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Abstract

Alterations in white matter (WM) microstructure are commonly found in migraine patients. Here, we
employ a longitudinal study of episodic migraine without aura using diffusion magnetic resonance
imaging (dMRI) to investigate whether such WM microstructure alterations vary through the different
phases of the pain cycle. Fourteen patients with episodic migraine without aura related with menstru-
ation were scanned through four phases of their (spontaneous) migraine cycle (interictal, preictal, ictal,
and postictal). Fifteen healthy controls were studied in the corresponding phases of the menstrual
cycle. Multishell dMRI data were acquired and preprocessed to obtain maps of diffusion parameters
reflecting WM microstructure. After a whole-brain analysis comparing patients with controls, a
region-of-interest analysis was performed to determine whether the patients’microstructural changes
varied across the migraine cycle in specific WM tracts. Compared with controls, patients showed
reduced axial diffusivity (AD) in several WM tracts across the whole brain in the interictal phase and
increased fractional anisotropy (FA) in commissural fibers in the ictal phase. Interestingly, AD returned
to baseline levels during peri-ictal phases in specific projection and association fibers. In contrast, FA
values decreased in the ictal phase away from normal values in a few commissural and projection
tracts. Widespread WM fiber tracts suffer structural variations across the migraine cycle, suggesting
microstructural changes potentially associated with limbic and salience functional networks and
highlighting the importance of the cycle phase in imaging studies of migraine.

Key words: diffusion MRI (dMRI); diffusion tensor imaging (DTI); diffusional kurtosis imaging (DKI);
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Significance Statement

Our study reveals dynamic changes in white matter (WM) microstructure across different phases of
the migraine cycle, using advanced diffusion magnetic resonance imaging. By employing a case-
control longitudinal design on patients with episodic menstrual migraine, we identified transient
reductions in axial diffusivity and fractional anisotropy in specific WM tracts, which varied with
migraine phases independently of hormonal influences. This is the first study to document such
phase-dependent microstructural changes, highlighting the brain’s ability to adapt rapidly to
pain. Our findings provide significant insights into neuroplasticity, enhancing the understanding
of migraine and potentially informing broader neurological research on the brain’s response to
pathological states.Continued on next page.
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Introduction
Migraine is a neurological condition that causes cyclical episodes of mild to moderate

headaches along with other neurological symptoms that can start before (preictal) and
during (ictal) and persist after (postictal) the headache itself. The ictal phase, when the
patient experiences the migraine attack, lasting for 4–72 h according to the third edition
of the International Classification of Headache Disorders (ICHD-3; Olesen, 2018), can
be disabling and making it difficult to complete daily tasks. Patients in the period between
episodes, known as the interictal phases, are mostly asymptomatic. In episodic migraine,
patients spend more time in the interictal than in the peri-ictal phases (Goadsby et al.,
2017).
Neuroimaging research has contributed to a more comprehensive understanding of the

complex brain changes in migraine (Rahimi et al., 2022; Schramm et al., 2023). Diffusion
magnetic resonance imaging (dMRI) has been used to map water diffusion parameters
reflecting the underlying microstructure. These include fractional anisotropy (FA), related
with fiber integrity, and mean diffusivity (MD), related with tissue damage (Winston, 2012).
More specifically, axial diffusivity (AD) can be used to assess axonal integrity bymeasuring
diffusion along the primary axis, while radial diffusivity (RD) indicates myelin damage by
measuring diffusion perpendicular to the primary axis (Winston, 2012).
Research on migraine using dMRI has primarily focused on white matter (WM) and the

evaluation of patients during the interictal phase compared with controls, showing wide-
spread abnormalities (Pierpaoli et al., 1996; Rahimi et al., 2022). Despite some contradictory
findings, decreased AD has often been reported in multiple WM tracts (see review, Rahimi et
al., 2022). However, changes in other diffusion parameters such as MD and FA have also
been reported but with an inconsistent pattern across studies (Rahimi et al., 2022).
Nevertheless, abnormalities have mostly been reported in the corpus callosum (Li et al.,
2011; Yu et al., 2013b;Messina et al., 2015; Shibata et al., 2018; Szabó et al., 2018), thalamus
(DaSilva, 2007; Yu et al., 2013a; Coppola et al., 2014), thalamic radiations (Yu et al., 2013b;
Chong and Schwedt, 2015; Messina et al., 2015; Petrušić et al., 2018; Shibata et al., 2018;
Szabó et al., 2018), superior and inferior longitudinal fasciculus (Yu et al., 2013b; Chong and
Schwedt, 2015; Messina et al., 2015), and cingulate gyrus (Liu et al., 2013; Messina et al.,
2015; Petrušić et al., 2018; Szabó et al., 2018).
Only two studies (Coppola et al., 2014; Marciszewski et al., 2019) have used a longitu-

dinal design to examine changes during different phases of the migraine cycle, which
focused on specific gray matter (GM) structures (i.e., brainstem nuclei and thalamus).
One study (Marciszewski et al., 2019) found increased MD/AD during the interictal phase,
which reverted to normal levels during the preictal phase and increased again after the
attack, in brainstem nuclei (e.g., periaqueductal GM or cuneiform nucleus). The other
study (Coppola et al., 2014) observed higher FA and slightly lower MD values in bilateral
thalami in patients in the interictal phase compared with those in controls, which returned
to normal in the ictal phase suggesting plastic peri-ictal modifications. Both studies sug-
gest that there are fluctuations in local GM microstructure throughout the migraine cycle,
but no research has been done on whether similar changes occur in WM brain pathways.
The aim of our study was to investigate alterations inWMmicrostructure of fiber bundles

of migraine patients and during different stages of the migraine cycle. We focused on
patients with episodic migraine without aura, with menstrual or menstrual-related migraine,
in a longitudinal design, compared with a group of healthy controls (HCs) matched for the
menstrual phase.

Materials and Methods
Study population
A group of 14 female patients with episodic migraine without aura with menstrual or

menstrual-related migraine, which were diagnosed according to the ICHD-3, were
recruited by a neurologist during the medical appointment at the headache outpatient
clinic at the Hospital da Luz. Besides the diagnostic criteria, other inclusion criteria con-
sisted of the following: (1) female; (2) adults 18–55 years of age; (3) at least 9 years of edu-
cation and Portuguese native speaking; (4) otherwise healthy (i.e., not currently diagnosed
with any disease that significantly impedes an active and productive life nor with a life
expectancy below 5 years); and (5) not currently receiving treatment with psychoactive
drugs (including anxiolytics, antidepressants, antiepileptics, and any migraine
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prophylactics). Exclusion criteriawere as follows: (1) presence of aura; (2) record of neurologic diseaseother thanmigraine; (3)
breastfeeding, pregnancy, or after menopause; and (4) contraindications for MRI. Moreover, the use of contraception was not
mandatory. The following clinical variables were recorded for all patients: disease duration (in years), attack frequency (days
per month), and pain intensity (visual analog scale, VAS). For the control group, we recruited 15 age-balanced healthy native
Portuguese female volunteers through advertisement in the general population. They met the same criteria for inclusion and
exclusion, with the only difference being that they did not experience any type of migraine or recurring headaches, defined as
fewer than one headache episode per month in the last year, and these headaches do not meet the criteria for migraine
according to the ICHD-3.
The study was approved by the ethics committee of the Hospital da Luz, and informed written consent was obtained

from all participants according to the Declaration of Helsinki seventh revision.

Study design
Figure 1 illustrates the study design. All migraine patients (M) were evaluated longitudinally in four sessions correspond-

ing to the four phases of the migraine cycle, namely: (1) interictal (M-inter); (2) preictal (M-pre); (3) ictal (M-ict); and (4) post-
ictal (M-post; Peng and May, 2020). The experimental sessions order was counterbalanced to ensure that an equal
number of the first sessions occurred during the peri-ictal (preictal, ictal, and postictal) and the interictal phases. The
M-pre andM-post sessions were prescheduled in accordance with the patients’menstrual cycle, while the M-ict sessions
were planned during a patients’ self-reported migraine attack. The verification of each session was conducted in the fol-
lowing manner: (1) M-inter, if patients indicated that they had a complete absence of pain for a minimum of 48 consecutive
hours before the experimental session and confirmation of the absence of a migraine attack was obtained 72 h after the
session; (2) M-pre, up to 72 h before the start of a spontaneous migraine attack (Peng and May, 2020), confirmed with the
volunteer afterward; (3) M-ict, was defined as occurrence of a migraine attack satisfying the ICHD-3 criteria; and (4)
M-post, up to 48 h after the end of a spontaneous migraine attack (Peng and May, 2020), which was confirmed with
the volunteer afterward. Regarding the alignment of the four sessions with phases of the menstrual cycle, we considered
the following: M-inter, the period after ovulation, lasting up to 5 d; M-pre, the period up to 5 d before menstruation; M-ict,
typically occurring between Days 0 and 1; and M-post, the period up to 4 d after the onset of menstruation.
The HCs were evaluated in two sessions corresponding to the phases of the menstrual cycle matching the interictal and

the peri-ictal phases of the patients, respectively (Dubol et al., 2021): (1) postovulation phase, up to 5 d after ovulation
(HC-postov), and (2) perimenstrual phase, from 5 d before to 5 d after menstruation (HC-pm). The experimental sessions
order was counterbalanced to ensure that an equal number of the first sessions occurred during HC-pm and HC-postov.
Furthermore, in both samples, the number of participants using hormonal contraception was evenly distributed. In addi-
tion, both groups of participants were evaluated for anxiety using State–Trait Anxiety Inventory (STAI; Spielberger, 1970)
and for depression using Zung Self-Rating Depression Scale (ZSDS; Zung et al., 1965) questionnaires before scanning
during M-inter and HC-postov sessions. Finally, age and literacy levels between patients and controls were compared
using the Mann–Whitney U test, as the data were not normally distributed on JASP (www.jasp-stats.org/, version
0.17.3.0). Additionally, we compared the anxiety and depression score between groups using a Mann–Whitney U test.

Data acquisition
In each study session, participants were scanned on a 3 T Siemens Vida system using a 64-channel RF-receiver head

coil. MRI data were acquired over a 3 year period (June 2019 to December 2022), and all scanning sessions were

Figure 1. Illustrative schematics of the study design. In our study, migraine patients (M) were assessed in four MRI sessions based on the migraine cycle
phase: interictal (M-inter), pre-attack (M-pre), during the attack (M-ict), and postattack (M-post). In addition, HCswere scanned in corresponding periods of
their menstrual cycle: perimenstrual phase (HC-pm) and postovulation phase (HC-postov). The total number of subjects per session is shown.
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performed in the evening (7:00–9:00 P.M.). The MRI protocol included various types of images; here, we report only the
dMRI study, including the required anatomical T1-weighted scan and fluid-attenuated inversion recovery (FLAIR) for WM
lesion detection.

dMRI data. We obtained multishell dMRI data using 2D echoplanar imaging and the following imaging parameters: 66
axial slices with an in-plane Generalized Autocalibrating Partially Parallel Acquisitions (GRAPPA) factor of 2, simultaneous
multislice (SMS) factor of 3, and 2 mm isotropic resolution. The repetition time (TR)/echo time (TE) parameters were 6,800/
89 ms. The diffusion-weighted images were acquired with b values of 400, 1,000, and 2,000 s/mm2 along 32, 32, and 60
unique gradient directions, respectively. Additionally, eight nondiffusion-weighted (b0) images were also collected as well
as three b0 images with opposite phase encoding (posterior–anterior). The total acquisition time was 15:47 min.

Anatomical scans. We also acquired a T1-weighted structural image using a 3D magnetization-prepared rapid gradient
echo sequence with the following parameters: TR, 2,300 ms; TE, 2.98 ms; inversion time (TI), 900 ms; total acquisition
time, 5:12 min; flip angle, 9°; and field-of-view (FOV), 256 ×240× 128 mm3, with 1 mm isotropic resolution. Finally, we
acquired a FLAIR sequence with the following parameters: TR, 5,000 ms; TE, 386 ms; TI, 1,800 ms; total acquisition
time, 5:57 min; GRAPPA, 2; flip angle mode, T2 var; and FOV, 240 ×240× 151 mm3, with 0.9 mm isotropic resolution.
Both anatomical scans were evaluated by an experienced neurologist.

Data analysis
All dMRI data were preprocessed following the DESIGNER (Ades-Aron et al., 2018) pipeline. Firstly, denoising was per-

formed using “dwidenoise” (Veraart et al., 2016), followed by Gibbs ringing correction using “mrdegibbs” (Kellner et al.,
2016) and Rician bias correction (Koay and Basser, 2006). These steps were carried out using MRTrix tools (www.
mrtrix.org/, version 3.0.3; Tournier et al., 2019). Subsequently, geometric distortions due to B0 inhomogeneities and
eddy currents, as well as head motion, were corrected using FSL’s tools “topup” and “eddy” (www.fsl.fmrib.ox.ac.uk/
fsl/docs/#/, version 6.0.5; Andersson et al., 2003; Andersson and Sotiropoulos, 2015). Finally, bias field correction was
performed using “dwibiascorrect” with -ants option from MRTrix.
After preprocessing, we used two different diffusion signal representations to estimate maps of multiple diffusion

parameters: the commonly used DTI and an extension of this representation also including the diffusional kurtosis imaging
(DKI; Jensen et al., 2005) tensor. For conventional DTI, we extracted the b1000 shell to estimate FA, MD, AD, and RD with
dtifit from FSL. For DKI, we used both b1000 and b2000 shells, and besides the DTI parameters, mean kurtosis (MK), axial
kurtosis (AK), and radial kurtosis (RK) were also estimated, using DESIGNER. All mapswere nonlinearly aligned to the stan-
dard FA template (1 mm isotropic resolution FMRIB58_FA) using FNIRT from FSL. Each diffusion parameter mapwas then
skeletonized through restriction to the main WM fibers and thresholded at 0.3, using the tract-based spatial statistics
(TBSS) (Smith et al., 2006) tool in FSL.

Comparison between patients and controls. To investigate voxelwise differences in the diffusion parameters, we per-
formed permutation tests on the skeletonized diffusion parametermaps, using the “randomise” tool from FSL (Nichols and
Holmes, 2002). This statistical testing approach is theoretically supported (Nichols and Holmes, 2002) and widely used in
the literature for its robustness in TBSS studies (Smith et al., 2006; Winkler et al., 2014). We utilized 5,000 permutations
along with threshold-free cluster enhancement correction to account for multiple comparisons (Smith and Nichols, 2009),
and the significance level was set at p<0.05. We employed a two-group unpaired difference design, including age as a
covariate, to perform the following comparisons between patients and controls in matching sessions: (1) [M-inter] versus
[HC-postov]; (2) [M-pre] versus [HC-pm]; (3) [M-ict] versus [HC-pm]; and (4) [M-post] versus [HC-pm]. As a control analysis,
we employed a single-group paired difference design to compare the two sessions of the controls: [HC-pm] versus
[HC-postov].

Variations across the migraine cycle. To investigate differences between the four phases of themigraine cycle in patients,
we performed a region-of-interest (ROI) analysis across 28 ROIs defined by combining each pair of corresponding
right and left WM tracts from the ICBM-DTI-81WM atlas (Hua et al., 2008). First, we extracted the median of each diffusion
parameter within each ROI, for each participant and session. Then, for each diffusion parameter in each ROI, we obtained
the parameter change for each patient and session relative to controls, by calculating the difference between each patient/
session and the average across controls in the respective session, i.e., (1) DM− inter = [M− inter]− [HC− postov];
(2) DM− pre = [M− pre]− [HC− pm]; (3) DM− ict = [M− ict] – [HC− pm]; and (4) DM− post = [M− post] –
[HC− pm]. Finally, we fitted a linear mixed-effect model to the parameter change values using the R program
(www.r-project.org/, version 1.3.1056), using cycle as a fixed effect with four levels (M-inter, M-pre, M-ictal, and
M-post) and the patients as a random effect. This statistical approach is well-suited for handling missing data, in this
way providing potentially greater statistical power by considering all available data points from each patient. Post hoc
analysis was performed when significant main effects were found, using Benjamini–Hochberg correction for multiple com-
parisons across ROIs (p<0.05). Only the DKI parameters were retained for the ROI analysis because they demonstrated
greater sensitivity than DTI to identify changes between groups (see Results).
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Correlation with clinical variables. We assessed whether the previously calculated relative parameter differences during
each phase of the migraine cycle for each diffusion parameter were correlated with the clinical variables’ disease duration,
attack frequency, and pain intensity by computing the Spearman correlation using the JASP software.

Results
Study population and MRI data
Both age and literacy levels were equivalent between the 14 female patients (age, 36 ± 9 years; literacy, 17 ±2 years) and

the 15 female controls (age, 30 ±7 years; literacy, 17 ±1 years). The p values (age, p=0.11; literacy, p=0.62) indicate no
significant differences between the patients and controls in these parameters. Table 1 summarizes the information of the
distribution of hormonal contraception use, anxiety scores, and depression scores. None of the participants had any daily
medication other than contraception. Six migraine patients and five controls were taking combined oral contraceptives;
three migraine patients had the copper intrauterine devices, while all the remaining participants used barrier methods.
Migraine’s average disease duration was 19 ±10 years, having an average frequency of two attacks per month, with an
average intensity of 7 ± 1 on the VAS (0–10). There were no significant differences between groups in terms of anxiety
or depression scores. Both participant groups were classified as having “moderate anxiety” based on the STAI-T scores
and reported “no depression” according to the ZSDS.
A total of 30 datasets were collected from 15 HC, while 41 datasets were collected from 14 patients. All the recruited

controls successfully completed both sessions, whereas only five patients were able to complete all four MRI sessions.
The total number of concluded sessions among the patient cohort was as follows: 9 preictal, 9 ictal, 10 postictal, and 14
interictal. One ictal session was discarded because the number of volumes was incomplete. The duration of MRI data
acquisition (defined as the number of days between the first to the last sessions) ranged between 63 and 689 d for patients
(four sessions) and between 14 and 326 d for controls (two sessions).
Regarding the evaluation of anatomical scans, no relevant lesions were identified by the neurologist upon inspection.

Comparison between patients and controls
The results of the voxelwise pairwise comparisons between patients and controls in each of the phases of the migraine

cycle are summarized in Table 2, for both DTI and DKI methods. Only two comparisons showed significant effects in some

Table 1. Distribution of contraception methods and median (interquartile range) scores for anxiety (STAI-T) and depression
(ZSDS) in migraine (M) and healthy control (HC) groups with corresponding p values

M HC p value

Contraception
None 5 12 -
IUD 3 0 -
Pill 6 3 -

Anxiety
STAI-T score 38 (7) 40 (7) 0.41

Depression
ZSDS score 38 (7) 36 (10) 0.46

IUD, intrauterine device.

Table 2. Summary of the percentage of voxels exhibiting significant differences in the comparisons between groups (M and HC)
and sessions (inter, postov, pre, pm, ict, post) for each diffusion parameter (FA, MD, AD, RD, MK, AK, and RK) and both diffusion
models (DTI and DKI)

Comparisons

M-inter vs HC-postov M-pre vs HC-pm M-ict vs HC-pm
M-post vs
HC-pm

DTI DKI DTI DKI DTI DKI DTI DKI

FA - - - - - ↓ (28%) - -
MD - - - - - - - -
AD ↓ (11%) ↓ (36%) - - - - - -
RD - - - - - - - -
MK - - - - - - - -
AK - - - - - - - -
RK - - - - - - - -

The results are corrected for age effects. Groups and sessions: M-inter, migraine interictal; M-pre, migraine preictal; M-ictal, migraine ictal; M-post, migraine postictal;
HC-postov, healthy control postovulation; HC-pm, healthy control perimenstrual. Diffusion models: DTI, diffusion tensor imaging; DKI, diffusional kurtosis imaging.
Metrics: FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; MK, mean kurtosis; AK, axial kurtosis; RK, radial kurtosis. Symbols:
↓, decrease; ↑, increase; -, no significant change.
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parameters: M-inter versus HC-postov and M-ict versus HC-pm. DKI was more sensitive than DTI, yielding more signifi-
cant differences: decreased AD, for M-inter versus HC-postov, and decreased FA, for M-ict versus HC-pm. Using DTI,
only the decreased AD for M-inter versus HC-postov was detected. Figure 2 shows the spatial distribution of significant
differences on the skeletonized diffusion parameter maps, and Figure 3 presents the percentage of voxels displaying sig-
nificant differences within each WM tract of the ICBM-DTI-81 WM atlas, for each of the comparisons yielding significant
differences. We quantify the extent of significant differences in terms of the percentage of voxels exhibiting differences.
We interpret larger percentages as indicating a greater ability to detect subtle changes. Decreased AD estimated inM-inter
was the most robust finding, obtained both using DTI and DKI. The effects of the covariate age in the comparisons
between patients and controls are presented in Extended Data, for both DTI and DKI methods, including their spatial
distribution (Extended Data Fig. 1-1) as well as the percentage of voxels displaying significant effects in the whole WM
skeleton (Extended Data Table 1-1) and within each WM tract of the ICBM-DTI-81 WM atlas (Extended Data Fig. 2-1).
Negative effects of age were found for MD, AD, and RD, especially for MD in the comparison M-ict versus HC-pm
when using DTI. Positive effects of age were for found for MK and AK, especially for AK in the comparison M-inter versus
HC-postov when using DKI. Because of the generally higher sensitivity of DKI compared with DTI to detected changes
(of FA and AD) in patients relative to controls, only the DKI representationwas used for the subsequent ROI analysis across
the migraine cycle.
Extended Data Figure 3-1 displays the spatial distribution of results from the voxelwise comparison between HCs. The

comparison between the perimenstrual and postovulation sessions of the controls are displayed in Extended Data
Figure 4-1. Significant decreases in MD, AD, and RD were found in the perimenstrual phase compared with postovulation
phase, in several WM tracts across the whole brain, with also increased values in FA. These differences highlight the
importance of controlling for the menstrual phase when analyzing the effects of the migraine phase, as done in the follow-
ing section.

Variations across the migraine cycle
The ROI analysis of the diffusion parameters, where changes in patients were identified relative to controls (estimated

using DKI), revealed significant main effects of the migraine cycle phase in five ROIs for AD and three ROIs for FA, as pre-
sented in Figures 4 and 5, respectively. In a fewWM tracts, decreased AD values during the headache-free period (M-inter)
tended to return to normal values during the peri-ictal phases when they became comparable with those observed for
controls: uncinate fasciculus (UNC), anterior corona radiata (AntCor), posterior thalamic radiations (Postthal), superior
longitudinal fasciculus (SLF), and cingulate (cingulum cingulate gyrus). For FA, both the posterior limb of the internal
capsule (PLIC) and the body of the corpus callosum (CC_body) showed normal values in the interictal phase, but these
were significantly reduced specifically in the ictal phase. Significant variations of FA during peri-ictal phases were also
found in the UNC.

Correlation with clinical variables
The clinical parameters were correlated with the values of FA and AD that were extracted from eachWM fiber tract yielding

significant effects of the migraine cycle. No significant correlations were observed among the variables. Only the following
variables showed some correlation trends (that did not survive correction for multiple comparisons): negative correlation
between the frequency of attacks and AD (M-inter) in AntCor; disease duration and FA (M-pre) in Postthal; and disease duration
and AD (M-ict and M-pre) in CC_body (Extended Data Fig. 5-1).

Discussion
For the first time, we document variations inWMmicrostructure across different phases of themigraine cycle in episodic

migraine patients without aura, specifically focusing on menstrual or menstrual-related migraine. Our study, which

Figure 2. Spatial distribution of the significant differences found in the voxelwise comparisons between patients and controls: AD for
[M-inter] < [HC-postov] (top) and FA for [M-ict] < [HC-pm] (bottom). The p value maps are displayed for DTI (green) and DKI (blue), as well as their
overlap (red). Interictally, patients showed lower AD compared with HCs (in postovulation) across multiple WM regions, more with DKI. Ictally,
patients showed lower FA compared with HCs (in perimenstrual phases) across multiple WM regions, only with DKI.
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includes comparisons with HCs during matched menstrual cycle phases, reveals significant microstructural changes in
both interictal and ictal phases. We found reductions in AD, MD, and FA in specific WM fibers, aligning with previous
findings (Rahimi et al., 2022). Notably, we also found that AD and FA changes were phase-dependent, suggesting WM
microstructure fluctuations throughout the migraine cycle. Our study is distinguished by its use of the advanced method
DKI, which enabled us to uncover differences that could not be detected by conventional DTI, representing a significant
advance in the literature with only one study reporting DKI results in the periaqueductal GM (Ito et al., 2016).

Microstructural changes in patients versus controls
Our study found significant changes in brain structure in patients compared with controls during the respective

menstrual phases. There was a decrease in certain diffusion parameters (FA and AD) without a decrease in MD and RD
during both ictal and interictal phases. These results align with a previous study on migraine patients (Yu et al., 2013a).

Figure 3. The percentage of voxels exhibiting significant changes in each ROI of theWMskeleton, for the two comparisons showing significant differences,
[M-inter] versus [HC-postov] (left) and [M-ict] versus [HC-pm] (right), for each diffusion parameter (FA, MD, AD, RD, MK, AK, and RK), and both signal rep-
resentations, DTI and DKI. Blue/red colors are used to represent decreased/increased values in comparison with controls.
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Additionally, using DKI, we found no differences in MK, AK, and RK. These findings are inconsistent with another study on
migraine patients using DKI analysis (Ades-Aron et al., 2019).
Although both DTI and DKI detected reductions in AD in the interictal phase, DKI was more sensitive in the detection of

AD changes (36 vs 11% of voxels). Moreover, only DKI was able to detect changes in FA in the ictal phase. Indeed, DKI
may offer enhanced sensitivity for detecting subtle and complex microstructural changes, which could be particularly rel-
evant in conditions such as migraine. Overall, changes in diffusion parameters (FA and AD) suggest alterations in axonal
integrity, possibly due to short-term membrane permeability changes and shifting axonal geometries (Benedetti et al.,
2011; Shua et al., 2011). The lack of significant differences in radial parameters (RD and RK) suggests that the observed
changes may not be primarily linked to permanent myelin degeneration or plastic changes in axonal diameter, density, or
fiber organization.
The differences in FA and AD results between M-ict and HC-pm identified by DKI may stem from several factors. DKI

employs a more sophisticated model than traditional DTI, capturing non-Gaussian diffusion and offering enhanced
sensitivity to subtle microstructural changes. Moreover, DKI generally utilizes a higher number of diffusion gradient
directions, improving data resolution and accuracy. These methodological improvements could account for the distinct
diffusion metrics observed between the migraine and control groups, even with similar parameters. During the interictal

Figure 4.ROI analysis results are shown for AD exhibiting significant effects in multiple WM tracts across the migraine cycle estimated using the DKI signal
representation. In the UNC, AD showed decreased values in the interictal phase, which tended to normalize during the peri-ictal phases. In addition, a
reduction in AD was observed in the M-inter phase also in AntCor, Postthal, SLF, and cingulate, which also tended to normalize during the peri-ictal phases.
Significant post hoc differences are shown and adjusted for multiple comparisons as indicated by *p<0.05; **p<0.01; ***p<0.001.
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phase, microstructural changes were found in several brain regions of migraine patients compared with controls. More
than 50% of voxels in projection fibers like the posterior thalamic tract, anterior corona radiata, internal capsule, and
cerebral peduncle showed alterations, as well as the corpus callosum and brainstem. In the ictal phase, over 50%
of voxels in the corpus callosum showed differences. The corpus callosum consistently displayed impairment in
both phases, possibly due to its role in pain control regulation and information transmission (Li et al., 2011). However,
previous studies have not consistently reported these findings, and the extent of changes varied across different
tracts (Rahimi et al., 2022). Nonetheless, our results emphasize that employing DKI or more advanced diffusion models
beyond DTI is advantageous for detecting additional or complementary WM changes that might not be captured by
conventional methods.
Some effects of age were found in the analysis including patients and controls. In particular, with age we found reduc-

tions inMD (particular RD) and increases in kurtosis (particularly AK). Although the limited age range of the participants and
the small sample size of our study preclude a robust analysis of the effects of age, it was important to account for age in our
comparison between patients and controls because their age distributions were not exactly matched (the difference was
not significant, probably as a consequence of the small sample size). Indeed, microstructural changes with age have been
reported (Davis et al., 2009; Inano et al., 2011). Our findings partially align with previously reported results. Specifically, we
also observed that RD is more sensitive to the integrity of myelin, indicating that alterations in WM associated with aging
are predominantly caused by the degeneration of myelin rather than axons (Davis et al., 2009).

Microstructural variations across the migraine cycle
Our study found transient and rapid changes in the microstructure of certain WM fiber tracts in migraine patients

throughout the migraine cycle. Importantly, these changes are distinct from natural hormonal variations observed in
controls during the menstrual cycle. Specifically, reductions in certain parameters of the UNC were observed during
the interictal phase, which normalized during the peri-ictal phases. Similar patterns of AD were observed in other tracts,
such as thalamic projection tracts and association fibers.
These findings underscore the importance of considering the timing of imaging in relation to the migraine cycle when

interpreting diffusion parameters, as previous studies that assessed patients at varying and sometimes poorly defined
phases may have resulted in inconsistent findings. Such inconsistencies could stem from studies focusing on different
stages, such as ictal or interictal, or from ambiguous phase definitions, leading to contradictory results.

Figure 5. ROI analysis results are shown for FA exhibiting significant effects in multiple WM tracts across the migraine cycle estimated using the DKI signal
representation. In the UNC, FA showed decreased values in the interictal phase, which tended to normalize during the peri-ictal phases. In addition, FA in
both the PLIC and CC_body showed normal values in the M-interictal phase, but these were significantly reduced specifically in the M-ictal phase.
Significant post hoc differences are shown and adjusted for multiple comparisons as indicated by *p<0.05; **p<0.01; ***p<0.001.
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The variation in diffusion characteristics over the migraine cycle suggests short-term structural changes affecting water
mobility and the microenvironment around WM tracts. At the onset of a migraine episode, a temporary normalization or
repair of the microstructure may occur. These changes may reflect either preexisting or adaptive neuronal changes, indi-
cating a predisposition tomigraine attacks where the brain becomes easily hyperexcitable (Karsan andGoadsby, 2023). In
this context, our study is reminiscent of the findings by Schulte et al. (2020), who observed hypothalamic activation using
fMRI in the 48 h precedingmigraine episodes, hence highlighting the presence of short-term functional changes alongside
the short-term microstructural changes we observed. Similar cyclical patterns have also been observed in other fMRI
studies, particularly in brainstem and thalamic structures (Marciszewski et al., 2019). Additionally, other aspects of brain
activity and behavior, such as auditory evoked potentials and spinal trigeminal nuclei responses to pain stimulation, also
exhibit cyclical behavior with normalization preceding migraine attacks (Ambrosini et al., 2003; Stankewitz et al., 2011).
The involvement of certain fiber bundles in different phases of themigraine cycle suggests a connection to cognitive and

behavioral symptoms associated with migraines. For example, the UNC, linking the orbitofrontal cortex to the anterior
temporal lobes is involved in cognitive functions such as language, memory, and social–emotional processing (Von
Der Heide et al., 2013). This implies that examining episodic memory and social–emotional processes in relation to
decision-making influenced by emotions or behaviors is relevant (Olson et al., 2015). Similarly, SLF and cingulate gyrus
also show fluctuations throughout the migraine cycle and are connected to the anterior cingulate cortex (ACC). The
ACC is part of the salience network and plays a role in processing the importance of stimuli when making decisions, espe-
cially in the context of pain (Rolls, 2019). Furthermore, differences in functional connectivity within the ACC have been
observed between episodic and chronic migraine patients, suggesting its involvement in migraine chronification
(Gomez-Pilar et al., 2022). Longitudinal studies have also shown cyclical changes in functional connectivity in the limbic
and salience networks, with a “brain reset”mechanism occurring during migraine attacks (Stankewitz and Schulz, 2022).
These findings suggest that the altered functionality of these networks may be influenced by changes in WM fiber path-
ways (Schulte et al., 2020).
Overall, our findings suggest that migraine is a disorder with not only short-term functional changes but also short-term

structural changes. Specifically, they support the hypothesis that a predisposition to migraine episodes is associated with
changes in pain processing regions of the ACC and trigeminal pathways (Goadsby et al., 2017). Understanding these func-
tional and structural underpinnings may facilitate the development of targeted therapies for migraine pathophysiology,
such as interventions focused on emotion regulation, sensory modulation, and cognitive training, which may be particu-
larly effective in managing migraine attacks and associated symptoms.

Methodological considerations
To ensure the reliability of our study, wemade several methodological considerations.We focused exclusively on otherwise

healthy young women with episodic migraine without aura with menstrual or menstrual-related migraine offering a distinct
advantage over previous studies that included different migraine or without appropriate control for relevant factors that influ-
enceWMmicrostructure (e.g., as biological sex and hormonal state, age, or medication; DaSilva, 2007).We alsomatched the
controls for sex, age, literacy, and menstrual cycle phase to minimize potential confounding factors related to hormonal
changes in the brain (Dubol et al., 2021).
The choice of studying episodic patients with menstrual or menstrual-related migraine allowed not only a good distinc-

tion of the ictal and interictal periods but also a reasonable prediction of attacks, which was critical for capturing sponta-
neously occurring attacks, one of the challenges of studying themigraine cycle (May, 2009). Many cross-sectional studies
overlook the longitudinal aspect of migraine, but our study design involved scanning patients throughout the four phases
of the pain cycle. We believe this approach would offer a more comprehensive understanding of microstructural changes
occurring over time. The control group consisted of women whose menstrual cycle phase was monitored, allowing us to
isolate the effects of the menstrual cycle on brain diffusion and analyze the impact of hormonal fluctuations on brain
function.
In terms of imaging technique, we utilized DKI in addition to the more conventional DTI. DKI offers advantages over DTI

because it models non-Gaussian diffusion, which allows it to capture more complex microstructural features potentially
leading to more detailed results compared with DTI. While multishell data could potentially improve DTI results by provid-
ing additional diffusion information, we used the b1000 shell to align with standard analysis practices and ensure compa-
rability with established methods. Therefore, the superior performance of DKI in our study is attributed to its advanced
modeling of diffusion, not to limitations of the b1000 data itself. We employed suitable statistical analysis methods to
enhance reliability, specifically TBSS, to analyze the whole-brain maps acquired for each diffusion parameter. While
both DTI and DKI detected a reduction in AD, DKI was more effective in capturing other differences. In fact, our results
highlight the increased sensitivity of DKI in identifying migraine-related microstructural alterations that DTI cannot, sup-
porting its potential as an imaging biomarker for migraine.
Indeed, our study employed two analysis methods: TBSS analysis to evaluate whole-brain WM changes and ROI anal-

ysis to evaluate specific WM tracts. This dual-method strategy aimed to enhance the robustness and sensitivity of the
study, capturing both global and focal differences in WM integrity. Therefore, by combining both methods, it provides
detailed insights into localized changes and maximizes the sensitivity to detect subtle alterations in the brain regions
involved in migraine pathophysiology.
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Limitations
The study has several limitations that need to be acknowledged. The small sample size makes it difficult to draw defin-

itive conclusions, and future studies should confirm the findings. This is difficult to overcome given the longitudinal study
design capturing spontaneous attacks which presents challenges in larger sample sizes. However, the results are consis-
tent with previous research in terms of transversal changes between patients and controls.
Additionally, the fact that not all patients completed the four sessions of the study limited the power of the longitudinal

study design to assess fluctuations in diffusion parameters across the pain cycle. The study was impacted by the COVID
pandemic, which affected collaboration and access to the scanner. Despite these limitations, some patients were able to
complete the study, demonstrating the feasibility of conducting long-term research in a clinical setting.
Another limitation is the lack of quantification of hormonal fluctuations, which could be a confounding factor in

menstrual-related migraine. Future studies should consider incorporating hormonal tracking to better understand the
interplay between hormones and migraine-related brain changes. Although efforts were made to match hormonal cycles
between patients and controls, the wide ranges of days corresponding to different phases of the migraine cycle may have
obscured finer hormonal effects. On the other hand, while the study effectively controlled for the migraine phase, other
variables such as sex and age were not as rigorously controlled. This study included only women and did not match
age distributions precisely, but it is important to emphasize the effective control of themigraine phase and hormonal state.

Conclusion
We have, for the first time, demonstrated longitudinal variations in the diffusion parameters of WM fibers across the

migraine cycle. Our results reveal significant structural changes in widespread WM tracts, which appear to be associated
with functional networks. These findings underscore the importance of considering the phase of the migraine cycle in
imaging studies.
While further research is needed to elucidate the biological mechanisms underlying these cyclic alterations, our study

highlights the potential for future investigations to target specific phases of the migraine cycle and improve the under-
standing of its impact on WM microstructure.

Data Availability
The data that support the findings of this study are available from the corresponding author, upon reasonable request.
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