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Abstract

Background: Evidence suggests that exercise has clinically relevant benefits for mi-
graine, but an optimal prescription standard remains undefined. We aimed to assess
the effectiveness of aerobic exercise on migraine intensity and frequency through a
dose-response meta-analysis.

Methods: A data search was performed in PubMed, PEDro, Google Scholar, and
EBSCO from inception to September 1, 2024. Randomized controlled trials and quasi-
experimental studies of aerobic exercise in patients with a clinical diagnosis of migraine
were included. The outcome measures were pain intensity and migraine frequency.
The dose-response relationship was evaluated using a dose-response meta-analysis.
Results: Fifteen studies (253 participants) were included. Meta-analysis showed
a statistically significant decrease in pain intensity between pre and post interven-
tion (standardized mean differences [SMD], -1.1; 95% confidence interval [Cl], -1.72
to -0.47). The spline model showed a U-shape statistically significant association
(X2=112.O3, df=2, p<0.001) between total minutes of aerobic exercise and reduc-
tion in pain intensity. A minimum dose of 200 min was required for moderate effects,
with a maximum effect at 900 min (SMD, -2.4; 95% Cl, -2.85 to -1.95). Meta-analysis
showed a statistically significant decrease in migraine frequency between pre and
post intervention (SMD, -0.79; 95% Cl, -1.1 to —-0.47). The spline model showed a U-
shape statistically significant association (x2=86.41, dl=2, p<0.001) between total
minutes of aerobic exercise and reduction in migraine frequency. A minimum dose
of 300 total minutes of aerobic exercise program duration was required to obtain a
moderate effect in reducing migraine frequency, with a maximum effect at 950 min
(SMD, -1.55; 95% Cl, -1.87 to -1.22).

Conclusions: This meta-analysis suggests that aerobic exercise may be effective in
reducing both pain intensity and migraine frequency in people with migraine. The

greatest observed effect on both variables was observed at a cumulative dose of

Abbreviations: Cl, confidence interval; DALY, disability-adjusted life year; GRADE, grading of recommendations, assessment, development and evaluation; ICHD-3, International

Classification of Headache Disorders, 3rd edition; LFK, Luis Furuya-Kanamori index; PRISMA, preferred reporting items for systematic reviews and meta-analyses; PROSPERO,

International Prospective Register of Systematic Reviews; RCT, randomized controlled trial; RoB-2, cochrane risk of bias tool for randomized controlled trials, version 2; ROBINS-I, risk

of bias in non-randomized studies of interventions; RPE, rating of perceived exertion; SD, standard deviation; SMD, standardized mean difference; VO,peak, peak oxygen uptake; YLD,

years lived with disability.
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INTRODUCTION

Migraine is defined as a common disabling primary headache dis-
order by the International Headache Society classification (ICHD-
3),! with a high prevalence and socioeconomic and personal impacts
documented by many epidemiological studies.>® In the Global
Burden of Disease Study 2021, headache disorders ranked as the
third leading cause of years lived with disability (YLDs) worldwide
(48.0 million YLDs; 5.2% of all-cause YLDs), after low back pain and
depressive disorders.? Migraine prevalence peaked globally in the
35-39 age group, representing a 39.52% increase since 1990.% The
condition disproportionately affects women and individuals in their
most productive years, with substantial consequences for quality of
life, employment, and social functioning.4 This growing public health
burden necessitates accessible, cost-effective interventions like ex-
ercise that can be widely implemented.

Despite decades of research dedicated to developing effective
treatments for migraine, the persistent and rising prevalence of this
condition suggests that current therapeutic approaches may be insuf-
ficient to address the growing burden of this disorder. Consequently, it
is imperative to expand research efforts to evaluate the effectiveness
of nonpharmacological strategies, including exercise-based interven-
tions,” that could offer a sustainable and accessible option for reducing
the impact of migraine on individuals and health care systems world-
wide. For instance, a recent systematic review® of randomized con-
trolled trials showed that exercise may improve pain and disability and
could be considered clinically relevant for primary headaches, with a
moderate clinical effect. Possible pathways for exercise effectiveness
include the endogenous opioid and cannabinoid systems, brain-derived
neurotrophic factor, neurogenic inflammation, and possible mediation
by behavioral and psychological factors.”® In fact, current evidence-
based clinical practice guidelines recommend aerobic exercise to pro-
mote an improvement in symptoms in people with migraine,9 and there

is common consensus that it should be moderate-intensity continuous

approximately 900-950 total minutes of aerobic exercise during the program, and
higher doses may not present additional benefits. These findings support a prelim-
inary recommendation of 3 weekly 30-min sessions over 10-11weeks, to be con-
firmed in future high-quality trials.

Plain Language Summary: Migraine is a common condition that can be improved with
exercise but the ideal amount is still unclear. We reviewed studies on aerobic exer-
cise in people with migraine and found that patients who engaged in approximately
900 min over the course of treatment (e.g., 30 min sessions three times per week for
10-11 weeks) reported significantly reduced pain and number of migraine attacks.
Higher amounts of aerobic exercise did not lead to greater benefits, suggesting an

optimal range for exercise prescription.

aerobic exercise, headache, migraine, pain frequency, pain intensity

aerobic exercise.? In fact, recently a network meta-analysis of clin-
ical trials showed moderate-intensity aerobic exercise as one of the
best interventions for reducing migraine frequency and intensity.m'11
However, to date, no gold standard that can be accurately prescribed
to patients with migraine has been determined. Currently, general
advice for exercise in migraine management often lacks specific pa-
rameters; however, a regimen of 30- to 60-min sessions of moderate-
intensity continuous aerobic exercise, performed 3days per week, is
emerging as a suitable prescription. This approach is recommended to
likely decrease pain frequency, intensity, and duration and to improve
quality of life.2

As such, specific dosing recommendations that could increase the
effectiveness of exercise interventions are still needed. Previous sys-
tematic reviews have primarily focused on whether exercise is effective
for migraine management, but have not addressed the critical question
of “how much exercise is optimal?” A dose-response meta-analysis
allows for the identification of minimum effective doses and optimal
therapeutic ranges, which has not been conducted to date. Therefore,
we aimed to assess the effectiveness of aerobic exercise on migraine

intensity and frequency through a dose-response meta-analysis.

METHODS
Design

This systematic review and dose-response meta-analysis was
conducted in accordance with PRISMA 2020 guidelines.*? This
study is a secondary and more specific analysis derived from a
previously registered systematic review protocol (PROSPERO ID:
CRD42020208796), which originally aimed to evaluate the over-
all effectiveness of exercise in patients with headaches. Following
completion of that review, we identified sufficient homogeneous
data on aerobic exercise interventions in patients with migraine to
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warrant a focused dose-response analysis that provides novel and
valuable information from a scientific and clinical point of view. The
PROSPERO record was accordingly updated to reflect this specific
objective and scope.

Information sources and search strategy

We systematically searched PubMed/MEDLINE, PEDro, Google
Scholar, and EBSCO databases to identify all studies related to this
topic. The search strategy combined Medical Subject Headings
(MeSH) terms with non-MeSH terms, adding Boolean operators
(OR and AND) to combine them. The detailed search strategy for
MEDLINE/PubMed was: ((“Migraine Disorders’[MeSH Terms] OR
“Migraine without aura’[All fields] OR “Migraine with aura”[All fields])
AND ((“Exercise”[MeSH Terms] OR “Exercise Therapy”[MeSH Terms] OR
“Aerobic exercise”’[MeSH Terms] OR “Exercise rehabilitation”[All Fields]
OR “Physical activity”[All Fields] OR “Physical exercise”[All Fields]) AND
“Pain measurement”[MeSH Terms] OR “Visual analogue scale’[MeSH
Terms] OR “Headache frequency”[All Fields] OR “Pain intensity”[All
Fields]). It is also provided in the Supporting Information Table S1,
which was adapted for electronic searching in the other databases.
No language restrictions were applied to ensure the inclusion of
all relevant studies. The last search was conducted on September
1, 2024. We employed the citation management software Zotero
(George Mason University, VA, USA) and manually verified all results

to remove duplicates.

Eligibility criteria

Trials were included if they met the predetermined eligibility
criteria summarized according to the Population, Intervention,
Comparator, Outcome, Time, and Study model: (1) population:
men and women aged 18years and older with a medically re-
ported diagnosis of migraine. Patients must have been diagnosed
with migraine by specialists (e.g., neurologist) in any health care
setting according to the criteria established by the International
Classification of Headache Disorders (ICHD). (2) Intervention: any
type of aerobic exercise applied in isolation (walking/jogging, cy-
cling, running, treadmill, etc.), excluding those that combined it
with any other type of exercise or any other therapy. There were
no restrictions on intervention duration. (3) Comparison: pre-
intervention (baseline) measures were used as comparators to
determine the effect of the intervention. (4) Outcomes: the meas-
ures used were the Visual Analog Scale, Numeric Rating Scale or
any other numerical measure of pain intensity, and/or the fre-
quency of headache. (5) Time: no restrictions were placed on the
duration of training. Results were evaluated in the week in which
the treatment was completed. (6) Study design: randomized con-
trolled trials (RCTs) or quasi-experimental studies were included.
Because the main objective of this research is to determine the
effective and optimal dose of aerobic exercise in patients with

migraine, quasi-experimental studies containing pre-post results
do not represent a significant bias. Studies were excluded if they
included any other type of intervention added to exercise, or if
they included patients with any other medical condition that could
affect the results of the intervention.

Selection process

To select valid studies for our systematic review, the articles re-
trieved from the search were subjected to a two-step selection pro-
cess. In the first step, the relevance of the studies to the research
questions and objectives was assessed based on information in the
title, abstract, and keywords of each study. Potentially eligible stud-
ies and studies that did not present sufficient information in these
sections were considered for the second stage. Full-text review rep-
resents the second stage, in which studies were assessed to ensure
that they met all inclusion criteria. Two independent reviewers ap-
plied the eligibility criteria for study selection. A third reviewer acted

as a referee in the event of disagreement at any stage.

Data collection process

Data were extracted using a form designed to systematically extract
the most relevant information from each study. The following data
were extracted from each study: first author, year of publication,
number of participants, pre- and post-experimental means for each
outcome, pre- and post-experimental standard deviations (SD) for
each outcome, mean difference for each outcome, and SD of mean
difference for each outcome. When data were not in the expected
format, we requested information from the respective authors. If the
authors did not reply, means and SDs from the figures provided in
the articles were extrapolated using the WebPlotDigitizer (version
4.6; Pacifica, CA, USA) tool.® To be able to include some studies
in the subsequent meta-analysis, when needed, we estimated the
sample means and SDs according to previously published statistical
methods and treated them as the true sample values.’**¢ We also
acknowledge the use of OpenAl's ChatGPT (GPT-40 model) for as-

sistance in translating two original Persian articles'’*®

into English.
This was crosschecked by human experts, and the data were con-
trasted with previous reviews and by asking the original authors. To
determine the specific aerobic exercise dose per session, the min-
utes of the main training phase were extracted, disregarding the
warm-up and cool-down minutes. In case the authors reported a
range of session duration (e.g., 20-30min), the mean value of the

session (i.e., 25min) was estimated.

Study risk of bias assessment

Risk of bias was assessed using the Cochrane Risk of Bias Tool for
Randomized Controlled Trials 2.0, which includes five domains:
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randomization process, deviations from intended interventions,
missing data on outcomes, measurement of the outcome, and se-
lection of reported outcomes. Each item was rated as high risk
of bias, low risk of bias, or some concern. Once the five domains
have been scored, the overall study score is defined as the highest
score achieved in any of the domains. Two experts independently
reviewed the trials. The results were then compared, and any disa-
greements were resolved by a third reviewer.

The risk of bias in nonrandomized studies of interventions was
assessed using the Risk of Bias in Non-Randomized Studies of
Interventions (ROBINS-I) tool.2° ROBINS-I is a comprehensive in-
strument designed to evaluate the risk of bias across seven domains:
confounding, selection of participants, classification of interven-
tions, deviations from intended interventions, missing data, mea-
surement of outcomes, and selection of the reported result. Each
domain is rated as low, moderate, serious, or critical risk of bias. The
assessment was independently performed by two reviewers, and
discrepancies were resolved through discussion or consultation with
a third reviewer.

Certainty of evidence assessment

Two authors (R.N.-C. and L.S.-M.) used the GRADE approach to
rate the certainty of the evidence for the outcomes of pain and fre-
quency. GradePRO (https://gradepro.org) was used to create a sum-
mary table of the results. The level of certainty was graded as very
low, low, moderate, and high. The criteria for the downgrading of the
level of certainty were as follows (1) risk of bias: one level was down-
graded if 25% or more of the included articles for each outcome
were at high risk of bias according to Cochrane Risk of Bias Tool
for Randomized Controlled Trials 2.0; (2) inconsistency: one level of
downgrade was applied if there was high heterogeneity (P <75%);
(3) indirectness: one level of downgrade was applied if there were
differences between participants, interventions, outcome measures,
or indirect comparisons; (4) imprecision: a downgrade was applied if
the 95% Cl included the null value of the effect and/or the sample
size was small (n <300); and (5) other considerations such as risk of

publication bias.

Synthesis methods

RStudio environment (version 2024.12.1 +563; Posit PBC, Boston,
MA, USA) along with R (version 4.4.3; R Foundation for Statistical
Computing, Vienna, Austria) was used for statistical analysis. The ef-
fect of aerobic exercise on pain intensity and migraine frequency
was analyzed in a random-effects pre-post meta-analysis using addi-
tional packages (meta v8.0-2, metafor v4.8-0, and metasens v1.5-2).
Between-study variance was estimated using restricted maximum
likelihood method. Standardized mean differences (SMDs) and cor-

responding 95% confidence intervals (Cls) were obtained. The SMDs

were interpreted as follows: trivial effect <0.2; small effect: 0.2-0.6;
moderate effect: >0.6-1.2; large effect: >1.2-2.0; very large effect:
>2.0-4.0; and extremely large effect: >4.0.2 Heterogeneity was
analyzed using the 12 statistic. A heterogeneity >25% represented
small heterogeneity, I>>50% represented medium heterogeneity,
and I>>75% represented large heterogeneity. To detect publication
bias, a visual inspection of the DOI plots was performed to look for
any asymmetry. The Luis Furuya-Kanamori (LFK) index was also em-
ployed as a quantitative measure. An LFK index within +1 represents
no asymmetry, an LFK index above +1 but within +2 represents a
small asymmetry, and an LFK index above +2 represents a large
asymmetry.??

To assess the dose-response relationship between exercise
dose (total minutes) and pain intensity and frequency, a one-stage
mean difference dose-response meta-analysis was performed.23’24
Selected effect sizes and corresponding covariances (SDs) were
used to estimate study-specific dose-response curves, using the
SMD of within-group change from baseline to final measurement
for each variable (i.e., pain intensity and headache frequency) and
minutes of exercise as the dose. A restricted cubic spline model
with knots set at the 10th, 50th, and 90th percentiles was used
to define the dose-response relationship, using the dosresmeta R
package (version 2.0.1).2° Dose-response curves characterize the
relative effectiveness of the dose studied compared to a “zero”
dose. All hypothesis tests were two-tailed and considered signifi-

cant at a p value <0.05.

RESULTS

The systematic search of electronic databases identified 568
potentially eligible records, and 149 duplicate records were
eliminated. After title and abstract screening, 160 studies were

excluded. After applying the eligibility criteria, 15 studies'”18:26-38

were finally included, of which only two were not RCTs?%?’
(Figure S1). The list of articles read in full text and excluded, with
reasons, is presented at Table S2. A high level of agreement was
observed between the two reviewers during screening (91%; «
coefficient=0.81; 95% Cl, 0.72-0.90), indicating high inter-rater

reliability.

Study characteristics

In total, 253 participants were included in the review. Total minutes
of the aerobic exercise program ranged from 360 to 1620, with a
session duration range between 20 and 45 minutes and 6 to 12 total
weeks of exercise. Moderate exercise intensity was assessed based
on VOZPeak (set between 50% and 70%) and the rate of perceived
exertion (RPE) (set between 13 and 16). The characteristics of the
included studies are summarized in the Supporting Information

(Table S3).
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Post Pre Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Narin 2003 20 4.00 1.40 20 880 1.70 —— -3.02 [-3.95; -2.09] 8.5%
Eslami 2021 183 3.73 1.62 13 7.38 1.06 — -2.58 [-3.66; -1.50] 7.8%
Pairo 2016 10 4.10 1.60 10 6.50 1.20 —°— -1.63 [-2.66; -0.59] 8.0%
Ahmadi 2015 15 6.00 1.05 15 7.68 1.24 —a -1.42 [-2.24;-0.61] 9.0%
Alipouri 2023 12 575 1.42 12 716 1.19 — -1.04 [-1.90; -0.18] 8.8%
Varkey 2011 25 39.80 8.58 25 48.81 9.31 — -0.99 [-1.58;-0.40] 10.0%
Darabaneanu 2011 8 0.40 0.30 8 0.70 0.40 — -0.80 [-1.83; 0.23] 8.0%
Kroll 2018 26 450 2.40 26 560 1.80 —0— -0.51 [-1.06; 0.04] 10.1%
Koseoglu 2003 36 2.00 2.96 36 3.00 1.48 —°— -0.42 [-0.89; 0.04] 10.4%
Varkey 2009 20 42.00 34.00 20 57.00 36.00 T -0.42 [-1.05; 0.21] 9.8%
Oliveira 2019 15 1.90 1.90 15 1.70 1.80 o 0.11 [-0.61; 0.82] 9.5%
Random effects model 200 200 - -1.10 [-1.72; -0.47] 100.0%
Prediction interval —_— [-3.06; 0.86]
Heterogeneity: /2 = 79.2% [64%; 88%], 1° = 0.67, p < 0001
-2 0 2

Favors post Favors pre

FIGURE 1 Forest plot of the effect on pain intensity. Each study included in the meta-analysis represents a point estimate with the
corresponding 95% CI. The polygon at the bottom of the graph corresponds to the overall effect, and its width represents its 95% Cl. Trials
with larger squares contributed more to the overall effect size than other trials. Cl, confidence interval.

Pain intensity

Eleven studies (n=200) that used Visual Analog Scale and Numeric
Rating Scale to measure pain intensity were included in the quanti-
tative synthesis. Meta-analysis showed a statistically significant de-
crease in pain intensity with a large effect (SMD, -1.1; 95% Cl, -1.72
to -0.47) with evidence of large heterogeneity (p<0.01, I>=79.2%)
(Figure 1) and very-low certainty evidence (Table S5). The shape of
the DOI plot presented asymmetry with an LFK index of -2.72, indi-
cating a high risk of publication bias (Figure S2).

Publication bias was assessed using a contour-enhanced funnel
plot and the Trim and Fill method. Visual inspection of the funnel
plot revealed marked asymmetry, with a lack of studies on the left-
hand side, suggesting that smaller or nonsignificant studies might
be missing (Figure S3). The Trim and Fill procedure imputed four
potentially missing studies to correct for this asymmetry. After ad-
justment, the pooled SMD decreased from the unadjusted estimate
to -0.56 (95% Cl, -1.29 to 0.18), and the p value increased to 0.121,
indicating that the overall effect may have been overestimated due

to publication bias (Figure S4).

Dose-response relationships for pain intensity

The spline model showed a U-shape statistically significant associa-
tion (x2= 112.03, df=2, p<0.001) between total minutes of exercise
and reduction in pain intensity (within-group change from baseline to
final measurement). The estimated coefficient for dose was -0.0033
(95% Cl, -0.0039 to -0.0026, p<0.001), suggesting an initial de-
crease in effect as dose increases. However, the coefficient for the
curvature of the relationship was 0.0043 (95% Cl, 0.0032 to 0.0054,
p<0.001), indicating a change in the slope, suggesting a possible in-
flection point at higher doses (Figure 2). The model showed a good

fit, with a log-likelihood of -16.45, Akaike Information Criterion
(AIC)=36.9, and Bayesian Information Criterion (BIC)=37.7. A mini-
mum dose of 200 total minutes of aerobic exercise program duration
was required to obtain a moderate effect in reducing pain intensity
(SMD, -0.65; 95% ClI, -0.77 to -0.52). A maximum effect was ob-
served at 900 min (SMD, -2.4; 95% Cl, -2.85 to -1.95) (Table S4).

Migraine frequency

Fifteen studies (n=253) that measured migraine frequency were
included in the quantitative synthesis. Meta-analysis showed a sta-
tistically significant decrease in the migraine frequency with a mod-
erate effect (SMD, -0.79; 95% Cl, -1.1 to -0.47) with evidence of
medium heterogeneity (p<0.001, 1?=54.7%) (Figure 3), and very-
low certainty evidence (Table S5). The shape of the DOI plot pre-
sented asymmetry with an LFK index of -3.32, indicating a high risk
of publication bias (Figure S5).

Publication bias was assessed using a contour-enhanced funnel
plot and the Trim and Fill method. Visual inspection of the funnel
plot revealed marked asymmetry, with a lack of studies on the left-
hand side, suggesting that smaller or nonsignificant studies might
be missing (Figure S6). The Trim and Fill procedure imputed five po-
tentially missing studies to correct for this asymmetry. After adjust-
ment, the pooled standardized mean difference (SMD) decreased
from the unadjusted estimate to -0.48 (95% Cl, -0.87 to -0.1;
p<0.001) (Figure S7).

Sensitivity analysis: Migraine type

Seven studies that measured migraine frequency performed
the intervention in patients only with chronic migraine (k=3) or
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FIGURE 2 Dose-response association between total minutes of aerobic exercise and change in pain intensity (effect size). Each included
study represents a point estimate. The standardized mean difference corresponds to the within-group change between baseline and final
measurement. Studies with larger circles contributed more to the overall effect size than other studies. The solid line represents the estimate
of the mean difference from baseline, and the dashed lines represent the 95% ClI. [Color figure can be viewed at wileyonlinelibrary.com]

episodic migraine (k=4). Subgroup meta-analysis showed a sta-
tistically significant decrease in the migraine frequency in chronic
migraine (SMD, -0.33; 95% Cl, -0.39 to -0.27) without evidence
of heterogeneity (p=0.99, I?=0%) and in episodic migraine (SMD,
-0.73; 95% Cl, -1.28 to -0.19) without evidence of heterogene-
ity (0=0.591, I’=0%). Test for subgroup differences showed sta-
tistically significant differences between both types of migraine
(p=0.02) (Figure S8).

Sensitivity analysis: Sex

Five studies that measured migraine frequency performed the inter-
vention only in female patients. Meta-analysis showed a statistically
significant decrease in the migraine frequency (SMD, -1.45; 95%
Cl, -1.93 to -0.98) without evidence of heterogeneity (p=0.556,
12=0%) (Figure S9).

Sensitivity analysis: Aura

Six studies that measured migraine frequency performed the in-
tervention in patients with migraine without aura. Meta-analysis
showed a statistically significant decrease in the migraine frequency
(SMD, -0.89; 95% Cl, -1.5 to -0.29) with evidence of medium het-
erogeneity (p=0.022, I?=61.1%) (Figure $10).

Dose-response relationships for migraine frequency

The spline model showed a U-shape statistically significant associa-
tion (X2:86.41, dl=2, p<0.001) between total minutes of exercise
and reduction in migraine frequency (within-group change from
baseline to final measurement). The estimated coefficient for dose
was -0.002 (95% IC: -0.0025 to -0.0016, p<0.001) suggesting an
initial decrease in effect as dose increases. However, the coefficient
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Post Pre Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Eslami 2021 13 2.27 1.34 13 754311 —=—— | -2.13 [-3.12;-1.14] 5.0%
Narin 2003 20 3.60 1.60 20 7.40 2.90 —— -1.59 [-2.31;-0.87] 7.0%
Alipouri 2023 12 7.41 0.90 12 8.75 0.96 — -1.39 [-2.30;-0.48] 5.5%
Ahmadi 2015 15 3.80 1.20 15 5.80 1.70 —E— -1.32 [-2.12;-0.52] 6.3%
Oliveira 2017 10 4.80 2.59 10 8.50 3.60 —*—— -1.13 [-2.09;-0.17] 5.2%
Pairo 2016 10 13.40 4.10 10 18.20 4.30 —&— -1.09 [-2.05;-0.14] 5.2%
Oliveira 2019 15 5.60 3.16 15 8.90 3.52 —a— -0.96 [-1.72;-0.20] 6.6%
Darabaneanu 2011 8 2.301.70 8 3.80 1.30 —&—T -0.94 [-1.98; 0.11] 4.7%
Hanssen 2018 11 3.20 3.00 11 4.50 2.10 — -0.48 [-1.33; 0.37] 5.9%
Hanssen 2017 12 3.10 2.90 12 4.20 2.20 — -0.41 [-1.22; 0.40] 6.2%
Kroll 2018 26 7.20 5.80 26 9.20 5.20 At -0.36 [-0.91; 0.19] 8.6%
Koseoglu 2003 36 1.33 222 36 2.00 1.48 = -0.35 [-0.82; 0.11] 9.4%
Varkey 2011 25 594 250 25 7.00 3.80 = -0.32 [-0.88; 0.23] 8.5%
Varkey 2009 20 6.40 3.30 20 7.50 3.60 ~——~—— -0.31 [-0.94; 0.31] 7.9%
Luedtke 2020 20 12.30 7.90 20 14.00 8.50 - -0.20 [-0.82; 0.42] 7.9%
Random effects model 253 253 - -0.79 [-1.10; -0.47] 100.0%
Prediction interval : : '|== : : [-1.73; 0.15]

Heterogeneity: 1> = 54.7%, 1° = 0.1675, p < 0.001

83 2 1 0 1 2 3
Favors post Favors pre

FIGURE 3 Forest plot of the effect on migraine frequency. Each study included in the meta-analysis represents a point estimate with the
corresponding 95% Cl. The polygon at the bottom of the graph corresponds to the overall effect, and its width represents its 95% CI. Trials
with larger squares contributed more to the overall effect size than other trials. Cl, confidence interval.

for the curvature of the relationship was 0.0025 (IC 95%: 0.0018
to 0.0031, p<0.001), indicating a change in the slope, suggesting
a possible inflection point at higher doses (Figure 4). The model
showed a good fit, with a log-likelihood of -17.71, AIC=39.42, and
BIC=40.84. A minimum dose of 300 total minutes of aerobic exer-
cise program duration was required to obtain a moderate effect in
reducing migraine frequency (SMD, -0.61; 95% Cl, -0.73 to -0.47).
A maximum effect was observed at 950min (SMD, -1.55; 95% ClI,
-1.87 to -1.22) (Table S4).

Risk of bias

The RCTs included in this review were evaluated using the Risk of
Bias 2 (RoB-2) tool. In the summary of the findings, the domain that
presented the highest risk of bias was D1 (selection of the reported
results) and D2 (deviations from intended intervention), with more
than 46% of the studies showing a high risk of bias and the other
ones with some concerns in this domain. Furthermore, all the studies
presented certain risks because of measurements of the outcome
(D4). Missing outcome data was the domain with more articles in
low risk of bias (almost 43%), and the other two domains had a com-
bination of low, some concerns and high risk of bias. Finally, 84.7%
of the studies were considered to have an elevated risk of bias in the
overall assessment. The Risk of Bias 2 summary results and risk of
bias graph are shown in Figures 5 and 6. The interrater reliability of
the risk of bias assessment was high (89%; k coefficient=0.78; 95%
Cl, 0.462-1.00). The nonrandomized studies included in this review
were evaluated with the ROBINS-I tool. Both studies present seri-
ous risk of bias in the overall assessment, showing D1 (bias due to

confounding as the worst domain assessed) and D3 (classification
of interventions) as the best. The ROBINS-I results are presented

in Figure 7.

DISCUSSION

This study examined the dose-response relationship of aerobic
exercise with migraine intensity and frequency. The meta-analysis
showed a significant reduction in pain intensity, with a large ef-
fect size, indicating a clinically relevant effect of aerobic exercise.
Similarly, migraine frequency was significantly reduced, with a mod-
erate effect size. Dose-response analyses showed a nonlinear re-
lationship, with the largest effect observed at moderate doses of
aerobic exercise (900-950 min total), whereas higher or lower doses
appeared to have a smaller effect on either outcome. These results
highlight the optimal doses of aerobic exercise, as a nonpharmaco-
logical intervention, effective for the treatment of migraine, but with
very-low certainty of evidence.

Our findings extend beyond previous research by not only con-
firming the benefits of aerobic exercise in migraine management but
also establishing, for the first time, specific dose thresholds for clin-
ical effectiveness and optimal therapeutic response. Varangot-Reille

etal,®

in a previous meta-analysis, identified that aerobic exercise
has a small to moderate clinical effect on pain intensity in patients
with migraine, albeit with low certainty of evidence. Similarly, La

Touche et al.*°

reported that aerobic exercise could reduce the in-
tensity, frequency, and duration of migraine and improve quality of
life, supported by low to moderate quality evidence. On the other

hand, Lemmens et al.*! in a meta-analysis concluded that aerobic
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FIGURE 4 Dose-response association between total minutes of aerobic exercise and change in migraine frequency (effect size). Each
included study represents a point estimate. The standardized mean difference corresponds to the within-group change between baseline
and final measurement. Studies with larger circles contributed more to the overall effect size than other studies. The solid line represents
the estimate of the mean difference from baseline, and the dashed lines represent the 95% Cl. Cl, confidence interval. [Color figure can be

viewed at wileyonlinelibrary.com]

exercise might decrease the number of migraine days in patients,
although there was insufficient evidence to draw conclusions about
its impact on pain intensity or duration of attacks. These results are
in line with the pre- versus post-meta-analysis performed in our re-
search. Furthermore, the dose-response relationship identified in
this study adds a novel perspective, because previous research has
not examined how cumulative exercise duration affects outcomes.
Importantly, network meta-analysis of clinical trials has po-
sitioned high- and moderate-intensity aerobic exercise as one of
the best interventions for reducing migraine frequency and in-
tensity.2% In particular, our findings highlight the importance of
optimizing the dose of aerobic exercise to maximize benefits in
reducing migraine intensity and frequency. The U-shaped associ-
ation observed in this study suggests the existence of an optimal
“therapeutic window” for exercise dosing, with benefits increasing
up to approximately 900-950min of total aerobic exercise and then

diminishing at higher doses. This pattern may reflect physiological
adaptations at optimal doses versus potential overtraining/accumu-
lated fatigue or increased migraine triggers at excessive durations,
providing crucial insights for personalized exercise prescription.
Although the U-shaped dose-response pattern suggests an optimal
aerobic exercise interval, the reduction in effects beyond 950min
should be interpreted with caution. This inflection may reflect sta-
tistical artifact, limited data at higher doses, or unmeasured factors
such as exercise adherence or tolerability. Further mechanistic stud-
ies are needed to clarify whether this decline reflects physiological
limits or methodological bias. Identifying this minimum and optimal
dose is important not only to motivate patients to set achievable and
realistic goals but also to guide health professionals in accurate ex-
ercise prescription and evidence-based physical activity promotion.
Further studies are needed to clarify how these effects can be maxi-
mized, particularly beyond 1000 min of aerobic program duration, by
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exploring variables such as different exercise intensities, modalities,
or complementary pharmacological therapies.
Previous studies have suggested that migraine share mecha-

nisms of central sensitization,42

a common phenomenon in several
chronic pain conditions, with impaired regulation of descending
inhibitory modulatory mechanisms.*® Previous studies have also
shown increased glial density at the brain level in patients with mi-
graine, supporting the role of neuroinflammation.** These previous
studies indicate that elevated levels of inflammatory markers such
as C-reactive protein, pro-inflammatory cytokines, and changes in
adipocytokines such as tumor necrosis factor-a and interleukin-6 are
involved in migraine pathogenesis.“s‘47 In this context, it has been
proposed that the effect of exercise may be related to changes in in-
flammatory and neurovascular pathways, including an effect on obe-
sity or adiposity, as well as psychological and behavioral factors.®
Endogenous opioids, such as endorphins, increase during exer-
cise, activating descending inhibitory pathways and reducing pain
perception,48 The endocannabinoid system is also stimulated by
moderate-intensity exercise, promoting analgesia through the reg-

ulation of neurotransmitters and anti-inflammatory responses.*’ In

addition, exercise increases levels of neurotrophic factors, such as
brain-derived neurotrophic factors, which enhance neuronal plas-
ticity and reduce central sensitization associated with migraine.49
Other mechanisms related to aerobic exercise are the modulatory
effects it exerts on affective and cognitive aspects. For example,
changes in self-efficacy and reduction of antidepressant symptoms
after aerobic exercise may be related to improvements in migraine.*®
Thus, exercise-induced changes in migraine could be explained by
several parallel mechanisms.

Notably, the literature has discussed that exercise can act both
as a trigger for migraine and as a prophylactic strategy. For exam-
ple, attacks may be induced by the acute release of neuropeptides,
such as calcitonin gene-related peptide, or by alterations in hypo-
cretin and lactate metabolism, whereas its preventive effect may be
related to the increase of beta-endorphins, endocannabinoids and
brain-derived neurotrophic factors in plasma after physical activ-
ity.>° These findings underline the importance of identifying optimal
exercise doses.

From a clinical perspective, these results establish aerobic ex-
ercise as an evidence-based, cost-effective nonpharmacological
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intervention for migraine management, with clear dosing parame-
ters that clinicians can immediately implement. This is particularly
valuable for patients seeking alternatives or adjuncts to pharmaco-
logical treatments because it offers significant benefits with minimal
side effects and can be integrated into existing treatment plans. The
identification of an optimal exercise dose provides practical guid-
ance for health professionals when designing exercise programs for
this population. Specifically, we recommend that a total program
duration of approximately 900-950min be achieved, which can be
practically implemented as 3 weekly sessions of 30min each over
10-11weeks with and intensity of 50%-70% of the VO2

13-16 in a RPE scale. This intensity reflects a “somewhat hard to

peak OF
hard” effort, usually characterized by a noticeably increased breath-
ing rate in which the patient can still maintain a conversation but
would struggle to sing or speak in long sentences. Regarding the
types of aerobic exercise, the included studies used a range of mo-
dalities, most commonly brisk walking and stationary or outdoor
cycling, but also running and, in some protocols, swimming. This
variety suggests that patients can choose among several accessible
activities, allowing clinicians to tailor recommendations according to
individual preferences, fitness levels, and feasibility.

This concrete prescription provides clinicians with an evidence-
based framework that balances optimal therapeutic effect with
feasible patient adherence. The provision of supervised, tailored
exercise programs may be particularly helpful in maximizing ad-
herence and effectiveness, taking into account common barriers

to exercise, such as fear of movement and timing of exercise.
These recommendations are particularly applicable in supervised
settings, where adherence and progression can be more closely
monitored. In unsupervised settings, individualized guidance may
be necessary to promote adherence and reduce risk. Although the
included studies reported no adverse effects, it is important to
note that individual responses to exercise may vary. Clinicians are
encouraged to implement proactive strategies (e.g., gradual pro-
gression, adequate hydration, and nutritional support) to minimize
the risks and increase the benefits of aerobic exercise in people
with migraine. Future research should explore how individual fac-
tors, such as comorbidity or personal preferences, may influence
exercise response. In this sense, our results show that the hetero-
geneity found in the meta-analyses is reduced when we perform
sensitivity analyses according to the type of migraine (chronic or
episodic, with or without aura) or sex. These factors could influence
the exercise-related outcomes, and future research should consider
them to determine individualized exercise for these specific patient

populations.
Strengths and limitations
This study is notable for investigating the dose-response relation-

ship between aerobic exercise and clinical outcomes in people with
migraine, including both pain intensity and attack frequency. The
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use of dose-response models allowed the identification of an op-
timal “therapeutic window,” a crucial and novel contribution to the
field. Furthermore, the inclusion of a large number of studies and
participants strengthens the statistical robustness and generalizabil-
ity of the findings, which are relevant for the implementation of non-
pharmacological strategies in the multidisciplinary management of
migraine. On the other hand, this study has several limitations that
should be considered when interpreting the results. First, the sig-
nificant heterogeneity observed among the included studies reflects
substantial differences in intervention characteristics, exercise mo-
dalities (ranging from walking to cycling programs), and participant
demographics across studies, which may influence the generalizabil-
ity of our dose-response findings to specific patient subgroups. This
may have influenced the estimated effect sizes and the shape of the
dose-response relationship. In addition, the small sample size for a
meta-analysis and dose-response modeling could affect statistical
power. Second, the lack of standardization in the measurement of
walking intensity across trials, due to the use of different methods,
makes it difficult to identify the optimal intensity level for maximum
therapeutic benefit. In addition, measurements of cumulative exer-
cise duration do not always take into account aspects such as adher-
ence, intensity, or interruptions. Third, the analyses include pre-post
comparisons without control groups, which limit causal inference
and may overestimate effect sizes. Fourth, our operational defini-
tion of “dose” as total minutes does not capture key variables such
as session frequency or intrasession intensity, which could influence
the shape and interpretation of dose-response curves. Finally, the
generalizability of the results may be limited by the specific clinical
populations and types of aerobic exercise described in the included
studies, which could restrict their applicability to broader migraine

populations.

Considerations for future research

Although our study focused on the total duration (minutes) of aero-
bic exercise, it is important to recognize that intensity plays a critical
role in the clinical response to physical activity. Most of the included
trials reported moderate-intensity aerobic exercise, defined by a
percentage of VO,peak or by subjective scales such as the Borg
RPE scale. However, this lack of standardization in intensity meas-
urement may introduce variability in the results. Because the physi-
ological effects of exercise differ as a function of intensity, future
studies should employ more consistent and objective measures of
exercise intensity.

Another important limitation is the assumption of full adherence
across sessions. Our cumulative dose calculations did not consider
possible session breaks, missed sessions, or symptom-triggered
withdrawal, which are common in people living with migraine. Thus,
although our recommendation of 900-950min represents an opti-
mal cumulative target, clinicians should apply it flexibly, using grad-
ual progression strategies and monitoring patient response to avoid
dropouts. We strongly recommend that future research in this field

includes detailed reports on adherence rates and reasons for adher-

ence (e.g., fatigue).

CONCLUSION

Aerobic exercise appears to be effective in reducing both pain in-
tensity and migraine frequency in people with migraine. Specifically,
the greatest observed effect on both variables occurred at a cu-
mulative dose of 900-950min of aerobic exercise during the pro-
gram. Dose-response analyses revealed a U-shaped relationship,
with reduced benefits outside this optimal range. However, these
results should be interpreted with caution, as they are based on
very-low certainty evidence due to high heterogeneity, risk of bias,
and possible publication bias. These findings highlight the impor-
tance of identifying a minimum effective dose for clinically mean-
ingful benefits, particularly in the context of nonpharmacological
interventions. As people with migraine may find it difficult to follow
standard physical activity guidelines, a gradual and individualized
approach is advisable. The proposed dose should be considered hy-
pothesis generating and may guide future studies aimed at refining

dosing strategies.
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