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Abstract
Objective: To elucidate the specific brain changes linked to clinical diagnoses and 
 distinct temporal progression in migraine.
Background: Gray (GM) and white matter (WM) differences were previously identified in 
chronic migraine (CM) compared to episodic migraine (EM). Regarding GM,  patients with 
CM showed increased cortical thickness in the inferior temporal gyrus, and reduced sur-
face area in the precuneus cortex, superior frontal and temporal gyri, and supramarginal 
gyrus. In the WM, widespread reduced axial and mean diffusivity have been observed in 
patients with CM in tracts such as the middle cerebellar peduncle, the internal capsule, 
the corticospinal tract, and the sagittal stratum. However, no longitudinal studies with a 
long follow- up have been conducted to comprehend how those differences evolve over 
an extended period, in relation to the clinical evolution of the disease.
Methods: A longitudinal study with a cohort design was conducted. Brain T1-  and 
diffusion- weighted magnetic resonance imaging data were acquired in patients with 
migraine at two different timepoints, the first between May 2015 and July 2018, and 
the second between November 2021 and February 2022. Three WM descriptors and 
four GM morphometry parameters were extracted. Next, longitudinal changes were 
analyzed using generalized linear mixed models, after considering three different clini-
cal groups: patients with a stable diagnosis (CM or EM) at both timepoints (24 CM, 31 
EM), and 24 patients with CM who improved to EM.
Results: Different patterns of structural longitudinal changes were found depending 
on the clinical evolution. Regarding GM, patients with stable EM showed a longitudinal 
cortical thickness increase in the parietal and temporal cortex (annual relative change 
between 0.38% and 0.52% in five regions, adjusted p between 0.013 and 0.017), and 
the postcentral gyrus (annual relative change of 0.37%, adjusted p = 0.014). Patients 
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INTRODUC TION

Advances in migraine pathophysiology have highlighted the signif-
icance of biomarkers in the development of targeted treatments, 
although they have not been incorporated into routine clinical prac-
tice.1 Among the numerous potential sources, such as blood, saliva, 
cerebrospinal fluid, neurophysiological signals, and imaging,2 neuro-
imaging biomarkers are particularly valuable as they facilitate direct 
assessment of brain structure and function. In relation to migraine, 
these markers have revealed that patients with migraine exhibit 
distinctive structural and functional brain differences compared to 
healthy individuals.

Considering these results, this study used neuroimaging- based 
biomarkers to track changes in brain structure over time, aiming to 
provide valuable insights into migraine progression. Specifically, to 
study the structure of white (WM) and gray matter (GM) in patients 
with migraine, diffusion- weighted magnetic resonance imaging 
(dMRI) and morphometry parameters from T1- weighted MRI were 
employed, respectively. To date, cross- sectional MRI studies have 
identified structural WM and GM differences between patients 
with migraine and healthy controls, and in patients with episodic 
migraine (EM) with respect to chronic migraine (CM).3,4 Regarding 

GM, patients with CM who had used no preventive treatment pre-
sented significant reduced surface area (SA) and increased cortical 
thickness (CTh), in multiple regions, compared to patients with EM.5 
Additionally, widespread WM regions showed reduced axial diffu-
sivity (AD) and mean diffusivity (MD) in CM compared to EM.6,7

The precise nature of these abnormalities remains uncertain. 
Given the cross- sectional and case–control design of the existing 
studies, it is challenging to determine whether the findings are the 
cause or consequence of migraine. Recently, some studies have also 
begun to track these changes over time. In patients with EM, Liu 
et al.8 observed that, after 1 year, there was a widespread reduc-
tion in GM volume (GMV), with no significant changes in the WM. 
Conversely, Messina et al.9 reported that, after a follow- up period 
of >3 years, there was an increase in GMV in the frontoparietal re-
gions, associated with a relatively higher headache frequency, and a 
decrease of GMV in the visual areas.

Despite these findings, no previous MRI studies have system-
atically analyzed the stable CM condition over time, the process of 
migraine chronification, or improvement from CM to EM. The an-
nual incidence of transitioning from EM to CM is 2.5–3.1%, and it 
has been associated with factors such as ineffective or overuse of 
acute medication, obesity, depression, and stressful life events.10,11 

with stable CM and EM showed a longitudinal cortical thickness decrease in the pos-
terior cingulate gyrus (annual relative change of 0.51%, adjusted p = 0.027, and 0.34%, 
adjusted- p = 0.019, respectively), and patients who improved from CM to EM showed 
no changes (corrected p > 0.05). Moreover, regarding WM, the patients with stable 
EM showed a longitudinal increase in fractional anisotropy in the cerebral peduncle 
(annual relative change of 0.24%, adjusted p = 0.014).
Conclusion: Differences in clinical evolution are linked to distinct patterns of structural 
changes, suggesting a heterogeneous impact of disease evolution on brain structure. 
Patients with CM who improved to EM showed no significant GM differences while 
those with longitudinally stable diagnoses showed cortical thickness maladaptation in 
pain processing- related regions and adaptation in other regions associated with migraine. 
Patients who improved from CM to EM showed an opposite longitudinal trend in large 
WM regions compared to stable patients, possibly as an adaptation to a distinct entity.

Plain Language Summary
We do not know much about how the brain changes in patients who have migraine for 
many years, and understanding what changes occur may help to understand migraine 
progression and the effect of treatments. We examined changes in brain structure 
in patients with chronic and episodic migraine over 3 to 7 years and studied whether 
there are more or less changes in gray matter and white matter if a patient's condi-
tion improved from chronic to episodic migraine. We found that the brain of patients 
whose condition did not improve changed more over time than patients who showed 
improvement, and this might help to assign new therapies in these patients.

K E Y W O R D S
diffusion tensor imaging, gray matter, magnetic resonance imaging, migraine, white matter
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Conversely, in the American Migraine Prevalence and Prevention 
study,12 26% of patients transitioned from CM to EM over a 2- year 
period. Additionally, in the Chronic Migraine Epidemiology and 
Outcomes study, 49.9% of patients transitioned to EM during a 3- 
month follow- up period.13 Although CM has been linked to a higher 
susceptibility to migraine attacks, no biomarkers have been asso-
ciated with the predisposition to migraine chronification or to the 
transition from CM to EM.

The objective of this study was to evaluate longitudinal MRI- based 
structural changes in WM and GM in patients with EM and CM, based 
on their clinical progression, with a particular focus on the improve-
ment from CM to EM. We hypothesized that diffusion tensor imaging 
(DTI) and GM morphometry parameters may reveal distinct patterns 
of change among patients with stable diagnosis of EM and CM and 
those who have shown improvement from CM to EM.

METHODS

Study and sample characteristics

Study design

The present study was an observational analytic study with pro-
spective cohort design. The local Ethics Committee of Hospital 
Clínico Universitario de Valladolid approved the study (PI: 14- 197 
and PI: 21- 2449 for the first and second timepoints, respectively). 
Additionally, all participants read and signed a written consent form 
prior to their participation.

Study setting

The study was conducted in the headache unit of Hospital Clínico 
Universitario de Valladolid, a third level public university hospital cover-
ing 261,000 inhabitants. The recruitment period was between May 2015 
and July 2018 (first recruitment). Patients were prospectively followed 
up for at least 3 years between November 2021 and February 2022 (last 
visit). Data were collected throughout the entire study period.

Participants

The study population consisted of adult patients with migraine, in-
cluded if they: (i) were aged >18 years; (ii) had a confirmed diagno-
sis of migraine, according to the third edition of the International 
Classification of Headache Disorders (ICHD- 3)14; (iii) agreed to 
participate. Patients were excluded if they: (i) were pregnant or 
breastfeeding; (ii) had any known neurological or psychiatric disor-
der different other than EM or CM, including anxiety and depres-
sion according to the medical history or the Hospital Anxiety and 
Depression Scale15; (iii) were under chronic treatment with any drug 
with potential effect on the central nervous system; (iv) were unable 

to describe their headache (e.g., cognitive disturbances); (v) were re-
ceiving or had received any drug with potential effect as migraine 
preventive drug at baseline before the first MRI acquisition; (vi) had 
a high- frequency EM at baseline, that is, 8–14 headache days/month 
in any of the preceding 3 months prior to the enrolment; (vii) onset 
of migraine after the age of 50 years; (viii) migraine onset shorter 
than 12 months; (ix) other chronic pain conditions. Patients with EM 
at baseline had no attacks with tension- type headache features. 
Patients with high- frequency EM were excluded at baseline to avoid 
any potential overlap with CM in the last months and the similarities 
with CM previously reported.16,17 All patients were permitted to ini-
tiate migraine preventive treatment if prescribed in the first visit to 
the Headache Unit, after the first MRI acquisition.

The sample of this study at baseline originally comprised 58 pa-
tients with CM and 56 patients with EM that participated in previ-
ous studies.5,7 Hence, the sample size of this study was based on 
the available data after follow- up, and the estimation of the sam-
ple size was conducted for the analysis at baseline.5 MRI data were 
obtained in two different timepoints: baseline- time 0 (t0) and longi-
tudinal measurement- time 1 (t1). The minimum time between mea-
surements was 3 years. Patients were followed- up by in- person or 
telemedicine evaluations.

Variables

Patients’ sex, age, years lived with migraine, time from onset of CM 
(months), number of headache and migraine days/month in the last 
month before the MRI acquisition, presence of medication overuse, 
and presence of aura were gathered. The clinical situation of pa-
tients over time was classified according to the ICHD- 3 criteria.14 
The use of migraine preventive drugs after the first MRI acquisition, 
according to the Spanish national guidelines, was recorded.

All the patients received prescribed preventive treatment in ac-
cordance with the Spanish national guidelines for the treatment of 
migraine. The analysis aimed to evaluate the combined effect of all 
treatments used, rather than focusing on any specific drug. At the 
second timepoint, the initial diagnosis was preserved if there was 
unclear definition of the diagnosis according to the ICHD- 3 criteria.

Data sources and measurements: MRI acquisition

Clinical data were obtained from electronic health records, by re-
trieving all clinical variables consistently by using structured ques-
tionnaires, interviews, and headache diaries. Patients were trained 
in the completion of headache diaries. The patients started to 
complete the headache diary at least 1 month before the first MRI 
acquisition and were requested to complete it through the whole 
follow- up. They included information about daily events related to 
headache, migraine, symptomatic treatment, and adverse effects. 
For this study, the diary was used to obtain information about the 
headache and migraine frequency, medication overuse, and aura. 
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The previous month to the second MRI acquisition, the patients 
were called to guarantee the accurate completion of the headache 
diary.

The MRI data were acquired in t0 and t1 at least 24 h after the 
last migraine attack and within 2 weeks after the clinical visit to the 
Headache Unit for both timepoints. This clinical visit refers to the 
first time that the patients were referred to the Headache Unit due 
to suspected migraine (first MRI acquisition), and the last follow- up 
visit before the MRI acquisition at the second timepoint. In each visit, 
the patients signed an informed consent to participate in the study. 
Further details about the first clinical visit can be found elsewhere.7 
Whole- brain high- resolution three- dimensional T1- weighted fol-
lowed by dMRI were acquired using a Philips Achieva 3T MRI unit 
(Philips Healthcare, Best, The Netherlands) with a 32- channel head 
coil. The acquisition parameters were identical at both timepoints. 
The MRI data were checked by a neuroradiologist to identify poten-
tial structural abnormalities.

The acquisition of T1- weighted images was carried out using a 
Turbo Field Echo sequence with the following parameters: repetition 
time 8.1 ms, echo time 3.7 ms, flip angle 8°, 256 × 256 matrix size, 
spatial resolution 1 × 1 × 1 mm3 and 160 sagittal slices covering the 
whole brain.

The acquisition parameters for dMRI were repetition time 
9000 ms, echo time 86 ms, flip angle 90°, 61 diffusion gradient orien-
tations, one baseline volume, b- value 1000 s/mm2, 128 × 128 matrix 
size, spatial resolution 2 × 2 × 2 mm3, and 66 axial slices.

All the images were acquired with a total acquisition time of 
18 min in the MRI facility of the Universidad de Valladolid (Valladolid, 
Spain). The patients experienced no migraine attacks, at least in the 
previous 24 h to the MRI acquisition (both timepoints). The first MRI 
acquisition took place between May 2015 and July 2018, and the 
second between November 2021 and February 2022.

Data analysis

Processing of dMRI

Image preprocessing steps consisted of: (i) Marchenko–Pastur 
Principal Component Analysis denoising18,19; (ii) Gibbs ringing re-
moval20,21; (iii) eddy currents and motion correction within each 
dMRI acquisition; and (iv) correction for B1 field inhomogeneity. 
MRtrix (version 3.0.2) was employed for these steps,22 using dwid-
enoise, mrdegibbs, dwifslpreproc, and dwibiascorrect.23–25 Further, a 
whole brain mask for each subject was obtained with dwi2mask.26

Three DTI metrics were calculated using dtifit from the Oxford 
Centre for Functional MRI of the Brain (FMRIB) Software Library 
(FSL, version 6.0)27: fractional anisotropy (FA), MD, and AD. The 
mean values of the three descriptors were obtained on 48 regions of 
interest from the Johns Hopkins University International Consortium 
of Brain Mapping (ICBM)- DTI- 81 White Matter Atlas (JHU WM).28 
The maps of the descriptors were nonlinearly registered to the 
FMRIB- 58 template in the Montreal Neurological Institute space 

with FSL using FMRIB's nonlinear image registration tool, using the 
FA as the map registered to the template, and applying the same 
transformation for the remaining descriptors. This process aligned 
all brains to the same position, independently of the different head 
positions between subjects and MRI acquisitions. Then, following 
the tract- based spatial statistics pipeline,29 we generated a WM 
skeleton from the mean FA image and projected the diffusion mea-
sures onto the skeleton to obtain more robust measures. The aver-
age value of the metrics on the FA- skeleton inside each region of 
interest was calculated within the 2% and 98% percentiles.

Parcellation and T1- weighted processing

The T1- weighted MRI data were processed to obtain morphometry 
parameters to assess GM structure. Automatic cortical parcellation 
was performed using the recon- all pipeline from FreeSurfer (version 
6.0.0).30–33 The automated parcellations were manually inspected to 
check the quality. For each subject, the results at both timepoints 
were adjusted with the “- long” option of the recon- all pipeline and 
four morphometry parameters were extracted from FreeSurfer: 
mean cortical curvature (CC), average CTh, GMV, and SA. The GMV 
was obtained for all the 84 GM regions from the Desikan–Killiany 
atlas,34 while CC, CTh, and SA were calculated for the 68 cortical 
regions from the atlas. Additionally, the total intracranial volume was 
extracted.

Statistical methods

The longitudinal analysis was based on generalized linear mixed 
models. In these models, the response or dependent variable was the 
average value of the assessed morphometry or diffusion parameter 
obtained from the analyzed subjects in a region from the Desikan–
Killiany (GM) or the JHU WM Atlas (WM). The fixed effects, that 
is, the covariates, were the time in months between t0 and t1 ac-
quisitions (longitudinal coefficient) and age, considering the time as 
the variable of interest and age as a confounding factor. In the GMV 
models, the total intracranial volume was included as an additional 
covariate (fixed effect). The considered random effect was the in-
dividual biological variability. The years lived with migraine was not 
included as a variable due to correlation with age. Three groups of 
patients were considered:

1. Longitudinal EM (EM0 → EM1): 31 patients with EM at t0 who 
stayed as EM at t1.

2. Longitudinal CM (CM0 → CM1): 24 patients with CM at t0 who 
stayed as CM at t1.

3. Improved CM (CM0 → EM1): 24 patients with CM at t0 who 
 improved to EM at t1.

For the first scenario, an additional assessment including only 
the patients who used at least one preventive treatment throughout 
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    |  5HEADACHE

follow- up was carried out to evaluate potential effects related to the 
treatment.

Each of the three clinical groups were separately assessed to de-
termine longitudinal changes within each group. The adjustment of 
three statistical models (one per clinical group) was equivalent to 
adjusting one model including the whole sample but assessing the 
interaction between the clinical group and the time between acqui-
sitions in months. The reason for using a quantitative time variable 
instead of a categorical variable was accounting for the variability of 
the time between the two MRI acquisitions in the sample.

To correct for multiple comparisons, the Benjamini–Hochberg 
false discovery rate procedure was used for each set of compari-
sons.35 The correction was applied to the coefficients assessing the 
effect of time (the longitudinal variable). To facilitate the interpreta-
tion of the coefficients, we calculated the relative change with re-
spect to the baseline value, as follows:

where ARC is the annual relative coefficient, expressed in %, LC is the 
longitudinal coefficient associated with the time (change per month), 
and x0 the mean of the considered metric in each region for the as-
sessed group at baseline. The LC was estimated as the slope associ-
ated with the time in months between t0 and t1 (regressor) of the linear 
mixed model, being the MRI- based parameter the scalar response.

To evaluate the differences in clinical and demographic charac-
teristics between the three groups, we assessed the normality and 
homogeneity of variance of quantitative continuous variables using 
the Shapiro–Wilk and Levene's tests, respectively. For non- normal 
and unequal variances cases, the Kruskal–Wallis test was applied, 
using the Conover–Iman post hoc test for pairwise comparisons. If 
the assumptions were met, we used analysis of variance followed by 
Tukey–Kramer post hoc tests. Categorical variables were analyzed 

using the chi- squared test, with Fisher's exact test employed for 
pairwise comparisons. The diagnosis of the generalized linear mixed 
models was conducted with Pearson's residuals, checking the inde-
pendence of errors and variance homoscedasticity comparing them 
with the predicted values from the model. The normality of the re-
siduals was checked with Q–Q plots and density plots. The relation-
ship between the MRI- based parameter and the time between MRI 
measurements was checked with scatter plots. If the assumptions of 
the model were not met, the results were not considered as statis-
tically significant.

All hypothesis tests were two- tailed and considered significant 
at a p < 0.05. R statistical software (version 4.1.2) was employed to 
carry out the whole statistical analysis.36

RESULTS

The final sample comprised 81 patients: 48 with CM and 33 with 
EM in t0. In all, 10 patients with CM and 23 with EM were excluded 
due to clinical conditions (e.g., pregnancy), MRI contraindications 
(e.g., claustrophobia), and non- clinical or MRI- unrelated reasons 
(e.g., moving to another town). The specific number of excluded 
subjects for each reason is shown in Table S1. The three assessed 
groups were distributed as follows: 31 patients with EM0 → EM1, 24 
patients with CM0 → CM1, and 24 patients with CM0 → EM1. Two ad-
ditional patients with EM at t0 were discarded because they had a 
diagnosis of CM at t1, as this number of patients was excessively low 
to conduct any assessment, and to avoid any bias associated with 
a higher heterogeneity in the EM0 → EM1 group. Figure 1 shows a 
scheme of the distribution of patients at t0 and t1 times, including all 
the patients who were initially recruited. A complete- case analysis 
was conducted, including the 79 patients from the three mentioned 
groups, and the data from the two excluded subjects or the patients 

ARC (%) =
LC

x0

⋅ 12 ⋅ 100

F I G U R E  1  Sankey's diagram of the patients with migraine within two different acquisition times. The patients included in the final sample 
without missing data were the 31 patients with episodic migraine (EM) at t0 and t1, the 24 patients with chronic migraine (CM) at t0 and EM 
at t1, and the 24 patients with CM at t0 and t1. The 33 patients who discontinued the study and the two patients with EM at t0 and CM at t1 
were excluded, as a complete case analysis was conducted.
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with only one MRI acquisition were not used. There were no missing 
data in these 79 patients. The mean time between both acquisitions 
was >60 months for the three groups (range 40–79 months), without 
statistically significant differences between the groups (Table 1). The 
median (interquartile range) number of preventive treatments after 

the first MRI acquisition was 1 (0–2) for the EM0 → EM1 group, 2 (1–2) 
for the CM0 → EM1 group, and 2 (1–3.3) CM0 → CM1 group (Table 1). 
All patients with an initial CM diagnosis and 18 out of 31 patients 
with an initial EM diagnosis (58%) were using a preventive treatment 
at the time of the second MRI acquisition. The number of patients 

TA B L E  1  Clinical and demographic characteristics of the three assessed groups of patients with migraine at both timepoints.

First timepoint (t0) EM0 → EM1 (t0) CM0 → EM1 (t0) CM0 → CM1 (t0) Statistical test

Sex, male/female, n (%) 6/25 (19/81) 4/20 (17/83) 0/24 (0/100) aχ2(2) = 5.08, p = 0.079

Age, years, mean (SD) 37.9 (8.3) 39.3 (8.7) 36.8 (8.0) bF(2,76) = 0.51, p = 0.603

Years lived with migraine, median 
(IQR)

11 (4.5–21) 18.5 (12.5–26.3) 18.5 (13.3–22.3) cχ2(2) = 5.66, p = 0.059

Time from onset of chronic migraine, 
months, median (IQR)

NA 8 (5.5–24) 12 (6–25.5) dU = 331.50, p = 0.372

Headache frequency, days/month, 
median (IQR)

3 (2–5) 25 (20–25) 25 (20–30) cχ2(2) = 53.67, p < 0.001
G1–G2: p < 0.001
G1–G3: p < 0.001

Migraine frequency, days/month, 
median (IQR)

3 (2–5) 13.5 (9.75–20) 10 (9.8–16.3) cχ2(2) = 48.80, p < 0.001
G1–G2: p < 0.001
G1–G3: p < 0.001

Medication overuse, n (%) 0 (0) 19 (79) 17 (71) aχ2(2) = 43.05, p < 0.001
G1–G2: p < 0.001
G1–G3: p < 0.001

Aura, n (%) 5 (16) 0 (0) 1 (4) aχ2(2) = 5.59, p = 0.061

Second timepoint (t1) EM0 → EM1 (t1) CM0 → EM1 (t1) CM0 → CM1 (t1) Statistical test

Sex, male/female, n (%) 6/25 (19/81) 4/20 (17/83) 0/24 (0/100) aχ2(2) = 5.08, p = 0.079

Age, years, mean (SD) 43.1 (8.2) 44.5 (8.7) 42.1 (8.1) bF(2,76) = 0.49, p = 0.614

Years lived with migraine, median 
(IQR)

15 (8.5–26) 22.5 (16.5–30.5) 23.5 (18.8–28) cχ2(2) = 5.38, p = 0.068

Time from onset of chronic migraine, 
months, median (IQR)

NA NA 82 (68–88) NA

Headache frequency, days/month, 
median (IQR)

4 (2–7) 6.5 (4.8–10) 20 (18.8–30) aχ2(2) = 52.57, p < 0.001
G1–G2: p = 0.001
G1–G3: p < 0.001
G2–G3: p < 0.001

Migraine frequency, days/month, 
median (IQR)

2 (0–3) 2 (0–3) 6.5 (4–10) cχ2(2) = 26.42, p < 0.001
G1–G3: p < 0.001
G2–G3: p < 0.001

Medication overuse, n (%) 3 (10) 8 (33) 16 (67) aχ2(2) = 19.54, p < 0.001
G1–G2: p = 0.043
G1–G3: p < 0.001
G2–G3: p = 0.042

Aura, n (%) 4 (13) 6 (25) 6 (25) aχ2(2) = 1.71, p = 0.426

Number of preventive treatments, 
median (IQR)

1 (0–2) 2 (1–2) 2 (1–3.3) cχ2(2) = 10.26, p = 0.006
G1–G2: p = 0.005
G1–G3: p = 0.002

Time between MRI acquisitions, 
months, mean (SD)

62.5 (8.6) 61.6 (10.6) 61.7 (8.3) bF(2,76) = 0.10, p = 0.909

Abbreviations: CM0, chronic migraine at baseline- time 0; CM1, chronic migraine at longitudinal measurement- time 1; EM0, episodic migraine at 
baseline- time 0; EM1, episodic migraine at longitudinal measurement- time 1; G1, EM0 → EM1; G2, CM0 → EM1; G3, CM0 → CM1; IQR, interquartile 
range; NA, not available; SD, standard deviation.
aChi- squared test and p values of Fisher's tests.
bAnalysis of variance.
cKruskal–Wallis test and p values for Conover–Iman post hoc test.
dMann–Whitney U test.
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    |  7HEADACHE

with medication overuse was higher in the second timepoint for the 
stable EM group, and lower for the two groups of patients with CM 
(Table 1).

Table 1 shows the detailed demographic and clinical features of 
the three groups of patients at t0 and t1. No statistically significant 
age or sex differences were found at both timepoints. Considering 
all the patients with CM as a single group, they showed significantly 
higher value of years lived with migraine (at t0; U = 518, p = 0.023). 
However, these differences were not identified when separating the 
patients with CM into two groups. Patients with CM, considering 
the two groups, showed significantly higher value of frequency of 
headache (at t0 and t1), migraine attacks (at t0 and t1), and medication 
overuse (at t0 and t1).

For the following sections, an additional analysis adjusting the 
results for sex was performed. For GM and WM, the results were 
similar in relation to the regions with uncorrected significant 
results, and the corrected results had no variations. Therefore, 
as the CM0 → CM1 group had only women, the results for the 
common analysis for all groups, without correcting for sex, are 
reported.

Longitudinal analysis: Gray matter

The ARCs after the adjustment for age effects and the correction 
for multiple comparisons (0.001 < adjusted p < 0.038) are shown in 
Table 2. Statistically significant longitudinal changes were found 
only in those groups presenting stable condition: EM0 → EM1 (CC 
and CTh) and CM0 → CM1 (CTh and GMV), while no statistically sig-
nificant longitudinal changes were observed in any region for the 
CM0 → EM1 group.

In the EM0 → EM1 group, a statistically significant increase in cur-
vature was observed in the temporal pole, an increase in thickness 
was found in six regions from the temporal cortex, the inferior pa-
rietal cortex and the postcentral gyrus, and a decrease in thickness 
was identified in the posterior cingulate gyrus. These changes were 
found in the left hemisphere for all cases. The significant thickness 
reduction in the left posterior cingulate gyrus was also observed 
in the CM0 → CM1 group, this being the only common longitudinal 
change in GM morphology for the three assessed groups. In addi-
tion, for the CM0 → CM1 group, significant thickness and volume re-
duction was detected in the right posterior cingulate gyrus and left 

TA B L E  2  The annual relative coefficient of the statistically significant (corrected p < 0.05) variations of the gray matter morphometry 
parameters based on the longitudinal coefficient of the complete generalized linear mixed model. Regions of interest defined by the 
Desikan–Killiany atlas.

ROI

EM0 → EM1 CM0 → EM1 CM0 → CM1

CC CTh GMV CC CTh GMV CC CTh GMV

L. BSTS 0.42
p = 0.014

L. IPC 0.38
p = 0.014

L. ITG 0.52
p = 0.014

L. MTG 0.43
p = 0.017

L.PG 0.37
p = 0.014

L. PCG −0.34
p = 0.019

−0.51
p = 0.028

L. SPC 0.41
p = 0.014

L. TP 1.19
p = 0.001

R. PCG −0.50
p = 0.038

L. HI −0.71
p = 0.010

Note: All p values are corrected. Green boxes denote positive association, while red boxes indicate negative association.
Abbreviations: BSTS, banks of the superior temporal sulcus; CC, cortical curvature; CM0, chronic migraine at baseline- time 0; CM1, chronic migraine 
at longitudinal measurement- time 1; CTh, cortical thickness; EM0, episodic migraine at baseline- time 0; EM1, episodic migraine at longitudinal 
measurement- time 1; GMV, gray matter volume; HI, hippocampus; IPC, inferior parietal cortex; ITG, inferior temporal gyrus; L., Left; MTG, middle 
temporal gyrus; PCG, posterior cingulate gyrus; PG, postcentral gyrus; R., right; ROI, region of interest; SPC, superior parietal cortex; TP, temporal 
pole.
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8  |     HEADACHE

hippocampus, respectively. The coefficients associated with age for 
the same regions, the total variation combining longitudinal and age 
effects, and the mean values of the regions at both timepoints are 
shown in Table S2.

Tables 3 and 4 show the uncorrected significant results of the 
ARC after adjusting for aging across the three groups. Although cor-
rections for multiple comparisons were not applied, these results 
are still of interest as to show trends that could be substantiated in 
future works with larger sample size. Details on annual changes and 
other results are given in Tables S3–S5.

For the EM0 → EM1 group, after excluding the patients who 
used no preventive treatments, statistically significant longitudinal 
changes were found in the same plus additional regions compared 
to the analysis with the whole group (0.008 < corrected p < 0.049). 
Curvature increase was observed in the temporal pole, pericalcarine 
cortex and insula, and thickness increase was found in eight regions 
from the temporal cortex, the inferior parietal cortex and the post-
central and paracentral gyri. The corrected and uncorrected results 
are shown in Table S6.

Longitudinal analysis: White matter

Table 5 shows the ARCs for the diffusion descriptors in WM after 
the adjustment for age and the corrections for multiple compari-
sons (adjusted p = 0.016). The only statistically significant result 
was a longitudinal FA increase in the left cerebral peduncle for the 
patients in the EM0 → EM1 group. The coefficients associated with 
age for this case, the total variation combining longitudinal and 
age effects, and the mean values at both timepoints are shown in 
Table S7.

Table 6 presents the uncorrected results across the three 
groups, adjusted for age but not for multiple comparisons. 
Regarding the uncorrected results, no significant longitudinal 
changes in MD were found for any group. For the CM0 → CM1 
group, FA increased in five regions. No significant longitudinal 
changes were observed for AD or MD. In the CM0 → CM1 group, 
FA increased in the corticospinal tract but decreased in four other 
regions. Patients in the EM0 → EM1 group showed FA increases in 
three additional regions, and a decrease in the uncinate fascicu-
lus. AD increased in three regions. Stable groups (CM0 → CM1 and 
EM0 → EM1) shared significant FA increases in both cerebral pe-
duncles, consistently with corrected results. Detailed results are 
in Table S8.

For the EM0 → EM1 group, after excluding the patients who 
used no preventive treatments, results were similar compared 
to the analysis with the whole group, and statistically significant 
changes (corrected p = 0.014) were found. An FA increase was 
observed in the right cerebral peduncle and posterior limb of the 
internal capsule, and an FA decrease was found in the left unci-
nate fasciculus. The corrected and uncorrected results are shown 
in Table S6.

DISCUSSION

This work aimed to unravel the structural longitudinal changes in the 
brain of patients with migraine over time. We characterized struc-
tural GM and WM changes over a span of at least 3 years, which is 
significantly longer than the duration examined in previous studies. 
Our research focused on three distinct migraine evolution scenarios: 
stable EM; stable CM; and CM improving to EM. To elucidate the 
relationship between migraine evolution and brain structure, we uti-
lized morphometric and DTI parameters.

Age- corrected longitudinal changes revealed significant struc-
tural changes over time, particularly in GM morphology, with less 
pronounced but still noticeable diffusion changes in WM. The pro-
gression of migraine across different diagnostic stages is associated 
with distinct patterns of change, suggesting that the impact of dis-
ease evolution on brain structure is heterogeneous and may be influ-
enced by the specific nature and course of the condition.

The GM and WM showed different patterns. In GM, distinct 
changes emerged in the progression of stable EM and stable CM 
across several regions, while in WM, changes appeared in the right 
cerebral peduncle. This discrepancy in the number of affected areas, 
specific regions and metrics provides insights into the underlying 
evolution of brain structure, suggesting that GM and WM respond 
differently to the progression of migraine.

In terms of the GM evolution, the three groups displayed distinct 
patterns. The group transitioning from CM to EM showed no signif-
icant longitudinal changes in any region, while the other two groups 
did. Specifically, the stable EM group demonstrated a predominant 
increase in thickness. In contrast, the stable CM group exhibited a 
decrease in thickness in the bilateral posterior cingulate gyrus and a 
reduction in hippocampal volume.

The left posterior cingulate gyrus is the only region showing sim-
ilar behavior across groups, precisely in those with stable diagno-
ses, experiencing a decrease in thickness—0.34% annually for EM 
and 0.51% for CM. This region showed no change in the CM0 → EM1 
group, even in uncorrected data, indicating differentiated structural 
behavior linked to diagnostic improvement. The posterior cingulate 
gyrus has been linked to pain processing and perception in various 
pathologies. It is a key component of the default mode network in-
volved in conscious processing of pain and reappraisal of pain per-
ception.37 Abnormal connectivity in this region is linked to increased 
pain sensitivity and abnormal pain processing in individuals with 
migraine.38 Similarly, patients with chronic pain showed decreased 
activity in this region,39 which correlates with higher pain intensities. 
Interestingly, another study presented findings that contrast with 
ours40; their analysis found that migraine improvement was associ-
ated with a decrease of thickness in this area. These discrepancies 
may be attributed to the lack of appropriate statistical corrections 
in their study.

The CM0 → CM1 group exhibited a decrease in volume in the left 
hippocampus, a pattern not observed in the other groups, except 
for uncorrected results in the EM0 → EM1 group, which showed a 
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    |  9HEADACHE

TA B L E  3  The annual relative coefficient of the statistically significant (uncorrected p < 0.05) variations of the gray matter morphometry 
parameters based on the longitudinal coefficient of the complete generalized linear mixed model. Regions of interest were defined by the 
Desikan–Killiany atlas.

ROI

EM0 → EM1 CM0 → EM1 CM0 → CM1

CC CTh SA GMV CC CTh SA GMV CC CTh SA GMV

L. BSTS 0.42 0.39

L. CACG −0.37 −1.16

L. CMFG −0.74

L. CUN 0.40 0.48

L. IPC 0.38 0.51

L. ITG 0.52 0.46 0.34

L. LOC 0.28

L. LOFG 0.60

L. LG −0.47

L. MTG 0.30 0.43 0.42

L. PaG 0.34 0.66 −0.81

L. POr −0.87

L. PT 0.60

L. PCC 0.50

L. PG 0.37 0.47 −0.55

L. PCG −0.34 −0.51 −0.91

L. PrG −0.72

L. RACG 0.64

L. SPC 0.41 0.57

L. SPG 0.26 0.29

L. FP −0.82

L. TP 1.19

L. INS 0.40 0.62

R. CACG 0.51 −1.20 −1.23

R. EC −1.07

R. ITG 0.42

R. IPC −0.72

R. LOFG 0.68 0.75

R. LG −0.36

R. PaG 0.44 0.55 −1.11

R. POp 0.75

R.POr 0.47

R. PT −0.41

R. PCC 0.53 0.72

R. PG 0.35 0.50

R. PCG −0.50 −1.00

R. PrG −0.67 −0.50

R. RACG 0.50

R. RMFG −0.67

R. SPC 0.35 0.38

R. FP −0.49

R. TP −0.51 −0.73

(Continues)
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10  |     HEADACHE

similar trend to that of the posterior cingulate gyrus. The hippocam-
pus is involved in pain processing, attention, and stress response, 
and it plays a significant role in the evolution of migraine. A 1- year 
follow- up study found a decrease in volume in this region in patients 
with newly diagnosed EM8 and identified maladaptive changes as-
sociated with high headache frequency.41 The changes in these two 
regions within the stable groups may indicate (mal)adaptation to a 
“stable” pain perception over time.

Other GM regions that showed significant longitudinal changes 
included the left inferior and middle temporal gyri, inferior parietal 
cortex, temporal pole, and precuneus. Although these areas are less 
prominent in pain processing, they have been shown to play signifi-
cant roles in migraine. For instance, the inferior temporal gyrus pre-
sented reduced thickness in both CM and EM compared to healthy 
controls.5 Additionally, the inferior parietal cortex thickness cor-
related positively with pain thresholds in migraine.42 Furthermore, 
thickness in the middle temporal gyrus and temporal pole were able 
to distinguish those with migraine from healthy controls.43 Changes 
in functional connectivity in the thalamus, particularly with the pre-
cuneus, have been observed in patients with migraine.44,45

Regarding the WM analysis, only one region exhibited signifi-
cant longitudinal changes: the right cerebral peduncle in the stable 
EM group. This region, involved in motor control, sensory relay, and 
pain processing, also exhibited additional anisotropy changes in the 
bilateral cerebral peduncles in the uncorrected results. However, 
these changes were observed only in the stable migraine groups, 
not in CM0 → EM1. Prior research on chronic musculoskeletal pain,46 
neuropathic pain,47 and trigeminal neuralgia48 has suggested the 
possible involvement of the cerebral peduncle in pain processing. 
Notably, among the patients in the stable EM group who utilized at 
least one preventive treatment, additional significant changes were 

observed, suggesting the possible influence of the preventive treat-
ment on WM structures.

A glimpse at the uncorrected results (Table 6) may provide fur-
ther insights into WM behavior. In the CM0 → EM1 group, a reduc-
tion in anisotropy was observed in the bilateral anterior limb of the 
internal capsule. In the stable EM group, changes in FA and AD were 
evident in the posterior limb of the internal capsule, a region that 
exhibited statistically significant FA changes in the patients who 
used preventive treatments. These regions appear to be sensitive 
to migraine- related alterations, as supported by previous cross- 
sectional studies6,7 and other pain conditions like chronic musculo-
skeletal pain,46 trigeminal neuralgia,48 migraine without aura,49 and 
persistent headache associated with coronavirus disease 2019.50 
These results may reflect a clue about the potential of disease- 
modification of preventive medications, driving WM changes in pa-
tients who use them and improve from a CM frequency towards an 
EM situation. While MD is typically an important marker in cross- 
sectional migraine studies, no longitudinal changes were observed, 
even for the uncorrected data. Conversely, the patients with stable 
EM exhibited increased AD.

Overall, fewer regions exhibited significant longitudinal changes 
in WM compared to GM, and the rates of change were much lower, 
suggesting that GM is more susceptible to disruption. Based on the 
results, it can be hypothesized that stable and unstable clinical condi-
tions lead to opposite changes in WM. These changes may be related 
to adaptive and maladaptive neuroplasticity, respectively, suggesting 
an imbalance in how the brain responds to different migraine states. 
However, when considering corrected data, the changes in WM do not 
accurately reflect the evolution of the patients’ conditions.

The changes observed in regions associated with central pain 
processing differ from those in other areas related to the migraine 

ROI

EM0 → EM1 CM0 → EM1 CM0 → CM1

CC CTh SA GMV CC CTh SA GMV CC CTh SA GMV

R. TTG 0.55

R. INS 0.56

L. PAL −0.56

L. HI −0.39 −0.71

R. CER −0.46 −0.48

R. PUT −0.55

R. HIP −0.54

R. ACC −0.80

Note: Cells with numeric values in bold represent adjusted p < 0.05.
Abbreviations: ACC, accumbens; BSTS, banks of the superior temporal sulcus; CACG, caudal anterior cingulate gyrus; CC, cortical curvature; CER, 
cerebellum; CM0, chronic migraine at baseline- time 0; CM1 chronic migraine at longitudinal measurement- time 1; CMFG, caudal middle frontal 
gyrus; CTh, cortical thickness; CUN, cuneus; EC, entorhinal cortex; EM0, episodic migraine at baseline- time 0; EM1, episodic migraine at longitudinal 
measurement- time 1; FP, frontal pole; GMV, gray matter volume; HI, hippocampus; INS, insula; IPC, inferior parietal cortex; ITG, inferior temporal 
gyrus; L., Left; LG, lingual gyrus; LOC, lateral occipital cortex; LOFG, lateral orbitofrontal gyrus; MTG, middle temporal gyrus; PaG, paracentral 
gyrus; PAL, pallidum; PCC, pericalcarine cortex; PCG, posterior cingulate gyrus; PG, postcentral gyrus; POp, pars opercularis; POr, pars orbitalis; 
PrG, precentral gyrus; PT, pars triangularis; PUT, putamen; R., right; RACG, rostral anterior cingulate gyrus; RMFG, rostral middle frontal gyrus; ROI, 
region of interest; SA, surface area; SPC, superior parietal cortex; SPG, supramarginal gyrus; TP, temporal pole; TTG, transverse temporal gyrus.

TA B L E  3  (Continued)
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    |  11HEADACHE

TA B L E  4  Uncorrected p values of the statistically significant (uncorrected p < 0.05) variations of the gray matter morphometry 
parameters based on the longitudinal coefficient the complete generalized linear mixed model. Regions of interest were defined by the 
Desikan–Killiany atlas.

ROI

EM0 → EM1 CM0 → EM1 CM0 → CM1

CC CTh SA GMV CC CTh SA GMV CC CTh SA GMV

L. BSTS 0.002 0.009

L. CACG 0.031 0.040

L. CMFG 0.042

L. CUN 0.043 0.025

L. IPC 0.002 0.014

L. ITG 0.001 0.029 0.031

L. LOC 0.033

L. LOFG 0.033

L. LG 0.017

L. MTG 0.026 0.003 0.029

L. PaG 0.018 0.004 0.038

L. POr 0.038

L. PT 0.046

L. PCC 0.012

L. PG 0.002 0.032 0.013

L. PCG 0.004 <0.001 0.012

L. PrG 0.016

L. RACG 0.013

L. SPC 0.001 0.006

L. SPG 0.028 0.042

L. FP 0.008

L. TP <0.001

L. INS 0.013 0.008

R. CACG 0.028 0.006 0.012

R. EC 0.032

R. ITG 0.012

R. IPC 0.012

R. LOFG 0.004 0.037

R. LG 0.035

R. PaG 0.010 0.002 0.002

R. POp 0.003

R. POr 0.047

R. PT 0.022

R. PCC 0.006 0.039

R. PG 0.007 0.003

R. PCG 0.001 0.009

R. PrG 0.034 0.036

R. RACG 0.018

R. RMFG 0.031

R. SPC 0.011 0.028

R. FP 0.031

R. TP 0.016 0.026

(Continues)
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12  |     HEADACHE

experience that are not directly involved in pain processing. 
Maladaptive changes, which were particularly evident in individuals 
with “stable” CM, contrast with adaptative changes seen in those 
with “stable” EM. Both types of changes exhibit similar longitudinal 
characteristics in response to migraine over time. A detailed exam-
ination of the results revealed that most of the changes occurred in 
distinct regions for the two stable groups. When a region exhibited 
significant changes in one stable group, it did not show changes in 
the other group. Thus, in these cases, the value of the change per 
month for the parameters with significant changes was similar to the 
difference between the monthly change in one group with respect 
to the other.

This study presents a series of limitations, including a restricted 
sample size reduced from 114 to 81 participants throughout the fol-
low- up period. This limitation resulted in a reduction in statistical 
power, which is likely to have contributed to the scarcity of statistically 
significant results after correction for multiple comparisons. Moreover, 
no longitudinal data from healthy controls were available, and the as-
sessment of the transition from EM to CM was not conducted due to 

the low sample size (two patients) related to the low annual incidence 
of this scenario (2.5–3.1%) and the use of preventive treatments after 
the first MRI acquisition. Consequently, the present study lacks quan-
tification regarding the magnitude of change compared to baseline 
changes against controls, and of the transition from EM to CM.

An additional noteworthy limitation is the heterogeneity in pre-
ventive treatments. During the follow- up period, some patients 
with CM used two or more preventive treatments. The range of 
treatments varied widely, with most having very small sample sizes, 
except for topiramate. Thus, the use of multiple and diverse pre-
ventive treatments could potentially influence the results, although 
baseline comparisons exhibited similar patterns to the results at the 
longitudinal timepoint. Separately, in the patients with stable EM, 
we conducted an additional assessment including only the patients 
who used at least one preventive treatment. We observed additional 
significant changes, which might suggest specific effects related to 
preventive treatments.

Regarding the initial MRI acquisition, it is possible that the patients 
were in a preictal rather than an interictal stage, given that only the 

ROI

EM0 → EM1 CM0 → EM1 CM0 → CM1

CC CTh SA GMV CC CTh SA GMV CC CTh SA GMV

R. TTG 0.008

R. INS 0.033

L. PAL 0.025

L. HI 0.044 0.001

R. CER 0.014 0.035

R. PUT 0.039

R. HIP 0.015

R. ACC 0.035

Note: Cells with numeric values in bold represent adjusted p < 0.05.
Abbreviations: ACC, accumbens; BSTS, banks of the superior temporal sulcus; CACG, caudal anterior cingulate gyrus; CC, cortical curvature; CER, 
cerebellum; CM0, chronic migraine at baseline- time 0; CM1, chronic migraine at longitudinal measurement- time 1; CMFG, caudal middle frontal 
gyrus; CTh, cortical thickness; CUN, cuneus; EC, entorhinal cortex; EM0, episodic migraine at baseline- time 0; EM1, episodic migraine at longitudinal 
measurement- time 1; FP, frontal pole; GMV, gray matter volume; HI, hippocampus; INS, insula; IPC, inferior parietal cortex; ITG, inferior temporal 
gyrus; L., Left; LG, lingual gyrus; LOC, lateral occipital cortex; LOFG, lateral orbitofrontal gyrus; MTG, middle temporal gyrus; PaG, paracentral 
gyrus; PAL, pallidum; PCC, pericalcarine cortex; PCG, posterior cingulate gyrus; PG, postcentral gyrus; POp, pars opercularis; POr, pars orbitalis; 
PrG, precentral gyrus; PT, pars triangularis; PUT, putamen; R., right; RACG, rostral anterior cingulate gyrus; RMFG, rostral middle frontal gyrus; ROI, 
region of interest; SA, surface area; SPC, superior parietal cortex; SPG, supramarginal gyrus; TP, temporal pole; TTG, transverse temporal gyrus.

TA B L E  4  (Continued)

TA B L E  5  The annual relative coefficient of the statistically significant (false discovery rate corrected p < 0.05) variations of the diffusion 
descriptors in white matter based on the longitudinal coefficient of the complete generalized linear mixed model. Regions of interest were 
defined by the Johns Hopkins University ICBM- DTI- 81 White Matter Atlas.

ROI

EM0 → EM1 CM0 → EM1 CM0 → CM1

FA, % AD, % MD, % FA, % AD, % MD, % FA, % AD, % MD, %

R. CP 0.24
p = 0.016

Note: The p value is corrected.
Abbreviations: AD, axial diffusivity; CM0, chronic migraine at baseline- time 0; CM1, chronic migraine at longitudinal measurement- time 1; CP, cerebral 
peduncle; EM0, episodic migraine at baseline- time 0; EM1, episodic migraine at longitudinal measurement- time 1; FA, fractional anisotropy; MD, mean 
diffusivity; R., right; ROI, region of interest.
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preceding 24 h was considered in relation to headache and migraine 
attacks. This may introduce a degree of bias into the results. However, 
the subsequent 24 h was considered in the second MRI acquisition.

While these limitations exist, the study provides valuable in-
sights, and a detailed examination of these constraints enhances the 
interpretation of its findings.

CONCLUSIONS

We examined the structural changes in the brain of patients with 
migraine in relation to their clinical progression using longitudinal 
MRI data. The age- corrected results demonstrated significant lon-
gitudinal changes in all groups, predominantly in the GM and, to a 

lesser extent, in the WM. Patients with a stable diagnosis exhibited 
a greater number of longitudinal changes than those who improved 
from CM to EM, suggesting that clinical improvement does not result 
in significant brain structural changes. Conversely, the persistence 
of the condition does induce substantial alterations, particularly 
in regions associated with pain processing. These findings suggest 
that the brain adapts differently to stable and changing clinical 
conditions.
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