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Abstract
[bookmark: _Hlk525846925]Although exogenous melatonin supplementation has been suggested to be effective for episodic migraine prophylaxis, there is no conclusive evidence comparing the efficacy of exogenous melatonin supplementation to the other FDA-approval pharmacotherapy for episodic migraine prophylaxis. The aim of the current network meta-analysis (NMA) was to compare the efficacy of exogenous melatonin supplementation in patients with episodic migraine. The randomized controlled trials (RCTs) of placebo-controlled or trials incorporating a placebo in the study designs were eligible for our analyses. All of the NMA procedures were conducted under the frequentist model. The primary outcome was changes in frequency of migraine days and response rate after migraine prophylaxis with melatonin supplementation or pharmacologic interventions. We included 25 RCTs in total with 4499 patients (mean age = 36.0 years, mean female proportion = 78.9%). The NMA demonstrated that migraine prophylaxis with oral melatonin 3 mg/day (immediate release) at bedtime was associated with the greatest improvement in migraine frequency [mean difference = -1.71 days, 95% confidence interval (CI): -3.27 to -0.14 days compared to placebo] and the second highest response rate (odds ratio = 4.19, 95% CI = 1.46 to 12.00 compared to placebo). Furthermore, oral melatonin 3 mg (immediate-release) at bedtime was the most preferred pharmacologic intervention among all of the investigated interventions when improvements in migraine frequency, response rate, drop-out rate, and rates of any adverse events were taken into account. This pilot NMA suggests the potential prophylactic role of exogenous melatonin supplementation in patients with episodic migraine. 
Keywords: network meta-analysis; melatonin; sleep; migraine; circadian rhythm.

1. INTRODUCTION
Episodic migraine affects 12-20% of the global population,1 contributing to a substantially impaired quality of life in both adult and pediatric patients. Although the mechanism of migraine remains unclear, many different prophylactic agents have been proposed for patients with episodic migraine, including medications dealing with neurogenic pain,2 anticonvulsants,3 and antidepressants.4 However, most of these prophylactic agents do not provide satisfactory responses and cause unwanted adverse events.4
Melatonin is endogenously secreted from the pineal gland and plays an important role in modulating the circadian rhythm.5 Melatonin could theoretically be beneficial for migraine prophylaxis through its biological characteristics, including antioxidation effects, modulating dopamine and glutamine activity, and suppressing calcitonin gene-related peptide release.6,7 However, evidence from randomized controlled trials (RCTs) has not conclusively supported the benefits of melatonin in migraine prophylaxis.8-10 Specifically, although exogenous melatonin supplementation has been proven to provide beneficial treatment effects on migraine frequency and intensity compared to placebo in patients with episodic migraine,9,10 the results from other RCTs have not supported this beneficial effect.8 Bedtime melatonin supplementation has been shown to significantly reduce the frequency of migraine attacks in patients with episodic migraine compared to placebo,9 but to be inferior to the traditional anti-migraine medication, amitriptyline.11 The most recent pair-wise meta-analysis, via pooling all different dosages of exogenous melatonin supplementation into one group, yielded controversial results, which limits its clinical application. Specifically, exogenous melatonin supplementation as migraine prophylaxis has only been associated with significant improvements in migraine frequency and intensity but not response rate compared to placebo.6
Previous studies have shown that exogenous melatonin supplementation exerts different physiological effects depending on the dosage. For example, a low dose is generally thought to have a “high physiological” and “low pharmacological” effect, whereas a high dose is considered to have a “high pharmacological” effect with a sleep-promoting effect.12-15 Therefore, it would be more appropriate to consider different dosages of exogenous melatonin as different groups in clinical practice. Network meta-analysis (NMA) can improve the power of multiple comparisons of the efficacy and superiority of individual pharmacologic interventions of different dosages, thereby providing incremental detailed evidence-based information to guide clinical practice.16 The primary aim of this study was to compare the efficacy of changes of migraine frequency and response rate associated with pharmacologic interventions in patients with episodic migraine.

2. METHODS
2.1 General guidelines applied in the current study
The current NMA followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) extension guidelines (eTable 1).17
2.2 Search strategy and selection criteria
In the current NMA, our search strategy consisted of two stages. In the first stage, we conducted a systematic review of publications retrieved from PubMed, Embase, ProQuest, ScienceDirect, Cochrane CENTRAL, ClinicalKey, Web of Science, and ClinicalTrials.gov from inception to November 7th, 2019 to search for RCTs of melatonin and melatonergic agents in the management of episodic migraine. In the second stage, to include evidence about the efficacy/safety of the FDA-approved oral forms of agents used for episodic migraine management, we performed an extra search to find RCTs of topiramate, valproate, propranolol, and timolol in the management of migraine. No language restrictions were applied. We also conducted manual searches for potentially eligible articles from the reference lists of review articles or pairwise meta-analysis.6,9,18,19
2.3 Inclusion and exclusion criteria
To improve the quality of the included articles and to reduce the unwanted impact of a potential placebo effect (in clinical trials for headache and pain treatment, a placebo effect has been found to be high as high as 40-55%),4,20,21 we only included peer-reviewed formal published articles on RCTs of either placebo-controlled or active-controlled but applied placebo in the study design. The targets of comparison were pharmacologic interventions applied for prophylaxis in patients with episodic migraine (i.e. patients with fewer than 15 migraine attacks per month).
The exclusion criteria were: (1) studies that were not clinical trials in humans, (2) those in which target outcomes were not reported, (3) those not specific to episodic migraine patients, (4) those that were not RCTs, and (5) those not using placebo. In cases of duplicated data (i.e., different articles based on the same sample sources), we only included the reports with more information and larger sample sources.
2.4 Data extraction
Two authors (PT Tseng and CP Yang) independently screened the studies, extracted relevant data from the articles, and assessed the risk of bias among the included studies. In cases of discrepancy, the corresponding author (YL Shiue) was involved. Because exogenous melatonin supplementation exerts a different physiology effect according to the dosage (i.e. a low melatonin dosage is generally thought to have a “high physiological” and “low pharmacological” effect, whereas a high dose is considered to have a “high pharmacological” effect with a sleep-promoting effect),12-15 we did not merge all of the melatonin supplementations into one group. If there was a lack of available data in the manuscript, we contacted the corresponding author or co-authors to obtain the original data. We followed the flowchart reported in previous network meta-analyses.15,22-25
2.5 Outcome definition
The primary outcome was (1) changes of migraine frequency associated with pharmacologic interventions and (2) the response rate, which was defined as a 50% reduction in baseline frequency of migraine days after pharmacologic interventions. The safety profile was assessed according to drop-outs and any adverse events, where drop-out was defined as leaving the study before its end due to any reason.
2.6 Cochrane risk-of-bias tool
Two independent authors (PT Tseng and CP Yang) evaluated the risk of bias (interrater reliability, 0.85) for each domain described in the Cochrane risk-of-bias tool.26 Studies were then further classified in the overall risk of bias category.
2.7 Statistical analysis
The NMA was performed using STATA version 14.0 (StataCorp, 4905 Lakeway Drive College Station, Texas 77845, USA). For continuous data, we calculated summary standardized mean differences (SMDs) with 95% confidence intervals (CIs). However, in cases where the same units were used (i.e. the outcomes of migraine frequency or monthly days of acute rescue medication usage), we calculated the summary mean difference (MD) with 95% CIs. For categorical data, we estimated summary odds ratios (ORs) with 95% CIs. For categorical data, we used a 0.5 zero-cell correction during the meta-analysis procedure. However, if in one study both intervention and control arms were zero, we did not apply this correction procedure because of the risk of increasing bias.27,28 We used the frequentist NMA model to compare the effect sizes (ES) among studies with the same interventions. All comparisons were two-tailed, and a p-value cut-off point of 0.05 denoted statistical significance. Heterogeneity among the included studies was evaluated using the tau value, which is the estimated standard deviation of the effect across the included studies.
Regarding the meta-analysis procedure applied in the current study, we used mixed comparisons with generalized linear mixed models to analyze the direct and indirect comparisons for NMA.29 Specifically, indirect comparisons could be calculated by transitivity, through which the differences between treatment A and B could be calculated from their comparisons with the third treatment, C. For comparisons among multiple treatment arms, we combined direct and indirect evidence from the included studies.30 The direct evidence between two treatment arms (i.e., treatment A and treatment B) indicated that there was a direct comparison between treatment A and treatment B in at least one of the included studies. On the other hand, the indirect evidence between two treatment arms (i.e., treatment A and treatment C) meant that we obtained the ESs between comparing pairs of treatment A and treatment C through combining the ESs between comparing pairs of treatment A and treatment B and the ESs between comparing pairs of treatment B and treatment C. In the current NMA, we used a suite of STATA programs using mvmeta for data manipulation.31 We used the restricted maximum likelihood method to evaluate between-study variance.32
To increase the clinical application, we calculated relative ranking probabilities between the preventive effects of all treatments for the target outcomes. In brief, the surface under the cumulative ranking curve (SUCRA) is the percentage of the mean rank of each pharmacologic intervention relative to an imaginary intervention that is the best without uncertainty.33 The larger the area under the curve, the lower the rank of the treatment in migraine prophylaxis. We further calculated the joint SUCRA for both co-primary outcomes using an approach previously validated.22 We calculated the “Value preference of SUCRA” = “(SUCRA frequency migraine attack x SUCRA response rate)/(SUCRA drop-out rate x SUCRA any adverse event rate)”. The lower “Value preference of SUCRA” is associated with a better value of the overall preference for the indicated treatment.
We conducted meta-regression to assess the relationships between the migraine response rate and the characteristics of the participants (e.g., mean age, and gender distribution). Finally, we evaluated potential inconsistencies between the direct and indirect evidence within the network using the loop-specific approach, and local inconsistencies using the node-splitting method. Further, we used the design-by-treatment model to evaluate global inconsistencies among the whole NMA.34 We used comparison-adjusted funnel plots35 and Egger regression to evaluate potentially small study effects and publication bias. Finally, we arranged sensitivity analysis focusing RCTs with adult participants.

3. RESULTS
3.1 Eligibility of the retrieved studies and treatment arms
The Figure 1 depicted the whole flowchart of the current NMA. After the initial screening procedure, a total of 74 articles were considered for full-text review, of which 49 were excluded for various reasons (eTable 2).3,4,6,9,11,18,19,36-77 Finally, 25 articles were included in the current study (eTable 3).8,10,78-100 The overall geometric distribution of the treatment arms is provided in Figures 2A-2B and eFigures 1A-1B.
3.2 Characteristics of the included studies
A total of 4499 participants (mean age = 36.0 years, 25–75% interquartile = 37.1-40.9 years; mean female proportion = 78.9%, 25-75% interquartile = 73.9-86.1%) were included. The mean follow-up duration was 19.5 weeks (25–75% interquartile = 12.0-26.0 weeks). Fourteen of the RCTs recruited adults,8,10,78-89 five recruited children,90-94 and the other six recruited both adults and children.95-100
[bookmark: _Hlk37019707]3.3 Primary outcome: changes of frequency of migraine days
[bookmark: _Hlk37103635]Seventeen articles with 10 individual pharmacological intervention arms were investigated in the current NMA. Only oral melatonin 3 mg/day (immediate-release) at bedtime (MD = -1.71 days, 95% CI: -3.27 to -0.14 days), valproate (MD = -1.44 days, 95% CI = -2.33 to -0.56 days), and topiramate (MD = -0.80, 95% CI = -1.38 to -0.21) were associated with significantly better improvements in frequency of migraine days than placebo (Table 1 and Figure 3A). According to the SUCRA, oral melatonin 3 mg/day (immediate-release) at bedtime was associated with the greatest improvement in frequency of migraine days among all of the pharmacologic interventions, followed by Botox-A (MD = -1.74 days, 95% CI = -3.62 to 0.14 days compared to placebo group) and valproate (eTable 6). A meta-regression using restricted maximum likelihood estimators was performed to examine the potential effects of age and gender distribution (i.e. female proportion) on changes in migraine frequency. The results of this meta-regression did not reveal a significant effect on changes in migraine frequency when using a moderating variable including age and female proportion. When focusing on RCTs with adult participants in the sensitivity test, the Botox-A, valproate, and oral melatonin 3 mg/day (immediate-release) at bedtime remained to be the three regimens with the greatest improvement in frequency of migraine days among all of the pharmacologic interventions (MD = -2.23 days, 95% CI = -3.60 to -0.85 days; MD = -1.93 days, 95% CI = -2.66 to -1.19 days; MD = -1.60 days, 95% CI = -3.62 to -0.14 days compared to placebo group, respectively).

[bookmark: _Hlk37019716]3.4 Primary outcome: response rate
[bookmark: _Hlk37103649]The detailed NMA results are shown in Table 2 and Figure 3B. In brief, topiramate plus nortriptyline (OR = 9.57, 95% CI =2.17 to 42.21), oral melatonin 3 mg/day (immediate-release) at bedtime (OR = 4.19, 95% CI = 1.46 to 12.00), topiramate (OR = 2.50, 95% CI = 1.77 to 3.54), propranolol (OR = 2.30, 95% CI = 1.26 to 4.21), and valproate (OR = 2.11, 95% CI = 1.28 to 3.46) were associated with significantly higher response rates than placebo. According to the SUCRA, topiramate plus nortriptyline was associated with the highest response rate among all of the pharmacologic interventions, followed by oral melatonin 3 mg/day (immediate-release) at bedtime and Botox-A (eTable 7). A meta-regression using restricted maximum likelihood estimators was performed to examine the potential effects of age and gender distribution (i.e. female proportion) on the response rate. The results of this meta-regression did not reveal a significant effect on the response rate when using a moderating variable including age and female proportion. When focusing on RCTs with adult participants in the sensitivity test, the topiramate plus nortriptyline, Botox-A, and oral melatonin 3 mg/day (immediate-release) at bedtime remained to be the three regimens with the greatest improvement in frequency of migraine days among all of the pharmacologic interventions (OR = 10.36, 95% CI = 2.54 to 42.24s; OR = 5.15, 95% CI = 1.19 to 22.32; OR = 4.27, 95% CI = 1.65 to 11.08 compared to placebo group, respectively).

[bookmark: _Hlk37019731]3.5 Safety profile: drop-out rate and rate of any adverse event
[bookmark: _Hlk37183347][bookmark: _Hlk37183355]We then evaluated the safety profiles of the investigated pharmacologic interventions using the NMA. In brief, none of the investigated pharmacologic interventions were associated with significantly different drop-out rates compared to placebo (eTable 4 and eFigure 2A). In addition, topiramate plus nortriptyline (OR = 8.41, 95% CI = 1.78 to 39.70), amitriptyline (OR = 6.98, 95% CI = 2.91 to 16.72), and topiramate (OR = 3.05, 95% CI = 1.91 to 4.86) were associated with significantly higher rates of any adverse event during the pharmacologic intervention than placebo (eTable 5 and eFigure 2B). According to SUCRA, oral melatonin 2 mg (prolonged release) at bedtime was associated with the lowest drop-out rate (OR = 0.18, 95% CI = 0.01 to 4.09 compared to placebo) (eTable 8) and the lowest rate of any adverse event (OR = 0.54, 95% CI = 0.09 to 3.34 compared to placebo) among all of the investigated pharmacologic interventions (eTable 9).
3.6 Overall preferred pharmacologic interventions considering improvements in frequency of migraine days, response rate, drop-out rate, and rate of any adverse events (count with “Value preference of SUCRA”)
According to the calculated “Value preference of SUCRA”, oral melatonin 3 mg/day (immediate-release) at bedtime was the most preferred pharmacologic intervention among all of the investigated interventions (“Value preference of SUCRA” = 0.102323) (eTable 10).
3.7 Risk of bias and publication bias
We found that 57.2% (100/175 items), 27.4% (48/175 items), and 15.4% (27/175 items) of the included studies had an overall low, unclear, and high risk of bias, respectively. The funding sources and concealing procedure after randomization mainly contributed to the high and unclear risk of bias, respectively (eFigures 3A-3B).
Funnel plots of publication bias across the included studies (eFigures 4-7) revealed general symmetry, and the results of Egger’s test indicated no significant asymmetry that might suggest publication bias among the articles included in the present NMA. In general, inconsistencies, concerning either local inconsistency as assessed using the loop-specific approach and the node-splitting method, or global inconsistency as determined using the design-by-treatment method, were not demonstrated in the present NMA (eTables 11-13). The results of GRADE evaluation had been listed in the eTable 14.

4. DISCUSSION 
To the best of our knowledge, the current pilot NMA is the first to investigate associations between the effects of episodic migraine prophylactics with melatonergic agents compared to other FDA-approved agents. The results of this study demonstrated that oral melatonin 3 mg (immediate-release) at bedtime was associated with the greatest improvements in migraine frequency for episodic migraine prophylaxis, and that it had the second highest response rate. Furthermore, with regards to the safety profile, oral melatonin 2 mg (prolonged-release) at bedtime was associated with the lowest drop-out rate and the lowest rate of any adverse events among all of the investigated pharmacologic interventions. Finally, when considering improvements in migraine frequency, response rate, drop-out rate, and rate of any adverse events (count with “Value preference of SUCRA”) as a whole, oral melatonin 3 mg/day (immediate-release) at bedtime was the most preferred pharmacologic intervention among all of the investigated interventions.
The main result of the current NMA is that a high dosage (up to 3 mg/day immediate-release) of melatonin at bedtime was associated with the greatest improvements in migraine frequency for episodic migraine prophylaxis, but that this was not found with a lower dosage (2 mg/day prolonged-release). Many studies have reported an association between migraine features and sleep disturbance,101 and the timing of migraine attacks has also been associated with circadian periodicity.102 In addition, physiological plasma melatonin levels in patients with migraine have been reported to display a diurnal phase delay in melatonin peak compared to controls, suggesting chronobiological dysfunction in patients with chronic migraine.103 Similar findings have been reported of significantly lower concentrations of urinary melatonin or its metabolites in patients with migraine104 and those with menstrual migraine throughout the whole menstrual cycle than controls.105 The rationale for using exogenous melatonin supplementation for migraine prophylaxis could be supported by evidence of several of its biological effects.19 In addition to anti-inflammatory properties (through reducing toxic free radicals), neurotransmitter modulation (i.e. dopamine, serotonin, and glutamine), antinociceptive effects (through modulation of brainstem descending antinociceptive pathways via the mediating effect of MT2 receptors),106,107 and cerebrovascular regulation,10,108 another important rationale for using melatonin supplementation as migraine prophylaxis is modulation of the circadian rhythm. Exogenous melatonin supplementation could modulate activity of the suprachiasmatic nucleus (SCN) by acting on the hypothalamic-pineal axis, thereby correcting abnormal circadian rhythm.109 With regards to migraine following insomnia, melatonin may contribute to a sleep-promoting effect through melatonin 1a receptors in the SCN.14 Higher dosages of melatonin and immediate-release preparations have been shown to be more suitable for promoting sleep14 and phase shifting modulation,8 respectively. This would support the phenomenon observed in the current NMA that immediate-release high dosage (up to 3 mg/day) melatonin provided superior benefits with regards to improvements in migraine frequency for episodic migraine prophylaxis compared to the other investigated interventions.
Considering improvements in frequency of migraine days, response rate, drop-out rate, and rate of any adverse events overall, oral melatonin 3 mg/day (immediate-release) at bedtime was the most preferred pharmacologic intervention among all of the investigated interventions. This is consistent with previous studies7 which have demonstrated a favorable safety profile compatible with placebo8 or superior to other traditional medications.3,10 This finding also reflects another clinically relevant fact that the high rates of adverse events with traditional pharmacologic regimens such as topiramate, valproate, and propranolol in episodic migraine prophylaxis may limit the options of a clinician when managing episodic migraine.110 Therefore, the evidence from the current pilot NMA may provide a rationale for future large-scale RCTs to investigate the potential role of exogenous melatonin supplementation in episodic migraine prophylaxis.
The current pilot NMA has several strengths. First, due to the large numbers of included RCTs and participants (25 RCTs and 4499 participants), the current pilot NMA could provide more information and higher evidence than RCTs and traditional meta-analyses. Second, we only included RCTs and trials using placebo to increase the reliability of the current study. As addressed before, in pain and headache research, the placebo effect has been reported to account for 40-55% of the treatment effect.4,20,21 Third, to be more clinically applicable, we performed extra searches to include RCTs of FDA-approved regimens in the current study, which could help clinicians to make relevant comparisons with traditional pharmacologic interventions.
There are also several limitations to the current NMA. First, some analyses in this study were limited by underpowered statistics, including heterogeneity in the characteristics of the participants (e.g., underlying diseases, different concomitant medications, wide variety of ages, lack of uniform diagnostic criteria for migraine, and trial duration) and the small number of trials for some treatment arms. Second, because of the weak network structure, the results of the current NMA should be interpreted with caution. Third, although we tried to investigate the efficacy of different dosages of exogenous melatonin supplementation in episodic migraine prophylaxis, we could only investigate two dosages because of the limited number of RCTs available. Future studies focusing on different dosages of exogenous melatonin supplementation are warranted to assess their efficacy. Finally, although our study is strengthened by comparing different treatments with NMA, the generalization of our results are still highly limited depending on the studies included and the possible comparisons within them. Future studies are warranted to assess the efficacy of melatonergic agents, focusing on the optimal dosage and treatment duration, for the prevention of episodic migraine in different medical settings. Clinicians should consider specific preventive strategies in specific clinical conditions.
The current pilot NMA suggests that prophylactic melatonergic agents was associated with reduction of the frequency of migraine, improvement of the response rate of migraine, and good safety profiles. Oral melatonin 3 mg (immediate-release) at bedtime was the most preferred pharmacologic intervention among all of the investigated interventions when taking improvements in frequency of migraine days, response rate, drop-out rate, and rate of any adverse events into account. Our findings provide a rationale for designing future large-scale RCTs to investigate associations between circadian rhythm regulation, sleep-promoting effects, antioxidation effects, and preventive effects conferred by melatonergic agents in subjects with episodic migraine.
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Figure 1: Flowchart of the current network meta-analysis
Figure 2: Network structure of the primary outcome: (2A) changes in migraine frequency; (2B) response rate
The lines between nodes represent direct comparisons in various trials, and the size of each circle is proportional to the size of the population involved in each specific treatment. The thickness of the lines is proportional to the number of trials connected to the network.
Figure 3: Forest plot of the primary outcome in reference to placebo: (3A) changes in migraine frequency; (3B) response rate
Specific medications were associated with (3A) better improvements in migraine frequency than the placebo if the mean difference was less than 0 (unit: day) or (3B) better response rate than the placebo if the odds ratio was higher than 1.
Abbreviation: Abbreviation: Ami: amitriptyline; Bot: botox-A; CI: confidence interval; Cyc: cyclandelate; ES: effect size; Lam: lamotrigine; MD: mean difference; Me3mg: oral melatonin 3mg (immediate-release) at bedtime; Mel2mg: oral melatonin 2mg (prolong-release) at bedtime; NMA: network meta-analysis; Nor: nortriptyline; Pla: placebo; Pro: propranolol; RCT: randomized controlled trial; Top: topiramate; Val: valproate
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