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Abstract

Migraine patients suffer from high morbidity related to the repeated headache attacks 

characteristic of the disorder, poor sleep and a high prevalence of co-morbid psychosocial 

disorders. Current pharmacological therapies do not address these aspects of migraine, but 

non-pharmacological treatments such as Mindfulness Based Stress Reduction (MBSR) have 

been shown to improve both pain and psychological well-being. In this secondary analysis, 

we examined the change over time in sleep quality and psychosocial outcomes from the 

MRI Outcomes for Mindfulness Meditation Clinical Trial and assessed how these mediated 
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treatment response (50% reduction in headache frequency post-intervention). We also examined 

the relationship between baseline values and treatment response.

The trial (primary outcomes previously reported) included 98 episodic migraine patients 

randomized to either enhanced MBSR (MBSR+) or stress management for headache (SMH). 

They completed psychosocial questionnaires and headache diaries at baseline (pre-intervention), 

mid-intervention (10 weeks post baseline) and post-intervention (20 weeks post baseline). There 

was a significant improvement in sleep quality from baseline to post-intervention (p=0.0025), 

in both groups. There were no significant changes from baseline or between groups in anxiety, 

depression and stress. There was also no significant association between baseline scores and 

treatment response. Mediation analysis showed a significant indirect effect of 6% for sleep: in 

other words, small improvements in sleep may have contributed to the efficacy of MBSR+.

Trial registration:  NCT02133209

Introduction

Migraine is a chronic, neurological disorder affecting 10–15% of the general population 

[20]. Anxiety and depression are more prevalent in migraine patients compared to the 

general population [8], stress is one of the most common migraine triggers [26,47], and 

sleep disturbances are common in migraine [16,27,45]. While the biological mechanisms 

associating these factors with migraine are unclear, the relationship is likely bi-directional, 

as patients with anxiety and depression report greater migraine frequency [17,25,27,38,49].

Co-morbid conditions complicate treating migraine. Current migraine therapies either 

reduce pain or prevent migraines from occurring [38]. However, relief from migraine is 

a combination of the physical components (e.g. pain, nausea), and the affective factors, 

all of which may be improved by non-pharmacological interventions such as mindfulness 

based stress reduction (MBSR) [2,18]. Though some mindfulness studies in headache 

patients report improvements in headache frequency [2,6], pain intensity and quality 

of life compared to usual care, findings are inconsistent. Two recent reviews found 

psychological therapies, including mindfulness, did not significantly improve headache 

frequency compared to controls [1,36]. Similarly, a recent clinical trial for MBSR compared 

to headache education showed no treatment group differences [46]. Though evidence for 

the efficacy of mindfulness for migraine is mixed, heterogeneity in results might be due to 

small sample sizes and differences in study design, including a lack of an active control arm 

[11,21,22,29,44].

Considering psychological endpoints, MBSR is associated with reductions of stress, anxiety 

and depression in healthy populations, pain and cancer patients [13,35,41], but there is 

variability and small to moderate effect sizes depending on the pain population [10,29]. In 

migraine, Wells et al. found that patients who received MBSR had greater improvement in 

depression compared to headache education [46]. Others have shown improved anxiety in 

migraine patients but lack of statistical power limits interpretation [37,47]. MBSR shows 

only moderate evidence for sleep improvement and only in studies with non-specific active 

controls [30]. Evidence in other populations shows that individual differences in these 

psychological factors can play a role in the treatment success of MBSR [9,14,15,24]. 
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Distress tolerance and social anxiety have been shown to be moderators of MBSR 

[9,15]. Given that MBSR may improve psychosocial factors and increased stress, anxiety, 

depression and sleep can trigger migraines, it is plausible that MBSR operates through one 

or several of these pathways to reduce headache frequency. Neither treatment moderating 

factors nor potential mediators of treatment response have been examined in the headache 

literature on mindfulness.

In this study, we leverage the sample size, the use of an active control arm and a more 

targeted intervention we call enhanced MBSR (MBSR+) [32], which we previously reported 

has efficacy for migraine [32]. We hypothesized: a) compared to SMH, patients randomized 

to MBSR+ have greater improvement in sleep quality, anxiety, depression and stress 

symptoms over time; b) higher values (i.e. poor sleep, worse anxiety etc.) of baseline sleep 

quality, anxiety, depression and stress symptoms are associated with treatment response to 

MBSR+ and; c) sleep quality, anxiety, depression and stress symptoms mediate the MBSR+ 

treatment response.

Methods

Clinical Trial Design

This secondary analysis utilized data from the MRI Outcomes of Mindfulness Meditation 

for Migraine clinical trial (NCT02133209) [32]. Participants were enrolled from June 2014 

to February 2017. The primary objective of the clinical trial was to determine the short and 

long-term efficacy of MBSR+ on headache frequency, brain structure and function. This 

was a randomized placebo-controlled trial with single masking. Participants were excluded 

if they reported severe or unstable psychiatric conditions, but patients with anxiety and or 

depression were eligible for inclusion. All migraine patients had episodic migraine (EM) 

and were randomly assigned to receive either MBSR+ or SMH. Patients were randomized 

1:1 to either treatment in pre-specified blocks, using a web-based randomization system. 

Randomization was stratified by the presence or absence of another chronic pain disorder 

and by headache frequency: 4–8 (low frequency) or 9–14 (high frequency) headache days 

per 28 days. The clinical trial also enrolled 30 healthy pain free controls, matched to the 

migraine patients on age (±5 years), sex, body-mass index (BMI) (±5), education (college 

and no college) and race. Data from healthy controls were not utilized in these analyses. 

Each treatment was administered weekly for 8 weeks with an additional half day retreat for 

the MBSR+ arm and then both treatments were administered for an additional 4 sessions 

over 8 weeks. Full inclusion and exclusion criteria have been previously reported [32].

Outcome Measures

Patients were assessed at three time points: baseline (pre-randomization), mid-intervention 

(week 10) and post-intervention (week 20). The mid-intervention assessment occurred 

following the first 8 weeks of intervention and the post-intervention assessment occurred 

following the second 8 weeks (Figure 1).

Headache Frequency—Daily headache diaries were completed electronically (online via 

a link sent through email) and collected detailed information on headaches over a 28-day 
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period (e.g. pain intensity, headache duration and other symptoms). Headache diaries were 

used to ascertain clinical endpoints including headache frequency at baseline and over 

time. Given the nature of headache diaries not all patients completed a full 28 days. To 

address this, we calculated a proportion for everyone, by dividing the number of headache 

days reported by the total number of diary days collected in that period. For any given 

individual the maximum denominator was 28. Additionally, we multiplied the proportion by 

28 to get a continuous variable for headache days. In final models, we utilized treatment 

response as the main clinical headache end-point. To calculate the treatment response in 

the sample we used the above proportion and the standardized headache days variable and 

calculated the difference between baseline and the post-intervention time point. Treatment 

responders were defined as achieving at least a 50% reduction in headache frequency from 

baseline to post-intervention (week 20). This end point is consistent with several studies for 

migraine preventative medications such as topiramate and non-pharmacological treatments 

like acupuncture [12,19,40].

Sleep quality and psychosocial questionnaires—Sleep quality was assessed using 

the Pittsburgh Sleep Quality Index (PSQI) questionnaire [3], a 23 item scale that assesses the 

quality of sleep over the last month with possible scores ranging from 0–21 [3]. Anxiety was 

assessed using the Generalized Anxiety Disorder (GAD-7) questionnaire [28,33], a 7 item 

questionnaire that measures common symptoms of anxiety with scores ranging from 0–21. 

Depression was measured with the Patient Health Questionnaire-9 (PHQ-9) [34], a nine item 

questionnaire for depressive symptom severity over the last two weeks with scores ranging 

from 0–27. Stress was assessed with the Perceived Stress Scale (PSS) [5,23], a 10 item 

questionnaire that measures an individual’s perceived stress to everyday life situations over 

the last month with scores ranging from 0–40. Questionnaire scores were also categorized 

according to validated cut points. PSQI total scores ≥5 indicate poor sleep quality [3]. 

GAD-7 was categorized into four groups: 0–4 (no anxiety symptoms), 5–9 (mild anxiety 

symptoms), 10–14 (moderate anxiety symptoms), 15≤ (severe anxiety symptoms) [28,33]. 

Similarly, PHQ-9 was separated into 5 categories: (0–4, 5–9, 10–14, 15–19 and ≥20) to 

represent no depression symptoms, mild, moderate, moderately severe and severe depression 

symptoms [34]. PSS was categorized into three groups where 0–13 is average, 14–26 is 

moderate stress and high stress is 27–40 [5,23]. Finally, patients were assessed as either 

having symptoms or not for all of the above questionnaires (e.g. depression symptoms 

yes/no) using the minimum cut point for each (e.g. score of 5 on the PSQI questionnaire).

Statistical Analysis

Demographic and Clinical Variables—Distributions of baseline patients’ 

characteristics between those randomized to MBSR+ and SMH and differences between 

treatment responders and non-responders were assessed utilizing Chi-square, t-tests, 

and nonparametric Wilcoxon and Kruskal-Wallis tests. Baseline characteristics included 

headache frequency, presence of an additional idiopathic pain condition, education, age, sex, 

race and BMI. In addition to sleep quality and psychosocial factors, the following clinical 

headache characteristics were examined: headache days, mean headache pain and headache 

impact test (HIT-6) scores. All analyses utilized intention to treat (ITT) analysis, therefore 

patients were analyzed as randomized.
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Change in sleep quality and psychosocial symptom scores over time—
Exploratory data analysis examined the distributions of baseline continuous scores and 

the change in scores over time (baseline, 10 and 20 weeks) of all questionnaires 

(Supplementary Table 1). Wilcoxon, ANOVA and repeated measures ANOVA were used 

to assess differences in group, time and group by time interactions. Several regression 

diagnostic measures were utilized to examine the linearity of variables as outcomes and to 

assess the correlation of these variables as predictors. Using variance inflation factor (VIF), 

Cook’s D, plots of both the raw and scaled residuals and predicted values we examined the 

assumptions of normality, linearity and independence of these variables as both outcome and 

predictive measures. Given the skewed nature of PSQI, GAD-7 and PHQ-9 we also assessed 

the utility of log transformation on these factors. Using mixed effects model diagnostics it 

was determined to use the untransformed continuous scores in all final models.

All final analyses used mixed effect models and a random intercept was included in the final 

model for depression only as this was the only outcome where this approach improved the 

model fit. All models were corrected for multiple comparisons, utilized an unstructured 

covariance and assessed differences between MBSR+ and SMH groups, change from 

baseline and group by time interactions. Models were assessed using the Akaike Information 

Criterion (AIC) as well as the impact of additional variables on the standard error.

Baseline sleep quality and psychosocial scores and the relationship with 
treatment response—PSQI, GAD-7, PHQ-9 and PSS scores are known to be related 

and initial analyses assessed the statistical correlation using Spearman’s Rho as well as their 

impact on each other by examining collinearity diagnostics. Rho values equal to or more 

then 0.5 as well as a p value ≤0.05 were assessed further. We assessed condition index, 

variance inflation factor, tolerance and proportion of variance values. It was determined 

that each predictor would be modeled separately to assess their individual association with 

treatment response.

Individual models assessed continuous baseline sleep and psychosocial variables as the 

predictors, adjusting for treatment group. We assessed interactions between treatment group 

and baseline values for sleep and psychosocial factors but there were none and thus 

final models do not stratify by group. Confounders of interest at baseline were BMI, 

education, race, sex, age, idiopathic pain condition and HIT-6. We also assessed the role 

of baseline mindfulness and pain catastrophizing as potential confounders but inclusion did 

not significantly affect the model or change the size of the estimates for the psychosocial 

variables of interest. Final models were assessed as described above. All statistical analyses 

were conducted using SAS (v.9.4, SAS Institute Inc. Cary, NC). Testing was two-sided and 

done at the 0.05 level of significance.

Mediation of Treatment Response by Change Sleep Quality over Time—We 

examined the mediation of treatment effects (MBSR+ vs. SMH) on treatment response 

through changes in sleep. To assess the presence of mediation we employed the mediation 

analysis methods for binary outcomes and multiple mediators as outlined by VanderWeele 

[42] and VanderWeele and Vansteelandt [43]. Figure 2 depicts the directed acyclic graph 

(DAG) that guided the development of the final models. The weighting method developed 
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by VanderWeele and Vansteelandt utilizes an inverse probability of treatment weighting 

approach to estimate the direct and indirect effects even when mediators impact each other 

[43].

This approach estimates three weighted averages which correspond to the following 

counterfactuals: E[Treatment response a*Ma*], E[Treatment response aMa] and E[Treatment 

response aMa*] where a= MBSR+ and a*= SMH and M = mediator vector. Each is 

calculated in a three step process. For E[Treatment response a*Ma*], the first step fits 

a logistic regression model using a mediator vector (this included sleep and headache 

frequency reported at 10 weeks) and baseline covariates to estimate predicted probabilities 

of P(SMH|ci). Secondly a weighted average of the predicted values for subjects is 

calculated by P(A=SMH)/P(A=SMH|ci). The final step utilizes the weight in a regression 

model to estimate the value of E[Treatment response a*Ma*]. The process is repeated for 

each counterfactual component. The direct effect is given by E[Treatment responseaMa*]

−E[Treatment responsea*Ma*] and the indirect effect: E[Treatment responseaMa] − 

E[Treatment responseaMa*].

We adjusted for the baseline values of the anxiety, stress and depression. To account for 

mediator-outcome confounding, headache frequency at mid-intervention is included in the 

mediator vector. Exposure-mediator (treatment group*sleep) interactions and interactions 

between sleep and other psychosocial factors were assessed, however these models 

did not differ significantly from those without interaction. Given that no interactions 

existed, the natural direct effect is assumed equivalent to the controlled direct effect. To 

calculate standard errors and 95% confidence intervals for each estimate a bootstrapping 

approach was employed. This process generated 1000 samples with replacement after 

which counterfactual estimates and confidence intervals were generated for all samples. 

Confidence intervals that did not include the null were significant. Analyses were conducted 

using SAS (v.9.4, SAS Institute Inc. Cary, NC).

Power for this analysis was calculated using the powerMediation package in R™ for 

dichotomous outcomes. Assuming a sample size of 98 (49 per group), power 0.8, standard 

deviation of the mediator 0.4, correlation between the predictor and mediator 0.3, alpha 0.05 

and 30% marginal prevalence of the outcome, the minimal detectable difference attributable 

to the mediator will be an OR of 1.62.

Results

Description of baseline demographic and clinical measures in episodic migraine patients

Of the 583 patients screened, 122 completed baseline assessments and 98 were eligible 

and randomized to receive either MBSR+ (n = 50) or SMH (n = 48). All 98 patients 

were included in the analyses examining change in sleep and psychosocial metrics over 

time. Treatment response analyses were reduced to the 95 patients with baseline and post-

intervention follow-up data that was needed to assess the outcome.

Migraine patients randomized to MBSR+ or SMH were of comparable age, race, sex, 

BMI and educational attainment. Both groups were predominantly female, White, college 
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educated with a median age of 36 (Table 1). Clinical characteristics, particularly those 

related to migraine, were also similar between the randomized groups. The proportion of 

headache days ranged from 0.11–0.5 in both groups with an average value of 0.25 in 

the SMH group and 0.29 in the MBSR+ group. Overall 29% of patients reported poor 

sleep quality, 13% of all patients met criteria for anxiety symptoms, 20% for depression 

symptoms, and 39% for stress. There was no significant difference in the proportions 

between MBSR+ and SMH groups (Supplementary Table 2).

Change over time in MBSR+ and SMH groups

Sleep Quality—Sleep quality results show that though patients randomized to MBSR+ 

on average had lower scores (better sleep quality) than those randomized to SMH, the 

difference between the groups was not significant (Table 2). However, the change in sleep 

quality across groups over time was significant. Patients reported improved sleep quality 

from baseline to week 10, as impairment was reduced by −0.13 (95% CI: −0.70, 0.45) and 

further at 20 weeks (−0.67, 95% CI: −1.10, −0.24) (Table 2). (See Supplementary Tables 1 

and 2).

Psychosocial factors—Although patients randomized to MBSR+ had lower scores 

across all metrics, the difference between groups was not statistically significant (Table 

2). With the exception of anxiety symptoms (an increase at 20 weeks), the scores for all 

other metrics had declined at 20 weeks. However, these were not significant (Table 2). (See 

Supplementary Tables 1 and 2).

Baseline sleep quality, anxiety, depression and stress symptom scores and 
the association with treatment response—Table 3 provides a description of the 

patients included in this analysis. There was no significant association between any baseline 

symptom score and treatment response (Table 4). There was no interaction between 

intervention arm and baseline psychosocial score. Therefore, results are not stratified by 

intervention arm.

Mediation of Treatment Response by Change in Sleep Quality over Time—
Results from the preceding analyses indicate that there was no significant change in anxiety, 

depression or stress, and that baseline values were not associated with treatment response. 

Thus, mediation analyses were restricted to sleep quality, which showed a significant change 

over time. The total causal effect, that is the total difference in treatment response between 

those randomized to MBSR+ and SMH is 28% (Supplementary Table 3). The direct effect of 

MBSR+, that is, the effect of MBSR+ independent of any other pathways ranged from 22% 

(Table 5).The direct effect for the sleep model was 0.19 (95% CI 0.18, 0.2), indicating that 

19% of the effect of MBSR+ is through pathways which do not include sleep. The indirect 

effect, the effect of MBSR+ mediated through pathways that included sleep, was 0.06 (95% 

CI: 0.05, 0.08). This shows that 6% of the effect of MBSR+ was through the improvement 

of sleep. This suggests that an additional 6% in treatment response could be seen in those 

randomized to SMH if their sleep quality had been set to that of those who received MBSR+ 

(Table 5).
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Discussion

We examined the longitudinal relationship between MBSR+ treatment, sleep quality and 

psychosocial symptoms in the context of a randomized trial using an active control for 

headache management. We found that sleep quality was significantly improved in both 

treatment groups at 20 weeks. There was no significant association between baseline sleep 

disturbance, anxiety, depression or stress and treatment response regardless of treatment 

condition. The total effect of MBSR+ on treatment response, operationalized as a 50% 

reduction in headaches at 20 weeks, included the indirect effect of improved sleep quality, in 

addition to direct effects of MBSR+.

The impact of MBSR on psychological well-being is inconsistent and, at best, modest. A 

meta-analysis of mindfulness studies with specific and non-specific control arms, across 

several patient groups reported an effect size of mindfulness on anxiety of 0.38 (95% CI 

0.12–0.64) and 0.30 (95% CI 0.00–0.59) for depression at 8 weeks, both of which declined 

by 6 months [10]. Within pain populations (fibromyalgia and chronic back pain), these 

effects on depression and anxiety, were not significant [10]. When compared to active 

treatments, like acceptance based therapy, the effects of MBSR in chronic pain patients 

on anxiety and depression are small and not significant [44]. In chronic lower back pain 

patients randomized to MBSR, cognitive behavioral therapy or usual care, Cherkin and 

colleagues reported significant improvements in depression and anxiety up to 26 weeks 

post intervention [4]. Effects were seen at 8 weeks post intervention and group differences 

were most notable comparing MBSR to usual care. In our study, though not significant, 

group differences in GAD-7 score between MBSR+ and SMH was −0.13 in our migraine 

patients, which is similar to that observed comparing MBSR and CBT in chronic lower back 

pain patients at 8 week follow up (−0.18) [4]. A recent study by Wells et al. reported that 

migraine patients who received a standard MBSR had greater improvement in depression but 

not anxiety compared to education [46]. While this differs from our findings, patients in our 

study had baseline values for PHQ-9 and GAD-7 that were much lower than in the Wells 

study. This would suggest that there was less room for improvement and may explain why 

anxiety and depression showed no significant improvements over time in our study.

We do, however, see effects of treatment on sleep quality, yet no differential benefit of 

MBSR+ over SMH in reducing sleep disturbance. As with indices of psychological well-

being, the impact of MBSR on sleep quality is varied. A systematic review assessing 

the effects of MBSR on sleep disturbance reported significant improvements in sleep 

quality in several clinical populations, including fibromyalgia [48]. Importantly significant 

improvements were only observed in uncontrolled studies, but was absent in those with an 

active control arm [31,48]. Similarly we observed significant improvements in sleep quality 

but there was no difference between our two active arms at 20 weeks, indicating that both 

treatments improved sleep quality. One possibility is that the improvement in sleep quality 

we observed was related to the reduction in headache frequency, rather than a direct effect 

of intervention. Findings from the main outcomes paper show that though MBSR+ patients 

had a significantly greater decrease in headache frequency, those in the SMH arm also saw 

long-term improvements [32]. Studies suggest that preventative migraine treatments and 

behavioral interventions such as CBT, and relaxation training also improve sleep in migraine 
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patients [39]. Though patients in the SMH arm did not learn any specific mindfulness 

techniques, the program did provide discussions about lifestyle factors that can help modify 

stress and migraine triggers such as the importance of diet, exercise and sleep hygiene. 

The causal relationship between sleep and migraine continues to be investigated and while 

research suggest that it might be bi-directional, active behavioral interventions likely share 

components that improve both.

We observed an indirect effect of 6%, suggesting that some of the effect of MBSR+ 

in reducing headache frequency, may be mediated through pathways that include 

improvements in sleep quality. Other studies that have explored the mechanisms involved 

in mindfulness based cognitive therapy (MBCT) and the effect on depressive disorder 

found that the main predictive and mediating components were alterations in mindfulness, 

rumination, worry and self-compassion [41]. Patients who were more mindful saw greater 

improvement and improvement in depression was mediated by other negative affect 

components such as rumination and worry [41]. In headache patients, Day and colleagues 

assessed headache pain via the brief pain inventory score, and reported that pathways 

through pain acceptance were responsible for small reductions of pain scores [7]. These 

effects are comparable to our findings in that though the indirect effects were small, they still 

made up a significant proportion of the success of treatment. This small mediation effect and 

the absence of predictive value of baseline sleep and non-significant group differences over 

time are likely because our sample generally reported good sleep quality leaving little room 

for improvement. Previous studies have reported that, compared to chronic pain patients 

with co-morbid psychosocial symptomatology, patients with clinically diagnosed psychiatric 

disorders report greater symptom reduction after receipt of MBSR [13,35,41]. It is plausible 

that MBSR+ for migraine might be most effective in patients with high baseline levels 

of these co-morbid factors. Though there were some patients with anxiety and depression 

enrolled in the study, those with unstable or uncontrolled psychological disorders were 

excluded.

Strengths and Limitations

This is the largest RCT assessing mindfulness in migraine patients to date, providing the 

first comprehensive look at MBSR+ in episodic migraine. The active control treatment 

arm allowed us to make comparisons that are more appropriate and provided evidence that 

though MBSR+ does significantly reduce headache frequency, other active interventions 

such as SMH can be useful and likely share mechanisms of action. Stratified block 

randomization mitigated possible imbalances in risk factors between intervention groups 

and patient retention was excellent. All analyses used ITT, preserving the benefits of 

randomization. While patients randomized to SMH may have tried alternative stress 

management techniques or attempted MBSR on their own, the benefits of ITT outweigh 

the harms and the likelihood of patients trying both treatments is slim given the time burden 

associated.

However, our study does have some limitations. It is possible the study attracted migraine 

patients who are not representative of the general migraine population given their interest 

in non-pharmacological therapy. We recruited from two large health systems and academic 
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campuses, and a large metropolitan community. This limited geographic scope, the demands 

of weekly and bi-weekly treatment sessions and the requirement to complete imaging likely 

limit the representativeness of the patient sample.

Through meditation analysis we show that small changes in sleep may have contributed to 

treatment response. One drawback is that negative affect and stress, while highly correlated, 

may also affect sleep. However, in separate models (not reported) we assessed the effect 

of each symptom - anxiety, depression, stress, separately and together and the effect was 

similar. This may suggest that MBSR+ works through the improvement of sleep quality; 

however given the small effect size, and the fact that there were no group differences in sleep 

quality over time, this mediation effect is likely only partially responsible for the change that 

we observe. Finally, there is always the concern of unmeasured confounding especially in 

light of the strict assumptions which must be employed with these analyses. The randomized 

design incorporated a rich collection of baseline covariates, diminishing this risk in this 

study.

Conclusions

MBSR+ may be a comprehensive therapeutic approach in migraine patients. Benefits may 

differ based on a patient’s baseline sleep quality, but that cannot be definitively concluded 

in this study. Further work incorporating a wider distribution of sleep profiles is needed. 

We also show that the active control arm, SMH, leads to improvement and opens the 

door for further exploration into the specific components of behavioral interventions that 

might be most effective. Importantly, MBSR+ provides patients with the opportunity to take 

responsibility and control over their care eliminating some of the barriers associated with 

traditional pharmacological options. Patients acquire lifelong skills which once maintained 

can improve their overall quality of life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Flow diagram to illustrate the ordering of study activities
Blue rectangles represent the time periods in the study from pre-baseline when patients 

were enrolled to post-intervention when patients had completed the last intervention session. 

Boxes outlined in blue at the bottom highlight activities that take place at the MRI visits 

at each time point. Boxes with a green outline detail activities that take place between 

each MRI session. All participants completed headache diaries prior to randomization and 

the commencement of intervention. Headache diaries were collected over a 28-day period 

prior to randomization. After the initial 8 weeks of intervention, participants competed 

their second 28 day headache diary. After the completion of the second 8 weeks of 

intervention, participants completed their post-intervention 28 day headache diary. All 

participants completed an MRI visit and the associated questionnaires at baseline prior to 

the randomization and intervention. The second MRI visit was conducted after the initial 8 

weeks of intervention and the third was conducted after the second 8 weeks of intervention.
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Figure 2: Causal diagram to represent plausible mediation relationship between MBSR+ and 
treatment response
Arrows assume direction of causal relationships. Model assumes no unmeasured 

confounding. Black boxes indicate baseline covariates. Solid black arrows represent adjusted 

confounding. The orange box indicates the randomized treatment MBSR+ vs. SMH. The 

solid green box is the outcome which is treatment response. This variable is created 

from baseline and post-intervention headache frequency (green outlined boxes) Blue boxes 

represent possible mediators of the relationship between exposure and outcome. Baseline 

covariates were measured prior to randomization and therefore are not affected by the 

treatment. Mid-point (10 weeks post baseline) sleep quality, anxiety, depression and stress 

were measured at the scan visit directly after the completion of the first block of treatment. 

Headache diaries were completed for 28 days post the first block of treatment and therefore 

are captured after the psychosocial measurements. Post-treatment (20 weeks post baseline) 

psychosocial measurements were taken at the scan visit directly after the final treatment 

block had been completed. These visits usually occur over a two-week period post study 

completion. Headache diaries are completed for 28 days post treatment.
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