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Abstract 

Objective  To assess the effect of modeling free water (FW) on the identification of white matter (WM) microstructure 
alterations using diffusion Magnetic Resonance Imaging (dMRI) in episodic migraine without aura patients compared 
with healthy controls.

Background  Diffusion tensor imaging (DTI) studies examining WM in migraine patients previously overlooked 
the potential influence of FW partial volume effects. Correcting FW effects could offer a clearer understanding 
of WM changes in migraine. This study is the first to incorporate FW effects when evaluating alterations in WM tracts 
in migraine patients, offering a comparison to standard DTI analysis.

Methods  A group of 14 patients with low-frequency episodic menstrual-related migraine without aura and 15 
healthy controls matched for the phase of the menstrual cycle were recruited and underwent dMRI acquisitions. 
FW partial volume fraction was estimated, the diffusion signal corrected and the diffusion parameters calculated 
from both FW-corrected and uncorrected signals. Tract-Based Spatial Statistics (TBSS) and WM skeleton regions 
of interest (ROI) analyses were used to compare between groups.

Results  Comparisons between control subjects and migraine patients with TBSS and ROI analyses revealed sig-
nificantly lower axial diffusivity (AD), both with and without FW correction, as well as altered FW values in migraine 
patients in some WM tracts. TBSS detected MD changes only after FW correction.

Conclusions  These findings suggest WM alterations in these migraine patients in comparison with control subjects, 
in accordance with other migraine studies. Differences in the diffusion parameters might point to inflammatory pro-
cesses in migraine related to cellular swelling.
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Background
Migraine affects over 15% of the global population, 
being one of the most common and disabling neurologi-
cal disorders [1]. Migraine is characterized by recurrent 
episodes of headaches accompanied by symptoms such 
as photophobia or nausea. Its prevalence varies by sex 
and age, affecting women three times more than men, 
especially during the reproductive years. Among the 
different types of migraine [2], migraine without aura is 
by far the most common. One type - menstrual-related 
migraine - affects nearly a quarter of female migraine 
patients and exhibits unique features not found in other 
types of migraine. These subjects experience regular 
attacks, within two days before menstruation and the 
first three days of bleeding [3]. Although they can suf-
fer other attacks out of these days (episodic migraine 
form), menstrual-related migraine attacks usually last 
longer, are more severe and less responsive to treatment 
than attacks at other times of the menstrual cycle [4]. 
Previous studies have indicated that migraine attacks 
depend on the activation and sensitization of trigemi-
nal sensory afferents [5] and of neurons in brain regions 
involved in pain response [6]. During migraine attacks, 
the calcitonin gene-related peptide (CGRP) is released 
[6]. It is known that CGRP levels can be affected by sex 
hormones [7, 8] and that receptors for some ovarian 
hormones, such as estrogen, are located in migraine-
related regions, including the trigeminovascular system 
[8, 9]. Fluctuations in menstrual cycle hormones play 
an important role in menstrual-related migraine [7], 
and estrogen withdrawal is currently thought to explain 
migraine attacks in susceptible women around menses 
[3].

Several studies have explored brain alterations in 
migraine patients compared to healthy controls, using 
magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), and single-photon emission 
computed tomography (SPECT) [10]. Functional MRI 
revealed alterations in connectivity and activation 
of pain-processing circuits [11, 12], while structural 
changes, quantified by the volume of gray matter struc-
tures from anatomical T1-weighted MRI scans, have 
also been reported. Only two studies have focused spe-
cifically on brain function and structure in menstrual 
migraine patients [13, 14], uncovering reduced gray mat-
ter volume and increased connectivity in pain-related 
regions. Another study compared functional brain net-
works between menstrual and non-menstrual migraine 
patients, mainly revealing differences in thalamic nodal 
degree [15]. Additionally, a study distinguished between 
pure menstrual and menstrual-related migraine patients, 
highlighting variations in spontaneous neural activity 
[16].

Diffusion MRI (dMRI) uses water molecular motion to 
investigate tissue microstructure in various pathological 
and physiological conditions. Diffusion tensor imaging 
(DTI), the standard model for analyzing dMRI data, ena-
bles the quantification of the following scalar parameters: 
mean diffusivity (MD), the average water diffusion; axial 
diffusivity (AD) and radial diffusivity (RD), which meas-
ure diffusivity along the main movement direction and 
directions perpendicular to it, respectively; and fractional 
anisotropy (FA), which provides information about the 
anisotropy of diffusion motion [17]. Prior studies employ-
ing dMRI have identified white matter (WM) abnor-
malities in migraine patients, particularly in the corpus 
callosum (CC), cingulate gyrus (CG), and thalamic radia-
tion [18, 19]. While previous DTI studies showed lower 
MD values in migraine patients [20, 21], only one dMRI 
study specifically focused on menstrual-related migraine 
patients [22], suggesting potential confounding factors in 
other studies due to patient heterogeneity.

A prior study pointed out that inflammation may play 
a role in migraine, with altered vascular permeability 
resulting from a compromised blood-brain barrier [23]. 
This could impact the extracellular space volume, and 
such changes would influence the free water (FW) frac-
tion detected in dMRI. The standard DTI description of 
the dMRI signal can be enhanced using a method called 
FW-DTI [24], which adds an isotropic high-diffusivity 
contribution to the mathematical signal description. 
This extension allows for both the removal of partial 
volume effects when characterizing WM tissue and the 
measurement of FW fraction. To enhance specificity in 
investigating the role of inflammation in migraine, we 
employed FW-DTI. By isolating FW’s contribution from 
the diffusion signal, this approach improves the specific-
ity of DTI-derived tissue parameters and allows for the 
evaluation of the FW fraction. Previous studies have sug-
gested that FW fraction may offer insights into biological 
mechanisms such as neuroinflammation [25] or cognitive 
impairment [26].

This study examines the effect of FW correction on 
DTI parameters in investigating WM alterations in epi-
sodic menstrual-related migraine patients without aura, 
compared to controls.

Materials and methods
This study is part of a larger research project on brain 
imaging in migraine (MigN2Treat), which includes dMRI 
as well as arterial spin labeling MRI, task-fMRI and rest-
ing-state fMRI. In this report, we perform a re-analysis 
of the dMRI data only. The methods and results for the 
other analyses are described elsewhere [27–29]. The 
research protocol and statistical analysis were not prereg-
istered. The study was approved by the Hospital da Luz 
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Ethics Committee and all participants provided written 
informed consent according to the Declaration of Hel-
sinki 7th revision.

Participants
The study was performed in low-frequency episodic 
menstrual-related migraine patients without aura, who 
were diagnosed according to the International Classifica-
tion of Headache Disorders [2], with an attack frequency 
of 2 ± 2.9 per month. A group of female healthy controls 
was also recruited for comparison. The subjects were dis-
tributed as follows: 14 migraine patients (age 36 ± 9 years) 
and 15 healthy controls (age 31 ± 7 years).

Recruitment was conducted separately for each group 
but with the same inclusion criteria: (i) age 18 to 55 years; 
(ii) at least 9 years of education and (iii) native Portu-
guese. On the other hand, subjects with the following 
criteria were excluded: (i) neurological medical record 
(except for migraine in the case of patients); (ii) current 
psychiatric disorders; (iii) treatment with psychoac-
tive drugs (antidepressants, anticonvulsants), including 
migraine prophylaxis for the patient group; (iv) contrain-
dications for MRI scanning; and (v) post-menopause, 
breast-feeding, pregnancy or attempting pregnancy. 
Patients were recruited from the Neurology Department 
from Hospital da Luz (Lisbon, Portugal) and the study 
was conducted in its Imaging Department from 2019 to 
2022. Controls were recruited from the general popula-
tion through an announcement and matched to the clini-
cal sample for age and contraception status.

Study design
Subjects were studied across different sessions, but this 
report focuses only on one session: migraine patients 
in the interictal phase (between migraine attacks, pain-
free for at least 48 h before the session, and no migraine 
attack within 72 h after the session) and controls in the 
respective phase of the menstrual cycle (after ovulation).

MRI data acquisition
Image acquisitions were carried out in a 3T Siemens 
Vida scanner, with a 64-channel receive radiofrequency 
coil. Anatomical images (T1-weighted) covering the 
whole brain were acquired to identify possible brain 
abnormalities.

dMRI images were collected employing the following 
parameters: repetition time (TR) = 6800ms, echo time 
(TE) = 89ms, 8 non-diffusion-weighted images (b = 0s/
mm²), b-value = 400, 1000, 2000s/mm², 124 diffusion 
gradient orientations (32, 32 and 60 directions for each 
b-value, respectively), 110 × 110 matrix size, spatial reso-
lution of 2 × 2 × 2mm3 and 66 axial slices covering the 
entire brain. Additionally, 3 non-diffusion-weighted 

images with opposite phase encoding (Posterior-
Anterior) direction were acquired to enable distortion 
correction.

MRI data processing and analysis
Diffusion images were preprocessed following the 
DESIGNER pipeline recommendations [30]. Then, the 
FW partial volume fraction (Equation S-1) was calculated 
using the dMRI-Lab toolbox [31] by applying the spheri-
cal means (SM) technique to reduce FW estimation bias 
in crossing fiber regions, using the normalized diffusion 
signal from b = 400 and 1000s/mm2. The FW maps were 
subsequently used to correct the diffusion signal by con-
sidering the extended model to remove the FW contri-
bution [32]. DTI parameters (MD, AD, RD and FA) were 
calculated from the corrected (FW-DTI) and the original 
(DTI) diffusion signal using DIPY’s TensorModel tool 
[33] in Python (Figure S-1), employing b = 0 and 1000s/
mm2.

Tract-based spatial statistics (TBSS) [34] from FMRIB 
Software Library (FSL) was used to define a mean WM 
skeleton. FA data for all subjects, calculated using DTI, 
were first linearly registered to the FMRIB58 template 
(voxel resolution of 1 × 1 × 1 mm3). Next, a non-linear 
registration procedure was applied to align the FA data 
of each subject to this common space. A mean FA image 
was then generated and thinned to create a mean FA 
skeleton, using an FA threshold of 0.2. The skeleton rep-
resents the center of the tracts common to all subjects. 
The same spatial transformations required to project the 
individual FA data to the skeleton (affine and non-linear 
warps) were used to project both the DTI and FW-DTI 
derived parameters to a common WM skeleton. The WM 
regions-of-interest (ROI) were identified with the Johns 
Hopkins University ICBM-DTI-81 WM (JHU-WM) atlas 
[35], and intersected with the WM skeleton for subse-
quent ROI analyses.

Statistical analysis
To compare demographic characteristics between 
groups, we used a two-tailed unpaired t-test.

White matter skeleton comparisons
The diffusion parameters were compared voxelwise using 
TBSS analysis. We used the randomise tool for nonpara-
metric permutation inference to investigate differences 
between groups, with the threshold-free cluster enhance-
ment option [36], 5000 permutations, and a family-wise 
error correction for multiple comparisons. Two compari-
sons were carried out: (i) to test for differences between 
DTI (original) vs. FW-DTI (corrected) parameters using 
a paired two-sample t-test for each subject group; (ii) 
to test for differences in DTI (original) and FW-DTI 
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(corrected) parameters between migraine patients and 
controls using an unpaired two-sample t-test. To evaluate 
the sensitivity of the diffusion parameters estimated from 
each dMRI model (FW-DTI and simple DTI) when com-
paring between groups, the percentage of skeleton voxels 
where significant differences were detected for each dif-
fusion parameter was computed. In the unpaired t-test, 
the age of the subjects was considered a potential con-
founding variable in the comparisons between control 
subjects and migraine patients, and its effect was there-
fore evaluated.

ROI analysis
WM masks were computed by extracting the corre-
sponding WM skeleton voxels of the 48 ROI included in 
the JHU-WM atlas. For each region, we calculated the 
mean value for each subject and diffusion parameters 
estimated by both methods (DTI and FW-DTI). Subse-
quently, mean values were compared between groups by 
employing an analysis of covariance (ANCOVA), consid-
ering the age of the subjects as a covariate. The effect size 
was evaluated using Cohen’s d. P-values were adjusted for 
multiple comparisons using false discovery rate correc-
tion. Additionally, we considered statistically significant 
results only from ROI whose skeleton regions contained 
over 200 voxels (37 regions) and whose significant voxels 
summed a volume greater than 50mm3. Statistical signifi-
cance was established at p < 0.05.

Results
Demographic characteristics for the migraine (n = 14) 
and control (n = 15) groups are shown in Table 1. When 
comparing age and education years between groups, no 
statistically significant differences were found.

Diffusion parameters in White Matter
White matter skeleton comparisons: DTI (original) vs. FW‑DTI 
(corrected)
By comparing diffusion parameters across signal mod-
els (DTI and FW-DTI), we observed that FW correction 
consistently resulted in significantly lower MD, AD and 
RD values, along with higher FA values in the WM tracts 

across both subject groups. Moreover, we also found that 
around 98% of the voxels showed significant changes 
between DTI and FW-DTI parameters (Table S-1) and 
Figure S-2.

White matter skeleton comparisons: patients vs. controls
TBSS analysis revealed significant differences in WM 
tracts for MD and AD, with age included as a covariate. 
Figure  1 highlights regions in the WM skeleton where 
increased values were observed in diffusion parameters 
in control subjects compared to patients, for both origi-
nal DTI and FW-corrected data. Table  2 presents the 
list of locations where significant changes were detected 
between the two groups using both signal models (DTI 
and FW-DTI).

TBSS analysis revealed significantly lower MD val-
ues in migraine patients compared to controls (Fig.  1). 
Our results showed differences between groups in 7 
WM tracts only when using the FW-DTI model. These 
changes were observed in several locations, including 
the body and splenium of the CC; right retrolenticular 
part of internal capsule (IC), posterior thalamic radiation 
(PTR) and superior longitudinal fasciculus (SLF); and left 
superior corona radiata (CR) and external capsule (EC) 
(Table  2). Interestingly, significant differences were not 
detected when the DTI approach was used. However, age 
had a significant negative effect on the DTI results (MD 
values decreased with age) in several brain regions from 
the left hemisphere: anterior and posterior limb and ret-
rolenticular part of the IC, anterior and superior CR, EC 
and SLF.

Significantly lower AD values were detected in patients 
(Fig.  1). Our results revealed significant differences in 
23 WM tracts regardless of FW correction (Table  2). 
These WM tracts were mainly located in the left cer-
ebral peduncle (CP) and bilaterally in 7 WM tracts from 
the projection fibers: IC (anterior and posterior limb, 
retrolenticular part), CR (anterior, posterior and supe-
rior), PTR and SLF. Some association fibers (left sagittal 
stratum (SS) and bilateral EC) and the CC also exhibited 
these significant differences. On the other hand, 5 WM 
tracts presented different statistical results depending on 
whether FW contamination was removed. The right CP 
and the left CG and fornix (cres)/stria terminalis (FST) 
showed significant differences for the AD values esti-
mated from DTI, but not from FW-DTI. Conversely, the 
AD value from the right SS and cingulum (hippocam-
pus) (CgH) exhibited significant differences with FW-
DTI. Additionally, 2 WM tracts from the left hemisphere 
(posterior limb of IC and anterior CR) presented a nega-
tive age effect, meaning that the AD values in those WM 
tracts significantly decreased with age.

Table 1  Clinical and demographic characteristics of control 
subjects and migraine patients, together with the p-values 
obtained upon two-tailed unpaired t-tests

Migraine Control p-value

n 14 15

Disease duration (years) 18 ± 10

Age (years) 36 ± 9 31 ± 7 0.12

Education (years) 16 ± 4 17 ± 1 0.34
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Although no significant changes were observed for 
FA and RD, regardless of whether FW correction was 
applied, RD tended to be lower in the migraine group. 
We did not observe significant alterations in FW when 
comparing between groups, although FW tended to be 
lower in migraine patients. When comparing subject 
groups, a larger percentage of voxels presented signifi-
cant differences when evaluating AD (both in TBSS and 
skeleton-ROI analyses – Table S-2).

ROI analysis
For FA values, we were unable to detect any common 
WM tracts with significant differences between groups 
in both diffusion models. We found a significantly 
higher FA value in the right superior cerebellar pedun-
cle (SCP) (Fig. 2, A) in patients when using DTI. On the 
other hand, with FW-DTI, we obtained a significantly 

higher FA in the right corticospinal tract (CT) in con-
trols. Although this WM tract presented a large effect 
size, none of these results survived correction for mul-
tiple comparisons (Table S-3).

For the remaining diffusion parameters (Fig. 2, B-D), 
both methods showed higher values in controls than in 
patients, and some WM tracts changes were common 
to both diffusion models.

For MD, the 7 common tracts were mainly projection 
fibers in the left hemisphere, while 20 tracts presented 
significant differences for only one of the diffusion sig-
nal models (11 DTI and 9 FW-DTI). Significant differ-
ences detected only with DTI were primarily in the left 
hemisphere, whereas those detected solely with FW-
DTI were mainly in the right hemisphere, particularly 
in projection and association fibers.

Fig. 1  Locations where statistically significant differences were found in WM tracts in MD (top) and AD (bottom), including age as a covariate. These 
parametric maps displayed regions of increased values for control subjects compared to patients for both original DTI (blue) and FW-corrected DTI 
(yellow). Grayscale: FA WM skeleton map (range: 0 to 1). Red-yellow scale (range: 0.95 to 1) represents (1-p)-value for DTI parameters, while blue-light 
blue scale (range: 0.95 to 1) represents (1-p)-value for FW-DTI parameters. Regions with changes in both DTI and FW-DTI are shown in purple, 
resulting from the overlap of the color maps. R: right, L: left
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Regarding AD, there were 9 common tracts, mainly 
projection fibers (Figure S-3, B) and the CC (Figure S-4, 
B), 12 tracts with differences detected only by DTI, and 1 
tract with changes identified solely by FW-DTI: the right 
retrolenticular part of IC.

Lastly, for RD significant differences between groups 
were found in the right SCP with both models (Table 
S-3).

On the other hand, the FW values also presented some 
significant differences with large effect sizes, located 

Table 2  WM tracts where significantly decreased MD and AD values were found in the migraine patients compared to control 
subjects, considering the age of the subjects as a covariate. When using the DTI model, several regions presented a significant age 
effect, with decreasing MD and AD as age increased (‘Negative age’). The total number of voxels and mean uncorrected p-value within 
each tract are shown for the MD and AD calculated from the original (DTI) and the corrected (FW-DTI) diffusion signals. R: Right, L: Left
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in the right CT, SCP (Fig. 2, E), CG (Figure S-4, E) and 
superior CR; and the left CP, posterior CR (Figure S-3, E), 
posterior limb of IC and FST (Fig. 2, E).

Overall, we found more regions with significant dif-
ferences in the parameters calculated from DTI than in 
those calculated with FW-DTI. For the MD calculated 

Fig. 2  WM tracts with significant differences in the diffusion parameters from the ROI analysis between migraine patients and control subjects, 
including age as a covariate. Skeletons were calculated from the diffusion parameters estimated from the original (DTI) and the corrected diffusion 
signals (FW-DTI). A: Fractional Anisotropy; B: Axial Diffusivity (×10−3 mm2/s); C: Mean Diffusivity (×10−3 mm2/s); D: Radial Diffusivity (×10−3 mm2/s); E: 
FW fraction; F: The ROIs used were retrieved from the JHU-WM atlas and shown in the standard space over the skeleton for improved visualization 
only (the intersections with the skeleton were used in the analysis instead). Blue: control subjects’ parameters calculated from DTI; Red: migraine 
patients’ parameters calculated from DTI; Yellow: control subjects’ parameters calculated from FWDTI; Purple: migraine patients’ parameters 
calculated from FWDTI. CT: corticospinal tract; SCP: superior cerebellar peduncle; PLIC: posterior limb of internal capsule; ACR: anterior corona 
radiata; PCR: posterior corona radiata; PTR: posterior thalamic radiation; CG: cingulum (cingulate gyrus); FST: fornix (cres)/stria terminalis. R: right 
hemisphere, L: left hemisphere. *p < 0.05, **p < 0.01, ***p < 0.001. In red, the significant differences that remain after multiple comparisons correction
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from DTI, we identified 6 tracts where statistical signifi-
cance remained after correction for multiple compari-
sons. Moreover, for the MD and RD from DTI, 2 WM 
tracts maintained their significance after the multiple 
comparison correction: the right SCP and the left FST, 
both with very large effect sizes.

When we consider the ROI analysis, the results differed 
from those of the TBSS voxelwise analysis. Significant 
differences in the MD values were found with DTI, and 
in 12 WM tracts with FW-DTI, which were not identi-
fied with the voxelwise analysis. On the other hand, with 
the ROI analysis, we could not detect several significant 
differences in MD and AD, with DTI and FW-DTI, that 
were detected in the voxelwise analysis. This was the case 
for some projection fibers (mainly AD for both math-
ematical approaches) or the body of the CC.

Furthermore, some tracts presented significant dif-
ferences with both diffusion models (DTI and FW-DTI) 
and both analysis types (voxelwise and ROI). These tracts 
included the genu CC, right anterior CR and EC, and 
bilateral PTR for AD values. For MD, significant differ-
ences were found in left CP and superior CR, and bilat-
eral posterior limb of IC. Significant differences in AD 
and MD were detected in the splenium CC and left ante-
rior limb of IC.

Discussion
In this study, we report the effects of correction for FW 
in the analysis of dMRI data, when comparing episodic 
migraine patients to healthy controls. Voxelwise analy-
sis of the WM skeleton revealed differences between the 
control and migraine groups, both with and without FW 
correction. Specifically, we found significantly lower AD 
values in migraine patients with both methods, while 
significantly lower MD values were detected only after 
applying FW correction. We did not detect significant 
differences in the FW fraction values, which tended to 
be lower in patients. The ROI analysis detected signifi-
cant differences between groups for all diffusion param-
eters, calculated with either DTI or FW-DTI; besides the 
already-mentioned parameters, differences were found 
also for FA and RD, with significantly higher RD values 
in the control group. Nevertheless, the spatial pattern 
of detected WM alterations differed when using FW-
DTI instead of standard DTI when comparing between 
patients and controls.

Decreased MD and AD values were obtained in previ-
ous studies in migraine patients [20, 21]. However, the 
results regarding RD alterations are inconsistent in the 
literature, with some studies showing higher values in 
migraine patients [37, 38], and no differences in others 
[20, 39]. For FA, most studies have described lower val-
ues in patients compared to controls [20, 39].

We found no previous studies on menstrual-related 
(episodic) migraine or to migraine in general that esti-
mated the FW fraction. In this study, we found lower 
FW values in migraine patients, which could suggest cell 
swelling, also consistent with the observed decreases in 
the MD and AD values. Cell swelling processes may be 
caused by alterations in the osmotic balance between the 
extra- and intracellular spaces [40]. Since our data were 
extracted from the WM skeleton, our results would sug-
gest that the swelling processes might affect the axonal 
membrane permeability. Indeed, the decreased FW and 
diffusivity values could be linked to a neurite beading 
process [41]. Moreover, WM is also constituted by astro-
cytes and microglia [42, 43]. These cells are responsible 
for brain homeostasis [44], and their proliferation and 
morphological changes are significant characteristics of 
inflammatory reactions. However, the diffusion parame-
ters calculated from DTI and FW-DTI cannot distinguish 
which type of cells might be contributing more to the 
decreased diffusivity values, so the mechanisms behind 
the observed variations remain to be explained.

Migraine has been linked with inflammatory processes 
in previous studies [45]. Some investigations have tried 
to uncover the role played by cytokines in migraine [46], 
with higher levels of pro-inflammatory cytokines found 
during the ictal [47, 48] and interictal phases [49]. In 
contrast, investigations on anti-inflammatory cytokines 
levels presented diverse results, with studies indicating 
lower [50], unchanged [51] or higher [52] concentra-
tions during the interictal phase. However, these studies 
used very different approaches for sample collection and 
analysis, and none were performed in menstrual-related 
migraine. Further studies need to be carried out on more 
homogenous patient groups with specific migraine types.

To investigate the role of inflammation in migraine 
patients compared to controls, we considered a diffusion 
model with two compartments: one characterized by iso-
tropic FW diffusion [24] and the other corresponding to 
neuronal tissue, hypothesizing that neuroinflammation 
would impact the FW compartment more directly. After 
removing the FW contribution from the diffusion signal, 
the diffusion parameters were calculated with DTI (FW-
DTI). This correction caused significantly lower MD, 
AD and RD values, as well as higher values of FA in both 
groups, consistent with previous studies using FW fitting 
methods different from the SM technique [53–56].

The FW fraction can also reflect tissue alterations due 
to pathology. We detected a few regions with significantly 
lower FW values in migraine patients in the ROI analysis. 
Normally, an increase in FW suggests an enlargement of 
the extracellular space [24, 57]. The decrease in the FW 
fraction of migraine patients might indicate a reduction 
in the extracellular space due to cellular and/or axonal 
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swelling. Nevertheless, although there was a tendency for 
lower FW values in migraine patients, as we could not 
detect generalized differences in the assessed WM tracts, 
this might indicate that no inflammation is present, or 
at least, that the biological processes during the interic-
tal phase cause a zero net effect in the FW fraction com-
pared to controls.

There were some tracts that exhibited significant dif-
ferences for all diffusion models (DTI and FW-DTI) and 
analyses (voxelwise and ROI), strongly indicating that 
those tracts present alterations in menstrual-related epi-
sodic migraine patients. Alterations of the diffusion val-
ues in these brain regions have been reported in previous 
migraine studies [18]. The thalamus and cerebral cortex 
[58] are involved in the pathophysiology of migraine, and 
are connected through several projection tracts, such 
as IC or PTR, which presented significant changes in 
migraine patients [20, 59, 60]. Moreover, neurons from 
these projection tracts can modulate central signals from 
brain regions that participate in processes highly asso-
ciated with migraine episodes [61]. In a prior study, the 
EC presented significant correlations between diffusion 
parameters and the onset of chronic migraine [19], and 
decreased AD values in migraine patients [39]. Previous 
studies in the CC, which is involved in the regulation of 
pain control, found lower MD and AD values in migraine 
patients [20, 39]. The CR is involved in motor functions 
[62, 63], reading [64] or mathematical competence [65], 
and lower AD values were detected in migraine patients 
[20].

In those tracts with significant differences in FW 
detected with ROI analysis, we observed significant alter-
ations in diffusivity parameters when FW was signifi-
cantly lower in patients. Most of those tracts presented 
significant differences with DTI but not with FW-DTI. 
We also detected alterations in the significance of tracts 
with no significant differences in FW when the correc-
tion was applied. This indicates that FW correction had 
an impact on the results. Some of the tracts that exhib-
ited changes are related with migraine or pain modula-
tion, and previous studies have also reported alterations 
in their diffusion parameters, as detailed below. The cin-
gulum, which connects with the hippocampus, is related 
to cognitive control, executive function, and mild cogni-
tive impairment. A study in cluster-headaches revealed 
lower AD in CgH [66]. The stria terminalis, or at least the 
bed nucleus, has been linked to pain mechanisms [67]. 
The retrolenticular part of the IC contains fibers from 
the optic system and is related to psychomotor impair-
ment in depression [68]. A previous study had found 
alterations considering the duration of migraine as covar-
iate [19], while another detected alterations in the diffu-
sion parameters when considering new daily persistent 

headache [69]. The SS is involved in the processing of vis-
ual and language information; changes in this tract have 
been reported in a previous studies in episodic migraine 
patients with visual snow syndrome, and in another 
investigation related to neuropathic pain [67, 70]. Previ-
ous studies detected changes in the MCP, one consider-
ing migraine patients with epilepsy [71], and another 
migraine patients without aura [72].

On the other hand, the MD calculated with the DTI 
approach did not exhibit significant alterations in the 
voxelwise analysis. However, a negative age effect was 
detected in some WM tracts with MD values decreasing 
as the subject age increased. Previous studies with DTI 
have reported alterations in diffusion parameters due to 
the age of the subjects [73, 74], with a U-shape trajectory. 
Nevertheless, this was not the case when using the FW-
DTI model. A previous study showed that the correc-
tion of the diffusion signal by extracting the FW fraction 
caused a flattening effect in MD values with age, com-
pared with standard DTI [75].

Most of the significant differences that we detected 
exclusively with FW-DTI were in the right hemisphere. 
Previous investigations have studied hemispheric asym-
metries, finding that this hemisphere is more related with 
emotion, attention [76] and pain [77]. Some MRI studies 
in migraine have also detected alterations predominantly 
in the right hemisphere using DTI, but comparing dif-
ferent types of migraine [37, 78]. This suggests that the 
alterations detected with DTI in other forms of migraine 
might also be present in this type of episodic migraine, 
without being detectable with the standard DTI model.

It is important to highlight that all previously men-
tioned migraine studies used DTI without correcting for 
FW. We do not expect this correction to invalidate the 
results from previous studies, but to improve specific-
ity to the underlying pathological process of migraine. 
Indeed, brain tissue and FW have greatly different diffu-
sion properties; if partial volume effects occur with a FW 
compartment having high isotropic diffusivity, the DTI 
approach will lead to an overestimation of the tissue’s 
diffusivity parameters and to lower FA values. A large 
number of studies using DTI have pointed out that FW 
correction had a significant influence on the diffusion 
parameters, increasing sensitivity of MD and FA, and 
allowing for the detection of subtle alterations in WM 
microstructure [24, 54, 79]. Other studies have suggested 
that DTI analysis can be affected by multiple transient 
factors such as dehydration, stress or brain slice position, 
whose variability can lead to partial volume effects [54]. 
FW correction might reduce the impact of such factors 
on the results, which may explain the differences regard-
ing the WM tracts where we found significant alterations 
with DTI and FW-DTI.
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Along the study, we have detected differences between 
the skeleton voxelwise and the ROI analyses. These may 
be related not only to the different statistical analyses 
applied but also to the higher signal-to-noise ratio in the 
ROI analysis, due to the averaging effect across a larger 
number of voxels that could increase sensitivity to subtle 
differences in brain microstructure.

This study presents as its main limitations the low 
number of participants in both groups, and the non-uni-
form distribution of the data across age. A small sample 
size can present several disadvantages, from reduced sta-
tistical power (type II errors) to increased variability or 
limited generalizability, which may constrain our conclu-
sions. However, this study focuses on a very specific type 
of episodic migraine, which allowed us to obtain a very 
homogeneous group of patients with specific and con-
trolled features. This should decrease cross-subject vari-
ability compared to other migraine studies. Nonetheless, 
restricting the inclusion criteria limited patient recruit-
ment possibilities and, in consequence, also the number 
of control subjects. On the other hand, the control group 
was younger than the migraine patients; although we 
included age as a covariate in our statistical analysis to 
minimize its impact, this may have affected our results.

Conclusion
This study showed that FW correction impacted the spa-
tial pattern of WM alterations measured using dMRI 
in low-frequency episodic menstrual-related migraine 
patients without aura. Both DTI and FW-DTI mod-
els revealed significant differences in MD and AD when 
applying an ROI analysis, compatible with cellular swell-
ing processes in WM tracts. Although the molecular 
mechanisms underlying the crosstalk between neurons 
and glial cells deserve further investigation, the cor-
respondence between our results and previous studies 
done by other groups might indicate that different types 
of migraine suffer from similar biological processes. 
As the FW-DTI model may be too simplistic to capture 
these processes, further investigations with advanced 
methods are needed to confirm hypotheses related to 
inflammatory processes.

In conclusion, both DTI and FW-DTI models suggest 
abnormal WM properties in menstrual-related migraine 
patients, providing additional evidence to our under-
standing of this neurological disease, particularly in the 
context of menstrual-related migraine.
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