional survey Adults 1,059 DSM-11V 2.5 5 7.5 156
7 Orui et al. (40) Japan Community based | Cross sectional survey Adults 1,684 DSM-IV 9.1 1.1 102 NR

8 Zhang etal. (42) China Community based | Cross sectional survey Adults 4,528 DSM-5 NR NR 1.05 3.03
9 Lee etal. (39) China Community based | Cross sectional survey Adults 5,201 DSM-IV 47 1 NR 57
10 Ishikawa etal. (34) Japan Community based | Cross sectional survey Adults 4,130 DSM-IV 7.3 0.9 NR 82
11 Jietal. (35) China Community based | Cross sectional survey Adults 36,157 DSM-1V 11.56 NR NR NR
12 Lee etal. (37) Taiwan Community based | Cohort Adults 979 DSM-IV NR NR 175 NR
13 Parketal. (41) Korea Community based Cross sectional survey Adults 6,276 DSM-1V NR NR 14.7 NR
14 Zhi etal. (43) China Community based Cross sectional survey Adults 2,129 DSM-1V NR NR 4.16 16.17

NA, Not applicable; NR, Not reported.
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Individuals with current CUD

Country
Agerange
Sex

Individuals in CUD remission

Country Bl

Agerange 30-60 years

Sex Female,
Milon= s

Time in remission (ange) 1 yesr-21 years

Supporters

Country

Age range

sex

Relationdhip with CUD pricipant

Living with CUD prtcipant

Faance
2350 years:
Femalen =2
Mile,ne 2

2 months-10 yeurs

us
2.9 yers

Malena s

Spin K
060y
[
Milen=s
-

us
353y

Ko, =6

Aunt, cousin, sister, fend, spouse, prent

Yeun=s

B, cogntive behavoral therapys CUD, cocan use disoders UK, Unitd Kingdoms: US, Unied Sstes.

us
2268 yars
Femalen =9
Mile,ne 3

35 days10 years
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Session 1

Session 2

Session 3-4

Session 5-6

Session 7

Session 8-9

Session 10-11

Session 12

‘Treatment orientation, rapport building,

funct

nal analysis for using behavior, functional

analysis for pro-social behavior

Happiness Scale,
Quality of Life Scale,
CRA Treatment Plan

Behavior skills

Job skills

Social skills

Relapse prevention

Relationship counseling for married participants,

relationship happiness scale,

perfect relationship worksheet,

self-reminder to be nice

Termination

Psycho-education.

Identification of external and internal triggers, drug use behavior, short-term positive and long-
term negative consequences of drugs.

Identification of the triggers and consequences of non-using activiti
e

ment of happiness with life and quality of life scales.

Rating of happiness in 10 different areas of life in the present day:

Assessment of present quality of life.

Discuss and plan the structured goals of counseling in i with 10 areas of ife raed on the
happiness scale.

‘Teaching of communication and problem-solving skill using CRA guidelines and communication
and Problem-solving worksheets

A

ment of occupational skills and guidance for searching for a suitable job, role plays for job.

interviews and reflections.

Identification of ne replacement social and recreational activites. Selecting highly reinforcing
alternative ways to satisfy their recreational needs.

Work

g on internal and external triggers of drug use. Teaching drug refusal skills and self-

‘monitoring for early signs of probable relapse.

Rating of relat

hip happiness in 10 areas of life. Goal setting for relationships by use of perfect
relationship worksheet.
Practice communication skils, role plays with spouse, introduction and use of daily reminders to

be nice to each other.

Termination of counseling sessions, post-test meastres taken. Reminders for managing relapse and

relationship provided.
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Flow Chart for Participant Enrollment for Trial Management

A randomized, 12-week trial was conducted as a substance use disorder (SUD) treatment

program.

( Assessed for Eligibility

Opioid-Dependent Adults (n= 70)

Excluded (n=10)

O Not meeting inclusion criteria (n=0)

= Declined to participate (n=0 )

= Otherreasons
o Left Against Medical Advice [LAMA] (1=04)
e Farlv discharge (n=06)

Randomized (n=60)

Allocated to Integrated Model of Community Allocated to traditional Minnesota model treatment
Reinforcement Approach & traditional Minnesota (1=30)

model treatment (n=30) O Received allocated intervention (n=30)

7 Received allocated intervention (n=30)

Lost to follow-up & Discontinued intervention Lost to follow-up & Discontinued intervention
(@=0) (1=0)

Analysed (n=30) Analysed (n=30)

= Excluded from analysis (give reasons) (n=0) = Excluded from analysis (give reasons) (n=0)






OPS/images/fpubh-11-1140615/fpubh-11-1140615-t001.jpg
Variable Electronic cigarette use

%

Personal characteristics

Sex
Male 692 862 m 138 <0.0001
Female 455 942 2 58

Age

Sidyears old 166 949 9 51 00029
14years old 175 897 20 103

15years old 199 926 16 74

16years old 234 893 2 107

17years old 21 867 34 133

Z18years old 154 828 32 172

School status

Junior high school 485 924 0 76 <0.0001
Senior high school 329 968 n 32
Vocational high school 336 792 88 208

Family environmental status
Education level of father

Below of senior high school 761 86.8 116 132 <0.0001
Senior high school or above 389 944 23 56

Education leve of mother

Below of senior high school 722 86.9 109 131 <0.0001
Senior high school or above 428 934 30 66

Family structure

Living with parents 914 912 88 88 <0.0001
::v;?::::i:‘l:ie parent, grandparents e - 5 i

Allowance, NTS

Less than 200 per week 512 867 8 133 0.0051
200 per week or more 608 916 56 84

Family economic status, mean (SD) 573 202 540 195 0.0638
Substance use status

Other substance use

No 915 945 5 55 <0.0001
Yes 25 72 86 2638

Tobacco smoking use

No 1,107 969 35 31 <0.0001
Yes 3 293 104 707

Smoking status of family menibers

No 607 917 55 83 00032
Yes 543 866 814 134

Close friends' reactions to electronic cigarettes

No 640 980 13 20 <0.0001
Yes 434 775 126 25

SD, standard deviation; TS, New Taiwan dollars.
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Variable Model | Model Il Model Il Model IV

(95%  pvalue (95%  pvalue (95%  pvalue (95%  pvalue
Cl) Cl) Cl) Cl)

Personal characteristics

Age L 099~ 00582 120 | (099~ 00648 108 088~ 0481l 102 ©78- 04752
144) 143) 133) 134)

Sex

Male

Female 044 (028~ 00003 042 | (027- 00002 044 | (027- 00010 070 (030~ 08910
0.68) 0.66) 072) 163)

School status

Junior high

school

Vocational high | 175 (090- | 0.2254 147 (075 01576 2 e~ 03077 098 037~ 08652

school 341) 289) 298) 261)

Senior high 025 (010~ <0000 025 (010~ <0001 | 032 | (0d3- 00005 069 023~ 04119

school 057) 0.59) 0.0) 211)

Family environmental status

Education level of father

Senior high

school or above

Below of senior 145 (083 0.1930 17 063 0.6350 0.88 (0.40- 0.7384
high school 252) 218) 1.90)

Education level of mother

Senior high
school or above

Below of senior L2 (0.67- 06632 128 073 03715 192 0.93- 00782
high school 187) 2.26) 3.97)

Family structure

Living with

parents

Living with 195 3= 0.0010 149 (096~ 00712 164 0.93- 0.0864
single parent, 290) 227) 289)

grandparents or

other relatives

Family 1.03 (0.93- 0.6052 097 (©087- 0.6083 0.86 (050 05714
economic 114) 1.08) 1.46)

status

Allowance

Less than 200

per week
More than 200 133 (091~ 0.1336 122 (080 03493 093 .81~ 03159
per week 1.96) 1.86) 1.07)

Substance use status

Other substance use

No

Yes 446 (294 <0001 249 (L45- 0.0009
677) 4.25)

Smoking status of family members

No

Yes 106 070 0.7788 0.99 (0.58- 0.9616
1.62) 1.69)

Close friends’ reactions to electronic cigarette use

No

Yes 727 (393- | <0001 561 @78 <00001
13.44) 1131)

Tobacco smoking uset

No

Yes 3723 (QLO0- <0001

66.01)
Lack of fit 07586 100 100 100
AUC 73.13% 7591% 86.68% 93.80%

OR, odds ratio; Cl, confidence interval; AUC, area under the receiver operating characteri
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Experimental groupl ~ Control groupl 95% Cl

(n=30) (n=30)
Variable M SD M SD LL UL Cohen’s d
1 QoL 299.06 60.04 25838 4361 3.00 0.004 1356 67.80 078
2 PHYS 83.12 1255 7085 1250 375 0.000 567 18.62 098
3 PSYCH 7802 10,62 6403 1395 432 0.000 752 2047 113
4 SOCIAL 7126 17.99 59.44 1801 253 0014 246 2118 0.6
5 ENVIR 7414 18.03 6396 1467 238 0.021 162 18.74 062
6 HS 79.43 868 68.47 1390 370 0.000 518 17.16 095

A ttest analysis between the experimental and control groups with regard to the variables of quality of life and i subdomains and happiness with lie (1=60).

QOL, quality of life; PHYS, physical domain; PSYCH, psychological domain; SOCIAL, social relationships ENVIR, environmental domain; HS, Happiness Scales M, means SD, standard
deviation; LL, lower limit; UL, upper limit; Cl, confidence interval
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Measurements

QoL 26 087 100 379.17 278.72 55.92 -034 0.40
PHYS 7 070 3571 100 77.02 13.84 -030 0.08
PSYCH 6 053 375 100 709 1419 -037 -037
SOCIAL 3 039 2 100 65.25 1877 -007 ~059
ENVIR 8 074 3438 100 68.96 17.05 -0.17 ~094
HS 10 074 34 93 739 1277 -1.06 141

QOL, Quality of Life Scale; PHSY, physical domain; PSYCH, psychological domain; SOCIAL, social relationship domai

NVIR, environment domain; HS, Happiness Scale.
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Variables Categories N 3 M SD Range
Age started smoking 60 100 15 55 5-36
Age started using drugs 60 100 18 67 9-41

Drug user in family

Yes il 183
No 9 817
Drug of choice
Cannabis 17 283
Heroin a 683
Alcohol 2 33
Route of administration
Smoking 24 40
Snorting 10 167
Inhaling fumes 14 23
IV Injection 10 167
IM Injection 0 0
Swallowing 2 33
No. of treatments 1-16
Ist 2 533
B 8 133
3 7 17
4 3 50
5 2 33
5t 8 134
No. of relapses 1 312 0-15
Never 32 533
Ist il 133
2 7 17
3 3 50
4 2 33
5 1 17
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Model tested Model fit measures Model differences

CFl SRMR  TLI RMSEA Model ACFI

comparison
Model 1: No cross-lagged effects 3375358 587 0910 | 0047 0905 0076
Model 2: Smartphone addiction | 3354232 585 0933 0031 0933 0055 M2vs. M1 5001 211260 2
effects
Model 3: Meaning in life effects 3358079 585 0936 | 0033 0934 0055 M3 s M1 5001 17.279% 2
Model 4: Reciprocal effects 334248 583 0959 0029 0961 0.045 Mdvs. MI 5001 328720 4
Md vs. M2 >0.01 11.746%* 2
Mdvs. M3 5001 15593 2

Model 1: No cross-lagged effects (TIMIL —T2SA, T2MIL — T3SA, TISA = T2MIL and T2SA — T3MIL are dropped); Model 2: Smartphone addiction effects (T1SA — T2MIL and
T25A — T3MIL are dropped); Model 3: Meaning in e effects (TIMIL—T25A and T2MIL — T35A are dropped); Model 4 Reciprocal effects (all paths are included).
% p<0.0L; *+* p<0.001.
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Variables

ITIMIL 1

2T2MIL 0.50%% 1

3T3MIL 053 0664 1

4TISA —070%F  —0.68% | —055%% 1

ST2SA —060%F | —0.70% | —0.68%% | 075%* 1
6T3SA —069%F —0.52% —051%F | 080%*  070%* 1

MIL, Meaning in life; SA, Smartphone addiction; ** p<0.01.
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1TIMIL 1
2T2MIL 0.47%% 1

3T3MIL 0557 0.60%* 1

4TISA 0574 —041%F | 049 1

5T25A —036%F 063 | —047%* | 0.70°* 1

6T3SA —049FE 0327 —046™* | 077%F | 068** 1

MIL, Meaning in life; SA, Smartphone addiction; ** p<0.01.
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1TIMIL 1
2T2MIL 0.48%* 1

3T3MIL 056%  0.62%% 1

4TISA —068**  —061%% | —052%* 1

5T25A —043% —067%F | —057%*  072%* 1

6T3SA —067%F | —039%F | —050%* 078 069" 1

MIL, Meaning in life; SA, Smartphone addiction; ** p<0.01.
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M + SD

Male Female
(n =338) (n =367)
I 4261£5.968 46216002 ~2558%
SA T2 45096374 483126521 ~2.146%
T 425324561 461526141 —2643%%
I 2666 1.903 25272108 2882+
MIL T2 25052726 2314289 2852%%
T 2636 1.866 25312078 2199%

MIL, Meaning in life; SA, Smartphone addiction.
*p<0.05; ** p<0.0L.
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Variable Levels n Percent (%)

Male 338 4794
Gender

Female 367 5206

Engineering 188 2667
Major Science 202 2865

Liberal arts 315 4468
Only child/Non-  Only child 318 4511
only child Non-only child 387 54.89

Urban area 303 4298
Urban/Rural area

Rural area 402 57.02

Junior high school orless 303 4298
Father' educational | Senior high school 25 3475
level College or university 126 17.87

Postgraduate 31 440

Junior high school orless 297 213
Mother' Senior high school 281 3986
educational level College or university 98 13.90

Postgraduate B 41

Peasant or jobless 51 7.23
Father

Blue collar 313 4440
occupational

Professional or
statuses " 1537
semiprofessional

Peasant or jobless 69 9.79
Mother'
Blue collar 337 478
occupational
N~ Professional or
299 4241
semiprofessional

Below 3,000 6 652

3,001-6,000 264 3745
Household income

6001-9,000 190 2695
per month (RMB)

9,001-12,000 108 1532

Above 12,000 97 1376
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Genotypes Craving scores B t-Statistics “P-adjusted

AA (N = 828) | 358+ 153
1575433452 AG (N =2,553) ‘ 3.38 + 1.56 0.18 354 405 x 107 393 x 107
GG (N = 1,901) ‘ 321+ 149

Spyalies i adirited Tor siriotsies ol mTSOTIARE i the Snoss Scial incheline-sen: Sisder Inel of MIRTHE vec and Evesigs dose o8 MITIEE, 1isé: Bt sovaiuios:
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D patients ( 1,796) Controls (N OR (95%Cl) p-value

1575433452 ALLELIC A 1,566 (44) 2,643 (38) 127 (117-137)
G 2,026 (56) 4329 (62) 320 ref 154 x 10
aNo | aa | 343 (19) 485 (14) e (138-1.94)
IS 880 (49) 1,673 (48) 122 (107-138)
GG 573 (32) 1,328 (38) 332 ref 617 x 10
REC AA 343 (19) 485 (14) 146 (125-170)
| AG + GG 1453 (81) 3,001 (36) 241 ref 9.10 x 107
DOM | AA+AG 1,223 (68) [ 2158 (62) [ 131 (116-1.48)
‘ GG 573 (32) 1,328 (38) 197 ref 8.96 x 107

ALLELIC, allelic mode; GENO, genotypic mode; REC, recessive mode; DOM, dominant mode.
The threshold of p values were 0.05/7 = 0.007.
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Age (years), mean + sd 349 £85 349£93 0.1075 091
Gender (%)
Male [ 1,164 (65) 2,265 (65)
Female 632 (35) 1,221 (35) 0.0077 093
Employment status (%)
Employed [ 946 (53) 3,166 (91)
7 Unemy!ayed' 850 (47) 320 (9) 998.09 <001
Marital status (%) |
Single or Divorced 1,115 (62) 870 (25)
Married 681 (38) 2616 (75) 694.38 <001
Serum level of PROK2(pg/mL), mean  sd 38267 £ 2453 20364 + 197.9 267.64 <001
Length of METH use (years), mean + sd 4816 - -
I Average dose of METH use (g), mean + sd 0603 - - -
Craving scores, mean + sd 34215 - - -
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Variable Electronic cigarette use OR (95% CI) p value

No Yes

“Tobacco smoking use

No 1107 95 35 65 <0.0001
Yes 43 16.7 104 833 76.49 (46.89 10124.79)

“Tobacco smoking dependence

No 1,148 90.9 116 9.1 <0.0001

Yes 2 71 2 929 11381 (2650 t0 488.82)

*Fagerstrom Tolerance Scale of 5-10 were considered a medium/high dependent score as a tobacco smoking dependence.
OR, odds ratio; CI, confidence interval.
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Overall Baseline (%) 12 months (%) P-value

28.40% 75.15% <0.0001
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N

Mean (SD)
Median
Percentiles 25,75

Min, max

Value (mg/day)

169
110.3 (67.17)
%
60,150
10,400
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N
Mean (SD)
Median
Percentiles 25,75

Min, max

Baseline

139
95.6 (82.95)
75
30,150
0,370

12 months

139
25.0(45.83)
3
0,40
0,330

P-value

<0.0001
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AE type Events Events Subjects  Subjects
<80 mg/day >80 mg/day <80 mg/day >80 mg/day

Any AE 662 1,732 344 (14.98%) 757 (23.26%)
Related AE 426 1,120 227 (9.89%) 503 (15.46%)
Severe AE 69 196 43 (1.87%) 122 (3.75%)
Deaths 3 5 3(0.13%) 5(0.15%)

Related deaths 1 3 1(0.04%) 3(0.09%)
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AE type

Any AE
Related AE
Severe AE
Deaths

Related deaths

Events

<80 mg/day

0472
0304
0.049
0.002
0.001

Events

>80 mg/day

0.489
0316
0055
0.002
0.001
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N

Mean (SD)
Median
Percentiles 25,75

Min, max

Baseline

168

88.4(78.82)

70
30, 130
0,370

12 months

168
243 (45.97)
4
0,40
0,330

P-value

<0.0001





OPS/images/fpsyt-13-949750/fpsyt-13-949750-t014.jpg
N

Mean (SD)
Median
Percentiles 25,75

Min, max

Baseline

168
68 (2.10)

58
0,10

12 months

168
27(248)
3
05
0,9

P-value

<0.0001
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Baseline

N
Mean (SD)
Median
Percentiles 25, 75

Min, max

Last visit

N

Mean (SD)
Median
Percentiles 25, 75

Min, max

Maximum recorded dose

<80 mg/day

1,649
5.5(297)
6
38
0,10

2238
37(287)
3
16
0,10
P <0.0001

>80 mg/day

2,600
53(297)

38
010

3,181
34269

15
010
P <0.0001

P=078
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Last recorded dose

Dose group Baseline (%) Last visit (%) P-value  Average
follow-up time

(days)
<80mg/day 2,106 (46.53%) 2,740 (68.58%) <0.0001 2715
>80 mg/day 2,184 (46.98%) 2,810 (67.76%) <0.0001 389.9

P-value 077 051
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Maximum recorded dose

Dose group Baseline (%) Last visit (%) P-value  Average
follow-up time

(days)
<80 mg/day 1,662 (45.25%) 2,296 (66.59%)  <0.0001 2254
>80 mg/day 2,628 (47.72%) 3,254 (69.27%) <0.0001 406.5

P-value 011 0.035
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Number Percentage

of cases (%)

Poisonous substance

Pesticides
Total 191 22
Organophosphorus 89 104
Pyrethroids 52 6.1
Paraquat 2 0.02
Diquat 12 14
Rat poison 2 30
Others 2 14

Drugs
Total 457 532
Sleeping pill 160 186
Antidepressant medications 125 146
Sleeping pill & antidepressant medications 100 16

25 29

Others 47 55

Alcohol 16 54

Co 101 ns

Others
Total 64 75
Daily chemical products 36 42
Poisonous mushroom 15 17
Others 13 15

Cause of poisoning
Suicide 652 759
Accident 207 241
Place of poisoning
Athome 806 9.8
Not at home (school, medical facility, 5 62

outdoors etc.)
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Gender
Male
Female
Age
li<age<1s
18 <age<45
45<age<65
65 <age <80
Age2 80
Underlying discases
No
Depression
Cancer
Cardiovascular discase
Nervous system disease
Diabetes
Comorbidity
Other diseases
Place of residence
Rural
Urban
Outcome
Death
Survive

Total

umber of cases

357

502

51
493
204

68

3

499

279

2

110

749

849
859

Perc

age (%)

a6

584

59
57.4
27
79

50

58.1
325

20

128

87.2

98.8
1000
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‘The basic structure of the content of the interviewed patients’ perceptions and experiences of alcohol cessation and life management was discussed.

‘The parsed text data results were sent to the patient for validation.
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Model tested Model fit measures Model differences

CFl SRMR  TLI Model ACFI A#
comparison

Model da: Unconstrained model 3306619 583 0953 0028 0957 0035
Model 4b: Constrain TIMIL—T25A and

3316808 585 0922 0048 0925 0073 Mabvs. Mda 5000 10189% 2
T2MIL— T35A
Model 4c: Constrain TISA —T2MIL and

3320329 585 0913 0047 0920 0078 Micvs. Mda 5000 137105 2

T2SA - TIMIL

MIL, Meaning in life; SA, Smartphone addiction.
* p<0.0L.
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Model tested Model fit measures Model differences

CFI SRMR TLI RMSEA  ACFI  A¥ Adf p

Separate groups

Male 1268551 579 0.968 0.030 0.963 0.041
Female 1917.278 579 0.953 0.033 0.955 0.049
Model I: Configural invariance 3185.829 1,158 0.957 0.036 0.955 0.065

Model 2: Metric invariance 3215.990 1,188 0.953 0.040 0952 0.069 <001 30,161 30 0.46

Model 3: Scalar invariance 3249391 1218 0.950 0.043 0947 0.071 <001 33,401 30 031
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Classification Variables Cluster 1 Cluster 3

(Subject  (Subject

153) 73)
BAC 018 0.00
MP TAVEC_IRI 5.00 7.00
TAVEC_IRB 5.00 500
TAVEC_SDER 1100 1600
TAVEC_SDCR 1200 15.00
TAVEC_LDFR 1100 16.00
TAVEC_LDCR 1200 16.00
TAVEC_DISCRIM 95.45 10000
TAVEC_LB_IRIA 0.00 40.00
LMI_FRI 26.00 38.00
LMI_TST 1200 1800
LMILTST 9.00 1200
LMII_RP 96.67 92.50
TAVEC_LDFR_SDFR 0.00 0.00
LM_LC 4.00 200
TAVEC_TFRAS 50.00 6100
TAVEC_RS 14.00 16.00
TAVEC_RECONAC_ -21.42 0.00
RLLP
TAVEC_RS_LDCR -1429 0.00
TAVEC_RCLLP MENOS -833 0.00
RLLP.
LMI_TRS3 40.00 59.00
LMIL_TRS_AB 29.00 37.00
LMIL_TRS 26.00 27.00
TAVEC_FTAS 13.00 1600
TAVEC_SDCR_LDCR 0.00 667
TAVEC_SDFR_FTAS 1818 0.00
ECMP TAVEC_P 5.00 0.00
TAVEC_FRI 0.00 0.00
TAVEC_CRI 1.00 0.00
TAVEC_RFP 0.00 0.00
TAVEC_ERRORS 6.00 0.00
TAVEC_TOTSRC 8.00 10.00
TAVEC_TOTSMC 13.00 45.00
TAVEC_TOTCS 21.00 55.00
TAVEC_IR_A_SRC 6.00 7.00
TAVEC_IR_B_SRC 1.00 200
TAVEC_IR_A_SMC 7.00 2400
TAVEC_IR_B_SMC 0.00 000
TAVEC_SD_FR_SMC 200 10.00
TAVEC_LD_FR_SMC 4.00 1100
TAVEC_SD_FR_SRC 1.00 0.00

TAVEC_LD_FR_SRC 0.00 100
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Variable Prob R? d (IC 0.95)
TAVEC_LDFR 207.53 0.000 072 3.24 (265 3.84)
TAVEC_LDCR 198.20 0.000 071 3.17 (258 3.75)
TAVEC_SDCR 14699 0.000 065 2.73(2.203.26)
TAVEC_SDFR 14053 0.000 064 2.67(2.15:3.19)
TAVEC_TOTCS 89.81 0.000 053 2,13 (1.68; 2.59)
TAVEC_RS_LDFR 77.50 0.000 049 198 (154 2.42)
TAVEC_RS_LDCR 67.20 0.000 045 1.84(142:2.27)
TAVEC_TOTSMC 64.48 0.000 044 1.81(139;2.23)
TAVEC_TFRAS 59.57 0.000 042 174 (132 2.15)
TAVEC_IR_A_SMC 49.78 0.000 038 159 (119 1.99)
TAVEC_RS 49.50 0.000 038 158 (1.18; 1.98)
TAVEC_LD_FR_SMC 47.89 0.000 037 156 (116 1.95)
TAVEC_DISCRIM 4691 0.000 036 154 (115 1.94)
TAVEC_SD_FR_SMC 45.30 0.000 036 151(112;1.91)
TAVEC_FTA5 37.49 0.000 031 138 (1.00; 1.76)
LMI_TRS3 2327 0.000 022 1.09.(0.73; 1.44)
LMI_FRI 1944 0.000 019 099 (064 1.34)
LMII_TRS_AB 19.42 0.000 019 099 (0.64; 1.34)
TAVEC_IRI 19.04 0.000 018 098 (063; 1.33)
TAVEC_SDFR_FTAS 1740 0.000 017 094 (059 1.28)
LMIL_TST 14.48 0.000 014 0.86 (0.52; 1.20)
TAVEC_ERRORS 1386 0.000 014 084 (0.50; 1.18)
LMI_TST 1349 0.000 014 0.83 (0.49; 1.16)
TAVEC_CRI 8.92 0.000 009 067 (0.34; 1.00)
TAVEC_RFP 7.60 0.001 008 0.62(0.29;0.95)
TAVEC_IR_B_SMC 627 0.002 006 056 (0.24;0.89)
TAVEC_P 550 0.005 005 053 (0.20;0.85)
TAVEC_LB_IRIA 538 0.005 005 052 (0.20;0.84)
LM_LC 527 0.006 005 052 (019 0.84)
BAC 524 0.006 005 051 (0.19;0.84)
TAVEC_IR_B_SRC 478 0.009 005 049 (0.17;0.81)
LMII_RP 439 0.013 004 047 (0.15;0.79)
TAVEC_FRI 3.94 0.020 004 0.45(0.13;0.77)
TAVEC_IRB 351 0.030 003 0.42/0.10;0.74)
LMII_TRS 252 0.081 002

TAVEC_IR_A_SRC 138 0.251 0.00

TAVEC_LDCR_LDFR 077 0.462 0.00

TAVEC_TOTSRC 076 0.465 0.00

TAVEC_LDFR_SDFR 047 0.620 ~001

TAVEC_SD_FR_SRC 039 0.673 ~001

TAVEC_LD_FR_SRC 025 0.779 ~001

TAVEC_SDCR_LDCR 0.10 0.907 ~001

vl
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TAVEC_  TAVEC_ TAVEC_ TAVEC_ TAVEC_ TAVEC_ TAVEC_ TAVEC_ TAVEC_ TAVEC_P TAVEC_  TAVEC_

ERRORS ~ SD_FR_ IR_A_ IR_B_ LD_FR_ IR_B_ RFP CRI FRI TOTSMC  TOTCS
SMC SMC SMC SMC SRC

BAC —0.21
'TAVEC_DISCRIM -0.22 -0.29 032 035 036 —0.72 —-0.24 037 038
TAVEC_SDCR -0.22 —-0.34 062 059 021 063 —0.21 —0.29 -0.26 -0.18 —0.22 0.65 0.66
TAVEC_LDCR -0.17 —-0.34 052 053 0.19 057 —0.42 —0.25 —0.20 —0.16 058 065
TAVEC_RS -0.29 —0.21 035 036 035 —0.20 -0.20 038 0.42
'TAVEC_RS_LDCR -0.29 043 043 0.16 0.49 —0.40 -0.20 -0.18 0.48 054
‘TAVEC_RS_LDFR -0.35 046 044 0.19 057 —0.27 -0.23 -0.26 —0.18 051 059
TAVEC_IRI -0.20 -0.17 028 052 029 029 048 057
TAVEC_FTAS -0.29 -0.29 038 048 0.16 036 —0.27 -0.26 -0.18 047 0.61
TAVEC_TFRAS -0.28 -0.26 036 0.60 031 032 —0.19 ~0.21 ~0.16 055 074
TAVEC_IRB 027 0.18
TAVEC_LB_IRIA —0.21 017 028 020 025 026
TAVEC_SDFR —0.21 —0.34 0.66 058 022 050 —0.34 -0.27 —0.20 —0.19 0.63 0.70
'TAVEC_SDFR_FTAS —0.42 —0.25. -0.27 0.19 017 —0.31 —0.25
TAVEC_LDFR —0.24 -0.39 054 053 021 0.64 —031 -0.28 —0.28 —0.20 0.60 0.68
LM_LC —-0.22 0.19 -0.18
LMI_FRI -0.22 -0.16 022 -0.20 029
LMI_TRS3 —0.21 —0.21 0.16 0.18 -0.23 033
LMLTST —0.21 021 -0.17 020
LMII_RP

LMIL_TRS_AB —0.19 0.19 —-0.22 026

LMIL_TST
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Outcomes Predictors Estimato SE z

Addictive/Health-risk behaviors Perfectionism 028 005 524 039

Subjective happiness Perfectionism —0.01 007 —0.17 086 —0.01

Subjective happiness Addictive/Health-risk behaviors —0.52 0.14 —3.74 <0.001 —0.37

Subjective happiness Perfectionism — Addictive —0.15 0.05 -3.12 <0.001 —0.15
behaviors

Subjective happiness Total —0.16 0.06 —2.66 001 —0.16
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1. Rigid perfectionism

2. Self-critical 0.63** -

perfectionism

3. Narcissistic 0.53** 0.47** -

perfectionism

4. Alcohol use (drinking) —0.01 0.06 0.23** -

5. Nicotine use —0.10* —0.05 0.14* 0.50** -

(smoking)

6. Compulsion 0.19** 0.29** 0.33* 0.34** 0.25% -

symptoms

7. Withdrawal symptoms 0.19** 0.28** 0.23* 0.24** 0.20% 0.78** -

8. Tolerance symptoms 0.16" 0.27** 0.16** 0.23** 0.16** 0.71%* 0.66** -

9. Interpersonal and 0.15** 0.27** 0.32** 0.31** 0.18** 0.75** 0.62** 0.66** =

health problems

10. Time management 0.04 0.17** 0.28** 0.34** 0.33% 0.67** 0.58** 0.64** 0.74** -
problems

11. Subjective happiness 0.05 —0.25* —0.11* —0.25** —0.18* —0.25* —0.20"* —0.23** —0.35** —0.30**

*p <0.05.
*p <0001
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Variables SD Median Min Max Skew (SE) Kurt (SE)
1. Rigid perfectionism 12.40 454 12.00 4.00 20.00 —0.08 (0.12) —0.85 (0.23)
2. Self-critical perfectionism 17.77 6.12 18.00 6.00 30.00 —0.04 (0.12) —0.62 (0.23)
3. Narcissistic perfectionism 1339 544 13.00 6.00 30.00 047 (0.12) —0.44 (0.23)
4. Alcohol use (drinking) 843 2.88 7.00 6.00 18.00 1.48 (0.12) 1.37(023)
5. Nicotine use (smoking) 10.01 4.85 7.00 6.00 24.00 0.93 (0.12) —0.33(0.23)
6. Compulsion symptoms 9.89 372 10.00 5.00 20.00 0.47 (0.12) —0.44 (0.23)
7. Withdrawal symptoms 10.65 383 11.00 5.00 20.00 0.28 (0.12) —0.67 (0.23)
8. Tolerance symptoms 8.99 297 9.00 4.00 16.00 0.07 (0.12) —0.78 (0.23)
9. Interpersonal and health 12.18 457 11.00 7.00 28.00 0.63 (0.12) —0.49 (0.23)
problems

10. Time management problems 9.24 341 9.00 5.00 19.00 058 (0.12) —0.49 (0.23)
11. Subjective happiness 18.46 4.90 19.00 4.00 28.00 ~0.12(0.12) —0.42 (0.23)
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Corona Positive effects of cannabis | Negative effects of

concern during pandemic pandemic
Consumption of cannabis prior to pandemic r 0.011 0.357 —0.055
P 0.570 0.000 0.002
N 2,828 2,463 3,197
Consumption of cannabis during last month r 0.015 0.484 —0.096
P 0.424 0.000 0.000
N 2,831 2,464 3,200
Consumption change score r 0.002 —0.108 0.055
P 0.897 0.000 0.002
N 2,827 2,463 3,196
Sumscore- “corona concern” r 1 0.103 0.269
P - 0.000 0.000
N 2,836 2,178 2,834

Bold values indicates P < 0.05.
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Variable Coefficients | Standard | Wald (@]33 Confidence interval (95%)

error
Lower bound | Upper bound
Age 0.022 0.005 22.535 <0.001 1.022 0.013 0.013
Gender —0.010 —0.010 0.13 0.910 0.990 —0.184 0.164
Negative effects of pandemic sumscore —0.450 0.079 32.696 <0.001 0.638 —0.604 —0.296
Corona-related positive effects of cannabis 0.817 0.052 250.505 | <0.001 2.264 0.052 0.918
No placement in quarantine —0.264 0.092 8.198 0.004 0.768 —0.444 —0.083
Corona-concern sumscore 0.218 0.251 0.755 0.385 1.244 —0.274 0.710
Quantity of cannabis consumption prior pandemic 0.821 0.029 776.672 |  <0.001 2.272 0.763 0.878

Ordinal logistic regression analysis; OR, odd’s ratio. Bold values indicates P < 0.05.
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Temporary quarantine N Mean rank Z p (2-tailed)
Relaxation Yes 1,292 1154.60 —2.956 0.003
No 953 1080.16
Total 2,245
Intensification of taste Yes 1,247 1087.91 —2.254 0.024
No 889 1041.28
Total 2,136
Sexual pleasure Yes 1,017 965.38 —4.052 0.000
No 835 879.14
Total 1,852
Knowledge of one’s life and the world Yes 1,217 1116.08 —6.347 0.000
No 887 965.26
Total 2,104
Sense of threat Yes 1,007 833.39 —6.844 0.000
No 794 986.74
Total 1,801
Fear of somatic illnesses Yes 1,061 907.26 —2.112 0.035
No 793 954.58
Total 1,854
Fear for the future Yes 1,150 1004.83 —0.065 0.948
No 860 1006.40
Total 2,010
Positive effects of cannabis during pandemic Yes 1,398 1344.61 —8.954 0.000
No 1,068 1088.06
Total 2,466

Mann-Whitney U test results for the experiences of cannabis effects, corona-related positive effects in quarantined and not quarantined users; bold values indicates P < 0.05.
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Motives for consumption

N (prior pandemic)

N (during last month)

Two-tailed P-valu

Relaxation 2,382 1,909 <0.01
Pleasure 2,206 1,697 <0.01
Partying 1,744 639 <001
Numbing of tension/Emptiness 1,246 1.049 <0.01
Numbing of a anger/Sadness 1,138 920 <0.01
Boredom 1,080 1,039 0.117
Personal experience 1,050 724 <0.01
Curiosity 1,025 217 <0.01
Spiritual growth 902 673 <0.01
Due to consuming friends/Family 839 342 <0.01
Numbing of oneself 805 667 <0.01
Self-treatment of mental illness 647 511 <0.01
Intensification 612 414 <0.01
Self-treatment of physical illness 551 372 <0.01
Medical prescription 101 58 <0.01

*McNemar test.
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N %
Age, years (mean SD) 24.08 (9.86)
Gender
Male 1,827 57.5
Female 1,292 40.3
Diverse 50 1.6
Not specified 35 1.1
Language used to complete survey
German 810 253
English 781 244
Spanish 1,354 423
Korean 0 0
Italian 285 8.1
Education
Missing 129 4.0
Primary education 24 0.8
Secondary education 270 84
Technical college degree 220 6.9
A-level 921 287
Studies 1,294 40.4
Doctorate 52 1.6
Vocational training 293 9.1
Occupational situation prior to pandemic
Seeking work 421 13.0
Unpaid household work 65 2.0
Paternity leave 22 0.7
Student job 590 18.6
Temporary employment 181 5.7
Fixed-term employment 353 11.1
Open-ended employment 881 27.7
Freelance 149 4.7
Self-employed 481 15.1
Retired 46 1.4
Household members
None 442 13.8
One 542 16.9
2-3 1,261 39.4
>3 957 29.9
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Children

None 2,451 76.6
One 418 13.1
2-3 294 2.1

>3 35 1.1

Current childcare situation

Children take care of themselves 113 153
Children at home, I mainly take care 160 21.7
Children at home, partner mainly takes care 42 5.7
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Biological Processes Overrepresented in liie Associated Genes
HC Rats

Locomotor behavior (GO:0007626) X Adora2a, Cendl, Drd2, Drd3, Fgfl4,
Hir2e, Penk, Ppplr1b, Snap25, Tshr
Adult behavior (GO:0030534) £ Cartptl, Cendl, Drd2, Drd3, Fgfl44,
Hir2e, Ppplrlb, Tshr, Ulkd

Eating behavior (GO:0042755) X Adora2a, Bbbipl, P2ryl

Positive regulation of behavior (GO:0048520) X Adora2a, Nignl, Penk

Behavioral fear response (GO:0001662) X Gng7, Hir2c, Penk

Exploration behavior (GO:0035640) X Gabrb3, Penk

Behavioral defense response (GO:0002209) X Htr2c, Penk

Behavioral response to nicotine X Htr2e

(G0O:0035095)

General adaptation syndrome (GO:0051867) g Penk
FDRadj p-value
5-hydroxytryptamine receptor 2C (Htr2c) 0.0012 0.4592 -1.509556839
Adenosine receptor subtype 2A (4ddora2a) 0.0462 0.9983 -2.53058042
BBsome interacting protein 1 (Bbipl) 0.0018 0.5764 -1.642490798
Cocaine- and amphetamine-regulated -4.610695712
transcript protein (Cartpt) 0.0003 0.2775

Cell cycle exit and neuronal differentiation 1 2.876441771
(CendI) 0.0126 0.9984

Dopamine D2 receptor (Drd2) 0.0082 0.9984 -1.843491363
Dopamine D3 receptor (Drd3) 0.0294 0.9984 -43.13653178
Fibroblast growth factor 14 (Fgf14) 0.0425 0.9984 -1.38216981
‘Gamma-aminobutyric acid type A receptor -1.352145937
subunit B3 (Gabrb3) 0.0057 0.9765

G protein subunit y7 (Gng7) 0.0305 0.9984 -1.389143723
Neuroligin 1 (Nignl) 0.0413 0.9984 -1.294321056
Purinergic receptor P2Y1 (P2ryl) 0.0357 0.9984 -1.79939923
PBX homeobox 3 (Pbx3) 0.0022 0.6066 -1.586948007
Proenkephalin (Penk) 0.0010 0.4137 -1.632553644
Protein phosphatase 1 regulatory inhibitor -1.356217315
subunit 1B (Ppplrib) 0.0364 0.9984

Synaptosome associated protein 25 (Snap25) 0.0295 0.9984 -1.448951523
Thyroid stimulating hormone receptor (7shr) 0.0486 0.9984 -1.676117836
Unc-51-like kinase 4 (Ulk4) 0.0332 0.9984 1.272786318
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Variables AOR (%95 CI) alue
Opioid or Stimulant 037(0.42-127) 0.263
Liver dysfunction (yes) 194 (1.11-3.39) 0019
Kidney dysfunction (yes) 335 (1.76-637) 00002
Cardiovascular dysfunction (yes) 145 (0.52-4.03) 0479
Age (year) 1,04 (1.02-1.06) 0.0001
Sex (M) 1,64 (0.80-3.37) 0174
Intentional use (yes) 0.97(052-183) 0928
History of psychoactive use (yes) 0.82(0.48-139) 0.465
LOS (days) 1,04 (1.003-1.08) 0037
MAP (mmHg) 098 (0.96-099) 0010

GCs 0.93 (0.87-0.96) 0.036
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Variables Liver Kidney Cardiovascular

AOR® p-value AOR® p-value AOR* p-value
(%95 ClI) (%95 ClI) (%95 ClI)
icu Group (Opioid or Stimulant)* 0.15 (0.03-0.86) 0033 0.46 (0.27-078) 0.004 1032(1027-1036) | <0.0001
Time 167(1.57-1.77) <0.0001 1.05(1.02-1.08) 0.001 0.844 (0841-0846)  <0.0001
Age (year) 103 (1.02-1.04) <0.0001 1,02 (1.009-1.04) 0.001 1.05 (1.04-1.06) <0.0001
Sex (M) 3.20(3.11-3.29) <0.0001 1.72(095-3.13) 0072 0.997 (0.994-1.001) 0.156
Intentional use (yes) 117 (1.09-1.25) <0.0001 209(1.15-3.78) 0015 113 (112-1.14) <0.0001
History of psychoactive use (yes) | 115 (113-117) <0.0001 1,13 (0.70-1.83) 0.608 0.46 (0.45-0.47) <0.0001
Group*time" 1.02(1.01-1.03) <0.0001 1009 (0.97-1.05) 0.651 1.07(1.05-1.09) <0.0001
General Group (Opioid or Stimulant)* 0.13 (003-052) 0.007 0.24(0.07-0.81) 0.021 4.74(473-475) <0.0001
Time® 0.76 (0.56-103) 0.077 1.22(093-1.59) 0.141 0.21(0.20-0.22) <0.0001
Age (year) 0.98 (095-1.02) 0.463 1.08 (1.05-1.12) <0.0001 1.03 (1.02-1.04) <0.0001
Sex (M) 3.96 (0.85-17.83) 0.072 0.97(031-3.13) 0970 0.25(0.23-0.27) <0.0001
0.2 (0.05-148) 0.135 142 (043-471) 0,568 296 (291-3.01) <0.0001
History of psychoactive use (yes) | 159 (0.48-5.21) 0443 216 (0.87-538) 0,093 0.44(0.42-0.46) <0.0001
Group*time" 134(0.85-2.12) 0.201 1.06 (0.70-1.61) 0782 0.50 (0.48-0.52) <0.0001

‘Group: opioid or stimulant vs.alcohol intoxication at the baseline.
Interaction between group with time: changes in occurrence of dysfunctions during hospitalization.
‘Adjusted odds ratio for length of stay, mean arterial pressure, Glasgow Coma Scale.
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Variables ICU (n = 400) General ward (n =400)

Opioids or Alcohol Opioids or Alcohol p-value
Stimulants Stimulants

Age (year) 403121871 3870+1438 0335 389921721 361321416 0071
Sex (Male)* 163 (81.5) 163 (81.5) 0.999 157 (79.0) 174 (87.0) 0033
LOS (days) 737658 7542675 0.977 180£131 1855133 0422
MAP (mmHg) 87.9315.18 89.56+17.97 0324 897841408 890741365 0611
Ges 10382410 8242408 <0.001 12924315 13.974235 0110
Psychoactive use (yes) 113 (56.5) 87(43.5) 0.009 97 (48.5) 89 (44.5) 0423
Intentional use (yes) 164 (82.0) 151(75.5) 0112 169 (84.5) 171 (85.5) 0.779
Liver disease (yes) 2(10) 10(5.0) 0.019 309 420 0.997
Kidney disease (yes) 5(25) 525 0.999 8(4.0) 40) 0.241
Cardiovascular disease (yes) 21(10.5) 24(12.0) 0.635 13(65) 10(50) 0519
ALT (up to 41 U/L)" 38 (21-108) 51(27-101.5) 0.001 30 (18-63) 38(21-75) 0.009
AST (up to 43 U/L)" 52(33-106) 60(35-119) 0.045 38 (21-75) 47(305-88) 0524
BUN (0.6-1.3mg/dL)" 35 (22-73) 38 (25-58) 0.222 32 (24-44) 35(25-47) 0.236
Cr(<14U/L) 11(09-17) 12(09-17) <0.001 11(0.95-1.3) 13(11-16) <0.001
CK-MB (<24 U/L)* 65 (25-255) 36 (19-85) 0.001 36 (22-80) 27(15-53) 0.106
CPK (24-195U/L)* 5015(180.5-2052) | 525 (173.5-2,118) 0.724 412(1595-1979) 303 (139.5-988.5) 0017
PH (7.35-7.45)" 7.346 (7.282-7.403) | 7.348 (7.246-7.426) 0.891 7372(7332-7416) | 7.353 (7.262-7.425) <0.001
Troponin I (>12) 52(26) 28 (14) 0,003 28(14) 15(75) 0036
Mortality 51(42.9) 68 (57.1) 0.063 - 14.(100) -

‘Categorical data as N (%).
“Continues data as Median (IQR), Mean £ SD.LOS, length of stay, MAP, mean arterial pressure, GCS, Glasgow coma scale, ALT, Alanine aminotransferase, AST, Aspartate aminotransferase,
BUN, Blood Urea Nitrogen, Cr, Creatinine, CK-MB, Creatine Kinase-MB, CPK, Creatine Phosphokinase.
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Factor Non- Suicide T

suicide
Gender
Male 119 238 28.487 <0.0001
Female 88 414
Age
<18 6 a5 18.621 0.001
18<age<4s 132 361
45 <age <65 57 147
65 < age <80 8 60
Age 2 80 4 39
Underlying diseases
None 198 301 158.045 <0.0001
Yes 9 351
Place of residence
Rural 32 78 1.720 0.190

Urban 175 547
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Disulfiram Sodium Oxybate Acamprosate Naltrexone Metadoxine Nalmefene

% : % < b % 3 % N. % < N. %
North 1933 66.1 02 54.1 185 2.7 282 9.7 18 141 48 1.0 24 0.8 07 0.09 <0.05 41 2922 | 100 0.99
Center | 87.8 43.7 02 57.1 284 26 292 145 21 263 131 17 06 03 08 <005 | <005 5.1 2009 | 100 1.01
South 538 294 02 87.3 47.7 26 302 165 16 7.6 42 13 37 20 11 0.5 03 41 1831 | 100 0.91

Italy 1263 53.1 02 65.5 27.5 2.6 29.1 12.2 1.8 144 6.1 13 2.5 1.0 0.9 02 0.1 4.1 2382 100 0.97
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Community Public Reimbursed by Private
pharmacies healthcare the Italian NHS purchase
facilities (community
pharmacies +
public

healthcare
facilities)
N. %
20—

Consumption (DDD/1.000.000 inhabitants per day)

North 753 20.2 —16.5 2169 58.0 —14.2 2922 782 —154 81.7 218 -21.7 373.9 100
Center 96.9 37.5 =7.1 104.0 40.3 —20.5 200.9 77.8 —13.8 57.4 222 -19.1 2583 100
South 54.6 218 -9.8 128.4 51.2 —28.8 183.0 73.0 -19.3 67.7 27.0 58 250.7 100
Italy 72.9 23.5 -12.5 165.3 53.2 -19.3 238.2 76.7 -17.5 722 233 -14.4 310.3 100

Expenditure (€ per 100 inhabitants)

North 1.4 13.1 —15.1 7.7 722 —294 9.1 85.3 -223 1.6 147 —25.1 10.6 100
Center 39 34.7 15 6.0 53.6 =26.5 9.9 88.3 —12.5 13 11.8 —44.9 1.2 100
South 1.0 7.8 -32 10.0 80.2 —3238 110 88.0 —18.0 L5 120 —53 12,5 100

Italy 17 15.5 -5.6 8.1 71.3 -30.4 9.8 86.8 -18.0 15 13.2 -247 113 100
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Community pharmacies Public healthcare facilities Reimbursed by the Italian
NHS (community
pharmacies + public
healthcare facilities)

A% ] A% N. % A%
previous previous previous
year year year
CAGR 16-20 —3.6% —5.2% —43%
2016 847 292 = 205.0 708 - 289.7 100 -
2017 972 317 147 2093 683 21 3065 100 58
2018 90.1 311 -73 199.5 689 —47 2896 100 -55
2019 818 283 9.2 206.8 717 37 2886 100 —04
2020 729 306 —109 165.3 69.4 —20.1 2382 100 —175

CAGR, compound annual growth rate.
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Community Public Reimbursed Private Overall
pharmacies healthcare by the Italian purchase
facilities NHS
(community
pharmacies

+ public
healthcare
facilities)

N. 3 A%

Disulfiram | 524 | 719 | —149 | 740 | 448 -35 | 1263 | 531 86 | 612 | 848 | 113 | 1875 604 —96
Sodium - - - 65.5 396 —36.6 65.5 275 —36.6 - - - 65.5 211 —36.8
oxybate

Acamprosate | 12.1 16.6 —8.1 17.0 10.3 —0.7 29.1 122 —-0.9 14 1.9 —70.7 30.5 9.8 —=11.6
Naltrexone 8.4 115 35 6.1 37 9.4 144 6.1 7.1 27 37 -79 17.2 5.5 4.2
Metadoxine | <0.05  ~0 ~0 25 | 15 —102 26 | L0 | -103 | 62 | 86 —84 87 | 28 —84
Nalmefene <0.05 ~0 ~0 0.2 0.1 —80.6 0.3 0.1 —80.1 0.7 1.0 —24.5 09 0.3 —55.0
Total 729 100 -10.9 165.3 100 —20.1 2382 100 —=17.5 722 100 —14.4 3104 100 —16.9
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Author

Plasticity or intervention
and results

Functional or behavioral
effects

Region of interest

Importance in opioid
withdrawal

Frenois et al.
(2002)

Hellemans et al.
(2006)

Frenois et al.
(2005)

Lintas et al.
(2011)

Lyons et al.
(2013)

Rosen et al.,
2017

Song et al.
(2019)

Deji etal. (2022)

He et al. (2011)

Shao et al,, 2021

Yuan et al.
(2020)

Naloxone induced withdrawal
produced dose-dependent T in c-Fos
expression in the BLA.

Rats trained to SA heroin were made
opiate dependent via chronic
administration of heroin followed by
withdrawal. Withdrawal-related

CPA led to inhibition of heroin SA.
SA produced IEG
Zif268 upregulation in the BLA

Performance of double-labeling of
GAD (GABA marker) and the
activation marker c-Fos mRNA in
the BLA and CeA showed that acute
opiate withdrawal | the density of
-Fos/GAD + neurons (GABAergic
neurons) in the BLA and | their
density in the CeA.

In opiate-naive rats, blockade of
intra-BLA D1, but not D2, receptor
transmission | opiate CPP
acquisition. In opiate dependent/
withdrawn rats, intra-BLA D2, but
not DI, receptor blockade | opiate
reward via an adenylyl cyclase
mechanism

The ability of BLA DA D1 or
D2 receptor transmission to
modulate the motivational salience
of opiates. It operates through a D1-
mediated ERK-dependent
‘mechanism in the opiate-naive state,
but switches to a D2-mediated
‘CaMKlla-dependent mechanism in
the dependent/withdrawn state

Chronic heroin | expression of the
DA D3 receptor in the BLA. Study
showed that intra-BLA DA
D3 receptor blockade had no effect
on opiate reward memory formation
in opiate naive animals

FluoroGold is injected to the PL to
retrogradely label BLA neurons.
Morphine dependent mice undergo
naloxone CPA and it produced Arc
activation in the BLA. Optogenetic
silencing of the BLA-PrL projection
produced the elimination of
withdrawal-induced CPA

Use of anterograde and retrograde
viruses to track the activation of
BLA-ventral hippocampus
projection, along with the c-Fos to
measure activation in both regions.
During the first 2 weeks after
morphine withdrawal, mice
exhibited anxiety-like behaviors, as
assessed by the EPM and OFT

Morphine-withdrawn rats
demonstrated CPA post-withdrawal.
‘Then, rats reccived injections of the
PKMU inhibitor into the BLA or the
CeA. The expression of CPA was
retested 1 day after treatment

A chemogenetic approach was used
to influence BLA-ACC projections
in a morphine withdrawal CPA
paradigm. Initial inhibition of
BLA-ACC projection neurons had
no effects on the retrieval of long-
term CPA withdrawal memory

Ina model of heroin SA followed

extinction training, rats were later

exposed to either an unconditioned

heroin stimulus (UCS) or a

conditioned stimulus (CS) just

before the extinction sessions. The
UCS inhibited the retrieval of
extinction memory and T Fos

expression in the BLA whereas the

CS had no effect

Naloxone produced | somatic signs,
while the higher dose and
motivational effects of CPA associated
with BLA c-Fos expression

Administration of antisense
Zif268 oligonucleotides produced
impairment in the CS-mediated
suppression of heroin secking

Re-exposure to withdrawal-related CS

1 the density of GABAergic neurons in

the BLA and | their density in the CeA,

indicating reciprocal and neuroplastic
response

Single-unit in vivo extracellular
recordings performed in neurons of
the NAc shell in the opiate-dependent/
withdrawn state showed neuroadaptive
1 in D1- and D2- neuronal firing
frequency

Opiate dependence and withdrawal
produce downregulation of ERK1/
2 phosphorylation and a reduction in
both total and phosphorylated
CaMKila signaling

In opiate dependent rats, DA

D3 receptor antagonist prevented the
formation of opiate reward and
withdrawal aversion memories

Optogenetic inhibition of PrL.
glutamatergic terminals produced T in
withdrawal CPA and | Arc activity in

the BLA.

Optogenetic and chemogenetic
inhibition of BLA inputs to the ventral
hippocampus, produced reductions in

anxiety-like behaviors in mice
demonstrating morphine withdrawal.

Knockdown of the kappa opiate
receptor in this circuit | anxiety-like
behaviors and blocked stress-induced

CPP reinstatement

PKM inhibitor impaired the
expression of CPA, while intra-CeA.
injection had no effect. Intra-BLA
treatment with PKMU inhibitor after
testing for morphine CPP | reward
effects after retesting

Repeated chemogenetic inhibition of
the BLA-ACC projection blocked
long-term withdrawal memory
formation and | IEG expression in
the ACC

Chemogenetic inactivation of the BLA
eliminated the inhibitory effect of UCS
extinction retrieval procedure and |
heroin seeking. Chemogenetic
activation of the BLA restored the
inhibitory effects of the UCS on
extinction retrieval via AMPA
GIuA2 receptor trafficking

BLA and other regions (CeA,
lateral septal nucleus,
hippocampus)

BLA

BLA and CeA

BLA and NAc Shell

BLA

BLA

BLA and PrL

BLA and ventral hippocampus

BLA and CeA

BLA and ACC

BLA

Expression of c-Fos in the CeA and
the BLA during withdrawal produced
variation in opposite directions.
Inhibitory BLA GABA interneurons
control the activity of BLA
glutamatergic efferent projections to
the CeA

The BLA plays a role in suppressing
opioid seeking during opiate
withdrawal and drug memories
undergo protein synthesis-dependent
reconsolidation

Opiate withdrawal memories produce
activity-dependent and reciprocal
neuroplastic changes in the BLA and
CeA involved in the aversive
conditions of opiate withdrawal

Findings suggest plasticity in
important BLA-NAc shell projections
relevant to opiate dependence and
withdrawal and indicating a switch in
dopamine receptor mechanisms

Opiate exposure state produces
functional control of BLA ERK1/2-
dependent versus CaMKlla-
dependent memory mechanisms.
Opiate withdrawal produces a switch
in signaling mechanisms

‘There are important BLA
D3 signaling pathways involved in
opiate dependence and withdrawal.
Opiate withdrawal produces a switch
in DA D3 signaling mechanisms

BLA neurons projecting to the PrL
play an important role in retrieval of
withdrawal memories and PrL
activation induces a
neuroplasticity-related feedback
process in BLA neurons relevant to
these memories

‘The BLA-ventral hippocampal
projection modulates anxiety-like and
reward behaviors during opiate
withdrawal and highlight ts potential
as a target for kappa-opioid
therapeutic interventions

Protein kinase M { (PKM) T AMPA
receptors and enhances excitatory
synaptic transmission. BLA PKMChas
role in morphine withdrawal reward
and aversion

Persistent activation of BLA-ACC
projection after the formation of early

withdrawal memory blocks the
transfer of memories to the ACC to

form long-term memories by

promoting T plasticity of these ACC
neurons

‘These findings highlight the
importance of BLA in the
reconsolidation of heroin-associated
memory after prolonged withdrawal
that involves AMPA receptor
trafficking
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Rosetti etal. (1992)

Diana et al. (1995)

Spiga et al., 2005
Diana et al. (2006)

Kasture et al,, 2009

‘Withdrawal from chronic morphine |

extracellular DA concentration in the

ventral striatum as measured by in vivo
microdialysis

Spontaneous opiate withdrawal |
neural activity of mesoaccumbens DA
neurons, as indicated by firing rate and
burst firing. Naloxone treatment
produced an even greater decrease in
DA firing and burst firing rate

Spontaneous and naloxone-induced
withdrawal resulted in a reduction in
spine density in NAc shell neurons
(Spiga)

Reductions in spine density in NAc
shell MSNs persisted for up to 2 weeks
of withdrawal before returning to pre-
treatment levels (Diana)

Reduction in spine density in the NAc
shell observed during spontancous and
naltrexone-induced morphine
withdrawal

The time course of naloxone-
precipitated morphine withdrawal
behaviors followed the time course of
hypodopaminergic neuronal output

Electrophysiological finding findings
support the hypodopaminergic
hypothesis of opiate withdrawal

Opiate withdrawal produces
reductions in NAc shell structural
plasticity that follows the behavioral
time course of withdrawal

Neuroprotective agent injections

given during repeated morphine

treatment | somatic withdrawal
behaviors and prevented the
reduction in spine density

NAc

NAc

NAc shell

NAc shell

Opiate withdrawal produces
hypodopaminergic effects associated
with somatic symptoms

Morphine withdrawal produces |
firing in DA neurons following the
time course of withdrawal which
produce dysphoria

Opiate withdrawal produces | in NAc
extracellular DA | DA cell firing and
reductions in NAc structural plasticity
that follow time course of withdrawal

Opiate withdrawal | NAc shell
plasticity associated with somatic
symptoms that was reversed by a

neuroprotective agent

Wu et al. (2013)

Wu et al. (2012)

Wu et al, 2012
(continued)

Russell et al,, 2016a

Edwards et al.
(2009)

Kong et al. (2014)

Madayag et al.

(2019)

Lefevre et al, 2023

Quetal, 2019

Prolonged morphine abstinence after
chronic treatment T intrinsic
excitability and spike adaptation in a
subtype of MSNs.
Afterhyperpolarization currents were |
after withdrawal

Chronic morphine withdrawal

potentiated glutamatergic synapses and

1 the probability of glutamate release in
MSN synapses

Chronic morphine withdrawal T MSN
excitability via inhibition of potassium
currents via extrasynaptic NMDA
receptor activation. Withdrawal
produced downregulation of
presynaptic group Il metabotropic
glutamate receptors (mGIuR2/3) and
enhanced glutamate release probability

In morphine-dependent rats, cross-
linking of NAc tissue resulted in T
surface to intracellular ratios of
GluAl which returned to control levels.
Fractionation of NAc tissue from
withdrawing rats showed a decrease in
AMPA GluA1 subunit in
synaptosomal membranes

Spontaneous withdrawal from chronic
heroin SA T protein kinase A-mediated
GluR1 phosphorylation in the NAC
shell and other regions

Following morphine SA, rats
underwent spontaneous withdrawal.
SA behavior returned after 1 and
10 days of withdrawal. Expression and
phosphorylation of GIuR1 at serine 845
(Ser845) and serine 831 (Ser831) were
examined

Chronic morphine treatment T in the
frequency of mEPSCs in D2-MSNs in
the NAc shell but not core. During
subsequent abstinence, a single re-
exposure to morphine triggered a rapid
and sustained endocytosis of GluA2-
containing AMPARS in D1-MSNs

Mice received either continuous or
discontinuous morphine treatment
over several days. The amplitude of
SEPSCs was higher in D1- and D2-
MSNs of mice treated with
discontinuous morphine. Continuous
morphine T inhibitory signaling
selectively onto D1-MSNs, while
interrupted morphine | inhibitory
input selectively onto D2-MSNs

Rats underwent repeated morphine via
CPP paradigm and then underwent
morphine abstinence. Brain slices from
abstinent mice showed enhanced spike
firing in NAc shell neurons. Morphine
abstinence | small conductance
calcium-activated potassium (SK)
currents in NAc shell neurons. SK2and
SK3 subunits in the NAc were | after
‘morphine abstinence

MSNs in the show unique
electrophysiological properties which
might contribute to morphine
withdrawal-induced
neuroadaptation

Morphine withdrawal potentiates
glutamatergic synaptic strength via T
frequency of mEPSCs, | paired-pulse
ratio and T ratio AMPAR/NMDA
receptor-mediated currents

Withdrawal from repeated morphine
exposure potentiates glutamatergic
synaptic strength and intrinsic
excitability in the NAG shell.
Pretreatment with an mGluR2/

3 agonist prevented the potentiation,
indicating the involvement of
mGIuR2/3 receptors

Administration of the AMPAR
antagonist NBQX into the NAc shell
prevented naloxone-induced CPA in

‘morphine-dependent rats

Findings highlight the involvement
of AMPA receptor neuroadaptations
in the NAc shell during opiate
withdrawal

‘The level of GluR1-Ser845
phosphorylation in the NAc
correlated with the intensity of active
SA responses after 10 days of
withdrawal

AMPA receptor blocking peptide
administered into the NAc shell
reversed endocytosis of
GluA2 receptors in D1-MSNs

Continuous morphine
administration produced
neuroadaptationsthat | the output of
D1-MSNs which are known to
mediate reward

Neuroadaptive changes in small
conductance calcium-activated
potassium channels play a role in
enhanced spike firing in the NAC
during morphine withdrawal

NAc shell

NAc shell

NAc shell

NAc shell

NAc shell and other
extended amygdala regions

NAc

NAc shell

NAc shell

NAc shell

Morphine withdrawal T MSN

excitability changes; type-specific

electrophysiological functions are

required to understand withdrawal
effects

Morphine withdrawal produces T
excitability of glutamatergic currents
in the NAC

Morphine withdrawal potentiates
MSN neuronal excitability and is
treatable with metabotropic mGluR2/
3 receptor agonist which could reduce
relapse potential during withdrawal

Morphine withdrawal involves AMPA
GluAl plasticity in the NAc shell.
Treatment with AMPA receptor
antagonist blocks the aversive effects
of opiate withdrawal

Mechanism of phosphorylation of
GluAl receptors may mediate NAc
shell neuronal changes in opioid
withdrawal

Alterations in GluA1 phosphorylation
in the NAc may contribute to the
expression of morphine-secking
behavior during prolonged withdrawal
periods

Treatable neuroplastic AMPA
receptor changes occurringin D1- and
D2-neurons in the NAc shell are
associated with morphine withdrawal

Continuous morphine which produces
opioid dependence | D1-MSN
functional outputs and which may
produce blunted reward effects and
amotivational states

Plasticity changes in small
conductance calcium-activated
potassium channels may be potential
targets for treatment during opiate
withdrawal
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Wang et al.
(2016)

Action potentials from CeA PV +

interneurons were recorded in mice

undergoing withdrawal. Membrane
excitability and the number of membrane
spikes were T in PV + interneurons, while

PV- interneurons did not display these

changes. PV + interneurons also exhibited a
1 threshold for action potential initiation

Cai et al. (2020) | Microinjection of AMPA receptor protein
into the CeA | CPA behavior induced by
naloxone-induced morphine withdrawal.
Infusion of bilateral AAV-GluAI vectors
into the CeA of rats produced the same
effect
Jiangetal. (2021) | CeA CRE neurons and morphine ensembles
(Mor-Ens) in the VTA (CRH CeA—VTA)
exhibited neuroadaptive changes following
escalating morphine doses. Changes in this
circuit mediate negative behaviors during
opiate withdrawal

Jiangetal. (2021) = CRISPR-mediated repression of CRF-RI in

(continued) neuronal ensembles in the VTA weakened
the CRF CeA—VTA inputs

Glass et al. Conditional deletion of the CeA NMDA

(2008) NRI receptor subunit gene did not affect
dendritic spine number
Shalev etal. | Footshock stress-induced reinstatement of
(2001) heroin seeking is dependent on length of
heroin withdrawal period. This
reinstatement is maximal responding

after 6 and 12 days of withdrawal from

heroin and was effective up to 66 days after
withdrawal
Dumontand | NA T GABA-A IPSCs in the VIBNST in

Williams (2004) morphine withdrawn rats. Alpha-1
antagonist (prazosin) and beta-adrenergic
antagonist (propranolol) blocked

noradrenaline-induced T in VIBNST GABA-

A IPSCs
Francesconi etal. | In long access heroin SA rats, there were
(2009) impairments of the field potential (LTP) in
the juxtacapsular BNST 1-2 weeks after
heroin withdrawal
Luster et al. Naloxone-induced withdrawal in mice |
(2020) amplitude of mIPSC currents in BNST

neurons and T mIPSC frequency. Repeated
morphine withdrawal induced sex-related
bidirectional plasticity in spontaneous
IPSCs

Mice in morphine withdrawal that reccived
optogenetic inhibition of CeA PV +
neurons exhibited | anxiety and aversive
behaviors and | CRF mRNA levels. Mice
spent | time in the open arms of the EPM
test, a | preference for saccharin, and
higher CPA scores. Activation of PV +
neurons induced negative affective-like
behaviors

Rats receiving a control vector in CeA
exhibited significant CPA behavior during
naloxone-precipitated morphine
withdrawal, while AAV-GluAL- and
AMPA receptor infusion | CPA

Deletion of this CRF CeA—VTA circuit
during withdrawal resulted in T time spent
in the open arm of the EPM and struggle

time in the TST

Repression of this circuity counteracted
negative behavioral effects, such as CPA
during opiate withdrawal

Deletion of NRI receptor gene | naloxone-
induced CPA, while somatic signs
remained unaffected in morphine-

dependent mice

Footshock T CRE mRNA levels in the CeA
and BNST of heroin-trained rats

VIBNST sends excitatory projections to
VTA and GABA-A IPSCs may inhibit this
VTA projection. In withdrawal, NA-
induced T in IBNST GABAergic
interneurons may | excitatory drive
to VTA

Neuroadaptive reductions in LTP in the
jcBNST was associated with an elevation in
heroin self-administration during
withdrawal

Repeated morphine withdrawal induced
bidirectional plasticity in spontaneous
IPSCs on BNST neurons and T GABA
release in male mice and | GABA release in
female mice

CeA CeA PV + interneurons are more excitable
during withdrawal and their activation
produces T anxiety, dysphoria, and |

motivation for natural rewards

CeA Neuroadaptive activation of
GluAl receptors in the CeA inhibits the

aversive effects of opioid withdrawal

CeA Escalating morphine treatment produces
neuroadaptive changes in the CRE
CeA—VTA circuit. This circuit mediates
anxiety and behavioral despair-like

behaviors in opioid withdrawal

CeA Repression of CRF CeA—VTA inputs |

withdrawal induced dysphoria

CeA Deletion of CeA NR1 gene T withdrawal

induced dysphoria

CeA and
BNST

Footshock stress-induced reinstatement of
heroin secking is maximal between
1-2 weeks of withdrawal and continues for
3 months. Footshock stress T CRF systems.
in the CeA and BNST and could account for
enduring SA during withdrawal

BNST BNST plasticity contributes to the
mesolimbic DA-mediated amotivational
state characteristic of opiate withdrawal.
‘This mechanism may account for some
effects of propranolol and prazosin on
withdrawal
BNST BNST LTP plasticity may contribute heroin
SA and relapse during withdrawal

BNST Neuroplasticity in the CeA =» BNST circuit
may contribute sex-related differences in

the affective component of withdrawal
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Moderator Binary category
Sex Male

Female
Race/Ethnicity White

Non-white
Drinking status Drinker

Non-drinker
Family history of alcohol problems No family history
Family history

Results from four separate two-way ANOVAs are displayed in this table.

Control AUD Edu PRS + AUD Edu Interaction

M (SD) M (SD) M (SD) F-value df P-value
7.97 (3.26) 8.14 (2.92) 10.60 (2.73) 151 2 022
7.79 (2.96) 847 (2.51) 9.40 (2.78)

8.85(2.62) 8.82 (2.70) 10.10 (3.14) 1.34 2 026
7.05 (3.16) 8.06 (2.56) 9.39 (2.55)

8.14 (2.94) 8.51(2.33) 9.56 (3.01) 112 2 033
7.40 (3.20) 8.40 (3.02) 10.00 (2.23)

7.59 (3.26) 8.63 (2.92) 9.79 (2.81) 0.94 2 0.40
8.14 (2.83) 822(232) 9.49 (2.78)
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Condition

Control

AUD Edu

PRS + AUD
Edu

Below-  Average  Above-
average PRS average
PRS PRS
M (SD) M(SD) M (SD)
248(1.04)  2.16(1.20) 223 (1.02)
245(0.93)  227(0.99)  2.41(0.80)
2.82(0.96)  2.78(0.99)  2.67 (0.95)

F-test

F(1.9,201.4)
=5.09p < 001
F (2,206) = 2.55;

p=0.08
F(2,220) =2.22;
p=0.11

Four items were included to assess understanding of each PRS. Items were scored as

correct or incorrect and summed to create a sum score for each scenario. Range = 0-4.

PRS, polygenic risk score.
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adeno-associated virus
ACC anterior cingulate cortex

AMPA  alpha-amino-3-hydroxy-5-methyl-d-isoxazolepropionic acid
BLA basolateral nucleus of the amygdala

BNST  bed nucleus of the stria terminalis

CaMKIla ~calcium/calmodulin-dependent protein kinase Ila

CB1 cannabinoid receptor subtype

CeA central nucleus of the amygdala

CRF corticotrophin-releasing factor

CPA conditioned place aversion

cpp conditioned place preference

CRISPR  clustered regularly interspaced short palindromic repeats of genetic
information

cs conditioned stimulus

D1 dopamine receptors, type 1

D2 dopamine receptors, type 2

D3 dopamine receptors, type 3

DA dopamine

DFosB  deltaFosB immediate-carly gene
EPM elevated plus maze
ERK extracellular signal-regulated kinase

GABA  gamma-aminobutyric acid

GAD glutamatic acid decarboxylase
GLU glutamate

GluA AMPA receptor subunit

HPA hypothalamic-pituitary-adrenal axis
HR high reactivity rats

IEG immediate-early gene

IPSCs inhibitory postsynaptic currents

jcBNST  juxtacapsular BNST

LC locus coeruleus
LR low reactivity rats
LTP long-term potentiation

mEPSCs  miniature excitatory postsynaptic currents
mGR  metabotropic glutamate receptors
Mor-Ens  morphine ensembles

MSN medium-spiny neurons

NAc nucleus accumbens

NBQX  2,3-dioxo-6-nitro-7-sulfamoyl-benzo [flquinoxaline, an AMPA receptor
antagonist

NE norepinephrine

NMDA  N-methyl-D-aspartate

NR1 NMDA receptor subunit
OFT open field test

ouD opioid use disorder
PAG periaqueductal gray

PKM{ protein kinase M{

PrL prelimbic cortex
PVN parvalbumin neurons

rAAV recombinant adeno-associated virus
SA self-administration

SEPSCs  spontancous excitatory postsynaptic currents

SK small conductance calcium-activated potassium channels
ST tail suspension test
ucs unconditioned stimulus

vBNST  ventral BNST

VTA ventral tegmental area
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r-values Avg. weekly CU Years consuming

(p-values)

BrainAGE score =0.20 =027 —0.28 =0.02 0.28
(p=0173) (p=0062) (p=0056) (p=0455) (p=0025)

Two-tailed partial correlation analyses for the CUD cohort between individual BrainAGE scores and behavioral-clinical variables and one-tailed partial spearman correlation analysis for the
CUD cohort between individual BrainAGE scores and the ‘dose-effect Sex and age at scan were included as covariates of no interes, Individual correlation coeficents 7 and respective value of
psare presented in the table. Bold lttes indicate satistical sgnificance defined s p<0.05. Avg. average; BCST, Berg’s card sorting test; BIS, Barratt impulsiveness scale; BrainAGE, brain age
gap estimation; CCQ, cocaine craving questionnaire; CU(D), cocaine use (disorder).
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/ l

Control

Eligible Participants
through PsychSONA
n =477

v

Randomization

Email Invitations Sent
n =158

v

AUD Edu

v

Email Invitations Sent
n =153

I\

PRS + AUD Edu

Consent Provided
n=122

no response n = 36

v

Email Invitations Sent
n =166

v

Consent Provided
n=117

no response n = 36

v

Completed Surveys
n =111

partial completions n = 11

v

Consent Provided
n =132

no response n = 34

v

Completed Surveys
n =111

partial completions n = 6

v

Analytic Sample
n =109

excluded n = 2

’

Completed Surveys
n=116

partial completions n = 16

Analytic Sample
n =105

excluded n = 6

v

Analytic Sample
n =111

excluded n = 5
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Demographic characteristic

Age
Mean (SD)
Sex assigned at birth, # (%)
Male
Female
Race/Ethnicity, n (%)
American Indian/Alaska native
Asian
Black/African American
Hispanic/Latino
More than one race
Native Hawaiian/Other Pacific Islander
White
Unknown
Race/Ethnicity (Binary), n (%)
White
Racial/Ethnic minority
Previous AUD Diagnosis, 1 (%)
Yes
No
Don’t know
Alcohol use, 1 (%)
Yes
No
Family history of alcohol problems, 7 (%)
Yes
No
Extraversion
Mean (SD)
Neuroticism
Mean (SD)
Sensation seeking

Mean (SD)

Control
(n=109)

18.85 (1.25)

41 (37.6)
68 (62.4)

0(0.0)
20 (18.5)
24(22.2)

4(3.7)

8(7.4)

1(0.9)
51 (47.2)

0(0.0)

51 (47.2)
57 (52.8)

0 (0.0)
109 (100.0)

0 (0.0)

59 (55.7)
47 (44.3)

53 (48.6)
56 (51.4)

2.05 (1.02)

2.22 (1.01)

1.73 (0.77)

AUD Edu
(n=105)

19.06 (2.66)

29 (27.6)
76 (72.4)

1(1.0)
21 (20.2)
24 (23.1)

7(6.7)

7(6.7)

0 (0.0)
44 (42.3)

0 (0.0)

44 (42.3)
60 (57.7)

2(1.9)
102 (98.1)

0 (0.0)

67 (65.7)
35 (34.3)

55 (52.9)
49 (47.1)

2.08 (1.13)

2.24 (0.86)

1.83 (0.65)

PRS + AUD
Edu (n=111)

18.89 (1.25)

26 (23.6)
84 (76.4)

0 (0.0)
19 (17.4)
30 (27.5)

8(7.3)

7 (6.4)

0 (0.0)
45 (41.3)

0 (0.0)

45 (41.3)
64 (58.7)

1(0.9)
109 (98.2)

1(0.9)

78 (71.6)
31 (28.4)

55 (50.0)
55 (50.0)

2.27 (1.12)

2.25 (0.98)

1.83 (0.68)

Total
(n=325)

18.93 (1.82)

96 (29.6)
228 (70.4)

1(0.3)
60 (18.7)
78 (24.3)
19 (5.9)
22 (6.9)

1(0.3)

140 (43.6)

0(0.0)

140 (43.6)
181 (56.4)

3(0.9)
320 (98.8)

1(0.3)

204 (64.4)
113 (35.7)

163 (50.5)
160 (49.5)

2.13 (1.09)

2.24 (0.95)

1.8 (0.70)

F/X?
(P-value)

0.38 (0.69)

5.43 (0.07)

7.50 (0.82)

0.88 (0.64)

4.07 (0.40)

6.04 (0.05)

0.40 (0.82)

1.34(0.26)

0.02 (0.98)

0.69 (0.51)

Bonferroni corrected significance threshold p < 0.05/10 = 0.005. Statistical information presented in the last column of the table assess differences across the three study conditions.
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Item Correct Responses Control AUD Edu PRS + AUD Edu

response
n % n % n %
A genetic risk score:
Includes only some of the genetic factors that can contribute to True True 48 44.0 66 62.9 69 62.2
risk for the condition False 14 15.6 9 8.6 17 15.3
Don’t know 44 40.4 30 28.6 25 225
Shows that your lifestyle and environment play no role in False True 13 119 13 12.4 12 10.8
whether you develop the condition False 60 55.1 65 61.9 86 775
Don’t know 36 33.0 27 25.7 13 11.7
Below-average genetic risk score:
You have a lower chance than the average person to develop Agree Agree 94 87.0 89 84.8 100 90.1
alcohol use disorder Disagree 5 46 8 7.6 6 54
Don’t know 9 83 8 7.6 5 4.5
You will definitely develop alcohol use disorder Disagree Agree 1 0.9 2 1.9 3 2.7
Disagree 88 81.5 92 85.7 100 90.1
Don’t know 19 17.6 13 12.4 8 1.2
You have a chance of just over 30% to develop alcohol use Disagree Agree 79 732 84 80.0 70 63.1
disorder Disagree 15 13.9 12 114 33 29.7
Don’t know 14 13.0 9 8.6 8 72
You will definitely NOT develop alcohol use disorder Disagree Agree 15 14.0 16 15.2 11 9.9
Disagree 70 65.4 66 62.7 80 72.1
Don’t know 22 20.6 23 21.9 20 18.0
Average genetic risk score:
You have a similar chance as the average person to develop Agree Agree 77 70.6 77 74.0 89 80.2
alcohol use disorder Disagree 16 14.7 17 16.4 14 12.6
Don’t know 16 14.7 10 9.6 8 7.2
You will definitely develop alcohol use disorder Disagree Agree 18 16.7 13 12.4 10 9.0
Disagree 67 62.0 72 68.6 93 83.8
Don’t know 23 21.3 20 12.4 8 7:2
You have a chance of just over 50% to develop alcohol use Disagree Agree 75 68.8 80 76.2 69 62.2
disorder Disagree 19 17.4 17 16.2 33 29.7
Don’t know 15 13.8 8 7.6 9 8.1
You will definitely NOT develop alcohol use disorder Disagree Agree 6 55 10 9.5 2 1.8
Disagree 73 67.0 72 68.6 94 84.7
Don’t know 30 275 23 218 15 13.5
Above-average genetic risk score:
You have a higher chance than the average person to develop Agree Agree 93 85.3 87 83.7 97 87.4
alcohol use disorder Disagree 8 7.3 13 125 8 7.2
Don’t know 8 7.3 4 3.9 6 5.4
You will definitely develop alcohol use disorder Disagree Agree 34 31.5 29 27.9 29 26.1
Disagree 54 50.0 70 67.3 75 67.6
Don’t know 20 185 5 4.8 7 6.3
You have a chance of just over 75% to develop alcohol use Disagree Agree 84 77.1 83 79.8 73 66.4
disorder Disagree 15 13.8 16 15.4 31 28.2
Don’t know 10 9.2 5 4.8 6 5.5
You will definitely NOT develop alcohol use disorder Disagree Agree 8 7.3 14 13.5 9 8.1
Disagree 81 74.3 78 75.0 93 83.8
Don’t know 20 18.4 12 11.5 9 8.1

Boldface text indicates the correct response to the item, as well as the 7 (%) of that correct response in each of the three conditions.
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Condition Mean (SD) F-test

Control 7.86 (3.06)? F (2,322) = 11.96; p < 0.0001
AUD Edu 8.38 (2.62)P
PRS + AUD Edu 9.67 (2.79)%P

Values that share a superscript are significantly different (adj. p < 0.01). *Refers to
significant differences between the control condition and the PRS + AUD Edu condition.
PRefers to significant differences between the AUD Edu condition and PRS + AUD Edu
condition. Fourteen items were used to assess understanding of hypothetical polygenic
risk scores for alcohol use disorder. Items were scored as correct or incorrect and

summed to create an overall sum score. Range = 0-14.
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N

Mean (SD)
Median
Percentiles 25,75

Min, max

Baseline

140
6.9(2.09)

58
0,10

12 months

139
27(251)
2
05
0,9

P-value

<0.0001
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Overall Baseline (%) 12 months (%) P-value

27.14% 74.29% <0.0001
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N
Mean (SD)
Median
Percentiles 25,75

Min, max

Value (mg/day)

140
123.9 (65.58)
120
80,150
20,400
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Patients with CUD (n =74) HC (n = 62)

Mean SD
Sex (male/female) 6519 5111 0.54
Age (years) 310 %73 306 +83 077
BCST (total errors)’ 526 +192 40.7 £199 0.003
€CQn=71) 1421 442 N/A
BIS' 612 +154 450 +149 <0.001
Years consuming cocaine
9.1 68 N/A

(n=68)
Average weekly cocaine dose:

il 1-4 grams N/A
(n=69)"

. 64 patients with CUD, , median.
BCST, Berg’s card sorting test; CCQ, cocaine craving questionnaire, CUD, cocaine use disorder; HC, healthy controls; N/A, not applicable; D, standard deviation.
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Variables 95% Cl (Bagy) Collinearity statistics

Low limit ~ High limit ~ Volume Variance inflation factors

Age -0.005 -0313 | -L15 | 026 -0873 0247 0102 9.815
Marital Status 0.005 0029 | 030 0.76 -0.170 0229 0.802 1247
Years of education ~0.008 -0.181 | -187 0.07 -0.381 0.019 0.801 1.249
Monthly income L azmcic 007 | osa 0.60 -0.161 o oes | 1482
Smoking 0.001 0002 | 002 0.98 -0.185 0.190 0.908 1101
Drinking -0010 -0051 | -053 | 060 -0249 o oms 1226
Frequency in the last year® | ooos -0083  -061 055 -0.366 0.199 0.400 2.503
7 Frequency in the last month® | oo o108 | 070 | o0 -0212 o0 o 3216
Dose per month S8.11x10° | -0020 | -0.15 = 088 -0295 0254 0425 2355
Age of the subjects at the first use 0.004 0304 | 118 025 -0227 0836 0113 8.845
Months of methamphetamine use | 0.001 -009 = 095 035 ~0.305 0113 0733 1365
Months of withdrawal | oon -0858 | -850  <0.001% ~1.065 ~0650 0o 1353

Notet a: ;= Adjusted normalization factor; b: “Last Year” or “Last Month” means the last year or month before the methamphetamine withdrawal population entered Pingtang Isolation and
Ecmpalieary: Birag Balabiliiation Cantee, Depsndsnt vaisibli: the fanctions] connsctiviiy: bubween: the It Mxfocal snoypdibs-and the Joft swsecinr tempeeal prms:
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Cerebral hemisphere Cluster size (voxels) MNI® coordinate Overlap (%) Label include

Left 633 388 -48 -36 9 12 Superior temporal gyrus
18 Middle occipital gyrus
17 Middle temporal gyrus
10 Inferior occipital gyrus
6 Inferior temporal gyrus
4 Fusiform gyrus
3 Rolandic operculum
2 Cerebellum_Crusl

Note:

'MNI, Coordinate = Montreal Neurological Institute Coordinate.
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Methamphetamine long-term abstait 38) Range
‘ Age of the subjects at the first use 2592 + 6.89 15-39
"Months of methamphetamine use s 20
" Frequency in the last year* 208 + 108 1-4
‘ Frequency in the last month* 200 + 123 1-4
‘7 Dose per month (g) 24.58 £ 25.12 1-90
 months of withdraval 19.16 + 255 14-25

B

=t Mo issrathe it vear o it bk the riathampietunans loug s absinants sotunl Dipting Rl iad Cosipeosy Dit Riliblistse Cantor
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Healthy control group

Methamphetamine long-term abstainers

(n = 40)
Age 3438 £ 758 3255 £ 6.69 112 026
Years of education 9.65 £ 234 884218 158 012
Monthly income before entering rehab (¥) 4,090.00 + 2,460.85 4257.89 + 3,28721 026 080
Marital Status
Married 32 (80.0%) 10 (263%) 2657 <0001
Unmarried 8 (20.0%) 23 (60.5%)
7 Divorce 0 5 (13.2%)
Number of smokers* (percentage) 38 (95.0%) 37 (97.4%) 030 059
 Number of people who ever used alcohol® (percentage) ) 14 (36.8%) 371 005

Note: a For the purposes of this study, “smokers” were defined as people who had ever used cigarettes, healthy controls were asked to have not used cigarettes for 48 h, while abstainers had no
access to cigarettes. b: For the purposes of this study, healthy controls were asked to have a score of less than 4 on the Alcohol Use Disorders Identification Test-Concise and to refrain from

drinking alcohol for 48 h, while abstainers had no access to alcohol.
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Variable

Race/Ethnicity
Hispanic

Non-Hispanic Black

Non-Hispanic White

Marital status

Married or common law

Separated, divorced, or widowed

Never married

Education

Less than high school

High school or equivalent

Some postsecondary education

Employment in 8 months prior to treatment entry
Full-time

Part-time

Not working

SUD diagnosis

Alcohol use disorder (AUD)

Drug use disorder (DUD)

AUD and DUD

Substances used in §months prior to treatment entry
(Meth)amphetamines

Marijuana

Alcohol to intoxication

Cocaine/Crack

Opiates (except heroin)

Other drugs

Top six specific life traumatic events

Incarceration

Being homeless

Serious money problems (not enough money for food, rent)
Incarceration of close family member

Emotional abuse or neglect

Age

Frequency (%)

141 (58.5)
50(20.7)
50(20.7)

17(7.1)
45(187)
179.(743)

115 (47.7)
67(27.8)
59(245)

33(13.7)
30(124)
178(73.9)

23(9.8)
180 (76.6)
32(13.6)

187 (77.6)
136 (56.4)
120 (49.8)
33(13.7)
21(87)
49(203)

202(83.8)
186 (77.2)
185 (76.8)
170 (705)
165 (68.5)
Mean (SD)
3211(88)
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ROI

Left hemisphere

Lateral occipital cortex 297 0026
Superior frontal gyrus 292 0026
Rostral middle frontal 291 0026
gyrus

Precuneus cortex 276 0027
Pars triangularis 252 0.040
Inferior parietal cortex 239 0.049
Caudal middle frontal 235 0,049
gyrus

Right hemisphere

Rostral middle frontal 306 0026
gyrus

Inferior parietal cortex. 297 0026
Cuneus cortex 290 0026
Superior frontal gyrus 282 0027
Precuneus cortex 276 0027
Lingual gyrus 254 0042
Precentral gyrus 234 0.049
Banks superior temporal 234 0049
suleus

FDRc, false-discovery rate correcteds; RO, region of interest.
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T Mean Effect Valueofp LLCI
mindfulness

Low mindfulness 6372 001 p<O00ITHE 004
Average mindfulness 7700 006 0.008** 002
High mindfulness 8828 001 0.583 ~0.04

ULCI

017
0.10
0.07

##p<0.01; **p<0.001; LLCI, 95% lower-level confidence interval; ULCI, 95% upper-

level confidence interval,
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Emotion Dysregulati

Limited access to emotion
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