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Neurofilament Light Chain as a Biomarker for Monitoring the Efficacy of Transcranial Magnetic Stimulation on Alcohol Use Disorder
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Objective: This study assessed the effects of repetitive transcranial magnetic stimulation (rTMS) of the left dorsolateral prefrontal cortex (DLPFC) on serum neurofilament light chain (NfL) levels, alcohol consumption, craving, and psychological impairment in participants with alcohol use disorder (AUD).

Methods: Participants with AUD were randomly assigned to receive one of two treatments (active or sham rTMS). All participants received 10 daily active or sham rTMS sessions over the left DLPFC for 2 weeks, with follow-up visits at baseline and immediately after the completion of the treatments. Serum samples were obtained before and after the intervention. Days of heavy drinking, visual analog scale (VAS) scores, and mental health component scores (MCSs) of the Medical Outcomes Study 36-Item Short Form Health Survey were used to assess the effects of rTMS.

Results: Active rTMS had a significant effect on reducing days of heavy drinking, alcohol craving, and serum NfL levels, and improved social functioning and mental health. The improvement with active rTMS was significantly greater than that with sham rTMS. Correlation analysis revealed that the reduction in the baseline drinking level was positively correlated with declines in the VAS and NfL levels but not with psychological scores.

Conclusion: Repetitive transcranial magnetic stimulation of the left DLPFC was associated with reducing alcohol consumption and craving in patients with AUD and positively impacted neuropsychological and social function. Serum NfL levels may be useful as an early serological indicator of alcohol-induced brain injury.
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INTRODUCTION

Alcohol is the most widely used psychoactive substance. However, alcohol use disorder (AUD) can be extremely harmful to humans. In the Diagnostic and Statistical Manual for Mental Disorders, 5th edition (DSM-V; American Psychiatric Association, 2013), AUD is defined as a pattern of alcohol consumption that results in problems associated with two or more of eleven potential symptoms of AUD. AUD is a substantial public health issue (Grant et al., 2015). Based on data from the World Health Organization, AUD is one of the top five leading causes of death and disability worldwide (Peacock et al., 2018). It is a chronic relapsing brain disease that is highly comorbid with several mental health conditions, including depression, anxiety, and personality disorders (World Health Organization [WHO], 2019a). Excessive drinking can impair social cognition in drinking individuals, which can cause social function impairment (World Health Organization [WHO], 2019b). One or more of these problems may cause either a failure in alcohol withdrawal or the development and maintenance of alcohol addiction (Foster et al., 1999). Abstainers are likely to resume drinking to relieve anxiety, depression, and other negative emotions. Investigators have reported negative emotions (e.g., depression and anxiety) or social stress account for about 70% of relapse cases after abstinence (Zywiak et al., 2003). Improving the mental health of individuals with AUD may help maintain abstinence and prevent relapse. Therefore, one or more effective, acceptable, and safe methods are urgently needed to solve these problems in the AUD population.

Only three drugs have been approved by the United States Food and Drug Administration (FDA) to treat AUD; other drugs were approved in Europe (nalmefene in Europe by EMA, sodium oxybate by AIFS in Italy and by AGES in Austria and baclofen by ANSM in France). However, the adverse effects of pharmacological treatments cannot be ignored (Akbar et al., 2018). Neuromodulation techniques are expected to bring new hope for developing novel treatments for AUD (Witkiewitz et al., 2019). In recent years, great progress has been made to understand the central mechanisms underlying alcohol addiction (Costardi et al., 2015). However, translating knowledge into evidence-based clinical practice is urgently needed (Ekhtiari and Paulus, 2016). In recent reviews, repetitive transcranial magnetic stimulation (rTMS) has been considered a promising treatment strategy for AUDs (Ekhtiari et al., 2019; Philip et al., 2020; Turco et al., 2020; Antonelli et al., 2021). However, a consensus has not been formulated because of methodological differences among the studies (Costardi et al., 2015). Substance-dependent individuals are prone to craving and drug-seeking behavior caused by substance-related cues. This behavior may occur because of impaired executive control and limbic system function caused by abnormal activity in multiple parts of the prefrontal lobe-striatum circuit (Hanlon et al., 2015).

It is widely accepted that the dorsolateral prefrontal cortex (DLPFC) is a major target brain region in AUD; the choice between the left and the right DLPFC remains controversial and requires further in-depth investigations (Zhang et al., 2019). However, rTMS has been approved by the FDA as an alternative treatment for severe depression (Perera et al., 2016). Strong evidence from research supports the effectiveness of high-frequency TMS treatment of the left DLPFC in depression (Lisanby et al., 2009; Schutter, 2009; George and Post, 2011; Solvason et al., 2014). In addition, some scholars have found a mechanistic link between excessive right DLPFC activity and the expression of physiological anxiety (Balderston et al., 2020). Therefore, whether the left DLPFC can be the main target of rTMS therapy in AUD patients with anxiety, depression, and other psychological problems is worth further discussion.

Heavy chronic or binge alcohol exposure can cause severe adverse effects on brain structure and function. It has been reported that white matter volume is significantly reduced in the brains of long-standing heavy alcoholics (Kril et al., 1997). Furthermore, excessive alcohol consumption can also cause neuroinflammation, toxicity, and synaptic dysplasia (de la Monte and Kril, 2014). Neurofilaments [which consist of neurofilament heavy chain (NfH), neurofilament medium chain (NfM), and neurofilament light chain (NfL)], are intermediate filaments of the cytoplasmic scaffold that make up the axon cytoskeleton (Fuchs and Cleveland, 1998). Recent studies suggest that axonal injury or degeneration in central nervous system diseases increases NfL concentrations in the cerebrospinal fluid and blood (Li et al., 2019; Lin et al., 2019; Olsson et al., 2019). In several inflammatory, neurodegenerative, traumatic, and cerebrovascular conditions, NfL levels in the cerebrospinal fluid and blood increase in proportion to the extent of axonal injury (Khalil et al., 2018). Compared to standard magnetic resonance imaging (MRI) and the relapse rate, NfL measurement may provide a more sensitive and accurate picture of the extent of ongoing axonal damage in normal-appearing white matter (Tallantyre et al., 2010). Investigators have observed that the repeated detection of NfL in peripheral blood to detect axonal injury may be a new method to monitor disease activity and treatment effects in multiple sclerosis (Novakova et al., 2017). In a previous study by our research team, we found that individuals with AUD had higher NfL levels than healthy controls (Li et al., 2021); however, relevant reports are lacking regarding whether the detection of NfL can be used as a biomarker for monitoring the response to therapy in AUD.

This study evaluated the efficacy of applying rTMS on the left DLPFC to treat participants with AUD. We also measured the expression of serum NfL in individuals with AUD and evaluated the alteration in alcohol consumption, craving, and psychological impairment before and after treatment.



MATERIALS AND METHODS


Study Design

This study was a double-blind, randomized, controlled trial conducted at the First Affiliated Hospital of Zhengzhou University (Zhengzhou, Henan Province, China). Participants received 10 daily rTMS sessions over the left DLPFC for 2 weeks with a follow-up visit immediately after the completion of the treatments, including assessment of self-reported alcohol consumption and craving, psychological health, and NfL levels. The First Affiliated Hospital of Zhengzhou University Institutional Review Committee approved all research procedures. All participants or their guardians provided written informed consent.



Participants

We enrolled 48 individuals with a history of heavy drinking in this clinical trial between March 2019 and October 2021. Recruitment relied on public media advertisements, online postings, and word-of-mouth with the inclusion and exclusion criteria (Table 1).


TABLE 1. Study inclusion and exclusion criteria.
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Screening, Randomization, and General Procedures

Participants who met the selection criteria were first interviewed and were required to sign an informed consent form. The assessments included age, sex, medical history, physical examination, TMS adult safety screening questionnaire, and contraindications to TMS and MRI. In addition, we gave each participant a free high-resolution MRI scan. A randomization list was generated from randomly arranged blocks, and participants were assigned to one of two treatments (active rTMS or sham rTMS) in the order in which they entered the study. The participants were assigned to the two groups in a 2:1 (active:sham) ratio.



Transcranial Magnetic Stimulation Procedures

As this study evaluated the feasibility, safety, and tolerability of TMS in the treatment of AUD, all participants were asked to abstain from alcohol and record any new or increased discomfort throughout the treatment.


Determining the Resting Motor Threshold

The resting motor threshold (rMT) was determined for all participants before the 1st and 6th TMS treatments. rMT refers to the minimum stimulus intensity required to generate a motor-evoked potential exceeding 50 μV in at least five of 10 consecutive trials at rest (Rossini et al., 2015). The coils were placed in the motor cortex and fine-tuned until each pulse induced an isolated abduction of the right thumb. The intensity of the magnetic pulse was adjusted until the minimum intensity that generated thumb movement occurred 50% of the time (Ziemann and Hallett, 2000).



Targeting of the Left Dorsolateral Prefrontal Cortex

Repetitive transcranial magnetic stimulation was delivered using a CCY-2 Magstim Rapid device (Yiruide Medical Equipment Company Ltd., Wuhan, Hubei, China) with an air-cooled figure-8 coil with the handle pointing backward. The motor cortex target (M1) is the position of the coil that we used for the rMT assessment. To determine the approximate position of the left DLPFC, we moved the TMS coil 6 cm in front of the M1 region along a line parallel to the sagittal line (Herbsman et al., 2009; George and Post, 2011). After the first visit, we used the MagVenture TMS reduction cap (MagVenture, Inc., Alpharetta, GA, United States) to copy the treatment site when the participants visited.



Active Repetitive Transcranial Magnetic Stimulation Procedure

Participants received 10 sessions of high-frequency rTMS treatment on the left DLPFC five times weekly. Treatment was standardized at 80–110% of the rMT, at 20 pulses per second (20 Hz) for 5 s, with an inter-train interval of 15 s. Treatment sessions lasted for 10 min with 2,000 pulses per session. The treatment parameters for this study were based on previously published data on craving reduction by using rTMS (Herremans et al., 2013, 2015; Ceccanti et al., 2015; Girardi et al., 2015).



Sham Repetitive Transcranial Magnetic Stimulation Procedure

We used a device consisting of a coil that looked and sounded similar to the rTMS coil and a transcutaneous electrical nerve stimulator (TENS) device. The TENS device produced a small amount of electrical stimulation on the scalp below the hairline to simulate a response to effective rTMS (Borckardt et al., 2008). Active rTMS was provided free of charge to all sham rTMS participants at the end of the follow-up period.



Assessment Procedures

Participants were assessed at baseline (T0) and immediately after the last rTMS session (T1). The assessment included alcohol consumption, craving, and psychological health. The participants and evaluators were blinded to the rTMS stimulation condition.




Assessment Instruments


Alcohol Consumption and Craving

Participants were asked to record their alcohol intake by using self-reports. The records included the type and number of alcoholic beverages consumed each day in the previous week, the number of days consumed, the amount of alcohol contained in each glass, etc., to calculate the number of standard alcoholic beverages consumed on a given day. Finally, heavy drinking days per week were calculated (heavy drinking was defined as ≥4 drinks per occasion for women and ≥5 drinks per occasion for men). When using the visual analog scale (VAS), participants were asked to mark a position on a continuous line between two endpoints that represented their degree of agreement with the statement. In this study, drinking cravings were represented using two endpoints (no drinking cravings:0, and very strong drinking cravings:10) at the time of the evaluation.



Psychological Health

The Medical Outcomes Study 36-Item Short Form Health Survey (SF-36) (Ware and Sherbourne, 1992) was developed by the Boston Institute of Health (Boston, MA, United States) and was included in the International Quality Of Life Assessment Project in 1991. The Mental Health Component Score (MCS; Ware et al., 1994, 1995) from the Chinese version of the SF-36, translated at the Department of Social Medicine in Zhejiang University, was used to assess the participants’ social and psychological conditions. The MCS consists of four subscales: vitality, social functioning, role-emotional, and mental health; scored from 0 to 100, with higher scores indicating better overall mental health functioning. It has been verified by the data source and is considered to have excellent reliability (Jenkinson et al., 1997).




Neurofilament Detection

Fasting blood samples were obtained on the morning of the first TMS treatment day pre-intervention. For the post-intervention assessment, serum was collected 10 weeks after the last intervention. Peripheral blood samples were obtained by venipuncture during the clinical assessments. Serum was obtained by the centrifugation of blood samples at 200 × g for 20 min. The supernatants were collected into 1.5-mL polypropylene tubes, and the samples were transported on dry ice. The concentration of NFL was detected by Guangzhou KingMed Diagnostics Group Co., Ltd., (Guangzhou, China) using Simoa assay (Quanterix Co., Billerica, MA, United States), as previously described in detail elsewhere (Rohrer et al., 2016). All measurements were conducted by laboratory technicians who were blinded to the clinical data.



Statistical Analysis

All data were analyzed using SPSS (version 22.0; IBM, Armonk, NY, United States). The normality of the data was examined using histograms and the Shapiro–Wilk test. Baseline demographic characteristics and other characteristics of the two groups were assessed using the Wilcoxon test, t-test, chi-squared test, or Fisher’s test, based on whether the data conformed to a normal distribution or not. The independent sample t-test or the Mann–Whitney U test was used to compare the observation indicators between the two groups at the same time point, and the paired sample t-test or paired Wilcoxon test was used for pairwise comparisons in the two groups at different time points. Correlation analysis was conducted using Spearman’s correlation. A value of p < 0.05 was statistically significant. Most of the data are presented as mean ± standard deviation (SD). The serum NfL levels were not normally distributed. Therefore, non-parametric tests were used for comparison, and the results were recorded as median and interquartile range.




RESULTS


Demographics and Clinical Characteristics

Forty-eight participants were screened as eligible for the study and agreed to participate. The participants were randomly divided into two groups: 31 participants were allocated to the active rTMS group, and 17 to the sham rTMS group. Three participants withdrew their consent and quit the study. Thus, 45 participants concluded the rTMS sessions: 30 in the active rTMS group and 15 in the sham rTMS group. The mean age of the registrants was 48.9 ± 10.9 years, and most were male (n = 44, 97.8%). All participants were Chinese.



Baseline Group Differences

No significant differences existed between the treatment and control groups in baseline demographics and clinical characteristics (Table 2). In addition, the mean mental health summary scale of the alcohol-dependent patients was lower than the China population norm (Li et al., 2001).


TABLE 2. Demographics and clinical characteristics at baseline.
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Primary Outcome Analyses


Safety and Tolerability of Repetitive Transcranial Magnetic Stimulation

No participant who received rTMS experienced serious adverse medical events. Only two patients reported mild headaches, which worsened after treatment and resolved spontaneously after a few hours. No participant dropped out because of severe adverse effects or an inability to tolerate treatment.



Days of Heavy Drinking

We compared the average number of days of heavy drinking per week in the previous 2 weeks at baseline with the average number of days of heavy drinking per week at the end of treatment. Both groups showed a decrease from the baseline level, with a more significant decrease in the treatment group (p < 0.01) and a slight decrease in the control group (p = 0.04). The reduction was significantly greater in the treatment group than in the control group (p < 0.01) (Table 3).


TABLE 3. Changes in clinical outcomes for participants receiving active repetitive transcranial magnetic stimulation (rTMS) compared with those receiving sham rTMS.
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Alcohol Craving

The VAS scores were significantly lower after treatment than at the baseline in the treatment group (p < 0.01), but no significant changes occurred in the control group (p > 0.05). At the end of treatment, the VAS score was significantly lower in the treatment group than in the control group (p < 0.01) (Table 3).



Serum Neurofilament Light Chain

After the intervention, the serum NfL levels in the treatment group were significantly lower than the levels at baseline (p < 0.01), and the serum NfL levels in the control group were also slightly lower than those at baseline (p = 0.02). The decrease in serum NfL levels was significantly greater in the treatment group than in the control group (p < 0.01) (Table 3).



Improvements in the Mental Health Component Score

Regarding the overall summary scales, the active rTMS group improved significantly more than the sham rTMS group in the mental component summary scales from baseline to the end of the study period (p = 0.005) (Table 3). In the individual scales, active rTMS resulted in a significantly greater improvement from baseline in the social functioning scale (p = 0.007) and the mental health scale (p = 0.0013) than the sham rTMS group. No significant improvement occurred in the vitality or role-emotional scales in either group; thus, no significant differences existed between the scores at the end of the study and baseline (Figure 1).
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FIGURE 1. Change in mental health component score (MCS) for active repetitive transcranial magnetic stimulation (rTMS) group compared with sham rTMS group.




Correlation Between Drinking Patterns and Other Clinical Outcomes

To determine whether changes in drinking patterns could affect other clinical outcomes, we analyzed the correlation between the change in the percentage of heavy drinking days and changes in NfL levels, vitality, social functioning, role-emotional, mental health, and MCS scores. The reduction from the baseline drinking level was positively correlated with the decline in the VAS and NfL levels. However, these reductions were not correlated with vitality or social functioning, role-emotional, mental health, and MCS scores (Table 4).


TABLE 4. Change in drinking pattern in relation to changes in clinical outcomes following treatment.
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DISCUSSION

This study, we assessed the effects of rTMS of the left DLPFC in participants with AUD on serum NfL, alcohol consumption, craving, and psychological impairment. We found that, compared to sham rTMS, active rTMS significantly reduced the number of days of heavy drinking, alcohol craving, serum NfL levels, and improved social functioning and mental health. In addition, the reduction from the baseline drinking level was positively correlated with the declines in VAS score and NfL levels, but not with psychological scores.

Alcohol use disorder is a complex phenomenon with an array of causes and consequences that may affect several aspects of personal life, such as work, relationships, and mental health, and it increases the risk of other problems such as brain damage (Dupuy and Chanraud, 2016). AUD is, unfortunately, a very common disorder in China and around the world. Therefore, the prevention and treatment of AUD is an important public health problem that needs to be solved urgently. These symptoms may be closely associated with dysfunction of the frontocerebellar circuit caused by excessive alcohol consumption (Rogers et al., 2012; Terraneo et al., 2016). TMS is a non-invasive method that allows the magnetic field generated by the coil to effectively pass through the electrically insulated skull, thereby allowing magnetic stimulation to induce an intracranial current in the underlying brain tissue. Reports have indicated that high-frequency rTMS therapy of the left DLPFC can reduce cocaine use and craving levels in patients with cocaine use disorder (Terraneo et al., 2016). The effect of TMS on DLPFC has also been demonstrated in heroin (Liu et al., 2020), methamphetamine (Su et al., 2017) and nicotine (Pripfl et al., 2014) users. Some scholars believe that this phenomenon may be related to the fact that high-frequency rTMS of the left DLPFC can promote neural remodeling of the addiction circuitry (Diana et al., 2017). Interestingly, some researchers have applied this technique to pathological gamblers, considered patients with mental disorders and altered emotional processes (Maniaci et al., 2017) to observe its effect on cue-induced craving (Sauvaget et al., 2018). In addition to the application of TMS in addiction diseases, it also plays an important role in the application of more diseases. The use of TMS in pregnant women with depression is particularly important given the limitations that gestation may have on the tolerability and clinical effectiveness of medications (Hızlı Sayar et al., 2014). It is expected to be more widely used in pregnant women with conditions such as multiple sclerosis (Cuello et al., 2019) and other diseases.

Globally, a high percentage of women consume alcohol during pregnancy (Mårdby et al., 2017), jeopardizing the development of the offspring (Anderson et al., 2014). The teratogenic effect of fetal alcohol exposure is well known. It may lead to potential problems, instantly after birth, at infancy, or even later, and mental impairment in life (Hepper et al., 2005). Similarly, in animal models, the harmful consequences induced by alcohol consumption during gestation and lactation are not limited to the direct in utero effects of the drug on the fetus but also extend to maternal care, which contributes to the psycho-behavioral development of the offspring. In particular, the inheritance of alcohol-related mood disorders and vulnerability to alcohol abuse are among the main consequences (Brancato et al., 2016; Brancato and Cannizzaro, 2018). Therefore, there may be a considerable advantage in using rTMS to treat alcohol or other substance addiction during critical periods of brain development. The use of drugs during pregnancy is still a subject of great debate due to the risk of adverse effects. Thus, rTMS, with its unique characteristics of being non-invasive, simple, and safe, may be an acceptable choice for pregnant women who use alcohol.

Serum NfL levels increase with the degree of axonal damage in various neurological conditions such as inflammation, neurodegenerative, traumatic, and cerebrovascular conditions (Gaetani et al., 2019). Some scholars have considered NfL as a disease activity indicator for multiple sclerosis, Parkinson’s disease, and other disorders; however, few reports exist on the application of this index for the efficacy monitoring of alcohol-related brain injury, which is an innovation of this study. In addition, our previous research confirmed that the serum NfL levels of individuals with AUD are higher than those of healthy people. In the current study, we observed changes in the NfL levels in the intervention and control groups before and after treatment with rTMS.

The study demonstrated that 10 daily rTMS sessions over the left DLPFC for 2 weeks in individuals with AUD induced a reduction in the number of days of heavy drinking and alcohol cravings, whereas the control group had a mild reduction in days of heavy drinking. This difference may be related to the fact that participants were asked to stop drinking at the beginning of the treatment. The decrease in heavy drinking days and the VAS score was significantly greater in the active rTMS group than in the sham rTMS group. This finding indicated that rTMS of the left DLPFC could reduce alcohol consumption and drinking desire.

We found that the decrease in serum NfL levels in individuals with AUD was significantly greater in the intervention group than in the control group, which may be the result of a comprehensive effect: excessive alcohol consumption can cause the loss of small white matter fibers, myelin irregularity, and segmental demyelination or remyelination with neuroinflammation (Alfonso-Loeches et al., 2010). In humans and rats, diffusion tensor imaging has revealed that changes occur in early abstinence, which indicates that self-repair of white matter occurs in the early stage of abstinence (De Santis et al., 2019). Based on the positive correlation between the change in drinking patterns and NfL levels, the decline in NfL levels may be due to reductions of alcohol consumption in individuals with AUD; thus, damaged brain tissue can repair itself (West et al., 2019). The regulatory effect of rTMS of the left DLPFC on the addiction circuit accelerates this process.

Repetitive transcranial magnetic stimulation treatment has also been associated with clinically significant improvements in social functioning and mental health. This finding suggests that additional benefits may occur along with abstinence. Improvements in scores also occurred among participants with higher scores at baseline. This study observed that social functioning, mental health, and MCS scores in the intervention group improved significantly more than those in the control group before and after treatment. Moreover, no significant correlation existed between the improvement in scores and the reduction in alcohol consumption. This finding suggested that the effect of rTMS on social functioning and mental health was independent of the reduction in alcohol consumption. These changes in scores may be attributed to the therapeutic effect of rTMS on depression and anxiety.


Limitations

Aging may be a confounding factor in our longitudinal study because NfL levels also change with normal aging. However, the influence of aging was limited in this study because, instead of comparing NfL levels directly, we compared the changes in NfL levels before and after the intervention. Other limitations included the small sample size and failure to conduct long-term follow-up. The long-term maintenance of abstinence and resuming drinking among the participants requires follow-up. Compared to non-invasive stimulation of other parts of the brain, rTMS of the left DLPFC may have some advantages in improving a negative mood, which may help sustain sobriety, and could be a future research direction.




CONCLUSION

In this study, we reported the effect of rTMS of the left DLPFC on the reducing days of heavy drinking, alcohol craving, and serum NfL levels and improving social functioning and mental health in participants with AUD. The results indicated that rTMS of the left DLPFC had good safety and tolerance, reducing alcohol consumption and alcohol craving within a short period in an alcohol-dependent population. In addition, it had a positive impact on neuropsychological and social function. NfL can be used as an early serological indicator of changes in the degree of axonal injury induced by alcohol. In future studies, we will follow the long-term alcohol consumption and mental status of patients with AUD who received left DLPFC intervention. rTMS at the left DLPFC is expected to be an effective treatment method for people who drink excessively with mental health problems.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of First Affiliated Hospital of Zhengzhou University, Zhengzhou, China. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YJ designed the experiment. BS participated in the TMS intervention. YL and KW collated the data. RD analyzed the data. ZG recruited the volunteers. TZ wrote the manuscript with substantial contributions from LJ and BM. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by the National Key R&D Program of China (2018YFC1314400 and 2018YFC1314403).



ACKNOWLEDGMENTS

We thank Editage (www.editage.cn) for English language editing.



REFERENCES

Akbar, M., Egli, M., Cho, Y. E., Song, B. J., and Noronha, A. (2018). Medications for alcohol use disorders: an overview. Pharmacol. Ther. 185, 64–85. doi: 10.1016/j.pharmthera.2017.11.007

Alfonso-Loeches, S., Pascual-Lucas, M., Blanco, A. M., Sanchez-Vera, I., and Guerri, C. (2010). Pivotal role of TLR4 receptors in alcohol-induced neuroinflammation and brain damage. J. Neurosci. 30, 8285–8295. doi: 10.1523/jneurosci.0976-10.2010

American Psychiatric Association (2013). Diagnostic and Statistical Manual for Mental Disorders, 5th Edn. American Psychiatric Publishing.

Anderson, A. E., Hure, A. J., Forder, P. M., Powers, J., Kay-Lambkin, F. J., and Loxton, D. J. (2014). Risky drinking patterns are being continued into pregnancy: a prospective cohort study. PloS One 9:e86171. doi: 10.1371/journal.pone.0086171

Antonelli, M., Fattore, L., Sestito, L., Di Giuda, D., Diana, M., and Addolorato, G. (2021). Transcranial Magnetic Stimulation: a review about its efficacy in the treatment of alcohol, tobacco and cocaine addiction. Addict. Behav. 114:106760. doi: 10.1016/j.addbeh.2020.106760

Balderston, N. L., Beydler, E. M., Roberts, C., Deng, Z. D., Radman, T., Lago, T., et al. (2020). Mechanistic link between right prefrontal cortical activity and anxious arousal revealed using transcranial magnetic stimulation in healthy subjects. Neuropsychopharmacology 45, 694–702. doi: 10.1038/s41386-019-0583-5

Borckardt, J. J., Walker, J., Branham, R. K., Rydin-Gray, S., Hunter, C., Beeson, H., et al. (2008). Development and evaluation of a portable sham transcranial magnetic stimulation system. Brain stimul. 1, 52–59. doi: 10.1016/j.brs.2007.09.003

Brancato, A., and Cannizzaro, C. (2018). Mothering under the influence: how perinatal drugs of abuse alter the mother-infant interaction. Rev. Neurosci. 29, 283–294. doi: 10.1515/revneuro-2017-0052

Brancato, A., Plescia, F., Lavanco, G., Cavallaro, A., and Cannizzaro, C. (2016). Continuous and Intermittent Alcohol Free-Choice from Pre-gestational Time to Lactation: focus on Drinking Trajectories and Maternal Behavior. Front. Behav. Neurosci. 10:31. doi: 10.3389/fnbeh.2016.00031

Ceccanti, M., Inghilleri, M., Attilia, M. L., Raccah, R., Fiore, M., Zangen, A., et al. (2015). Deep TMS on alcoholics: effects on cortisolemia and dopamine pathway modulation. A pilot study. Can. J. Physiol. Pharmacol. 93, 283–290. doi: 10.1139/cjpp-2014-0188

Costardi, J. V., Nampo, R. A., Silva, G. L., Ribeiro, M. A., Stella, H. J., Stella, M. B., et al. (2015). A review on alcohol: from the central action mechanism to chemical dependency. Rev. Assoc. Med. Bras. 61, 381–387. doi: 10.1590/1806-9282.61.04.381

Cuello, J. P., Martínez Ginés, M. L., Kuhle, J., García Domínguez, J. M., Lozano Ros, A., Romero Delgado, F., et al. (2019). Neurofilament light chain levels in pregnant multiple sclerosis patients: a prospective cohort study. Eur. J. Neurol. 26, 1200–1204. doi: 10.1111/ene.13965

de la Monte, S. M., and Kril, J. J. (2014). Human alcohol-related neuropathology. Acta Neuropathol. 127, 71–90.

De Santis, S., Bach, P., Pérez-Cervera, L., Cosa-Linan, A., Weil, G., Vollstädt-Klein, S., et al. (2019). Microstructural white matter alterations in men with alcohol use disorder and rats with excessive alcohol consumption during early abstinence. JAMA Psychiatry 76, 749–758. doi: 10.1001/jamapsychiatry.2019.0318

Diana, M., Raij, T., Melis, M., Nummenmaa, A., Leggio, L., and Bonci, A. (2017). Rehabilitating the addicted brain with transcranial magnetic stimulation. Nat. Rev. Neurosci. 18, 685–693. doi: 10.1038/nrn.2017.113

Dupuy, M., and Chanraud, S. (2016). Imaging the addicted brain: alcohol. Int. Rev. Neurobiol. 129:1–31. doi: 10.1016/bs.irn.2016.04.003

Ekhtiari, H., and Paulus, M. (2016). Preface: neuroscience for Addiction Medicine: From Prevention to Rehabilitation. Prog. Brain Res. 224, xxv–xxvi.

Ekhtiari, H., Tavakoli, H., Addolorato, G., Baeken, C., Bonci, A., Campanella, S., et al. (2019). Transcranial electrical and magnetic stimulation (tES and TMS) for addiction medicine: a consensus paper on the present state of the science and the road ahead. Neurosci. Biobehav. Rev. 104, 118–140. doi: 10.1016/j.neubiorev.2019.06.007

Foster, J. H., Powell, J. E., Marshall, E. J., and Peters, T. J. (1999). Quality of life in alcohol-dependent subjects–a review. Qual. Life Res. 8, 255–261. doi: 10.1023/a:1008802711478

Fuchs, E., and Cleveland, D. W. (1998). A structural scaffolding of intermediate filaments in health and disease. Science 279, 514–519. doi: 10.1126/science.279.5350.514

Gaetani, L., Blennow, K., Calabresi, P., Di Filippo, M., Parnetti, L., and Zetterberg, H. (2019). Neurofilament light chain as a biomarker in neurological disorders. J. Neurol. Neurosurg. Psychiatry 90, 870–881. doi: 10.1136/jnnp-2018-320106

George, M. S., and Post, R. M. (2011). Daily left prefrontal repetitive transcranial magnetic stimulation for acute treatment of medication-resistant depression. Am. J. Psychiatry 168, 356–364. doi: 10.1176/appi.ajp.2010.10060864

Girardi, P., Rapinesi, C., Chiarotti, F., Kotzalidis, G. D., Piacentino, D., Serata, D., et al. (2015). Add-on deep transcranial magnetic stimulation (dTMS) in patients with dysthymic disorder comorbid with alcohol use disorder: a comparison with standard treatment. World J. Biol. Psychiatry 16, 66–73. doi: 10.3109/15622975.2014.925583

Grant, B. F., Goldstein, R. B., Saha, T. D., Chou, S. P., Jung, J., Zhang, H., et al. (2015). Epidemiology of DSM-5 Alcohol Use Disorder: results From the National Epidemiologic Survey on Alcohol and Related Conditions III. JAMA psychiatry 72, 757–766.

Hanlon, C. A., Dowdle, L. T., Austelle, C. W., DeVries, W., Mithoefer, O., Badran, B. W., et al. (2015). What goes up, can come down: novel brain stimulation paradigms may attenuate craving and craving-related neural circuitry in substance dependent individuals. Brain Res. 1628, 199–209. doi: 10.1016/j.brainres.2015.02.053

Hepper, P. G., Dornan, J. C., and Little, J. F. (2005). Maternal alcohol consumption during pregnancy may delay the development of spontaneous fetal startle behaviour. Physiol. Behav. 83, 711–714. doi: 10.1016/j.physbeh.2004.09.004

Herbsman, T., Avery, D., Ramsey, D., Holtzheimer, P., Wadjik, C., Hardaway, F., et al. (2009). More lateral and anterior prefrontal coil location is associated with better repetitive transcranial magnetic stimulation antidepressant response. Biol. Psychiatry 66, 509–515. doi: 10.1016/j.biopsych.2009.04.034

Herremans, S. C., Van Schuerbeek, P., De Raedt, R., Matthys, F., Buyl, R., De Mey, J., et al. (2015). The Impact of Accelerated Right Prefrontal High-Frequency Repetitive Transcranial Magnetic Stimulation (rTMS) on Cue-Reactivity: an fMRI Study on Craving in Recently Detoxified Alcohol-Dependent Patients. PloS One 10:e0136182. doi: 10.1371/journal.pone.0136182

Herremans, S. C., Vanderhasselt, M. A., De Raedt, R., and Baeken, C. (2013). Reduced intra-individual reaction time variability during a Go-NoGo task in detoxified alcohol-dependent patients after one right-sided dorsolateral prefrontal HF-rTMS session. Alcohol. Alcohol. 48, 552–557. doi: 10.1093/alcalc/agt054

Hızlı Sayar, G., Ozten, E., Tufan, E., Cerit, C., Kaðan, G., Dilbaz, N., et al. (2014). Transcranial magnetic stimulation during pregnancy. Arch. Women’s Ment. Health 17, 311–315.

Jenkinson, C., Layte, R., and Lawrence, K. (1997). Development and testing of the medical outcomes study 36-item Short Form Health Survey summary scale scores in the United Kingdom: results from a large-scale survey and a clinical trial. Med. Care 35, 410–416. doi: 10.1097/00005650-199704000-00010

Khalil, M., Teunissen, C. E., Otto, M., Piehl, F., Sormani, M. P., Gattringer, T., et al. (2018). Neurofilaments as biomarkers in neurological disorders. Nat. Rev. Neurol. 14, 577–589. doi: 10.1038/s41582-018-0058-z

Kril, J. J., Halliday, G. M., Svoboda, M. D., and Cartwright, H. (1997). The cerebral cortex is damaged in chronic alcoholics. Neuroscience 79, 983–998.

Li, J., Liu, C., Li, N., He, T., and Li, B. (2001). Scaling the SF-36 in a Chinese Population. Dep. Soc. Med. School Pub. Health 32, 36–38.

Li, Q. F., Dong, Y., Yang, L., Xie, J. J., Ma, Y., Du, Y. C., et al. (2019). Neurofilament light chain is a promising serum biomarker in spinocerebellar ataxia type 3. Mol. Neurodegener. 14:39. doi: 10.1186/s13024-019-0338-0

Li, Y., Duan, R., Gong, Z., Jing, L., Zhang, T., Zhang, Y., et al. (2021). Neurofilament Light Chain Is a Promising Biomarker in Alcohol Dependence. Front. psychiatry 12:754969. doi: 10.3389/fpsyt.2021.754969

Lin, C. H., Li, C. H., Yang, K. C., Lin, F. J., Wu, C. C., Chieh, J. J., et al. (2019). Blood NfL: a biomarker for disease severity and progression in Parkinson disease. Neurology 93, e1104–e1111.

Lisanby, S. H., Husain, M. M., Rosenquist, P. B., Maixner, D., Gutierrez, R., Krystal, A., et al. (2009). Daily left prefrontal repetitive transcranial magnetic stimulation in the acute treatment of major depression: clinical predictors of outcome in a multisite, randomized controlled clinical trial. Neuropsychopharmacology 34, 522–534. doi: 10.1038/npp.2008.118

Liu, X., Zhao, X., Liu, T., Liu, Q., Tang, L., Zhang, H., et al. (2020). The effects of repetitive transcranial magnetic stimulation on cue-induced craving in male patients with heroin use disorder. E. Bio. Med. 56:102809. doi: 10.1016/j.ebiom.2020.102809

Maniaci, G., Picone, F., van Holst, R. J., Bolloni, C., Scardina, S., and Cannizzaro, C. (2017). Alterations in the Emotional Regulation Process in Gambling Addiction: the Role of Anger and Alexithymia. J. Gambl. stud. 33, 633–647. doi: 10.1007/s10899-016-9636-4

Mårdby, A. C., Lupattelli, A., Hensing, G., and Nordeng, H. (2017). Consumption of alcohol during pregnancy-A multinational European study. Women Birth 30, e207–e213. doi: 10.1016/j.wombi.2017.01.003

Novakova, L., Zetterberg, H., Sundström, P., Axelsson, M., Khademi, M., Gunnarsson, M., et al. (2017). Monitoring disease activity in multiple sclerosis using serum neurofilament light protein. Neurology 89, 2230–2237. doi: 10.1212/WNL.0000000000004683

Olsson, B., Portelius, E., Cullen, N. C., Sandelius, Å, Zetterberg, H., Andreasson, U., et al. (2019). Association of Cerebrospinal Fluid Neurofilament Light Protein Levels With Cognition in Patients With Dementia, Motor Neuron Disease, and Movement Disorders. JAMA Neurol. 76, 318–325. doi: 10.1001/jamaneurol.2018.3746

Peacock, A., Leung, J., Larney, S., Colledge, S., Hickman, M., Rehm, J., et al. (2018). Global statistics on alcohol, tobacco and illicit drug use: 2017 status report. Addiction 113, 1905–1926. doi: 10.1111/add.14234

Perera, T., George, M. S., Grammer, G., Janicak, P. G., Pascual-Leone, A., and Wirecki, T. S. (2016). The Clinical TMS Society Consensus Review and Treatment Recommendations for TMS Therapy for Major Depressive Disorder. Brain Stimul. 9, 336–346. doi: 10.1016/j.brs.2016.03.010

Philip, N. S., Sorensen, D. O., McCalley, D. M., and Hanlon, C. A. (2020). Non-invasive brain stimulation for alcohol use disorders: state of the art and future directions. Neurotherapeutics 17, 116–126. doi: 10.1007/s13311-019-00780-x

Pripfl, J., Tomova, L., Riecansky, I., and Lamm, C. (2014). Transcranial magnetic stimulation of the left dorsolateral prefrontal cortex decreases cue-induced nicotine craving and EEG delta power. Brain Stimul. 7, 226–233. doi: 10.1016/j.brs.2013.11.003

Rogers, B. P., Parks, M. H., Nickel, M. K., Katwal, S. B., and Martin, P. R. (2012). Reduced fronto-cerebellar functional connectivity in chronic alcoholic patients. Alcohol Clin. Exp. Res. 36, 294–301.

Rohrer, J. D., Woollacott, I. O., Dick, K. M., Brotherhood, E., Gordon, E., Fellows, A., et al. (2016). Serum neurofilament light chain protein is a measure of disease intensity in frontotemporal dementia. Neurology 87, 1329–1336. doi: 10.1212/WNL.0000000000003154

Rossini, P. M., Burke, D., Chen, R., Cohen, L. G., Daskalakis, Z., Di Iorio, R., et al. (2015). Non-invasive electrical and magnetic stimulation of the brain, spinal cord, roots and peripheral nerves: basic principles and procedures for routine clinical and research application. An updated report from an I.F.C.N. Committee. Clin. Neurophysiol. 126, 1071–1107. doi: 10.1016/j.clinph.2015.02.001

Sauvaget, A., Bulteau, S., Guilleux, A., Leboucher, J., Pichot, A., Valrivière, P., et al. (2018). Both active and sham low-frequency rTMS single sessions over the right DLPFC decrease cue-induced cravings among pathological gamblers seeking treatment: a randomized, double-blind, sham-controlled crossover trial. J. Behav. Add. 7, 126–136. doi: 10.1556/2006.7.2018.14

Schutter, D. J. (2009). Antidepressant efficacy of high-frequency transcranial magnetic stimulation over the left dorsolateral prefrontal cortex in double-blind sham-controlled designs: a meta-analysis. Psychol. Med. 39, 65–75. doi: 10.1017/S0033291708003462

Solvason, H. B., Husain, M., Fitzgerald, P. B., Rosenquist, P., McCall, W. V., Kimball, J., et al. (2014). Improvement in quality of life with left prefrontal transcranial magnetic stimulation in patients with pharmacoresistant major depression: acute and six month outcomes. Brain Stimul. 7, 219–225. doi: 10.1016/j.brs.2013.10.008

Su, H., Zhong, N., Gan, H., Wang, J., Han, H., Chen, T., et al. (2017). High frequency repetitive transcranial magnetic stimulation of the left dorsolateral prefrontal cortex for methamphetamine use disorders: a randomised clinical trial. Drug Alcohol Depend. 175, 84–91. doi: 10.1016/j.drugalcdep.2017.01.037

Tallantyre, E. C., Bø, L., Al-Rawashdeh, O., Owens, T., Polman, C. H., Lowe, J. S., et al. (2010). Clinico-pathological evidence that axonal loss underlies disability in progressive multiple sclerosis. Mult. Scler. 16, 406–411. doi: 10.1177/1352458510364992

Terraneo, A., Leggio, L., Saladini, M., Ermani, M., Bonci, A., and Gallimberti, L. (2016). Transcranial magnetic stimulation of dorsolateral prefrontal cortex reduces cocaine use: a pilot study. Eur. Neuropsychol. 26, 37–44. doi: 10.1016/j.euroneuro.2015.11.011

Turco, C. V., Arsalan, S. O., and Nelson, A. J. (2020). The Influence of Recreational Substance Use in TMS Research. Brain Sci. 10:751. doi: 10.3390/brainsci10100751

Ware, J., Kosinski, M., Keller, S. J. T. H. I., and Boston, M. A. (1994). Physical and Mental Health Summary Scales-a user’s Manual. Boston, MA: New England Medical Center.

Ware, J. E. Jr., Kosinski, M., Bayliss, M. S., McHorney, C. A., Rogers, W. H., and Raczek, A. (1995). Comparison of methods for the scoring and statistical analysis of SF-36 health profile and summary measures: summary of results from the Medical Outcomes Study. Med. Care 33, AS264–AS279.

Ware, J. E. Jr., and Sherbourne, C. D. (1992). The MOS 36-item short-form health survey (SF-36). I. Conceptual framework and item selection. Med. care 30, 473–483. doi: 10.1097/00005650-199206000-00002

West, R. K., Najjar, L. Z., and Leasure, J. L. (2019). Exercise-driven restoration of the alcohol-damaged brain. Int. Rev. Neurobiol. 147, 219–267. doi: 10.1016/bs.irn.2019.07.003

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

World Health Organization [WHO] (2019a). Global Status Report on Alcohol and Health 2018: World Health Organization. Genève: World Health Organization.

World Health Organization [WHO] (2019b). International Statistical Classification of Diseases and Related Health Problems: 11th revision (ICD-11). Genève: World Health Organization.

Zhang, J. J. Q., Fong, K. N. K., Ouyang, R. G., Siu, A. M. H., and Kranz, G. S. (2019). Effects of repetitive transcranial magnetic stimulation (rTMS) on craving and substance consumption in patients with substance dependence: a systematic review and meta-analysis. Addiction 114, 2137–2149. doi: 10.1111/add.14753

Ziemann, U., and Hallett, M. (2000). “Basic neurophysiological studies with TMS,” in Transcranial Magnetic Stimulation in Neuropsychiatry, eds M. S. George, R. H. Belmaker, and D. C. Washington (Washington, DC: American Psychiatric Press).

Zywiak, W. H., Westerberg, V. S., Connors, G. J., and Maisto, S. A. (2003). Exploratory findings from the Reasons for Drinking Questionnaire. J. Subst. Abuse Treat. 25, 287–292. doi: 10.1016/s0740-5472(03)00118-1


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.

Copyright © 2022 Zhang, Song, Li, Duan, Gong, Jing, Wang, Ma and Jia. 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.


OPS/images/fnbeh-16-831901-t003.jpg
Active rTMS group  Sham rTMS group

(N =30) (N=15)

Baseline Change Baseline Change p-value?

bHeavy drinking 4.90 —2.37 4.47 —0.53 < 0.001*
days

VAS 4.27 —1.80 4.33 —0.13 0.001*
NFL 27.23 —5.81 26.48 —1.05 < 0.001*
Vitality 49.33 1.33 48.33 0.67 0.513

Social functioning ~ 43.33 12.92 4417 417 0.007*
Role emotional 43.33 3.33 46.66 2.22 0.719

Mental health 40.183 6.80 38.40 0.93 0.001*
Mental component  44.03 6.10 44.39 2.00 0.005*

summary score

Data are presented as mean. VAS, visual analog scale; NFL, neurofila-
ment light chain. @P-value represent the comparation of changes in clinical
outcomes between active rTMS group and sham rTMS group. PHeavy drinking
days represents Median number of heavy drinking days per week in past 2 weeks.
*p < 0.05.





OPS/images/fnbeh-16-831901-t004.jpg
Percentage days of heavy drinking

r p-value
VAS 0.553 <0.001*
NFL 0.837 <0.001*
Vitality —0.048 0.754
Social functioning 0.136 0.374
Role emotional 0.106 0.490
Mental health 0.184 0.226
Mental component summary score 0.204 0.179

Statistics in the table represent the correlation between the difference values
of each indicator before and after treatment. VAS, visual analog scale; NFL,
neurofilament light chain. “p < 0.05.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neurofilament Light Chain as a Biomarker for Monitoring the Efficacy of Transcranial Magnetic Stimulation on Alcohol Use Disorder



		INTRODUCTION



		MATERIALS AND METHODS



		Study Design



		Participants



		Screening, Randomization, and General Procedures



		Transcranial Magnetic Stimulation Procedures



		Determining the Resting Motor Threshold



		Targeting of the Left Dorsolateral Prefrontal Cortex



		Active Repetitive Transcranial Magnetic Stimulation Procedure



		Sham Repetitive Transcranial Magnetic Stimulation Procedure



		Assessment Procedures







		Assessment Instruments



		Alcohol Consumption and Craving



		Psychological Health







		Neurofilament Detection



		Statistical Analysis







		RESULTS



		Demographics and Clinical Characteristics



		Baseline Group Differences



		Primary Outcome Analyses



		Safety and Tolerability of Repetitive Transcranial Magnetic Stimulation



		Days of Heavy Drinking



		Alcohol Craving



		Serum Neurofilament Light Chain



		Improvements in the Mental Health Component Score



		Correlation Between Drinking Patterns and Other Clinical Outcomes











		DISCUSSION



		Limitations







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
’ frontiers _
in Behavioral Neuroscience

Neurofilament Light Chain as
a Biomarker for Monitoring
the Efficacy of Transcranial

Magnetic Stimulation on Alcohol
Use Disorder





OPS/images/fnbeh-16-831901-g001.jpg
Mean Score

60

50

40

30

20

10

Active

Change in MCS Score for Active rTMS Group Compared with Sham rTMS Group

Sham

Active

SF

Sham

Active Sham

RE

M Baseline M Change

Active

MH

Sham

Active

MCS

Sham









OPS/images/logo.jpg
, frontiers )
in Behavioral Neuroscience





OPS/images/fnbeh-16-831901-t001.jpg
Inclusion criteria Exclusion criteria

Between the ages of 18 and 65 years old Acute alcohol withdrawal (CIWA-Ar > 9)

Meets the diagnostic criteria for AD Severe neurological or psychiatric disorders due to a medical condition other than alcohol dependence, such as
according to the DSM-V stroke, intracranial infection, brain tumor, schizophrenia, severe depressive disorder, bipolar disorder, etc.

No history of major neurological or Experienced traumatic brain injury or other damage to brain tissue

psychiatric ilness

Volunteered for the study and willing to Using any other psychotropic substance, or dependent on any other drug or substance
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AD, alcohol dependence; DSM-V, Diagnostic and Statistical Manual of Mental Disorders 5th edition; CIWA-Ar, Clinical Institute of Withdrawal Assessment of Alcohol Scale,
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