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Background: Emerging evidence suggests that air pollution, particularly fine particulate matter (PM2.5), may exacerbate migraine.
Northern Thailand experiences severe seasonal air pollution, offering a unique context to investigate this association. This study aimed
to evaluate the impact of seasonal PM2.5 exposure on migraine frequency, severity, emergency room (ER) visits, and medication use.
Methods: This retrospective observational study included 42 adult migraine patients attending a university hospital’s headache clinic
from 2021 to 2023 who completed monthly headache diaries. PM2.5 data were obtained from national monitoring networks. “Polluted
months” (January—May) were compared with “non-polluted months” (June—December). Study outcomes included headache frequency
(days/month), pain severity (mild/moderate/severe), ER visits, and medication use.

Results: Among 42 patients (mean age: 39.2 years; 57.1% female), headache frequency was higher during polluted months (6.4 vs 4.3
days/month, P < 0.001). All pain severity levels increased significantly during polluted periods. ER visits rose markedly (3.37 vs 0.65 visits/
patient, P < 0.001). Use of both migraine-specific and non-specific medications per patient was significantly greater in polluted months.
Conclusion: PM2.5 exposure is associated with increased migraine burden. Seasonal air pollution may worsen headache frequency,
severity, and healthcare utilization. Air quality should be considered in migraine management and environmental policy planning.
Keywords: migraine, PM2.5, air pollution, headache

Introduction
Air pollution, specifically fine particulate matter (PM2.5), represents a significant global health concern, linked exten-
sively with cardiovascular, respiratory, and neurological diseases.' ™ PM2.5 particles, less than 2.5 micrometers in
diameter, bypass the body’s defences, infiltrating deep into the lungs and bloodstream. Exposure has notably been
associated with heightened risks of neuroinflammation, cognitive decline, stroke, and Alzheimer’s disease.>®

Migraine is a highly prevalent neurological disorder affecting approximately 12% of the global population and is
a leading cause of disability worldwide, characterized by recurrent headaches, sensory hypersensitivity, nausea, and
cognitive dysfunction, and ranking among the top contributors to years lived with disability in adults of working age.”*
Its pathophysiology involves trigeminal nerve activation, cortical spreading depression, and vascular dysregulation,
potentially influenced by environmental factors including air pollution.” Recent studies indicate that air pollution may
also contribute to migraine exacerbation.'® Proposed mechanisms by which PM2.5 may exacerbate migraine include
systemic inflammation, oxidative stress, blood-brain barrier (BBB) disruption, and vascular dysregulation. Inhaled
PM2.5 triggers pro-inflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-o) and
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increases reactive oxygen species (ROS), promoting neuroinflammation and sensitization of trigeminal pathways.""
Resulting oxidative stress disrupts neuronal homeostasis and neurotransmitter balance, heightening cortical
excitability.'>'* BBB impairment contributes to neurovascular dysfunction,'® while vasomotor instability and altered
cerebral blood flow further aggravate migraine attacks.'> Environmental and epidemiological evidence links PM2.5
exposure with increased migraine frequency and severity, evidenced by higher medical visits and medication usage
during pollution peaks.'®!” Despite these insights, the long-term effects of chronic PM2.5 exposure on migraine severity
remain understudied, as current research predominantly addresses short-term pollution impacts.'® Recent systematic
reviews have further synthesized this evidence, emphasizing the consistent association between air pollution and
increased migraine burden across diverse populations. A comprehensive review also highlighted the methodological
limitations and heterogeneity of prior studies, indicating the need for long-term analyses of migraine outcomes in high-
pollution settings.'® Unlike previous studies that primarily assessed short-term pollution spikes or cross-sectional
associations, the present study evaluates the longitudinal, cyclical impact of seasonal PM2.5 exposure on migraine
outcomes across three consecutive years. This approach provides a more comprehensive view of how sustained
environmental fluctuations influence migraine burden in a high-exposure region. However, causal inference in observa-
tional air-pollution studies remains challenging because of potential confounding factors, exposure misclassification, and
temporal variability, which may limit interpretation of associations between PM2.5 and migraine.

Northern Thailand, particularly Chiang Mai Province, faces severe seasonal air pollution, mainly due to agricultural
burning (slash-and-burn farming), vehicular emissions, and industrial activities.”® The pollution season in Northern
Thailand typically occurs from January to May, during which PM2.5 levels rise dramatically due to crop burning, forest
fires, and stagnant air conditions.?' This seasonal phenomenon has caused Thailand to frequently rank among the most
polluted countries in the world, with Chiang Mai often recording the worst air quality globally during this period.**
Reports from air quality monitoring agencies have shown that Chiang Mai has ranked as the world’s most polluted city
multiple times between January and May, with Air Quality Index (AQI) levels exceeding hazardous thresholds.”?

Given the growing burden of both air pollution and migraine, there remains a need for region-specific evidence
linking PM2.5 exposure to migraine severity. This study aims to analyse migraine severity using headache frequency
(days per month) and other clinical parameters, comparing patients’ migraine burden during high-pollution and low-
pollution periods in Northern Thailand. Understanding this relationship may provide critical insights into environmental
risk factors for migraine exacerbation and inform public health policies to mitigate exposure risks.

Methods
Study Design and Population

This retrospective, observational study was conducted at Maharaj Nakorn Chiang Mai Hospital, a tertiary, university-
affiliated center in Northern Thailand. We included adults aged 20-65 years who were diagnosed with episodic or chronic
migraine according to the International Classification of Headache Disorders, 3rd edition (ICHD-3), and who attended
the specialized outpatient headache clinic between January 2021 and December 2023. To ensure sufficient longitudinal
data, patients were required to have completed a headache diary documenting monthly migraine days for all 36 months of
the study period. Complete headache diaries were defined as uninterrupted documentation of monthly headache-diary
entries and clinic visit notes across the full 36-month period, verified at each follow-up appointment. Diary compliance
was reviewed at each clinic visit by the attending neurologist and nursing staff and documented in the medical record
using a standardized follow-up form. Patients recorded headache characteristics—including aura, nausea, vomiting, and
other associated symptoms in their standardized headache diaries during routine clinical follow-up. Patients with missing
diary months or incomplete clinical records were excluded. Collected variables included demographic information (age,
sex, body mass index, educational level) and clinical characteristics such as age at migraine onset, migraine subtype
(with or without aura), disease duration, comorbidities, and use of migraine-related medications. All patients received
routine clinical care throughout the study period. Migraine treatments, including acute medications (eg, NSAIDs,
triptans) and preventive therapies (eg, beta-blockers, antiepileptic drugs, flunarizine), were managed at the discretion
of the attending neurologist according to standard clinical practice. Treatment adjustments were made only when
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clinically indicated, such as inadequate symptom control, adverse effects, or changes in headache patterns. No protocol-
driven treatment changes were mandated by the study, ensuring that observed differences between polluted and non-
polluted months were not influenced by structured medication modifications.

Assessment of Pollution Exposure

Based on historical air quality patterns in Chiang Mai, pollution by the Pollution Control Department, Thailand’s Air
Quality and Situation Reports, and the Ministry of Natural Resources and Environment. The calendar year was divided
into two distinct pollution phases: a high-pollution period from January to May and a low-pollution period from June to
December. PM2.5 levels exceeding 50 pg/m® were classified as high exposure, while levels below this threshold were
considered low exposure, following the Thailand Pollution Control Department (PCD 2023) 24-hour standard, which
exceeds the World Health Organization (WHO) air-quality guideline limit (15 pg/m®; WHO 2021). To facilitate
comparisons, we defined “polluted months” as those occurring during the high-pollution period (January to May),
when regional PM2.5 concentrations consistently exceeded safety thresholds, primarily due to seasonal agricultural
burning and stagnant air conditions. Conversely, “non-polluted months” referred to the low-pollution period (June to
December), when PM2.5 levels were generally lower and air quality was within acceptable limits. This classification was
used throughout the study to analyze migraine severity in relation to differing air quality conditions.

Migraine Severity and Emergency Room Visit Assessment

The primary outcome of the study was the change in overall migraine frequency, measured as the number of headache
days per month during polluted versus non-polluted periods. Secondary outcomes included the comparison of headache
frequency between the two periods stratified by pain severity levels (mild, moderate, and severe), along with the
frequency of ER visits and the use of acute migraine-specific and non-specific medications. Migraine severity was
assessed using headache frequency, defined as the number of headache days per month, as recorded in patient-maintained
headache diaries. In addition, pain severity was categorized according to the patient-recorded diary, which required
patients to rate each headache as one of three grades: grade 1 (mild pain) referring to pain that does not interfere with
regular activities; grade 2 (moderate pain) referring to pain that affects daily activities but does not require rest; and grade
3 (severe pain) referring to pain that prevents the patient from performing normal activities.”* These definitions were
reviewed with patients during clinic visits to ensure accurate diary completion. The use of acute medications, including
migraine-specific and non-specific abortive medications, was also recorded as the number of days per month on which
they were used. Acute medication use was quantified as the number of days per month in which patients reported taking
migraine-specific or non-specific abortive medications, as recorded in their standardized headache diaries. Data were
extracted from both electronic medical records and validated patient-reported headache diaries. Additionally, we
extracted monthly data on ER visits for migraine-related complaints. All ER visits included in this analysis were
migraine-specific encounters. Each visit was verified using the emergency department medical record, where the
attending physician documented a diagnosis of migraine exacerbation. ER visit frequency was categorized by month,
allowing for seasonal comparisons between polluted and non-polluted periods.

Statistical Analysis

Descriptive statistics were used to summarize demographic and clinical characteristics. Continuous variables were
expressed as means with standard deviations (SD) or medians with interquartile ranges (IQR), depending on the data
distribution. Categorical variables were presented as numbers and proportions. Comparisons of headache frequency, pain
severity (mild, moderate, severe), medication use, and ER visits between polluted and non-polluted months were conducted
using appropriate statistical tests based on data type and distribution. Paired t-tests were used for normally distributed data,
while the Wilcoxon signed-rank test was applied for non-normally distributed or ordinal variables. Repeated measures
analysis of variance (ANOVA) was used to evaluate within-subject changes in ER visit frequency across different pollution
periods. A two-tailed p-value of less than 0.05 was considered statistically significant. For multiple pairwise comparisons,
p-values were adjusted using Bonferroni correction, and 95% confidence intervals (95% CI) were calculated for the primary
outcome measures. A retrospective sample-size calculation using paired comparisons (o = 0.05, power = 0.80) and an
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assumed moderate effect size (Cohen’s dz = 0.50) indicated that 34 participants would be required. The final sample of 42
exceeded this threshold. Statistical analyses were performed using licensed Stata Statistical Software version 16.1 (Stata
Statistical Software: Release 16.1, Stata Corporation, College Station, TX, 2019). All figures were created using GraphPad
Prism version 10.0 (GraphPad Software, San Diego, CA) and Microsoft Excel, with appropriate visualizations (eg, bar
graphs, boxplots) to reflect comparative distributions between seasonal pollution phases.

Ethical Considerations

The study was conducted in accordance with the principles of the Declaration of Helsinki. This study was approved by
the Chiang Mai University Institutional Review Board (IRB reference number: MED-2567-0386). As it was
a retrospective observational study, data were collected as part of routine clinical care. All data were fully anonymized,
and confidentiality was maintained prior to access. The requirement for individual patient informed consent was therefore
waived by the IRB.

Results

A total of 300 migraine patients attended the headache clinic between 2021 and 2023. Of these, 68 met the preliminary
criterion of consistent clinic attendance and were screened for eligibility. Twenty-six patients were excluded (18 missing
>1 diary month, 5 with incomplete clinical records, and 3 not meeting ICHD-3 criteria), resulting in a final analytic
cohort of 42 patients with complete 36-month headache-diary datasets (Figure 1).

Monthly average PM2.5 levels in Chiang Mai from 2021 to 2023, demonstrating consistently elevated concentrations
during January—May (“polluted months™) across all three years. Average PM2.5 concentrations were 46.2 + 25.2 pg/m?
(range 19-105 pg/m®) during polluted months and 16.8 + 5.5 pug/m* (range 11-31 pg/m®) during non-polluted months
(Figure 2). Detailed monthly PM2.5 values for all study years are provided in Supplementary Table 1.

Demographic and clinical characteristics of the participants are listed in Table 1. Forty-two patients with migraine (18
males and 24 females) were included in the study. The mean age at baseline was 39.2+12.6 years, with a mean BMI of
25.8+4.0 kg/m”. The average age of migraine onset was 24.2+7.2 years. Educational attainment varied across partici-
pants: 6 (14.3%) held a master’s degree, and 12 (28.6%) held a bachelor’s degree. The remaining participants had
education levels ranging from secondary school to below primary level. Visual aura was reported by 19 participants
(45.2%), while 11 (26.2%) experienced sensory aura, 6 (14.3%) reported cognitive aura, and one patient (2.4%) reported
atypical aura. Nausea was the most reported associated symptom, present in all patients (100%), followed by vomiting
(97.6%), photophobia (59.5%), and phonophobia (50.0%).

All 42 participants included in the final analysis had complete data for all assessed outcomes, including headache
frequency, pain severity ratings, aura subtype, acute medication use, and ER visit records. A summary of the primary and
secondary migraine-related outcomes is presented in Table 2. Across the three-year study period (2021-2023), total
migraine frequency, severity stratifications, aura subtypes, ER visits, and medication use were compared between
polluted and non-polluted months.

Migraine frequency was analyzed by severity level. The mean total migraine frequency was 6.4 days/month during
polluted months and 4.3 days/month during non-polluted months, with a difference of 2.1 days/month (P < 0.001). Mild
migraine frequency was 1.3 vs 1.0 days/month (difference 0.3 days/month, P < 0.001), moderate frequency was 2.1 vs
1.5 days/month (difference 0.6 days/month, P < 0.001), and severe frequency was 3.1 vs 1.8 days/month (difference 1.3
days/month, P < 0.001) (Figure 3).

Migraine frequency among patients with and without aura. In patients without aura, the frequency was 6.2 days/
month during polluted months and 4.0 days/month during non-polluted months (difference 2.2 days/month, P < 0.001). In
patients with aura, the frequency was 6.7 vs 4.6 days/month (difference 2.1 days/month, P < 0.001) (Figure 4).

Comparisons of ER visits and medication use. The average number of ER visits per patient was 3.37 during polluted
months and 0.65 during non-polluted months, with a difference of 2.72 visits (P < 0.001). Migraine-specific medication use
differed between periods (P = 0.00014), and non-migraine-specific medication use also showed a difference (P = 0.042)
(Figure 95).
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Total migraine patients
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Figure | Study flowchart of patient selection and eligibility screening. This flowchart outlines the selection process for migraine patients included in the study. Of the 300
patients attending the headache clinic between 2021 and 2023, 232 were excluded before eligibility screening due to irregular clinic attendance or insufficient headache diary
documentation. Sixty-eight patients met preliminary screening criteria and were evaluated for eligibility. Twenty-six patients were then excluded (18 missing 2| diary month,
5 with incomplete clinical records, and 3 not meeting ICHD-3 migraine diagnostic criteria). A total of 42 patients with complete 36-month headache diary datasets were
included in the final analysis.
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Figure 2 Monthly average PM2.5 levels in Chiang Mai from 2021 to 2023. This figure presents the monthly mean PM2.5 concentrations for the years 2021 (yellow), 2022
(blue), and 2023 (green), showing the month-to-month variation in ambient air pollution across the three-year study period.
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Table | Demographic and  Clinical
Characteristics of the Study Population
Age, Years — Mean (SD) 39.2 (12.6)
Female Sex — no. (%) 24 (57.1)
BMI, kg/m? — mean (SD) 25.8 (4.0)

Education — no. (%)

— Below Primary School 5(11.9)
— Primary School 5(11.9)
— Secondary School 10 (23.8)
— Diploma 4 (9.5)
— Bachelor 12 (28.6)
— Master 6 (14.3)

Age of onset, years — mean (SD) 242 (7.2)

Aura — no. (%) 19 (45.2)
— Visual Aura Il (26.2)
— Sensory Aura 6 (14.3)
— Cognitive Aura I (2.4)
— Atypical Aura I (2.4)

Associated symptoms — no. (%)

— Nausea 42 (100.0)
— Vomiting 41 (97.6)
— Photophobia 25 (59.5)
— Phonophobia 21 (50.0)

Abbreviations: BMI, body mass index; kg, kilogram; m?,
square meter; No, number; SD, standard deviation.

Table 2 Summary of Migraine Outcomes During Polluted months vs Non-Polluted months

Outcomes Polluted Months | Non-Polluted Months Difference Statistical Test P value
(Days/Month) (Days/Month) (Days/Month)

Total migraine frequency 64+22 43+ 18 2.1 Paired t-test (t = 6.8) | < 0.001
(days/month)

Mild migraine frequency 1.3+09 1.0+ 0.8 0.3 Wilcoxon (z = 5.2) < 0.001
(days/month)

Moderate migraine frequency 21 £1.0 1.5+0.9 0.6 Wilcoxon (z = 5.4) < 0.001
(days/month)

Severe migraine frequency .17 1.8+ 1.2 1.3 Wilcoxon (z = 5.8) < 0.001
(days/month)

Migraine without aura frequency 6.2 +20 40+ 1.7 22 Paired t-test (t = 6.8) | < 0.001
(days/month)

Migraine with aura frequency 6.7 +23 46 %19 2.1 Paired t-test (t = 6.2) | < 0.001
(days/month)

ER visits (average per patient) 33712 0.65 £ 0.5 2.72 Paired t-test (t = 13) | < 0.001
Migraine-specific medication 26.7 £ 259 20.2 £ 259 6.7 Wilcoxon (z = 4.1) < 0.001
(total medication uses per patient)

(Continued)
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Table 2 (Continued).

Outcomes Polluted Months | Non-Polluted Months Difference Statistical Test P value
(Days/Month) (Days/Month) (Days/Month)

Non-migraine-specific medication 51.0 £ 393 42.7 + 46.7 83 Wilcoxon (z = 2.0) 0.042

(total medication uses per patient)

Notes: Values are presented as mean * SD for normally distributed variables and as total medication uses per patient for medication-related outcomes. P-values were
obtained using paired t-tests or Wilcoxon signed-rank tests as appropriate.
Abbreviation: ER, emergency room.

Discussion

This study provides evidence that higher PM2.5 levels are associated with increased migraine burden among patients
living in Northern Thailand. We observed that headache frequency, pain severity, acute medication use, and ER visits
were all higher during months with elevated PM2.5 concentrations. A notable aspect of this study is the use of headache
frequency (days per month) as a practical and globally applicable indicator of migraine severity. This metric is widely
recognized in both clinical and epidemiological settings and aligns with classification systems such as the ICHD-3.
Unlike migraine severity scoring systems that rely on questionnaire-based tools, such as the Migraine Disability
Assessment (MIDAS) or Headache Impact Test (HIT-6), which depend on subjective self-reporting and are susceptible
to recall bias, headache frequency provides a more objective, accessible, and easy-to-apply measure in both clinical
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Figure 3 Comparison of migraine frequency (days/month) by severity during polluted and non-polluted months. (A) Mean migraine frequency was 6.4 days/month during
polluted months and 4.3 days/month during non-polluted months, with a difference of 2.1 days/month (P < 0.001). (B) Mild migraine occurred at a frequency of 1.3 days/
month in polluted months and 1.0 days/month in non-polluted months, with a difference of 0.3 days/month (P < 0.001). (C) Moderate migraine frequency was 2.1 days/
month in polluted months and 1.5 days/month in non-polluted months, with a difference of 0.6 days/month (P < 0.001). (D) Severe migraine frequency was 3.1 days/month
during polluted months and 1.8 days/month during non-polluted months, with a difference of 1.3 days/month (P < 0.001).
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was 3.37 during polluted months and 0.65 during non-polluted months, with a difference of 2.72 visits (P < 0.001). (B) Migraine-specific medication use differed between
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practice and research.>2° This approach enhances comparability across studies and populations and supports the
integration of environmental exposure research into routine migraine monitoring and management worldwide.

Based on the analysis of total migraine frequency, the observed increase of 2.1 headache days per month during polluted
months is clinically relevant and aligns with earlier work suggesting that even short-term exposure to PM2.5 can trigger
more frequent migraine attacks.?”-*® This supports the idea that air pollution may contribute to increased migraine incidence
and may aggravate ongoing symptoms in patients with chronic or episodic migraine. When examining the severity
stratification, mild, moderate, and severe migraine days all increased during polluted periods. This gradient reinforces
the dose-response nature of pollution’s effects on the nervous system. Several biological mechanisms may help explain the
increased migraine frequency and severity observed during polluted months. PM2.5 has been shown in experimental
studies to induce systemic and neuroinflammatory responses, including elevations of cytokines such as IL-6 and TNF-a,
which may sensitize trigeminal pathways and lower the threshold for migraine attacks. Oxidative stress and mitochondrial
dysfunction induced by particulate exposure may further heighten cortical excitability, potentially contributing to the
greater number of moderate and severe headache days observed in our cohort.’*' In addition, air-pollution—related
vascular dysregulation and endothelial dysfunction may influence cerebral blood flow, which could exacerbate more severe
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attacks and partially explain the increased ER utilization during high-pollution periods.*? These pathways collectively
provide plausible biological explanations consistent with the clinical patterns identified in this study.

Interestingly, the increase in migraine frequency was similar across aura subtypes, with both aura-positive and aura-
negative patients showing more than 2 additional headache days per month during polluted months. This may suggest
a shared environmental sensitivity across migraine phenotypes. While few studies have examined aura-specific effects,
a study also noted pollution-related increases in migraine visits regardless of aura status, suggesting a broad triggering
mechanism via vascular and neurochemical pathways.'®

Our findings on ER utilization are consistent with the possibility that higher pollution levels may be associated with greater
clinical severity. Patients visited the ER an average of 3.37 times during polluted months compared to 0.65 times during non-
polluted months, emphasizing that the increase in frequency and pain is not only statistically evident but also leads to greater
healthcare utilization. This echoes prior population-level studies linking air quality to increased ER visits for neurological
complaints.'”** We also observed elevated use of migraine-specific and non-migraine-specific medications during polluted
months. This likely reflects both increased symptom burden and the need for more aggressive or frequent acute treatment.
These trends align with findings from prior studies reporting higher analgesic use during pollution events.**

Importantly, our data provide insight into a real-world, seasonal model of pollution exposure. Unlike studies based
solely on short-term or event-based spikes in PM2.5, this study leveraged Chiang Mai’s predictable annual pollution
pattern, offering a unique opportunity to examine cumulative environmental effects. This adds to the literature by
emphasizing the longitudinal, cyclical nature of air pollution’s impact on migraine. While the biological mechanisms
linking PM2.5 to migraine remain complex, our findings reinforce several plausible pathways. In addition to neuroin-
flammation and oxidative stress, vascular dysregulation—including changes in endothelial function and cerebral blood
flow—may contribute to migraine worsening.'>>* Moreover, air pollution-induced activation of the hypothalamic—
pituitary—adrenal (HPA) axis has been implicated in stress-related headache worsening, providing another possible
mechanism for environmental sensitivity in migraine patients.>

This study also has important clinical and public health implications. First, clinicians should consider air quality as
a relevant factor when evaluating seasonal patterns in migraine exacerbation. Second, preventive strategies, such as
recommending that patients avoid outdoor activity during high-PM periods, using air purifiers, or wearing masks, may reduce
the symptom burden. Third, policymakers should recognize migraine as one of the many chronic conditions influenced by
environmental quality, warranting stronger air pollution control efforts. In addition, personal exposure to PM2.5 is influenced
by indoor environments and protective behaviours. In Northern Thailand, many individuals use air purifiers, keep indoor
spaces closed during pollution peaks, and routinely wear masks, all of which can substantially reduce actual exposure
compared with outdoor PM2.5 measurements. Because our study did not capture data on indoor air quality, ventilation, air
filtration, or mask use, the influence of these factors on migraine outcomes remains uncertain. Future studies incorporating
indoor exposure data and protective behaviours would help clarify their modifying effects on pollution—migraine relation-
ships. However, we acknowledge several limitations of our study. As a retrospective observational design, causal conclusions
cannot be drawn, and although the retrospective sample-size calculation indicated that our final sample exceeded the estimated
requirement, the overall sample size remains modest and should be considered when interpreting the findings. While headache
diaries provide valuable clinical insight, they rely on self-reporting and patient compliance, which may introduce reporting
bias. Additionally, we did not account for other potentially influential variables, such as ambient temperature, humidity, sleep
quality, menstrual cycle, medication adjustments, or psychological stress levels, which may co-occur with high-pollution
periods and contribute to migraine exacerbation. Future studies with prospective designs and broader variable control are
warranted to better account for these factors. Lastly, the study population was limited to a single geographic region, which may
restrict the generalizability of our findings to other populations with different environmental exposures or healthcare contexts.

Future research should explore whether migraine prophylaxis strategies can be adjusted according to seasonal pollution
patterns and whether biomarkers of inflammation, oxidative stress, or vascular dysfunction correlate with pollution-related
migraine exacerbations. Additionally, prospective studies with real-time environmental monitoring and wearable sensor data
could help disentangle the effects of co-existing variables, which may act as independent or synergistic migraine triggers
during high-pollution periods. Furthermore, expanding to multi-center or multi-regional cohorts with diverse demographic
and environmental profiles would enhance the generalizability of findings and help identify vulnerable subpopulations.
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Conclusions

This pilot study identifies an association between higher PM2.5 levels and increased migraine burden in Northern
Thailand, reflected by higher headache frequency, pain severity, medication use, and ER visits during high-pollution
months. Using headache frequency as a practical index of migraine severity, these findings provide preliminary insight
into how seasonal fluctuations in air quality may relate to migraine patterns in this population. Given the modest sample
size and exploratory nature of the study, the findings should be interpreted cautiously. Larger, prospective, multi-center
studies are needed to confirm and extend these preliminary observations.
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