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Purpose: The relationship between adipose-muscle distribution and its effect on migraine remains unclear. This study examines the 
association between muscle mass and migraine prevalence and evaluates potential mediation by systemic inflammatory biomarkers.
Methods: Using a cross-sectional design, we analyzed data from 10,400 participants in the National Health and Nutrition 
Examination Survey (NHANES) (1999–2004). The association between appendicular lean mass normalized to body mass index 
(ALM/BMI) and migraine prevalence was evaluated through weighted logistic regression and subgroup analyses. Mediation analyses 
were conducted to examine the potential mediating roles of inflammatory markers, including C-reactive protein (CRP), white blood 
cell count (WBC), and neutrophils, in the relationship between ALM/BMI and migraine prevalence. Genetic causality was investigated 
via two-sample Mendelian randomization (MR) using genome-wide association study (GWAS) data.
Results: 20% of total participants reported migraines. A higher ALM/BMI ratio was inversely associated with migraine after full 
adjustment (OR = 0.243; 95% CI: 0.122–0.487, p < 0.001). Vigorous activity reduced migraine susceptibility by 24% (OR = 0.760; 95% 
CI: 0.663–0.872, p < 0.001). CRP, WBC and neutrophils mediated 2.0% (p = 0.024), 3.1% (p = 0.011), and 2.8% (p = 0.019) of the ALM/ 
BMI-migraine association, respectively. The inverse-variance weighted approach (IVW) in MR analysis indicated that higher basal 
metabolic rate (BMR) reduced migraine risk (OR = 0.996, 95% CI: 0.992–0.998, p = 0.004) and headache risk (OR = 0.998, 95% CI: 
0.997–1.000, p = 0.018). Fat-free mass also exhibited protective effects on migraines (OR = 0.997, 95% CI: 0.994–1.000, p = 0.045).
Conclusion: Increased muscle mass is associated with reduced migraine risk, partially mediated by attenuating systemic inflamma-
tion. These findings provide us with an approach of health management to prevent migraines.
Keywords: appendicular muscle mass, basal metabolic rate, migraine, inflammation, national health and nutrition examination survey, 
Mendelian randomization

Introduction
Migraine is a common and intricate neurological disorder marked by recurrent, unilateral, moderate-to-severe headaches. 
It is often accompanied by other symptoms like nausea, vomiting, photophobia, and phonophobia.1,2 Some patients 
experience an aura, such as visual or sensory disturbances, prior to headache onset.3,4 Migraine imposes a substantial 
global public health burden due to its detrimental effects on quality of life and functional capacity.5 While pharmaco-
logical therapies can alleviate acute symptoms, effective long-term prevention and management remain elusive.6

Elucidating migraine pathophysiology is critical for identifying therapeutic targets. Current evidence highlights 
intricate interactions across peripheral and central networks.4,7,8 Migraine pathogenesis is driven by a cascade of 
neurovascular and neuroinflammatory events. Peripheral sensitization arises from the activation of trigeminal nocicep-
tors, leading to the release of calcitonin gene-related peptide (CGRP) and proinflammatory cytokines that amplify pain 
signals.4,7,9 Subsequent central sensitization, marked by hyperexcitability of second-order neurons in the trigeminal 
nucleus caudalis and thalamocortical dysrhythmia, perpetuates pain hypersensitivity and chronification.10–12 
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Mitochondrial dysfunction and neuroinflammation further modulate neuronal excitability, suggesting metabolic dysre-
gulation as a contributor to migraine susceptibility.8,13,14

Despite advances in understanding these mechanisms, treatment efficacy remains suboptimal, particularly for vulnerable 
populations (eg, pregnant women, children) with restricted pharmacological options.15–17 Modifiable risk factors, including 
obesity and metabolic dysregulation, are increasingly recognized for their association with migraine severity and frequency.18 

For instance, obesity elevates migraine risk, while weight loss may alleviate migraine attacks.19,20 Sarcopenic obesity (SO), 
characterized by reduced muscle mass and elevated adiposity,21 may exacerbate migraine through inflammatory pathways and 
metabolic disturbances. Factors contributing to the gradual decline in skeletal muscle mass and strength include lack of 
exercise, sedentary behavior, and the natural aging process. Skeletal muscle mass, particularly appendicular lean mass (ALM), 
has been established as a reliable marker for diagnosing sarcopenia.

Migraine management is challenged not only by its inherent pathophysiology but also by associated comorbidities and 
modifiable risk factors. Differentiating comorbidities (eg, obesity, depression) from contributing factors (eg, sedentary 
behavior, poor sleep hygiene) is essential due to divergent clinical implications. Migraine exhibits a high comorbidity burden, 
spanning psychiatric, cardiovascular, metabolic, and neurological domains. Systematic reviews indicate that 60–80% of 
migraineurs present with at least one comorbid condition, most commonly depression (OR = 2.8), anxiety (OR = 2.5), and 
metabolic syndrome (OR = 1.7).22 Bidirectional relationships suggest shared pathophysiological pathways. Chronic inflam-
mation may simultaneously drive migraine chronification and mood disorders.14,23 Notably, SO exacerbates psychiatric and 
cardiovascular risks,24,25 while modifiable factors like physical inactivity may worsen migraine and comorbidities. 
Addressing these factors offers dual benefits: mitigating migraine burden and improving comorbid conditions. Despite 
extensive research on obesity, the role of body composition phenotypes, particularly SO, remains unclear, hindering 
development of lifestyle interventions targeting muscle mass to reduce migraine burden.

Emerging intervention studies support a muscle-migraine link.26,27 Skeletal muscle functions as an endocrine organ, 
secreting myokines with systemic anti-inflammatory and neuroprotective effects.28,29 These myokines suppress pro- 
inflammatory cytokines implicated in peripheral and central sensitization. This study analyzed data from the US National 
Health and Nutrition Examination Survey (NHANES) carried out between 1999 and 2004 to investigate the association 
between skeletal muscle mass and migraine, with emphasis on the mediating role of inflammatory markers in this 
relationship. Subsequently, Mendelian randomization (MR) analysis was employed to determine a causal connection 
between muscle mass and migraine. By clarifying these associations, we aim to identify non-pharmacological strategies 
for migraine prevention, addressing critical gaps in managing this complex disorder.

Materials and Methods
Study Population
The National Health and Nutrition Examination Survey (NHANES) is a nationally representative cross-sectional health 
survey conducted in the United States, collecting data through health interviews, physical examinations, and various 
laboratory tests, including imaging and radiological data.30 Publicly accessible data are released in two-year cycles by the 
National Center for Health Statistics (NCHS). Detailed information about the study methods and data collection 
procedures can be found on the NHANES official website (http://www.cdc.gov/nchs/nhanes.htm). The NHANES study 
protocol (Protocol #98-12) has been approved by the NCHS Research Ethics Review Board, with written informed 
consent obtained from all participants. This analysis utilized de-identified NHANES data, which was exempt from 
additional institutional review board (IRB) review by the Affiliated Hospital of Qingdao University Ethics Committee 
under US Department of Health and Human Services (HHS) guidelines.31 All research complies with the Declaration of 
Helsinki. For more information about the NCHS Ethics Review Board, visit https://www.cdc.gov/nchs/nhanes/about/erb. 
html?CDC_AAref_Val=https://www.cdc.gov/nchs/nhanes/irba98.htm

From the 1999–2004 NHANES cycles, 31,126 individuals were initially enrolled (Figure 1). After excluding 
participants aged <20 years (n = 15,794), those lacking migraine status data or dual-energy X-ray absorptiometry 
(DXA) measurements (n = 2232), and individuals with incomplete covariate data (eg, smoking status, blood samples; 
n = 2688), the final cohort comprised 10,400 participants (Figure 1). Pregnant individuals and those exceeding DXA 
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weight/height limits were excluded from DXA assessments. Private health interviews, including those assessing health 
status, were conducted by trained Mobile Examination Center (MEC) interviewers.

Migraine Definition
Migraine status was determined using self-reported data from the NHANES questionnaire’s miscellaneous pain section. 
The question MPQ090 asks, “During the past 3 months, did you have severe headaches or migraines?” Participants who 
answered “Yes” were classified as migraine sufferers. This approach aligns with validation studies from the American 
Migraine Prevalence and Prevention (AMPP) initiative, which indicates that self-reported severe headaches predomi-
nantly reflect migraine diagnoses.32

Dual-Energy X-Ray Absorptiometry Measurement and Sarcopenia Definitions
From 1999 to 2004, participants underwent DXA scanning, a widely used and validated technique for measuring body 
composition. In NHANES, to evaluate the body’s composition across the limbs, chest, and head, whole-body DXA scans 
were performed using the Hologic QDR-4500A fan-beam densitometer (Hologic Inc., Bedford, MA, USA). Pregnant 
women were excluded from these scans. Additionally, participants weighing over 300 pounds (136 kg) or taller than 6 
feet 5 inches (198 cm) were excluded due to limitations of the DXA equipment.

In DXA measurements, appendicular lean mass (ALM) is characterized as the sum of lean mass in all four limbs, 
excluding bone mineral content. ALM was normalized to body mass index (BMI) as ALM/BMI, a validated metric for 
sarcopenia. According to the directives set forth by the Foundation for the National Institutes of Health (FNIH), 
a nonprofit affiliated with the National Institutes of Health (NIH), sarcopenia thresholds were sex-specific: ALM/BMI 
<0.789 for males and <0.512 for females.33

Covariables
The analysis included the following variables as covariates: age, gender, ethnicity, education level, C-reactive protein 
(CRP), white blood cell (WBC), neutrophil (NEU), vigorous activity, moderate activity, drinking status, smoking status, 
arthritis, coronary heart disease (CHD) and stroke. Ethnicity was classified into the following groups: non-Hispanic 
White, non-Hispanic Black, Mexican American, other Hispanic, and other race. Smoking status was evaluated according 

Figure 1 Flow chart of population selection from NHANES.
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to the question SMQ020 “Have you/Has SP smoked at least 100 cigarettes in your/his/her entire life?” and the question 
SMQ040 “Do you/Does SP now smoke cigarettes” in the NHANES questionnaire’s “smoking - cigarette/tobacco use - 
adult” section. The classification of educational achievement encompassed groups of below high school, high school, and 
above high school. The classification of smoking status comprises the following three separate groups: participants who 
have never smoked (defined as those who have consumed fewer than 100 cigarettes), current smokers, and former 
smokers (characterized as those who have smoked more than 100 cigarettes but have afterwards ceased smoking). 
Drinking status was assessed using NHANES questionnaire data, according to the question “Had at least 12 alcohol 
drinks/lifetime?” in the alcohol use section. Physical activity was classified into two categories: exercise and daily 
activity. Exercise was categorized into two distinct levels according to the answer of PAD320 and PAD200 in the 
NHANES questionnaire’s “physical activity” section, respectively: moderate, which is characterized by participation in 
physical activity for a minimum of 10 minutes within the preceding 30 days that leads to mild sweating or mild to 
moderate elevations in breathing or heart rate; and vigorous, which is defined as engaging in physical activity for more 
than 10 minutes in the past 30 days resulting in significant sweating or significant increases in breathing or heart rate. 
Daily physical activity was classified into distinct categories according to the answer of PAD160 in the NHANES 
questionnaire’s “physical activity” section: sedentary behavior (sitting), standing or walking, light loads, or heavy loads. 
Arthritis, CHD and stroke diagnosis was determined through responses from participants to a survey inquiry in NHANES 
questionnaire’s medical conditions section concerning whether they had been previously informed of the condition by 
a medical professional. Specifically, participants who answered “Yes” to the question MCQ160A (Has a doctor or other 
health professional ever told you/SP that you/s/he. had arthritis?), MCQ160C (Has a doctor or other health professional 
ever told you/SP that you/s/he. had coronary heart disease?) and MCQ160F (Has a doctor or other health professional 
ever told you/SP that you/s/he. had a stroke?) were considered as arthritis, CHD and stroke, respectively.

Mendelian Randomization Study Design and Data Resource
Mendelian randomization (MR) is an analytical approach that employs genetic variants as instrumental variables (IVs) to 
estimate causal effects of exposures on outcomes while mitigating confounding and reverse causation.34 In our study, we 
implemented two-sample MR to examine the causal relationships among various exposures and outcomes, employing both 
univariable and multivariable MR analyses based on prior epidemiological research. In this context, BMR, ALM, and fat-free 
mass (whole-body and limb-specific) were designated as exposure variables, while migraine/headache was defined as the 
outcome. Single nucleotide polymorphisms (SNPs) have been identified as instrumental variables (IVs) for subsequent 
analysis. This IVs analysis employs a simulation of random assignment as seen in randomized controlled trials, utilizing 
the random distribution of SNPs in descendants, that maintains independently of confounding factors such as age and sex.

Our MR study complies with the three fundamental assumptions: 1) all selected IVs must exhibit a strong correlation with the 
exposure (P < 5×10−8); 2) all selected IVs must be unaffected by confounders affecting the relationship between the exposure and 
the outcome; and 3) All chosen IVs must only influence the outcome via exposure and not through other pathways.

The data for MR analysis were acquired from recent genome-wide association studies (GWAS). In particular, migraine and 
headache GWAS data were from the Integrative Epidemiology Unit (IEU) dataset,35 encompassing a sample of 484,598 
individuals (13,971 migraine cases and 470,627 controls, 4122 headache cases and 480,476 controls). Data for BMR,36 

ALM,37 and five muscle mass-related traits38 were acquired from the UK Biobank. All GWAS summary statistics were 
harmonized and curated by the Medical Research Council (MRC) IEU at the University of Bristol.

Instrumental Variable Selection
When performing MR analysis, it is crucial to comply with three fundamental assumptions: assumption of the relevance, 
assumption of the independence and assumption of the exclusion restriction. Consequently, all IVs included for 
subsequent analysis must undergo rigorous selection. Initially, we chose SNPs linked to exposure variables (BMR and 
muscle mass-related traits) with a p-value of less than 5×10−8, ensuring significance and avoiding weak instrument bias. 
Second, to prevent bias from strong linkage disequilibrium (LD) among selected SNPs, we conducted a clustering 
process with parameters set to r² < 0.001 and a physical window of 10,000 kb, ensuring IV independence. Afterwards, we 
computed the F-statistic to evaluate the robustness of the IVs, excluding those with an F-statistic below 10 due to 
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insufficient instrument strength. Palindromic SNPs with intermediate allele frequencies were removed after harmonizing 
the exposure and outcome datasets to guarantee the consistency of effect alleles. This stringent selection and harmoniza-
tion process is crucial for the validity of MR analysis.

Statistical Analysis
NHANES data were analyzed using sampling weights per NCHS protocols to account for complex survey design. 
Participants were stratified by migraine status (present/absent). Proportions were employed to illustrate categorical data, 
while means and standard deviations (SD) were utilized for illustrating continuous variables. Categorical variables were 
analyzed using the chi-square test, whereas continuous variables were assessed using one-way analysis of variance 
(ANOVA). To guarantee data representativeness, all analyses were carried out utilizing the suggested NHANES data 
weighting methodologies. A multivariate logistic regression analysis was performed utilizing three weighting models to 
investigate the relationship between migraines and ALM/BMI or activity levels. Unadjusted variables were included in 
Model 1 (univariate logistic regression); sex, age, and race were included in Model 2; education, CRP, WBC, neutrophils, 
vigorous and moderate activity, drinking and smoking status, arthritis, CHD, and stroke all had been included in Model 3. 
Results are presented as odds ratio (OR) with 95% confidence interval (CI), using the lowest quartile as the reference. 
Following the adjustment for all confounding variables, we used restricted cubic splines (RCS) to assess whether there is 
a nonlinear relationship between migraines and ALM/BMI or activity levels. To evaluate the stability of the findings, 
supplemental interaction and subgroup analyses have been conducted to investigate the relationship between migraines 
and ALM/BMI across various demographic characteristics as well as medical statuses, with interacting examines 
assessing the robustness of these associations within subgroups. Statistical analyses was performed using DecisionLinc 
1.1.3.8. Statistical significance was defined as p<0.05.

In order to investigate the genetic relationships among exposure traits (BMR, ALM, and five muscle mass-related 
traits) and migraines or headaches, five distinct approaches were used: weighted median, inverse variance weighting 
(IVW), MR-Egger regression, simple model, and weighted model methods. IVW was regarded as the primary analysis 
method in this study. Additionally, other experiments were conducted to confirm the accuracy of the data. Cochrane’s 
Q test was done to identify heterogeneity in the associations (Supplementary Table 1). The MR-Egger intercept test and 
the MR-PRESSO global test were employed to assess pleiotropy (Supplementary Table 2). Furthermore, MR-PRESSO 
detected outliers in the associations and produced estimates subsequent to their exclusion. A leave-one-out sensitivity 
analysis was performed, systematically excluding each SNP to assess the impact of the remaining SNPs and ascertain if 
the connection was affected by any singular influential SNP. R software (version 4.4.0) were carried out for statistical 
studies. A p value < 0.05 was considered statistically significant.

Result
Baseline Characteristics
This study comprised a total of 10,400 individuals. Table 1 establishes the baseline characteristics stratified by migraine status. 
Individuals with migraines exhibited significantly lower appendicular lean mass (ALM) compared to the non-migraine group 
(21.30 ± 6.22 kg vs 22.54 ± 6.43 kg, p < 0.001). Similarly, the appendicular lean mass normalized to body mass index (ALM/ 
BMI) was markedly lower in migraineurs (migraine: 0.76 ± 0.19, non-migraine: 0.82 ± 0.21, p < 0.001).

Association Between ALM/BMI and Migraine
Multiple logistic regression models demonstrated a consistent inverse association between ALM/BMI and migraine risk 
(Table 2). In the fully adjusted model (Model 3), each unit increase in ALM/BMI was associated with a 75.7% reduction in 
migraine risk (OR = 0.243, 95% CI: 0.122–0.487, p < 0.001). Participants in the highest ALM/BMI quartile (Q4) had a 44.8% 
lower migraine risk compared to the lowest quartile (Q1) (OR = 0.552, 95% CI: 0.374–0.816; p for trend = 0.008).

Restricted cubic spline (RCS) analysis revealed no nonlinear relationship between ALM/BMI and migraine (p > 0.05; 
Figure 2).
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Table 1 Demographics and Characteristics of Study Participants From NHANES 
1999–2004

Characteristics Overall Migraine p value

No Yes

Age 46.21± 16.29 47.38± 16.73 41.90± 13.75 <0.001
Gender, n(%) <0.001

Female 5129 (50.62) 3780 (46.59) 1349 (65.46)

Male 5271 (49.38) 4540 (53.41) 731 (35.54)
Ethnicity, n(%) 0.007

Mexican American 5425 (74.30) 4448 (75.35) 977 (70.42)

Non-Hispanic Black 273 (3.58) 220 (3.58) 53 (3.59)
Non-Hispanic White 2311 (6.79) 1806 (6.59) 505 (7.55)

Other Hispanic 1953 (10.03) 1519 (9.63) 434 (11.50)

Other race 438 (5.30) 327 (4.85) 111 (6.95)
Education, n(%) <0.001

<High school 3197 (18.78) 2481 (17.55) 716 (23.28)

High school 2490 (26.18) 1968 (25.86) 522 (27.37)
>High school 4713 (55.04) 3871 (56.59) 842 (49.34)

BMI, kg/m2 28.03± 6.22 27.85± 6.02 28.68± 6.89 <0.001

BMR, kcal/day 1635.81± 321.99 1641.73± 323.79 1614.02± 314.38 <0.001
ALM, kg 22.28± 6.41 22.54± 6.43 21.30± 6.22 <0.001

ALM/BMI 0.81± 0.20 0.82± 0.21 0.76± 0.19 <0.001

CRP, mg/dL 0.41± 0.76 0.39± 0.78 0.46± 0.68 <0.001
WBC 7.19± 2.23 7.12± 2.23 7.44± 2.21 <0.001

NEU 4.28± 1.61 4.24± 1.58 4.41± 1.71 0.006

MONO 0.56± 0.19 0.56± 0.19 0.56± 0.18 0.593
Sarcopenia, n(%) 0.306

No 8976 (91.57) 7144 (91.39) 1832 (92.21)
Yes 1424 (8.43) 1176 (8.61) 248 (7.79)

Vigorous activity, n(%) <0.001

No 7294 (64.32) 5799 (63.14) 1495 (68.65)
Yes 3106 (35.68) 2521 (36.86) 585 (31.35)

Moderate activity, n(%) 0.013

No 5560 (46.95) 4371 (46.05) 1189 (50.25)
Yes 4840 (53.05) 3949 (53.95) 891 (49.75)

Daily activity, n(%) 0.003

Sit 2412 (23.47) 1859 (22.43) 553 (27.29)
Stand or walk 5598 (50.95) 4535 (51.52) 1063 (48.88)

Light loads 1647 (17.88) 1332 (18.26) 315 (16.49)

Heavy loads 743 (7.69) 594 (7.79) 149 (7.35)
Drinking status, n(%) <0.001

No 3273 (28.00) 2521 (26.78) 752 (32.52)

Yes 7127 (72.00) 5799 (73.22) 1328 (67.48)
Smoking status, n(%) <0.001

Current 2009 (21.68) 1502 (20.12) 507 (27.40)

Former 2916 (26.30) 2464 (27.73) 452 (21.05)
Never 5475 (52.03) 4354 (52.15) 1121 (51.55)

Arthritis, n(%) <0.001

No 7776 (78.19) 6279 (79.37) 1479 (73.86)
Yes 2624 (21.81) 2023 (20.63) 601 (26.14)

(Continued)
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Subgroup Analysis
Subgroup analyses were stratified by sex, age, smoking status, physical activity, and comorbidities. Except for arthritis 
(interaction p = 0.023), no statistically significant interactions were observed in any subgroups (interaction p > 0.05). The 
inverse association between higher ALM/BMI and reduced migraine risk was consistent among non-elderly individuals, 
non-smokers, and participants without cardiocerebrovascular disease (Figure 3).

Association Between Physical Activity and Migraine
Table 3 presents the association between physical activity and the incidence of migraines. Vigorous physical activity 
demonstrated a significant inverse association with migraine prevalence (OR = 0.760, 95% CI: 0.663–0.872; p < 
0.001). In contrast, moderate exercise shown no substantial correlation with migraine in the fully adjusted model (OR 
= 0.897, 95% CI: 0.777–1.035; p = 0.131). Standing/walking (OR = 0.801, 95% CI: 0.671–0.955, p = 0.016) and light- 
load daily activities (OR = 0.789, 95% CI: 0.659–0.943, p = 0.012) were associated with reduced migraine risk 
compared to sedentary behavior. However, there was no significant difference in migraine risk for the heavy loads 
group (p > 0.05).

Mediation Effect of Inflammatory Markers on Muscle Mass-Migraine Associations
Mediation analyses quantified the proportion of associations between muscle mass/physical activity and migraine 
mediated by inflammatory markers (Figure 4). C-reactive protein (CRP) mediated 2.0% and 6.1% of the associations 

Table 1 (Continued). 

Characteristics Overall Migraine p value

No Yes

CHD, n(%) 0.094

No 9961 (96.71) 7949 (96.50) 2012 (97.46)
Yes 439 (3.29) 371 (3.50) 68 (2.54)

Stroke, n(%) 0.056

No 10109 (98.07) 8097 (98.23) 2012 (97.50)
Yes 291 (1.93) 223 (1.77) 68 (2.50)

Notes: Survey-weighted mean ± standard deviation is given for continuous variables. Unweighted frequency 
counts and weighted percentages are presented for categorical variables. Weighted Student’s t-tests for con-
tinuous variables and weighted chi-square tests for categorical variables were used to determine the p-value. 
Abbreviations: BMR, basal metabolic rate; ALM, appendicular lean mass; CRP, C-reactive protein; WBC, white 
blood cell; NEU, neutrophil; MONO, monocyte; CHD, coronary heart disease.

Table 2 Association Between ALM/BMI and Odds of Migraine, NHANES 1999–2004

Model 1 p value Model 2 p value Model 3 p value

OR (95% CI) OR (95% CI) OR (95% CI)

ALM/BMI 0.192 (0.142, 0.261) <0.001 0.142 (0.074, 0.274) <0.001 0.243 (0.122,0.487) <0.001

ALM/BMI (quartile)
Q1 Reference Reference Reference

Q2 0.988 (0.847, 1.154) 0.879 0.822 (0.696, 0.971) 0.022 0.921 (0.765, 1.110) 0.371

Q3 0.619 (0.517, 0.741) <0.001 0.634 (0.477, 0.842) 0.003 0.760 (0.560, 1.031) 0.076
Q4 0.452 (0.373, 0.548) <0.001 0.423 (0.291, 0.614) <0.001 0.552 (0.374, 0.816) 0.005

p for trend <0.001 <0.001 0.008

Notes: No covariates were adjusted in Model 1. Model 2 was adjusted for age, gender, and race. Model 3 was adjusted for age, gender, race, 
education, CRP, WBC, NEU, vigorous activity, moderate activity, drinking status, smoking status, arthritis, CHD and stroke. p<0.05 was considered 
statistically significant. 
Abbreviations: ALM, appendicular lean mass; CRP, C-reactive protein; WBC, white blood cell; NEU, neutrophil; CHD, coronary heart disease.
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between ALM/BMI, vigorous activity and migraine, respectively (Figure 4A–E). Also, white blood cell (WBC) and 
neutrophil illustrated a mediation effect on those associations, whereas monocyte showed no significant mediation 
(mediation <1%, p > 0.10) (Figure 4).

MR: Muscle Mass-Related Factors on Migraine
As shown in Figure 5, the results of univariable Mendelian randomization (UVMR) illustrated the causal relationship 
between basal metabolic rate (BMR), ALM, five muscle mass-related traits, and migraine risk. Information regarding 
significant single nucleotide polymorphisms (SNPs) and their correlations with additional variables is available in 
Supplementary Tables 3–7 All identified SNPs had adequate strength (minimum F-statistic > 10) and suggested the 
appropriate direction of causality.

UVMR analysis identified a genetically predicted causal relationship between increased BMR and reduced migraine risk 
(ORIVW = 0.996; 95% CI = 0.992–0.998; p = 0.004). Similar protective trends were observed for fat-free mass (FFM) and 
ALM. Furthermore, following the elimination of outliers by MR-PRESSO analysis, the correlation between BMR and migraines 
persisted strongly, as seen by non-significant distorting results (p > 0.05). Cochran’s Q test revealed heterogeneity during MR 
analysis (Q < 0.05); however, the results from the random-effects model were consistent with MR estimates. The MR Egger 
intercept analysis indicated an absence of directional pleiotropy (Supplementary Table 2). Supplementary Figures S1–S9 present 
scatter graphs illustrating the impacts of BMR, ALM, five muscle mass-related traits, and migraine-associated SNPs.

Multivariable MR (MVMR) found no causal link between FFM traits and migraine risk (Supplementary Figure S10, 
Supplementary Table 8).

MR: Muscle Mass-Related Factors on Headache
Figure 6 presents the causal relationships between BMR, ALM, muscle mass-related traits, and headache risk, as 
analyzed through UVMR. The SNP information used to evaluate the causal relationships of other exposure factors 
with headaches is provided in Figure 6 and Supplementary Tables 9–13 Genetically predicted increases in BMR 
(ORIVW = 0.998, 95% CI: 0.997–1, p = 0.018) and ALM (ORIVW = 0.999, 95% CI: 0.998–1, p = 0.047) were 
inversely associated with headache risk (Figure 6). No significant heterogeneity or pleiotropy was detected (p > 0.05; 
Supplementary Tables 1 and 2). Scatter plots of the effects of BMR, ALM, five muscle mass-related traits, and headache- 
associated SNPs are shown in Supplementary Figures S11–S19.

Figure 2 Result of RCS. Associations between ALM/BMI with migraine were evaluated by RCS after adjustment for age, gender, race, education, CRP, WBC, NEU, vigorous 
activity, moderate activity, drinking status, smoking status, arthritis, CHD and stroke. 
Abbreviations: RCS, Restricted Cubic Spline; ALM, appendicular lean mass; CRP, C-reactive protein; WBC, white blood cell; NEU, neutrophil; CHD, coronary heart 
disease.
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We also conducted a MVMR analysis to examine the causal relationship between FFM traits and headaches 
(Supplementary Table 14). Supplementary Figure S20 presents the results of the MVMR analysis, indicating no genetic 
causal relationship between FFM and headaches.

Discussion
This study investigated the association between muscle mass, physical activity, and the incidence of migraines in adults. 
We examined data from 10,400 participants during three biennial cycles of the National Health and Nutrition 
Examination Survey (NHANES) survey. Upon adjusting for confounding variables, our findings revealed a substantial 
correlation between appendicular lean mass adjusted for body mass index (ALM/BMI), vigorous physical activity, and 
the occurrence of migraines. Mediation analyses revealed that systemic inflammation partially explained these associa-
tions, with C-reactive protein (CRP) and white blood cell (WBC) count mediating the ALM/BMI-migraine link. 
Mendelian randomization (MR) analyses further demonstrated genetically predicted causal links: elevated basal meta-
bolic rate (BMR) and higher appendicular lean mass (ALM) were protective against both migraines and headaches. 

Figure 3 Subgroup analyses (forest plots).
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These findings suggest that increasing muscle mass and physical activity may mitigate migraine risk, partially through 
attenuating systemic inflammation.

Migraines are generally induced by a confluence of intricate elements, marked by elevated incidence and recurrence 
rates, with considerable individual diversity.19,39–42 Numerous studies have established a significant correlation between 
obesity and the incidence of migraines, indicating that obesity is associated with an elevated risk of migraines.20,39–41 

Research indicates that body fat percentage also correlates weakly but significantly migraine frequency.39 However, 
limited research exists on the relationship between specific obesity subtypes—particularly sarcopenic obesity (SO)—and 
migraines remains underexplored. Our study addresses this gap by focusing on the protective role of muscle mass against 
migraines. Moreover, Our findings also highlight vigorous physical activity as a promising non-pharmacological 
intervention, reducing migraine incidence by 24%, which is consistent to the previous studies.26,27 A meta-analysis by 
Lemmens et al reported that aerobic exercise reduces migraine frequency by 30–50%.26 Unlike previous work emphasiz-
ing moderate aerobic exercise, our study specifically identifies vigorous activity as beneficial. An randomized control 
trial (RCT) revealed that active exercise may have an effect on desensitization to mitigate migraine,27 mediation analyses 
in our research suggested inflammatory markers (eg, CRP, WBC) partially explain these associations, offering mechan-
istic insights.

To address confounding and reverse causality inherent in observational studies, we employed MR, leveraging genetic 
variants as instrumental variables.43 MR minimizes bias by simulating randomized trial conditions, ensuring genetic 
variants are independent of confounders. Furthermore, all instrumental variables (IVs) employed in the MR study were 
meticulously chosen to guarantee the precision of the results. Finally, we employed multiple methods to test sensitivity 
and horizontal pleiotropy. Both MR-Egger and MR-PRESSO analyses demonstrated no indication of directional 
pleiotropy, highlighting the robustness and trustworthiness of our MR methodology. Since migraine attacks may 
transiently limit activity resulting in reduced parameters of muscle mass-related traits reversely, Bidirectional MR further 
ruled out reverse causation, showing no effect of migraines on muscle mass traits (data not shown).

Various factors influence the onset and advancement of sarcopenia, such as aging, neurological disorders, inflamma-
tion, inactivity, and malnutrition.44,45 Both mitochondrial dysfunction and systemic inflammation are central to sarcope-
nia pathogenesis,14,44,46–48 and these mechanisms also contribute to migraine pathophysiology. Several mechanisms may 
underlie the association between decreased muscle mass and migraine development.

First, inflammation is a prevalent factor contributing to the onset of sarcopenia and is linked to numerous neurological 
disorders.24,49 CRP, Interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF-α) are elevated in sarcopenia.50–52 Physical 
activity can reduce these inflammatory markers, whereas sedentary behavior increases the risk of inflammation.53,54 

Neuroinflammation, a key driver of migraines,55,56 may thus be amplified by sarcopenia-related inflammation, increasing 
migraine susceptibility. Second, Mitochondrial impairment in sarcopenia disrupts cellular energy production, leading to 
metabolic insufficiency.46 Impaired energy metabolism is linked to the occurrence of migraines, and optimizing energy 

Table 3 Association Between Physical Activity and Odds of Migraine, NHANES 1999–2004

Model 1 p value Model 2 p value Model 3 p value

OR (95% CI) OR (95% CI) OR (95% CI)

Vigorous activity 0.782 (0.689, 0.888) <0.001 0.680 (0.593, 0.780) <0.001 0.760 (0.663, 0.872) <0.001

Moderate activity 0.845 (0.742, 0.963) 0.013 0.810 (0.702, 0.936) 0.005 0.897 (0.777,1.035) 0.131
Daily activity
Sedentary Reference Reference Reference

Stand or walk 0.780 (0.658, 0.924) 0.005 0.767 (0.648, 0.909) 0.003 0.801 (0.671, 0.955) 0.016
Light loads 0.742 (0.634, 0.870) <0.001 0.723 (0.614, 0.852) <0.001 0.789 (0.659, 0.943) 0.012

Heavy loads 0.776 (0.615, 0.980) 0.034 0.896 (0.689, 1.165) 0.402 0.828 (0.639, 1.073) 0.146

p for trend 0.001 0.012 0.015

Notes: No covariates were adjusted in Model 1. Model 2 was adjusted for age, gender, and race. Model 3 was adjusted for age, gender, race, 
education, CRP, WBC, NEU, drinking status, smoking status, arthritis, CHD and stroke. p<0.05 was considered statistically significant. 
Abbreviations: CRP, C-reactive protein; WBC, white blood cell; NEU, neutrophil; CHD, coronary heart disease.
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metabolism may reduce the frequency and severity of migraine attacks.57–60 Higher muscle mass correlates with elevated 
BMR, enhancing energy availability to meet the brain’s high demand.58 Furthermore, studies demonstrate that mitochon-
drial dysfunction may substantially impact migraine pathophysiology by influencing calcium permeability, promoting 
excessive free radical generation, diminishing mitochondrial membrane potential, and reducing oxidative phosphoryla-
tion levels.57,61 These changes result in neuronal energy depletion and apoptosis, lowering the pain threshold and 
increasing the likelihood of migraine attacks.57 Other studies indicate that supplementation with specific nutrients, 

Figure 4 Mediation effects of inflammatory markers on the associations of ALM/BMI, vigorous activity and migraine. (A–D) Mediation analyses were conducted to 
determine (A) CRP, (B) WBC, (C) NEU or (D) MONO as a mediator in the associations between ALM/BMI and migraine. (E–G) Mediation analyses were conducted to 
determine (E) CRP, (F) WBC, (G) NEU or (H) MONO as a mediator in the associations between vigorous activity and migraine. 
Abbreviations: ALM, appendicular lean mass, CRP, C-reactive protein; WBC, white blood cell; NEU, neutrophil; MONO, monocyte.
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such as riboflavin, thiamine, magnesium, and coenzyme Q10,62 may support mitochondrial function and help reduce the 
frequency and severity of migraines.48,63

This study possesses multiple limitations. First, the cross-sectional analyses are based on American adults, and the MR 
analyses were conducted using genetic data from individuals of European ancestry, limiting generalizability to other ethnic or 
geographic groups. Second, although we utilized the MR-intercept and MR-PRESSO global tests to identify and address 
pleiotropy in genetic variations, confounding variables between exposure and outcome, such as personality traits and mental 
conditions, may still exist, potentially resulting in biased findings. Last, the diagnosis of migraines depended on participants’ 
self-reported medical histories, which may introduce misclassification bias due to underreporting of milder cases or 
conflation with tension-type headaches. The absence of clinician-confirmed diagnoses precludes definitive phenotyping.

Future research should prioritize prospective cohort studies and more extensive datasets to address these limitations, 
elucidating the mechanisms linking muscle mass and migraines, and informing appropriate care options for migraine 
sufferers. RCT are needed to evaluate whether increasing muscle mass through resistance training, aerobic exercise or 
anaerobic exercise reduces migraine incidence or severity. Additionally, studies should establish specific ALM thresholds 
to guide migraine prevention strategies. Mechanistic investigations are also essential to clarify the role of inflammatory 
biomarkers in mediating the muscle-migraine relationship.

Conclusion
In summary, our study indicates that elevated muscle mass is associated with a reduced risk of migraines, with systemic 
inflammation partially mediating this relationship. These findings highlight an effective non-pharmacological manage-
ment strategy, emphasizing the importance of maintaining muscle mass through vigorous physical activity.

Abbreviations
BMR, Basal Metabolic Rate; ALM, Appendicular Lean Mass; ALM/BMI, Appendicular Lean Mass Normalized to Body 
Mass Index; NHANES, National Health and Nutrition Examination Survey; MR, Mendelian Randomization; CGRP, 

Figure 5 Associations of genetically predicted risk factors with migraine were assessed using the random effects IVW method.

Figure 6 Associations of genetically predicted risk factors with headache were assessed using the random effects IVW method.
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Calcitonin Gene-Related Peptide; SO, Sarcopenic obesity; NCHS, National Center for Health Statistics; IRB, Institutional 
Review Board; HHS, Health and Human Services; MEC, Mobile Examination Center; DXA, Dual-energy X-ray 
Absorptiometry; AMPP, American Migraine Prevalence and Prevention; BMI, Body Mass Index; NIH, National Institutes 
of Health; FNIH, Foundation for the National Institutes of Health; CRP, C-reactive protein; WBC, White Blood Cell; NEU, 
Neutrophil; MONO, Monocyte; CHD, Coronary Heart Disease; FFM, Fat-Free Mass; SNP, Single Nucleotide 
Polymorphism; IV, Instrumental Variable; GWAS, Genome-Wide Association Studies; IEU, Integrative Epidemiology 
Unit; LD, Linkage Disequilibrium; IVW, Inverse Variance Weighted; UVMR, Univariable Mendelian Randomization; 
MVMR, Multivariable Mendelian Randomization; MRC, Medical Research Council; OR, Odds Ratio; CI, Confidence 
Interval; RCS, Restricted Cubic Splines; IL, Interleukin; TNF-α, Tumor Necrosis Factor α; RCT, Randomized Control Trial.
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