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Abstract: The white matter state in migraine has been investigated using diffusion tensor imaging
(DTI) measures, but results using this technique are conflicting. To overcome DTI measures, we
employed ensemble average diffusion propagator measures obtained with apparent measures
using reduced acquisitions (AMURA). The AMURA measures were return-to-axis (RTAP), return-
to-origin (RTOP) and return-to-plane probabilities (RTPP). Tract-based spatial statistics was used to
compare fractional anisotropy, mean diffusivity, axial diffusivity and radial diffusivity from DTI,
and RTAP, RTOP and RTPP, between healthy controls, episodic migraine and chronic migraine
patients. Fifty healthy controls, 54 patients with episodic migraine and 56 with chronic migraine
were assessed. Significant differences were found between both types of migraine, with lower axial
diffusivity values in 38 white matter regions and higher RTOP values in the middle cerebellar
peduncle in patients with a chronic migraine (p < 0.05 family-wise error corrected). Significantly
lower RTPP values were found in episodic migraine patients compared to healthy controls in 24
white matter regions (p < 0.05 family-wise error corrected), finding no significant differences using
DTI measures. The white matter microstructure is altered in a migraine, and in chronic compared
to episodic migraine. AMURA can provide additional results with respect to DTI to uncover white
matter alterations in migraine.

Keywords: migraine; chronic migraine; diffusion tensor imaging; magnetic resonance imaging
(MRI); tract-based spatial statistics; diffusion magnetic resonance imaging

1. Introduction

Headache attacks in a migraine are characterized by episodes of unilateral pain of moderate to
severe intensity, pulsating quality, aggravated by routine physical activity and accompanied by other
symptoms, such as nausea and/or vomiting, photophobia and phonophobia, which last between 4
and 72 h [1]. Two main migraine types are currently distinguished: episodic migraine (EM) and
chronic migraine (CM). The difference between both types is the frequency of headache days per
month, which is 15 or more days in CM, and lower than 15 in EM, during at least three months [1].
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To better understand migraine pathophysiology, diverse modalities of magnetic resonance
imaging (MRI) have been employed. Among MRI modalities, those based on diffusion MRI (dMRI)
give a particular insight on connectivity and white matter structure. Despite the advances of dMRI
techniques, most of the migraine studies are based on the analysis of measures derived from diffusion
tensor imaging (DTI). However, different DTI studies produce conflicting results. In most studies,
the reported values of the fractional anisotropy (FA) were lower in migraine compared to controls in
whole brain studies with tract-based spatial statistics (TBSS) [2-5], the most employed technique in
dMRI migraine studies. Nonetheless, the opposite result, higher FA values in patients with a
migraine, has also been found using the same assessment method [6]. In addition, only three dMRI
studies with TBSS as assessment methods compared simultaneously patients with EM and CM, and
controls. One study found significantly lower axial diffusivity (AD) values in CM compared to EM
[7], another study found lower FA and higher mean diffusivity (MD) values in CM [8], and the other
one found no significant differences [9].

To overcome DTI limitations, many different techniques have been proposed in the last decades,
implying the acquisition of larger volumes of diffusion data (more gradient directions, more b-
values) and, many times, longer processing times. Some examples of these techniques are multi-
tensor models [10], Q-Ball imaging [10,11] or diffusion Kurtosis imaging (DKI) [12]. The trend over
the last decade is the direct estimation of the ensemble average diffusion propagator (EAP), the
probability density function of the motion of the water molecules inside each voxel [13,14]. The
complete characterization of the EAP requires a large number of diffusion-weighted images with
relative high b-values in a multishell acquisition. In clinical studies, the whole information provided
by the EAP is translated into scalar values that can act as biomarkers. The most common measures
are the return-to-origin (RTOP), return-to-plane (RTPP) and return-to-axis probabilities (RTAP) [15].
No dMRI studies with migraine patients have employed EAP-based measures.

Despite the advantages of the EAP-based measures, the calculation of these scalars usually
requires long execution and acquisition times, together with very large b-values and a large number
of diffusion gradients, not always available in commercial scanners and clinical routine. To solve
these problems, a new methodology called “Apparent Measures Using Reduced Acquisitions”
(AMURA) has been developed [16]. This tool allows the estimation of the EAP-related scalars without
the explicit calculation of the EAP, using a lower number of samples, even with a single-shell
acquisition scheme, assuming that the diffusion signal is independent from the radial direction. This
methodology allows shorter MRI acquisition and very fast calculation of scalars. AMURA was
initially designed for b-values of at least 2000 s/mm?, compatible with b-values employed in the high
angular resolution diffusion imaging technique, which allows better modeling of white matter fiber
architecture [11]. However, it could also be used for lower b-values, understanding that the effects
measures by the scalars will be weaker.

Our objective was to assess whether EAP-based measures from the AMURA tool, calculated
from a DTI compatible diffusion MRI acquisition (single-shell scheme and low b-value) typical in the
clinical routine and in migraine diffusion MRI studies, was able to detect additional white matter
changes between patients with migraine and controls with respect to DTI scalar measures.

2. Materials and Methods

2.1. Participants

A case-control study was carried out. Patients with a migraine were firstly screened and
recruited from the headache outpatient unit at the Hospital Clinico Universitario de Valladolid
(Valladolid, Spain). The participants from this study have been part of previous studies [7,17]. A total
of 50 healthy controls (HCs), 54 patients with EM and 56 with CM were included in the sample. The
inclusion criteria included diagnosis of EM or CM following the International Classification of
Headache Disorders guidelines (third beta and third version) [1,18], stable situation of EM or CM in
the preceding three months, agreement to participate in the study after signing the written informed
consent and age from 18 to 60. The exclusion criteria included monthly frequency of a headache from
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10 to 14 (exclusion of high frequency EM to avoid confusion with CM [19]), alternative craniofacial
pain circumstances with a monthly frequency of 10 or higher, diagnosed major psychiatric disorders
(in anamnesis or following the depression threshold from the Hospital Anxiety and Depression Scale
[20]), additional neurological diseases or headache disorders, drug or substance abuse and pregnancy
or childbearing. Every patient included in the sample was preventive naive and fulfilled a headache
diary the three months before inclusion. In some patients, a preventive treatment for migraines was
prescribed at the visit. These patients started the prescribed prophylactic treatment after the MRI
acquisition. Patients with EM from the sample suffered no tension-type headache. HC presented
neither a present nor past history of migraines, nor major psychiatric or headache disorders,
excluding infrequent tension-type headaches. No participants with brain abnormalities detected on
T1-weighted MRI data by a radiologist were included in the sample. Patients were sampled following
a non-probabilistic method by convenience sampling. Since the first patient (and first visit), all
consecutive patients were informed and invited to participate, and enrolled if they agreed and signed
the informed consent form. HC were balanced for age and sex by snowball and convenience
sampling, following recruitment through advertisements in the University and hospital and
colleagues.

Age and gender were gathered from every participant. The following characteristics were
collected from every patient: duration of the migraine (years), monthly frequency of headache and
migraine attacks (days), number of months from the onset of CM (if pertinent), presence of aura and
intake of symptomatic medication for migraine (combination of analgesics and triptan). Acute
medication overuse was considered if the intake monthly frequency was equal or higher than 10
according to the headache diary, following the International Classification of Headache Disorders
guidelines (third beta and third version) [1,18].

The Hospital Clinico Universitario de Valladolid local Ethics Committee approved this study
(PI: 14-197). Participants read and signed a written informed consent form before taking part in the
study.

2.2. MRI Acquisition

All patients scanned suffered no migraine attacks in the previous 24 h. MRI acquisition was
performed with a Philips Achieva 3 T MRI unit (Philips Healthcare, Best, The Netherlands), using a
32-channel head coil in the MRI facility at the University of Valladolid (Valladolid, Spain).

First, high-resolution 3D anatomical T1-weighted images were acquired using the following
parameters: Turbo field echo (TFE) sequence, repetition time (TR) = 8.1 ms, echo time (TE) = 3.7 ms,
flip angle = 8°, 256 x 256 matrix size, spatial resolution of 1 x 1 x 1 mm? and 160 slices that cover the
whole brain.

Then, diffusion-weighted data were obtained. The parameters employed in the acquisition were
TR =9000 ms, TE = 86 ms, flip angle = 90°, single-shell acquisition with 61 gradient directions and b-
value = 1000 s/mm?, one baseline volume, 128 x 128 matrix size, spatial resolution of 2 x 2 x 2 mm3
and 66 slices that cover the whole brain.

Both T1 and diffusion-weighted data were collected between May 2014 and July 2018 in a unique
MRI session, starting with the T1 scan. For a single subject, the time for both scans was approximately
18 minutes.

2.3. MRI Processing

2.3.1. Diffusion MRI Preprocessing

The preprocessing steps were denoising, correction for eddy currents and motion and correction
for B1 field inhomogeneity. The MRtrix software [21] was employed to carry out these steps, using
the “dwidenoise”, “dwipreproc” and “dwibiascorrect” (-fast option) tools [22-25]. A whole brain
mask for each subject was acquired with the “dwi2mask” tool [26].
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2.3.2. Calculation of the Diffusion Measures

Two groups of diffusion measures were employed. On the one hand, four measures from DTI
were employed: FA, MD, AD and radial diffusivity (RD). On the other hand, three measures were
computed with AMURA: RTOP, RTAP and RTPP.

The estimation of the diffusion tensor at each voxel, with the corresponding obtention of FA, AD
and MD, was performed with the “dtifit” tool from the FSL software [27]. RD was manually obtained
from the mean value of the second and the third eigenvalues from the diffusion tensor. FA manifests
the directionality of water molecules displacement by diffusion, MD the average magnitude of water
molecules diffusion, AD the water diffusion in the main direction of white matter fibers and RD the
water diffusion in the perpendicular direction with respect to the main direction [28].

AMURA was employed to estimate the RTOP, RTPP and RTAP values. The tool can be
downloaded with no restrictions in the following link: https://www.lpi.tel.uva.es/ AMURA. We ran
AMURA using MATLAB 2019b. The calculation with AMURA saves a great amount of time
assuming that the diffusion signal is independent from the radial direction. Details about the
mathematical models and the comparison against the whole EAP can be found elsewhere [16]. The
RTOP has been pointed out as a better biomarker for cellularity and diffusion restrictions in
comparison with the MD [29], the RTPP as a marker of diffusion restriction in the axial direction [14]
and the RTAP as a marker of diffusion restriction in the radial direction [14]. A visual comparison of
the three measures obtained with the AMURA tool, and the corresponding DTI measures,
considering the commented inverse trends with the eigenvalues, is shown in Figure 1. It is worth
noting that, assuming a simpler Gaussian diffusion propagator, the RTOP, RTPP and RTAP values can
be calculated using the diffusion tensor: they are associated with the inverse values of the square root
of the three eigenvalues, the first eigenvalue and the second and third eigenvalues, respectively. These
equations are shown in Appendix A. Note that RTOP and RTAP depend on the inverse of the smaller
eigenvalue. As a consequence, these two measures, when calculated using the diffusion tensor, are very
sensitive to noise and outliers. In this study, we discarded this calculation, since it produces very high
values in most of the areas of interest (high anisotropy) that makes any further analysis unfeasible.
AMURA, on the other hand, produces robust values for the three considered measures.

Figure 1. Visual comparison of diffusion tensor imaging (DTI) and measures from apparent measures
using reduced acquisitions (AMURA). The first row contains the DTI measures, and the second row
the AMURA metrics. It is worth noting that the brightest regions for the DTI measures correspond to
the darkest regions for the AMURA metrics, and vice versa.
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2.3.3. Tract-Based Spatial Statistics (TBSS)

TBSS was employed to compare the diffusion measures in white matter tracts between the three
groups of interest [30]. The white matter tracts were identified according to the Johns Hopkins
University ICBM-DTI-81 White Matter and the White Matter Tractography Atlas to cover the whole
brain [31-33], considering a total of 48 and 20 regions of interest (ROIs), respectively. The first step of
TBSS was the nonlinear registration of the participants’” FA images to a template of averaged FA
images (FMRIB-58) in the Montreal Neurological Institute (MNI) space with the FNIRT tool [34].
After the registration, a mean FA skeleton image was created with an FA threshold value of 0.2 to
distinguish white from gray matter. The individual FA images from the subjects were projected onto
the mean FA skeleton, and the TBSS projection was repeated for the non-FA images, i.e., MD, AD,
RD, RTOP, RTAP and RTPP. The minimum volume to consider significant results in a single region
was 30 mmb?, equal to the number of voxels in this study, which could be part of one or more clusters.

2.4. Statistical Analysis

For the analysis of the quantitative variables, normality and homogeneity of variance were
assessed with the Kolmogorov—-Smirnov and the Levene’s test for equality of variances, respectively.
In the comparisons with the three groups, the parametric test employed was a one-way ANOVA, and
the Kruskal-Wallis test if normality and homogeneity assumptions were rejected. For the
comparisons between both migraine groups, two-tailed unpaired t-test and Mann-Whitney U test
were used instead of ANOVA and Kruskal-Wallis tests, respectively. The comparison of gender
between the three groups was performed with a chi-squared test, and comparisons of categorical
features between both migraine groups were performed with the Fisher’s exact test.

Regarding the TBSS analysis, the “randomize” tool, a permutation-based inference tool by
nonparametric statistics, using the threshold-free cluster enhancement (TFCE) option from FSL
[35,36], was used to test the voxelwise differences between the three groups. The number of
permutations for each comparison was 5000 to perform a robust inference, and p < 0.05, family-wise
error corrected with the TFCE option, was the statistical threshold to consider significant results.

In a secondary analysis, the TBSS analysis was repeated including the time from onset of CM
and the total duration of a migraine as covariates in separate comparisons. Both covariates were not
included simultaneously in the analysis because of possible collinearity.

Moreover, the association between the duration of migraine (total duration or time from onset
of CM) and DTT and AMURA measures was assessed. To analyze trends within each type of migraine
and following the previous study with the same sample [7], we acquired the correlation values in
patients with EM and CM independently. The inverse warp fields of the FA images to the MINI space
transformation from the TBSS processing steps were obtained and used to obtain individual label
maps based on the John Hopkins University ICBM-DTI-81 White Matter atlas. The mean value of
each parameter in the diverse regions of the atlas and the Spearman’s rank correlation value were
employed in the correlation analysis. The results were corrected for multiple comparisons with the
Benjamini—-Hochberg false discovery rate method [37]. A value of p < 0.05, adjusted for multiple
comparisons, was considered statistically significant.

3. Results

Fifty HC, 54 patients with EM and 56 patients with CM were included in the sample. No
significant differences in age or gender were found between the three groups. Patients with CM
showed significantly higher duration of migraine, frequency of headache and migraine attacks and
overuse of medication, and a lower presence of aura. The detailed characteristics from the three
groups are shown in Table 1 (also shown in the previous studies with the same sample [7,17]).
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Table 1. Clinical and demographic characteristics of healthy controls (HCs), and patients with an
episodic migraine (EM) and chronic migraine (CM).

HC (n =50) EM(n=54) CM (n=>56) Statistical Test
11/39 9/45 6/50 X2 N=160)=2.48, p =
Gender, male/female (22/78%) (17/83%) (11/89%) 029 '
Age (years) 36.1+13.2 371+82 38.1+87 X2(2)=2.85,p=0.241%
Duration of the migraine history 141+111 1964104  tas=-2.7, p=0.008
(years)
Time from onset of CM (months) 24.5+32.9
Headache frequency (days/month) 3.6+1.9 23.3+6.3 U=44.0,p<0.001"
Migraine frequency (days/month) 3.6+19 13.9+6.9 U=108.5,p<0.001"
Overusing medication 0 (0%) 42 (75%) p <0.001 *
Aura 9 (17%) 1 (2%) p=0.007 *

t Chi-square test. fKruskal-Wallis test. STwo-tailed, unpaired Student’s ¢-test. '"Mann-Whitney U test.
*Fisher’s exact test. Data are expressed as means = SD.

3.1. TBSS

Using the DTI measures (FA, MD, AD and RD), the only comparison with significant differences
was that between both groups of patients with a migraine. Patients with CM showed lower AD values
than EM in 38 out of 48 regions from the ICBM-DTI-81 Atlas, and in 15 out of 20 regions from the
White Matter Tractography Atlas. These results are depicted in Figure 2, and in Tables 2 and 3.

1-p
0.95 (M 0.993

Figure 2. Axial diffusivity (AD) alterations in patients with CM in comparison with patients with EM.
Widespread significant lower AD values were found in CM. The white matter skeleton is shown in
blue and voxels with significant differences in red-yellow. The color bar shows the 1-p values (family-
wise error corrected).
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Table 2. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased AD values were found in CM compared to EM.

White Matter Region Minimum p-Value (FWE- Volume MNI Peak Coordinate (mm),
Corrected) (mm?) xy,2)
Middle cerebellar peduncle 0.007 2206 (-20,-50,-32)
Superior cerebellar peduncle R/L 0.020/0.020 142/126 (5,-28,-19)/(-4,-28,-19)
Inferior cerebellar peduncle R/L 0.019/0.009 75/89 (12,-43,-35)/(-13,-45,-31)
Superior long’;‘;imal fasciculus 0.021/0.021 971/874 (33,-4,20)/(~36,-49,15)
Genu of corpus callosum 0.019 455 (10,-28,1)
Body of corpus callosum 0.032 842 (—4,30,23)
Splenium of corpus callosum 0.025 873 (22,-50,25)
Anterior corona radiata R/L 0.024/0.018 556/805 (18,21,-11)/(-18,38,-1)
Superior corona radiata R/L 0.020/0.022 666/396 (28,-16,21)/(-27,-11,20)
Posterior corona radiata R/L 0.022/0.022 201/214 (25,-24,24)/(-30,-52,22)
External capsule R/L 0.020/0.018 459/695 (30,-10,14)/(-22,16,-12)
Posterior limb ;f/intemal capsule 0.020/0.022 569/536 (26,-17,13)/(-27,-17,17)
Retrolenticular part of internal 0.023/0.023 457/344 (31,-34,15)/(=25,-22,3)
capsule R/L
Anterior limb (1); /‘L“temal capsule 0.022/0.020 216/290 (15,-1,7)/(-20,18,3)
Sagittal stratum R/L 0.022/0.022 471/359 (37,-49,-4)/(-41,-18,~13)
Posterior thalamic radiation R/L 0.022/0.022 353/279 (37,-50,-2)/(-35,-52,13)
Cerebral peduncle R/L 0.020/0.022 234/265 (11,-23,-21)/(-9,-19,-20)
Corticospinal tract R/L 0.019/0.023 106/165 (10,-27,-26)/(-7,-18,-22)
Medial lemniscus R/L 0.020/0.015 82/103 (8,-39,-40)/(-7,-37,-40)
Pontine crossing tract 0.018 82 (8,-31,-27)
Fornix (cres) R/L 0.024/0.024 74/45 (35,-12,-14)/(-34,-15,-13)
Cingulum (hippocampus) L 0.036 56 (-17,-42,-2)

FWE = Family-wise error; L =left; R = right. The column Volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this Table.

Table 3. White matter regions where significant decreased AD values were found in CM compared
to EM using the White Matter Tractography Atlas.

. . Minimum p-Value Volume MNI Peak Coordinate (mm),
White Matter Region (FWE-Corrected) (mm?) (x,3,2)
Anterior thalamic radiation L/R 0.020/0.021 316/232 (-21,18,3)/(9,-29,-14)
Corticospinal tract L/R 0.022/0.018 627/601 (-24,-20,9)/(10,-28,-26)
Cingulum (hippocampus) L 0.036 37 (-17,-43,-2)
Forceps major 0.024 375 (-18,-85,8)
Forceps minor 0.018 1601 (-17,39,-2)
Inferior fronto-occipital
.018/0.022 994/973 —23,27,3)/(37,-49,~4
fasciculus L/R 0.018/0.0 4 ( I )
Inferior longitudinal fasciculus
LR 0.022/0.022 418/507 (-35,-52,12)/(44,-33,-12)
Superior 1ong1$§ma1 fasciculus 0.021/0.021 1023/828 (-36,-50,14)/(31,6,17)
ior loneitudinal fascicul
Superior longitudinal fasciculus 0.022 @ (49,-33,-11)

(temporal part) R
Uncinate fasciculus L 0.018 83 (-18,21,-9)

FWE =Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.

With respect to the RTOP, RTAP and RTPP values, first, with the assumption of the Gaussian
model, the dependence of RTOP and RTAP on the smallest eigenvalue produced a great number of
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outliers in the areas with high anisotropy that made the TBSS comparisons unfeasible. Hence, we
only analyzed the three values using the AMURA tool. As in the DTI comparison mentioned
previously, significant differences were found between both groups of migraine patients, with higher
RTPP values in patients with CM, but significant results were found only in the middle cerebellar
peduncle (significant volume = 370 mm?, minimum corrected p = 0.035, peak at x =-19, y =45, z =
=35 in the MNI space). The RTPP comparison between both migraine groups is depicted in Figure 3.
Furthermore, significant differences between patients with EM and HC were found using the RTOP.
Patients with EM showed lower RTOP values than HC in 24 of the assessed regions from the ICBM-
DTI-81 White Matter Atlas, and in 11 regions from the White Matter Tractography Atlas. The RTOP
results are shown in Figure 4 and Tables 4 and 5. No significant results with the AMURA tool were
found either between patients with CM and HC or using the RTAP measure.

0.95 [ 0.965

Figure 3. Return-to-plane (RTPP) alterations in patients with CM in comparison with patients with
EM. Significant higher RTPP values in CM were found only in the middle cerebellar peduncle. The
white matter skeleton is shown in blue and voxels with significant differences in red-yellow. The color
bar shows the 1-p values (family-wise error corrected).
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Figure 4. Return-to-origin (RTOP) alterations in patients with EM in comparison with HC. Lower
RTOP values were found in EM. The white matter skeleton is shown in blue and voxels with
significant differences in red-yellow. The color bar shows the 1-p values (family-wise error corrected).

Table 4. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant

decreased RTOP values were found in EM compared to HC.

. . Minimum p-Value Volume MNI Peak Coordinate (mm),
White M. R
tte Matter Region (FWE-Corrected) (mm?) (xy,2)

Middle cerebellar peduncle 0.042 908 (13,-30,-26)
Superior Cer‘;b/eLuar peduncle 0.042/0.042 65/65 (7,-32,-19)/(-5,-31,-18)
Inferior cerebellar peduncle L 0.045 96 (-13,-45,-31)

Genu of corpus callosum 0.047 44 (18,31,15)
Anterior corona radiata R 0.044 446 (26,35,-1)
Superior corona radiata R 0.048 84 (23,-12,19)
External capsule R/L 0.042/0.046 415/392 (33,-19,-2)/(-33,~13,1)
Posterior limb of internal 0.042/0.046 285/420 (20,-20,-4)/(-22,-8,14)
capsule R/L
Retrolenticular part of internal 0.041/0.044 244/314 (37,-26,-2)/(-37,-34,2)
capsule R/L
Anterior limb of internal 0.046 43 (-17,2,12)
capsule L
Sagittal stratum R/L 0.041/0.044 243/97 (39,-29,-5)/(-40,-29,-6)
Cerebral peduncle R 0.042 254 (12,-25,-21)
Corticospinal tract R/L 0.042/0.042 156/135 (11,-25,-22)/(-7,-25,-26)
Medial lemniscus R/L 0.045/0.046 83/87 (9,-32,-25)/(-4,-37,-30)
Pontine crossing tract 0.042 163 (-4,-30,-28)
Fornix (cres) R 0.041 148 (32,-22,-6)
Uncinate fasciculus R 0.043 32 (35,-4,-14)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included

in this table.
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Table 5. White matter regions where significant decreased RTOP values were found in EM compared
to HC using the White Matter Tractography Atlas.

White Matter Region hf;x::g:ﬁ ;XZE;e \:;E;l:;e MNI Peak ((:;;f:)inate (mm),
Anterior tha}i&;;nic radiation 0.046/0.042 34/68 (=7,-36,-27)/(9,-29,-14)
Corticospinal tract L/R 0.042/0.042 284/374 (-7,-25,-26)/(11,-25,-22)
Forceps minor 0.046 342 (19,38,16)
Infer;;’;i?;}:;’ijgpital 0.044/0.044 240/676 (~39,-30,-4)/(37,-27,-3)
Inferior longitL“/‘;mal fasciculus 0.043/0.042 309/167 (-41,-28,-4)/(42,-14,-14)
Uncinate fasciculus L/R 0.048/0.044 62/71 (-35,-2,-20)/(34,1,-16)

FWE =Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this Table.

A summary with the previous TBSS results can be found in Figure 5.

HEALTHY
CONTROLS

(HC)

50 SUBJECTS

NO
SIGNIFICANT
DIFFERENCES

RTOP: EM <HC
24 REGIONS

AD: cM<EM
38 REGIONS

CHRONIC
MIGRAINE

(€M)

RTPP: cM>EM

1 REGION
o

EPISODIC
MIGRAINE

(EM)

56 SUBJECTS 54 SUBJECTS

Figure 5. Summary of the main tract-based spatial statistics (TBSS) results with DTI and AMURA
measures. Significant differences between any migraine group and controls were found only with the
RTOP from AMURA, identifying white matter alterations non-measurable with DTI. Differences
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between CM and EM were found with RTPP from AMURA, and AD from DTI. No differences were
found between CM and controls.

3.2. TBSS with Covariates

After the inclusion of the duration of migraine history as a covariate, lower AD values were
found in CM compared to EM in the middle cerebellar peduncle (significant volume = 675 mm?,
minimum corrected p = 0.028, peak at x =-20, y =-50, z=-32). The same result was obtained including
the time from onset of CM as a covariate in 23 regions. Higher AD values were found in EM in
comparison with HC including the duration of migraine history as a covariate in seven regions from
the left hemisphere. Lower FA values were identified in CM compared to HC including the time from
onset of CM as a covariate in 12 regions located in the right hemisphere and the corpus callosum.
These results are shown in Tables A1-A3 (extracted from [7]).

Regarding the EAP-based measures, including the duration of the migraine as a covariate, a very
similar result was obtained with the RTPP with respect to the analysis with no additional covariates,
finding higher RTPP values in CM compared to EM in the middle cerebellar peduncle (significant
volume = 351 mm?, minimum corrected p = 0.039, peak at x =-20, y = -50, z = -32 in the MNI space).
Additionally, lower RTPP values were found in patients with EM in comparison with HC in eight
regions from the ICBM-DTI-81 White Matter Atlas, with seven regions from the left hemisphere.
Including the time from onset of CM as a covariate, lower RTAP values were found in CM compared
to HC in four regions from the right hemisphere included in the ICBM-DTI-81 White Matter Atlas.
These results are shown in Tables A4 and A5 and Figures Al and A2.

Taking into account the significant differences of the presence of an aura and a medication
overuse headache between patients with CM and EM, we additionally included both variables in the
analysis with multiple covariates, together with the duration of the migraine history.

Including only the presence of an aura as a covariate, with respect to the results with no
covariates, AD values were lower in CM than in EM in eight regions, the RTPP was higher in CM
than in EM in the middle cerebellar peduncle and no significant RTOP differences between EM and
HC were obtained. No additional significant results were identified.

Regarding significant differences between CM and EM in the multivariate model, AD (middle
cerebellar peduncle), MD (34 regions) and RD (39 regions) values were lower in CM. The opposite
statistically significant trend, i.e., higher values in CM compared to EM, was obtained for RTPP (15
regions), RTOP (42 regions) and RTAP (38 regions). These results are shown in Tables A6—-A11 and
Figures A3-A5. Similar results, with the same significant statistical comparisons but a different
number of regions with significant differences, were obtained including only a medication overuse
headache as a covariate. In addition to the previous results, including only medication overuse
headache as a covariate, FA values were higher in CM compared to EM in the body (60 voxels,
minimum adjusted p = 0.047) and splenium (136 voxels, minimum adjusted p = 0.040) of the corpus
callosum, the left superior corona radiata (68 voxels, minimum adjusted p = 0.047) and the left
tapetum (35 voxels, minimum adjusted p = 0.040).

Statistically significant differences employing the model with the three covariates were obtained
between EM and HC. On the one hand, increased AD (eight regions) values were found in EM with
respect to HC. On the other hand, reduced RTPP (five regions) values were identified in EM
compared to HC. These results are shown in Tables A12 and A13 and Figure A6.

In the comparison between CM and HC, significantly higher FA (10 regions) values were found
in CM, and significantly lower RD (14 regions) values were identified in CM. These results are shown
in Tables A14 and A15 and Figure A7.

3.3. Correlation Analysis

Statistically significant positive correlation was identified between time from onset of CM and
mean FA in the left (0 = 0.439, unadjusted p <0.001) and right (o = 0.420, unadjusted p = 0.001) external
capsule after the correction for multiple comparisons. Statistically significant negative correlation
was found between time from onset of CM and mean RD in the left (o =-0.439, unadjusted p < 0.001)
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and right (o = —0.427, unadjusted p = 0.001) external capsule. The significant correlation results are
shown in Figure 6 (extracted from [7]).
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Figure 6. Spearman correlation values between the time from onset of CM and diffusion measures.
Statistically significant positive association with the mean fractional anisotropy (FA) in the bilateral
external capsule is shown in (A) and (B). Statistically significant negative association with the mean

radial diffusivity (RD) is shown in (C) and (D). LEC = left external capsule; REC = right external
capsule.

No additional statistically significant correlations were found for mean AD or MD, the three
EAP-based measures, or the total duration of the migraine in patients with EM or CM.

4. Discussion

Two main results were obtained with the AMURA tool in comparison with DTI scalar measures,
using a dMRI acquisition protocol typical in the clinical routine and migraine studies. On the one
hand, with AMURA, significant differences between patients with CM and EM were obtained with
the RTPP, a result provided by AD and DTI. However, the number of regions with significant
differences was lower with the RTPP. This lower sensitivity of AMURA was motivated by the fact
that RTPP was designed to work with higher b-values. On the other hand, additional significant
differences between patients with EM and HC were obtained only with AMURA based on the RTOP
results. These results suggest that the AMURA tool may be a great complement to DTI in dMRI

studies with migraine patients. We expect that the differences would grow if higher b-values were
used.
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Regarding the calculation of the EAP-based measures, when using the eigenvalues of the
diffusion tensor, we were unable to perform statistical comparisons between the groups with TBSS
because the values of RTOP and RTAP in some voxels were extremely high. The very low values of
the two smallest eigenvalues in specific voxels explain the inability to work with real values of RTOP
and RTAP and DTI. Therefore, the DTI approach is excessively simple to work with EAP-based
measures, and tools such as AMURA are needed, especially in those studies with time restrictions
and one single b-value.

White matter differences obtained with AMURA are in line with the TBSS results reported with
the same sample in a previous study [7]. Lower AD and higher RTPP values in patients with CM
compared to EM suggest axonal damage or loss, as previously suggested by Yu et al. [38], or short-
term demyelination [39-41]. Anyway, results from DTI scalar measures must be interpreted with
caution, considering that the relationship between DTI parameters and microstructural alterations
are not completely clear.

The significant differences between patients with CM and EM obtained with the RTPP were a
subsample of the results obtained with the AD. It must be considered that the diffusion MRI
acquisition protocol was suboptimal for the use of the AMURA tool because of the low b-value and
single-shell scheme, and, possibly for that reason, we were unable to identify the same or a similar
number of significant differences between the migraine groups. The three measures obtained with
the AMURA tool are designed to measure effects related to b-values over 2000 s/mm? (our b-value
was 1000 s/mm?), and RTPP is particularly sensitive to the b-value. Therefore, the RTPP result reflects
the potential of AMURA to identify white matter structural changes in migraines using an acquisition
protocol more appropriate for the tool.

RTPP differences between patients with CM and EM were found in the middle cerebellar
peduncle. The middle cerebellar peduncle connects the cerebellum to the pons. Smaller cerebellar
volume has been identified in patients with CM compared to HC [42]. Moreover, it has been
suggested that the cerebellum suffers a neuropathological change in a migraine related to spreading
depression [43]. The dorsolateral pons has been shown to be activated during a migraine and
potentially involved in other mechanisms such as transmission of nociceptive signals to the
hypothalamus, amygdala and basal forebrain [44]. Another study by Chong et al. has reported
significant deformation of the pons in patients with a migraine [45]. Our results may suggest that the
connectivity between the cerebellum and the pons is altered in CM compared to EM, possibly in
association with structural changes of these regions linked to the migraine experience.

With respect to the comparison between patients with migraine (EM in this study) and controls,
we only obtained significant differences using AMURA. This result reflects that AMURA may be
helpful to determine additional microstructural changes between patients with migraine and controls
with respect to the single use of DTL

The lower RTOP values found in patients with EM compared to HC are in line with the most
reported result with the MD in previous studies (higher MD in migraines) [2,5,46-51], although the
opposite result with the MD (lower MD in migraines) has also been reported [3,6,38,52]. It must be
noted that most patients included in previous migraine studies were patients with EM. In our study,
only patients with low frequency EM (less than 10 headache days per month) were included to assure
that there were no patients close to the CM frequency threshold.

Some of the white matter regions with higher MD reported previously were identified as regions
with significant differences between EM and HC in our study. These regions are the anterior thalamic
radiation, the inferior longitudinal fasciculus, the corticospinal tract, the corpus callosum (genu and
forceps minor) and the inferior cerebellar peduncle [5,47,49,50]. Higher MD values have been
associated with edema and Wallerian degeneration [39]. The changes in the anterior thalamic
radiation may be associated with structural connections with the thalamus, which has been reported
as a key region in migraine pathophysiology. In migraines, the thalamus has been associated with
allodynia, photophobia and photoallodynia [53,54] and it has been suggested to have a role in the
abnormal functional connectivity in diverse brain networks in the interictal state [55]. The
corticospinal tract has been described as an important white matter region in relationship with
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nociceptive perception [56]. The inferior longitudinal fasciculus connects regions from the temporal
and occipital cortex. One of the regions that takes part in the networks connected by the inferior
longitudinal fasciculus is the temporal pole, which has shown hyperactivation in functional MRI
studies with migraine patients, including connections with the thalamus and the insula [57,58], and
loss of gray matter volume and altered cortical thickness [59,60]. Our results and the previous
findings suggest that changes in the structural white matter connectivity may be associated with
functional connectivity and gray matter alterations in migraine patients.

Regarding previous DTI results in migraines, the reduction of FA in patients with a migraine
compared to controls is the most frequent result in diffusion MRI studies [2-5,38,46,49,61-65], but the
opposite result has also been reported in pediatric patients by Messina et al. [6] and in the thalamus
by Coppola et al. [66]. In this study, we obtained both higher and lower FA values in patients with
CM compared to controls, associated with medication overuse headache and duration of the
migraine, respectively. Most regions related to both results were different, and the related clusters
were not extremely close. A possible reason of these apparently contradictory results would be the
coexistence of debilitated and enhanced structural networks in the migraine, as it has been previously
suggested [17], which may partially explain the apparently conflicting results in the literature.
According to our results, these networks would be related to different pathophysiological
mechanisms associated with medication overuse and longitudinal effects. In patients with EM and a
medication overuse headache, lower FA values have been reported compared to controls [5].
Additional significant differences were obtained between CM, EM and HC including the duration of
the migraine and medication overuse headache, but no changes were specifically related to the
presence of an aura, in contrast to previous studies [67]. The lack of significant results associated with
an aura in our study may be caused by the relative low number of patients with an aura. Future
studies should specifically analyze differences between patients with and without medication
overuse headache in patients with CM, and longitudinal studies should be performed to assess the
longitudinal effects of CM in white matter.

With respect to the discordance with previous studies, there could be additional reasons. One of
the reasons would be methodological. For example, in the study by Rocca et al. (2003), the analyzing
method consisted of the study of histogram peaks [52], which is considerably different from methods
carried out in the most recent years. Another reason would be associated with different sample
characteristics. In the study by Messina et al., the sample was composed of pediatric patients [6], and
the changes in the brain might be different compared to the alterations in adults. The sample by Yu
et al. [3] contained patients with depression, which might have influenced the results, considering
that our sample included no patients with anxiety or depression.

Regarding the alterations found in this study, it should be elucidated whether the identified
changes were migraine-specific. In a previous study including 277 headache free subjects and 246
patients with headaches, including 69 patients with migraines and 76 with tension-type headaches,
Kattem Husgy et al. found no significant TBSS differences between migraines and tension-type
headaches [49]. In the same study, the authors identified significantly higher AD values in patients
with migraines and tension-type headaches compared to headache free subjects, with a higher
number of voxels with significant differences in the migraine. Furthermore, patients with any
headaches and a new onset headache presented widespread higher AD, MD and RD values
compared to controls in the aforementioned study. These results suggest alterations in patients with
a headache compared to controls, but with no clear migraine biomarkers in contrast to other headache
disorders. The specific migraine microstructural brain changes in comparison with other headache
and pain disorders should be analyzed in future studies, in order to uncover the particular
pathophysiological characteristics of a migraine. Another aspect that needs to be studied is whether
the identified changes are the cause or consequence of the migraine.

There were some limitations worth mentioning in this study. Due to time restrictions related to
the MRI acquisition protocol, it was not possible to collect T2 or T2-FLAIR MRI data to assess the
presence of white matter hyperintensities. Pain in patients with EM and an adverse prognosis have
been related to white matter hyperintensities in migraines [68,69]. Considering the relative high risk
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of detection of white matter hyperintensities on MRI in migraines and their negative impact, the
presence of these lesions might have some influence on the results, although the associated
pathophysiology and long-term effects are unclear [70]. The baseline volume from the diffusion MRI
acquisition is similar to a T2-weighted image, although its quality is low for the assessment of white
matter hyperintensities. In relationship with the relative low acquisition, we performed no multishell
acquisition with moderate-to-high b-values, a better scenario for the EAP-based measures, using the
AMURA tool or the whole EAP. The absence of diffusion data with higher b-values prevented us
from exploiting the full potential of the AMURA tool, although it allowed us to explore its
discriminating power in conditions frequent in other migraine clinical MRI studies. The lack of
control of the time to the next migraine attack might have influenced our results because some
patients were in prodromal instead of interictal state when the MRI data were acquired, and
alterations of brain physiology and function have been observed during the prodromal stage [71,72].
Another fact that might have influenced our results is the medication overuse, which was present in
most patients with CM (75%), although we corrected the results considering this variable. The
presence of anxiety and/or depression, which are frequent in migraines, might influence brain
connectivity, as pointed by previous studies. Indeed, a smaller brain volume has been associated with
depression in migraine, and migraine with depression may represent a different clinical phenotype
with a specific long-term evolution [73]. In our sample, however, there were no patients with anxiety
and/or depression. Although this fact prevented us from this possible relationship, the absence of
patients with depression or anxiety also avoided the possible bias in the results that could have been
caused by the inclusion of this distinct phenotype. The diagnosis of infrequent tension-type headache
was not performed using the headache diary, but only the history, which may be inaccurate to
determine more than a unique associated tension-type headache day per month, or annual frequency
higher than 12 days.

5. Conclusions

EAP-based measures obtained with the AMURA tool could detect white matter changes in
patients with migraine to complement the results obtained with DTI scalar measures using diffusion
MRI protocols with a single-shell acquisition low b-value, which are typical in the clinical routine
and migraine clinical studies. Our results support structural connectivity changes between patients
with EM and CM, and changes in the brain white matter related to migraine. Future studies should
employ diffusion MRI multishell acquisitions with moderate-to-high b-values, when possible, in
order to exploit the full potential of AMURA and identify white matter changes in patients with
migraine. Other research lines may include the interaction between changes in white matter
connectivity, gray matter structure and functional connectivity.
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Appendix A

The equations of the three EAP-based measures employed in this study, RTOP, RTPP and RTAP, are
presented using the diffusion tensor a Gaussian probability density function for the diffusion process:

1

RTOP = : ; Al
V@3 A2, A (AD)

RTPP = L,
= \//1_1 (A2)

RTAP ! !
= . ) A3
V@2 A, A (A3)

where A1, A2 and Az are the three eigenvalues from the diffusion tensor, being A1 the largest eigenvalue,
and As the smallest eigenvalue. The term T is an effective time to compute the move of the water
molecules in a voxel. The equations from the diffusion tensor are also shown for the comparison with
the EAP-based measures from Equations (A1)—(A3).

A+, +2
mMp="1t72T4s (A4)
3
AD = Ay; (A5)
A+ 2
RD =-2_"3. (A6)
2
3 (A4, —MD)?2 + (1, — MD)? + (A; — MD)?
= \/; . /e 2 : 2 32 - ' (A7)
JE+ 22+ 22
Appendix B
Table Al. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased AD values were found in CM compared to EM including the time from onset of CM as a
covariate.
White Matter Region Minimum p-Value (FWE- Volume MNI Peak Coordinate (mm),
Corrected) (mm3) (x,y,z)
Middle cerebellar peduncle 0.023 1295 (-20,-50,-32)
Superior cerebellar peduncle R/L 0.028/0.030 101/115 (5,-28,-19)/(-4,-28,-19)
Inferior cerebellar peduncle L 0.035 46 (-10,-50,-25)
Superior longitudinal fasciculus R 0.033 720 (32,-4,20)
Splenium of corpus callosum 0.042 32 (18,-49,27)
Superior corona radiata R/L 0.030/0.032 335/136 (28,-15,19)/(-27,-11,20)
Posterior corona radiata R 0.035 83 (28,-34,19)
External capsule R/L 0.033/0.031 127/171 (30,-10,14)/(-28,~10,18)
Posterior limb ;f/intemal capsule 0.029/0.032 301/281 (26,-17,13)/(-27,-17,17)
Retrolenticular part of internal 0.031/0.032 473/59 (30,-29,7)/(-25,-23,12)
capsule R/L
Sagittal stratum R 0.034 150 (38,-28,-4)
Posterior thalamic radiation R 0.034 51 (30,-39,16)
Cerebral peduncle R/L 0.028/0.031 207/258 (10,-28,-16)/(-9,-20,-20)
Corticospinal tract R/L 0.030/0.031 105/125 (11,-22,-22)/(-7,-18,-22)
Pontine crossing tract 0.030 56 (4,-26,-24)
Fornix (cres) R 0.037 46 (35,-12,-14)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.
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Table A2. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
increased AD values were found in EM compared to HC including the duration of the migraine as a

covariate.
White Matter Region Minimum p-Value (FWE- Volume MNI Peak Coordinate
Corrected) (mm?3) (mm), (x,y,2)
Superior corona radiata L 0.026 116 (—26,-11,20)
External capsule L 0.022 303 (-34,-15,-8)
Posterior limb of internal 0.024 470 (-15,10,0)
capsule L
Retrolenticular part of internal 0.025 347 (-33,-34,6)
capsule L
Sagittal stratum L 0.023 133 (-36,-17,-9)
Posterior thalamic radiation L 0.025 38 (-35,-39,7)
Cerebral peduncle L 0.024 105 (-15,-13,-5)

FWE =Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.

Table A3. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased FA values were found in CM compared to HC including the time from onset of CM as a

covariate.
ini -Value (FWE- 1 I Peak i
White Matter Region Minimum p-Value (FW Volume MNI Peak Coordinate
Corrected) (mm?3) (mm), (x,y,2)
Superlor'longltudmal 0.033 971 (32,-4,19)
fasciculus R
Body of corpus callosum 0.042 47 (19,-30,31)
Splenium of corpus callosum 0.042 209 (19,-31,31)
Anterior corona radiata R 0.033 295 (25,17,12)
Superior corona radiata R 0.038 236 (32,-6,20)
Posterior corona radiata R 0.039 133 (25,-23,22)
External capsule R 0.031 661 (30,1,13)
P ior li f i 1
osterior limb of interna 0.039 217 (24-19,1)
capsule R
Retrolenticular part of internal 0.036 05 (38-29,0)
capsule R
Anterior limb of internal 0.035 83 (23,17,11)
capsule R
Sagittal stratum R 0.036 132 (33,-23,4)
Fornix (cres) R 0.035 36 (33,-22,-6)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.
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Table A4. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased RTPP values were found in EM compared to HC including the duration of the migraine as
a covariate.

White Matter Region Minimum p-Value (FWE- Volume MNI Peak Coordinate (mm),

Corrected) (mm?) (x,y,2)
Superior corona radiata R/L 0.046/0.040 50/87 (20,-28,40)/(-26,-11,19)
External capsule L 0.033 278 (-33,-11,1)
Anterior limb of internal 0.044 31 (-18,2,12)
capsule L
Posterior limb of internal 0.034 377 (-23,22,3)
capsule L
Retrolenticul f
e.tro enticular part o 0.034 315 (-30,-23,2)
internal capsule L
Sagittal stratum L 0.034 114 (-36,-17,-9)
Cerebral peduncle L 0.036 37 (-14,-12,-5)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.
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Figure Al. RTPP alterations between CM and EM including the duration of the migraine as a
covariate. TBSS showed increased RTPP values in CM with respect to EM in the middle cerebellar
peduncle (top) and decreased RTPP values in EM compared to HC throughout the left hemisphere
and the corona radiata (bottom). The white matter skeleton is shown in blue, and voxels with the
lowest p-values in red-yellow. The color bar shows the 1-p-values (FWE-corrected).
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Table A5. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased RTAP values were found in CM compared to HC including the time from onset of CM as
a covariate.

. ] Minimum p-Value (FWE- Volume MNI Peak Coordinate
White Matter Region
Corrected) (mm?) (mm), (x,y,z)
Supenor'longltudmal 0.046 179 (39,-9,26)
fasciculus R
External capsule R 0.044 244 (33,-14,-3)
Retrolenticular part of internal 0.045 157 (34,-21,-2)
capsule R
Sagittal stratum R 0.045 194 (39,-18,-12)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.

U K';

1-p
0.95 (M 0.956

Figure A2. RTAP alterations between CM and HC including time from onset of CM as a covariate.
TBSS showed decreased RTAP values in CM with respect to HC throughout the right hemisphere.
The white matter skeleton is shown in blue, and voxels with the lowest p-values in red-yellow. The
color bar shows the 1-p-values (FWE-corrected).

Table A6. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased AD values were found in CM compared to EM including the duration of the migraine,
presence of aura and medication overuse headache as covariates.

ini -Value (FWE- 1 I Peak i
White Matter Region Minimum p-Value (FW Volume MNI Peak Coordinate (mm),
Corrected) (mmd) (xy,2)
Middle cerebellar 0.047 31 (-21,-65,-40)
peduncle

FWE = Family-wise error; the column volume represents the volume from the atlas region with
significant results. No regions with a volume equal or lower than 30 mm? were included in this table.
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Table A7. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
increased RTPP values were found in CM compared to EM including the duration of the migraine,

presence of aura and medication overuse headache as covariates.

. . Minimum p-Value Volume MNI Peak Coordinate (mm),
White Matter Region (FWE-Corrected) (mm?) (xy,2)
Middle cerebellar peduncle 0.026 439 (-23,-55,-42)
Superior longitudinal
fasciculus R/L 0.045/0.039 52/464 (33,1,27)/(-36,—4,-18)
Anterior corona radiata L 0.042 66 (-23,16,27)
Superior corona radiata L 0.041 160 (-26,4,26)
Posterior corona radiata L 0.039 42 (-29,-60,21)
External capsule R 0.018 36 (36,-16,-9)
Retrolenticul t of internal
chrolentictar pat ot fiterna 0.019/0.043 239/40 (39,-38,-3)/(-39,-33,-1)
capsule R/L
Sagittal stratum R/L 0.012/0.036 387/194 (44,-29,-14)/(-40,-33,-6)
Posterior thijimc radiation 0.015/0.039 188/176 (39,-41,-2)/(-30,-65,17)
Fornix (cres) R 0.017 75 (35,-16,-12)
Cingulum (hippocampus) R 0.017 68 (29,-18,27)

FWE =Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included

in this table.
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Figure A3. AD and RTPP alterations between CM and EM including the duration of the migraine,
presence of aura and medication overuse headache as covariates. TBSS showed decreased AD and
increased RTPP values in CM with respect to EM. The white matter skeleton is shown in blue, and
voxels with the lowest p-values in red-yellow. The color bar shows the 1-p-values (FWE-corrected).
MOH = medication overuse headache.
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Table A8. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased MD values were found in CM compared to EM including the duration of the migraine,

presence of aura and medication overuse headache as covariates.

. . Minimum p-Value Volume MNI Peak Coordinate (mm),
White Matter Region (FWE-Corrected) (mm?) (x,3,2)
S ior longitudinal
Hperior gl ama 0.012/0.012 950/1030 (38,-35,31)/(-35,-35,27)
fasciculus R/L
Genu of corpus callosum 0.012 653 (18,20,25)
Body of corpus callosum 0.012 1440 (16,16,29)
Splenium of corpus callosum 0.009 1170 (26,-58,12)
Anterior corona radiata R/L 0.011/0.012 1147/980 (26,16,25)/(-25,18,21)
Superior corona radiata R/L 0.011/0.012 904/820 (25,12,28)/(-25,6,28)
Posterior corona radiata R/L 0.009/0.012 265/246 (28,-63,19)/(-30,-60,21)
External capsule R/L 0.012/0.012 549/576 (30,11,-1)/(=25,10,14)
Posterior limb of internal 0.012/0.016 390/261 (23,-6,17)/(~22,-10,16)
capsule R/L
Retrolenticul fi 1
etrolenticular part of inferna 0.012/0.016 390/271 (30,-38,17)/(~38,-33,0)
capsule R/L
Anterior li fi 1
nterior limb of interna 0.012/0.012 229/416 (22,8,13)/(-20,9,13)
capsule R/L
Sagittal stratum R/L 0.014/0.016 444/309 (44,-30,-15)/(-40,-28,-7)
P ior thalami .
osterior t zjimc radiation 0.008/0.012 601/470 (29,~61,13)/(~30,~66,-16)
Fornix (cres) R/L 0.015/0.018 171/177 (33,-7,-19)/(-35,~11,-17)
Cingulum R/L 0.014/0.016 53/135 (10,-46,22)/(-10,-40,28)
Cingulum (hippocampus) R/L 0.018/0.019 84/67 (24,-29,~15)/(-19,-38,-7)
Superior fronto-occipital
fasciculus R/L 0.012/0.012 59/46 (22,-1,21)/(-21,1,20)
Uncinate fasciculus R 0.025 35 (34,0,-15)
Tapetum R/L 0.009/0.016 82/75 (31,-52,14)/(-28,-50,16)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included

in this table.

Table A9. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
increased RTOP values were found in CM compared to EM including the duration of the migraine,

presence of aura and medication overuse headache as covariates.

. . Minimum p-Value Volume MNI Peak Coordinate (mm),
White M. R
ite Matter Region (FWE-Corrected) (mm?3) (x,y,2)

Middle cerebellar peduncle 0.033 694 (-6,-19,-32)
Superior Cer‘;b/‘iuar peduncle 0.033/0.034 66/49 (6,-29,-19)/(~7,-34,-23)
Inferior cerebellar peduncle L 0.040 113 (-11,-46,-29)

Superior longitudinal
fasciculus R/L 0.016/0.019 610/722 (35,-44,26)/(-32,7,22)
Genu of corpus callosum 0.018 905 (-13,22,18)
Body of corpus callosum 0.018 1783 (-13,18,21)
Splenium of corpus callosum 0.015 1680 (25,-53,19)

Anterior corona radiata R/L 0.018/0.019 972/555 (25,15,28)/(-25,13,23)

Superior corona radiata R/L 0.018/0.019 710/793 (25,12,28)/(-24,5,20)

Posterior corona radiata R/L 0.014/0.019 291/287 (28,-63,19)/(~18,-40,36)

External capsule R/L 0.019/0.019 408/250 (26,17,7)/(-25,10,14)
Posterior limb of internal 0.020/0.019 297/390 (23,-6,17)/(-22,-10,16)
capsule R/L
Retrolenticul t of int 1
chrolenticar palt ot feria 0.030/0.038 223/131 (29,-37,17)/(-38,-33,0)

capsule R/L
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Anterior limb of internal
capsule R/L
Sagittal stratum R/L
Posterior thalamic radiation
R/L
Cerebral peduncle R/L
Corticospinal tract R/L
Medial lemniscus R/L
Pontine crossing tract
Fornix (cres) R
Cingulum R/L
Superior fronto-occipital
fasciculus R/L
Uncinate fasciculus R
Tapetum R/L

0.019/0.019
0.020/0.039
0.014/0.022

0.033/0.032
0.034/0.033
0.034/0.034
0.033
0.020
0.029/0.019

0.020/0.019

0.039
0.015/0.021

319/436
252/204
529/364

233/323
99/205
36/68
217
164
43/160

61/54

43
78/100

(22,18,9)/(-21,14,13)
(38,-15,~12)/(-40,-28,-7)
(28,-64,18)/(-30,-66,16)
(10,-29,-16)/(-8,~18,-20)
(11,-25,-22)/(-7,-21,-27)
(6,-33,-30)/(~4,-33,-26)
(6,-30,-30)
(33,7,-19)
(10,-46,22)/(~10,-40,28)
(22,6,20)/(-21,1,20)

(34,0,-18)
(31,-52,14)/(-26,-49,19)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included

in this table.
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MD: CM < EM (migraine duration + aura + MOH)
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Figure A4. MD and RTOP alterations between CM and EM including the duration of the migraine,
presence of aura and medication overuse headache as covariates. TBSS showed decreased MD and
increased RTOP values in CM with respect to EM. The white matter skeleton is shown in blue, and
voxels with the lowest p-values in red-yellow. The color bar shows the 1-p-values (FWE-corrected).
MOH = medication overuse headache.




Brain Sci. 2020, 10, 711

26 of 36

Table A10. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased RD values were found in CM compared to EM including the duration of the migraine,

presence of aura and medication overuse headache as covariates.

. . Minimum p-Value Volume MNI Peak Coordinate (mm),
White Matter Region (FWE-Corrected) (mm?) (x,3,2)
Superior cerebellar peduncle R 0.043 49 (4,-29,-17)
Superior longitudinal
fasciculus R/L 0.009/0.007 667/711 (33,-40,29)/(-28,-44,31)
Genu of corpus callosum 0.010 1005 (-14,23,19)
Body of corpus callosum 0.007 1749 (-17,-23,34)
Splenium of corpus callosum 0.007 1192 (-23,-52,19)
Anterior corona radiata R/L 0.009/0.007 1145/728 (27,12,23)/(-24,13,15)
Superior corona radiata R/L 0.009/0.007 966/991 (26,8,25)/(-26,~18,28)
Posterior corona radiata R/L 0.007/0.007 350/392 (28,-63,16)/(-26,-62,16)
External capsule R/L 0.009/0.007 426/362 (26,16,9)/(-24,15,10)
Posterior limb of internal 0.011/0.008 363/277 (20,-4,12)/(-22,-11,14)
capsule R/L
Retrolenticular part of internal 0.011/0.011 234/276 (30,-38,17)/(-37,-34,2)
capsule R/L
Anterior limb of internal 0.009/0.007 337/440 (22,7,15)/(-21,14,13)
capsule R/L
Sagittal stratum R/L 0.029/0.011 267/189 (40,-14,-16)/(-41,-26,-8)
Posterior thalamic radiati
e 0.007/0.008 512/303 (28,-63,16)/(~26,62,16)
Pontine crossing tract 0.044 182 (-2,-31,-35)
Fornix (cres) R/L 0.030/0.013 182/191 (35,-8,19)/(-35,~11,-17)
Cingulum R/L 0.018/0.011 35/141 (10,-34,35)/(-9,-39,29)
Superior fronto-occipital
fasciculus R/L 0.009/0.007 85/61 (22,6,19)/(-21,1,20)
Uncinate fasciculus R 0.020 43 (34,1,-15)
Tapetum R/L 0.008/0.008 82/75 (31,-52,14)/(-28,-48,20)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included

in this table.

Table A11. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
increased RTAP values were found in CM compared to EM including the duration of the migraine,

presence of aura and medication overuse headache as covariates.

White Matter Region Minimum p-Value (FWE- Volume MNI Peak Coordinate (mm),
Corrected) (mm?) (x,y,2)
Middle cerebellar peduncle 0.032 85 (9,-21,-39)
i 11 1
Superior Cerelf/eL ar peduncle 0.043/0.043 59/42 (4,-29,-17)/(~7,-34,-23)
Superior longitudinal 0.032/0.021 60/54 (34,-45,28)/(-28,~44,31)
fasciculus R/L ’ ’ T Y
Genu of corpus callosum 0.033 890 (-13,23,19)
Body of corpus callosum 0.021 1633 (-17,-24,34)
Splenium of corpus callosum 0.021 1612 (-23,-52,19)
Anterior corona radiata R/L 0.031/0.021 919/498 (27,12,23)/(-24,13,15)
Superior corona radiata R/L 0.029/0.021 672/804 (19,-23,36)/(-24,3,20)
Posterior corona radiata R/L 0.021/0.021 299/327 (28,-63,19)/(-23,-32,32)
External capsule R/L 0.032/0.021 81/157 (26,16,8)/(-26,10,14)
Posterior limb of internal 0.011/0.008 300/420 (19,-11,2)/(-22,-10,14)
capsule R/L
Retrolenticular part of 0.028 127 (-36,-34,1)

internal capsule L
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Anterior limb of internal
capsule R/L
Sagittal stratum R/L
Posterior thalamic radiation
R/L
Cerebral peduncle R/L
Corticospinal tract R/L
Medial lemniscus R/L
Pontine crossing tract
Cingulum L
Cingulum (hippocampus) R
Superior fronto-occipital
fasciculus R/L
Tapetum R/L

0.009/0.007
0.032/0.029
0.021/0.023

0.032/0.031

0.032/0.032

0.032/0.032
0.032
0.022
0.042

0.032/0.021
0.023/0.021

364/432
207/165
510/245

227/319
107/141
34/61
204
162
40

60/54
82/104

(23,18,8)/(-22,6,18)
(40,-42,-5)/(-40,-28,7)
(28,-63,16)/(-27,-63,18)

(10,-29,-15)/(-17,~16,-6)
(6,-28,-40)/(=7,-20,-24)
(6,-33,-30)/(~4,-33,-26)

(-2,-31,-35)
(-9,-39,29)
(24,-29,-15)

(22,5,19)/(-21,1,20)
(31,-52,14)/(-25,-46,20)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas

region with significant results. No regions with a volume equal or lower than 30 mm? were included

in this table.
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RD: CM < EM (migraine duration + aura + MOH)
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Figure A5. RD and RTAP alterations between CM and EM including duration of the migraine,
presence of aura and medication overuse headache as covariates. TBSS showed decreased RD and
increased RTAP values in CM with respect to EM. The white matter skeleton is shown in blue, and
voxels with the lowest p-values in red-yellow. The color bar shows the 1-p-values (FWE-corrected).

MOH = medication overuse headache.
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Table A12. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
increased AD values were found in EM compared to HC including the duration of the migraine,
presence of aura and medication overuse headache as covariates.

. . Minimum p-Value (FWE- Volume MNI Peak Coordinate
White Matter Region
Corrected) (mm?3) (mm), (x,y,2)
Superior ‘longltudmal 0.042 135 (-29,-25,37)
fasciculus L
Superior corona radiata L 0.040 244 (—22,-23,41)
External capsule L 0.033 281 (-35,-16,-8)
Posterior limb of internal 0.031 430 (-16,-8,4)
capsule L
Retrolenticul f i 1
etrolenticular part of interna 0.035 297 (-33,-35,6)
capsule L
Anterior limb of internal 0.035 37 -11,0,2)
capsule L
Sagittal stratum L 0.034 153 (—40,-29,-6)
Cerebral peduncle L 0.033 98 (-15,-13,-5)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.

Table A13. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased RTPP values were found in EM compared to HC including the duration of the migraine,
presence of aura and medication overuse headache as covariates.

. . Minimum p-Value (FWE- Volume MNI Peak Coordinate
White Matter Region
Corrected) (mm3) (mm), (x,y,z)
or loneitudinal
Superlor‘ ongitudina 0.046 3 (-41,-38,4)
fasciculus L

External capsule L 0.046 127 (-34,-14,-8)
Posterior limb of internal

capsule L 0.044 277 (-16,-8,4)
Retrolenticul fi 1
etrolenticular part of interna 0.047 202 (-30,-23,2)
capsule L
Sagittal stratum L 0.042 83 (—40,-30,-5)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.
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AD: EM > HC (migraine duration + aura + MOH)
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Figure A6. AD and RTPP alterations between EM and HC including the duration of the migraine,
presence of aura and medication overuse headache as covariates. TBSS showed increased AD and
decreased RTPP values in EM with respect to HC. The white matter skeleton is shown in blue, and
voxels with the lowest p-values in red-yellow. The color bar shows the 1-p-values (FWE-corrected).
MOH = medication overuse headache.
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Table A14. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
increased FA values were found in CM compared to HC including the duration of the migraine,
presence of aura and medication overuse headache as covariates.

White Matter Region Minimum p-Value (FWE- Volume MNI Peak Coordinate (mm),
Corrected) (mm?) xy,z)
Superlor'longltudmal 0.037 78 (35,-44,26)
fasciculus R
Genu of corpus callosum 0.037 387 (-14,21,21)
Body of corpus callosum 0.037 463 (-12,19,21)
leni £
Splenium of corpus 0.034 87 (25,-53,19)
callosum
Anterior corona radiata R 0.042 91 (17,24,24)
Superior R radiata 0.049/0.046 258/48 (20,-30,41)/(~22,-20,36)

Posterior corona radiata R 0.020 285 (20,-30,39)
Posterior thalamic 0.034 100 (28-56,17)

radiation R
Tapetum R 0.034 94 (30,—46,17)
FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.

Table A15. White matter regions from the ICBM-DTI-81 White Matter Atlas for which significant
decreased RD values were found in CM compared to HC including the duration of the migraine,
presence of aura and medication overuse headache as covariates.

White Matter Region Minimum p-Value (FWE- Volume MNI Peak Coordinate (mm),
Corrected) (mm?) x,y,z)
Superior longitudinal
fasciculus R/L 0.038/0.046 218/127 (35,48,25)/(-29,-45,31)
Genu of corpus callosum 0.033 566 (-14,21,21)
Body of corpus callosum 0.033 985 (-12,19,21)
leni £
Splenium of corpus 0.035 314 (25,-52,22)
callosum
Anterior corona radiata R/L 0.040/0.038 144/188 (17,27,21)/(-15,16,30)
Superior corona radiata R 0.037 337 (20,-29,41)
Posterior L radiata 0.035/0.046 311/120 (28,-55,20)/(-29,-57,21)
Posterior thalamic
radiation R/L 0.035/0.046 389/38 (28,-63,17)/(-31,-52,16)
Tapetum R/L 0.038/0.044 95/69 (30,-47,17)/(-26,-51,18)

FWE = Family-wise error; L = left; R = right. The column volume represents the volume from the atlas
region with significant results. No regions with a volume equal or lower than 30 mm? were included
in this table.
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Figure A7. FA and RD alterations between CM and HC including duration of the migraine, presence
of aura and medication overuse headache as covariates. TBSS showed increased FA and decreased
RD values in CM with respect to HC. The white matter skeleton is shown in blue, and voxels with the
lowest p-values in red-yellow. The color bar shows the 1-p-values (FWE-corrected). MOH =

medication overuse headache.




Brain Sci. 2020, 10, 711 33 of 36

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Headache Classification Committee of the International Headache Society. The International Classification
of Headache Disorders, 3rd edition. Cephalalgia 2018, 38, 1-211, doi:10.1177/0333102417738202.

Szabd, N.; Kincses, Z.T.; Pardutz, A.; Tajti, J.; Szok, D.; Tuka, A.; Kirdly, A.; Babos, M.; Voros, E.; Bomboi,
G.; et al. White matter microstructural alterations in migraine: A diffusion-weighted MRI study. Pain 2012,
153, 651-656, doi:10.1016/j.pain.2011.11.029.

Yu, D.; Yuan, K; Zhao, L.; Dong, M.; Liu, P.; Yang, X.; Liu, J.; Sun, J.; Zhou, G.; Xue, T.; et al. White matter
integrity affected by depressive symptoms in migraine without aura: A tract-based spatial statistics study.
NMR Biomed. 2013, 26, 1103-1112, d0i:10.1002/nbm.2924.

Gomez-Beldarrain, M.; Oroz, I.; Garcia Zapirain, B.; Fernandez Ruanova, B.; Garcia Fernandez, Y.; Cabrera,
A.; Anton-Ladislao, A.; Aguirre-Larracoechea, U.; Garcia-Monco, J.C. Right fronto-insular white matter
tracts link cognitive reserve and pain in migraine patients [erratum in ] Headache Pain. 2016;17:22]. ].
Headache Pain 2015, 17, 4, doi:10.1186/s10194-016-0593-1.

Shibata, Y.; Ishiyama, S.; Matsushita, A. White matter diffusion abnormalities in migraine and medication
overuse headache: A 1.5-T tract-based spatial statistics study. Clin. Neurol. Neurosurg. 2018, 174, 167-173,
doi:10.1016/j.clineuro.2018.09.022.

Messina, R.; Rocca, M.A.; Colombo, B.; Pagani, E.; Falini, A.; Comi, G.; Filippi, M. White matter
microstructure abnormalities in pediatric migraine patients. Cephalalgia 2015, 35, 1278-1286,
doi:10.1177/0333102415578428.

Planchuelo-Gémez, A.; Garcia-Azorin, D.; Guerrero, A.L.; Aja-Fernandez, S.; Rodriguez, M.; de Luis-
Garcia, R. White matter changes in chronic and episodic migraine: A diffusion tensor imaging study. J.
Headache Pain 2020, 21, 1, doi:10.1186/s10194-019-1071-3.

Coppola, G.; Di Renzo, A.; Tinelli, E.; Petolicchio, B.; Di Lorenzo, C.; Parisi, V.; Serrao, M.; Calistri, V.;
Tardioli, S.; Cartocci, G.; et al. Patients with chronic migraine without history of medication overuse are
characterized by a peculiar white matter fiber bundle profile. ]. Headache Pain 2020, 21, 92,
doi:10.1186/s10194-020-01159-6.

Neeb, L.; Bastian, K.; Villringer, K.; Gits, H.C.; Israel, H.; Reuter, U.; Fiebach, ].B. No microstructural White
Matter Alterations in Chronic and Episodic Migraineurs: A Case-Control Diffusion Tensor Magnetic
Resonance Imaging Study. Headache 2015, 55, 241-51, doi:10.1111/head.12496.

Tuch, D.S.; Reese, T.G.; Wiegell, M.R.; Wedeen, V.]. Diffusion MRI of Complex Neural Architecture. Neuron
2003, 40, 885-895, doi:10.1016/S0896-6273(03)00758-X.

Tristan-Vega, A.; Westin, C.-F.; Aja-Fernandez, S. Estimation of fiber orientation probability density
functions in high angular resolution diffusion imaging. Neuroimage 2009, 47, 638-650,
doi:10.1016/j.neuroimage.2009.04.049.

Jensen, J.H.; Helpern, J.A; Ramani, A,; Lu, H., Kaczynski, K. Diffusional kurtosis imaging: The
quantification of non-gaussian water diffusion by means of magnetic resonance imaging. Magn. Reson. Med.
2005, 53, 1432-1440, d0i:10.1002/mrm.20508.

Wedeen, V.J.; Hagmann, P.; Tseng, W.-Y.I; Reese, T.G.; Weisskoff, RM. Mapping complex tissue
architecture with diffusion spectrum magnetic resonance imaging. Magn. Reson. Med. 2005, 54, 1377-1386,
doi:10.1002/mrm.20642.

Ozarslan, E.; Koay, C.G.; Shepherd, T.M.; Komlosh, M.E.; 1rfanoglu, M.O.; Pierpaoli, C.; Basser, P.]. Mean
Apparent Propagator (MAP) MRI: A novel diffusion imaging method for mapping tissue microstructure.
Neuroimage 2013, 78, 16-32, doi:10.1016/j.neuroimage.2013.04.016.

Ning, L.; Westin, C.-F.; Rathi, Y. Estimating diffusion propagator and its moments using directional radial
basis functions. IEEE Trans. Med. Imaging 2015, 34, 2058-2078, d0i:10.1109/TM1.2015.2418674.
Aja-Fernandez, S.; de Luis-Garcia, R.; Afzali, M.; Molendowska, M.; Pieciak, T.; Tristan-Vega, A. Micro-
structure diffusion scalar measures from reduced MRI acquisitions. PLoS ONE 2020, 15, 1-25,
doi:10.1371/journal.pone.0229526.

Planchuelo-Gémez, A.; Garcia-Azorin, D.; Guerrero, A.L.; Aja-Fernandez, S.; Rodriguez, M.; de Luis-
Garcia, R. Structural connectivity alterations in chronic and episodic migraine: A diffusion magnetic
resonance imaging connectomics study. Cephalalgia 2020, 40, 367-383, doi:10.1177/0333102419885392.
Headache Classification Committee of the International Headache Society. The International Classification
of Headache Disorders, 3rd edition (beta version). Cephalalgia 2013, 33, 629-808,
doi:10.1177/0333102413485658.



Brain Sci. 2020, 10, 711 34 of 36

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Serrano, D.; Lipton, R.B.; Scher, A.I; Reed, M.L.; Stewart, W.F.; Manack Adams, A.; Buse, D.C. Fluctuations
in episodic and chronic migraine status over the course of 1 year: Implications for diagnosis, treatment and
clinical trial design. ]. Headache Pain 2017, 18, 101, doi:10.1186/s10194-017-0787-1.

Zigmond, A.S.; Snaith, R.P. The hospital anxiety and depression scale. Acta Psychiatr. Scand. 1983, 67, 361
370, d0i:10.1111/7.1600-0447.1983.tb09716.x.

Tournier, J.-D.; Smith, R.; Raffelt, D.; Tabbara, R.; Dhollander, T.; Pietsch, M.; Christiaens, D.; Jeurissen, B.;
Yeh, C.-H.; Connelly, A. MRtrix3: A fast, flexible and open software framework for medical image
processing and visualisation. Neuroimage 2019, 202, 116-137, d0i:10.1016/j.neuroimage.2019.116137.
Veraart, J.; Novikov, D.S.; Christiaens, D.; Ades-Aron, B.; Sijbers, ].; Fieremans, E. Denoising of diffusion
MRI using random matrix theory. Neuroimage 2016, 142, 394-406, d0i:10.1016/j.neuroimage.2016.08.016.
Andersson, J.L.; Sotiropoulos, S.N. An integrated approach to correction for off-resonance effects and
subject movement in  diffusion MR  imaging.  Neuroimage 2015, 125, 1063-1078,
doi:10.1016/j.neuroimage.2015.10.019.

Smith, S.M.; Jenkinson, M.; Woolrich, M.W.; Beckmann, C.F.; Behrens, T.E.; Johansen-Berg, H.; Bannister,
P.R.; De Luca, M.; Drobnjak, L; Flitney, D.E.; et al. Advances in functional and structural MR image analysis
and implementation as FSL. Neuroimage 2004, 23, S208-5219, doi:10.1016/j.neuroimage.2004.07.051.
Zhang, Y.; Brady, M.; Smith, S. Segmentation of brain MR images through a hidden Markov random field
model and the expectation-maximization algorithm. IEEE Trans. Med. Imaging 2001, 20, 45-57,
doi:10.1109/42.906424.

Dhollander, T.; Raffelt, D.; Connelly, A. Unsupervised 3-tissue response function estimation from single-
shell or multi-shell diffusion MR data without a co-registered T1 image. ISMRM Work. Break. Barriers Diffus.
MRI 2016, 5.

Jenkinson, M.; Beckmann, C.F.; Behrens, T.E.; Woolrich, M.W.; Smith, S.M. ESL. Neuroimage 2012, 62, 782—
790, doi:10.1016/j.neuroimage.2011.09.015.

Pelletier, A.; Periot, O.; Dilharreguy, B.; Hiba, B.; Bordessoules, M.; Chanraud, S.; Péres, K.; Amieva, H.;
Dartigues, J.-F.; Allard, M.; et al. Age-Related Modifications of Diffusion Tensor Imaging Parameters and
White Matter Hyperintensities as Inter-Dependent Processes. Front. Aging. Neurosci. 2015, 7, 255,
doi:10.3389/fnagi.2015.00255.

Avram, A. V.; Sarlls, ].E.; Barnett, A.S.; Ozarslan, E.; Thomas, C.; Irfanoglu, M.O.; Hutchinson, E.; Pierpaoli,
C.; Basser, P.J. Clinical feasibility of using mean apparent propagator (MAP) MRI to characterize brain
tissue microstructure. Neuroimage 2016, 127, 422-434, doi:10.1016/j.neuroimage.2015.11.027.

Smith, S.M.; Jenkinson, M.; Johansen-Berg, H.; Rueckert, D.; Nichols, T.E.; Mackay, C.E.; Winkins, K.E.;
Ciccarelli, O.; Cader, M.Z.; Matthews, P.M.; et al. Tract-based Spatial Statistics: Voxelwise analysis of multi-
subject diffusion data. Neuroimage 2006, 31, 1487-1505, doi:10.1016/j.neuroimage.2006.02.024.

Mori, S.; Wakana, S.; Nagae-Poetscher, L.M.; van Zijl, P.C. MRI Atlas of Human White Matter; Elsevier:
Amsterdam, The Netherlands, 2005.

Oishi, K; Zilles, K.; Amunts, K.; Faria, A,; Jiang, H.; Li, X.; Akhter, K.; Hua, K.; Woods, R.; Toga, A.W.; et
al. Human brain white matter atlas: Identification and assignment of common anatomical structures in
superficial white matter. Neuroimage 2008, 43, 447-457, d0i:10.1016/j.neuroimage.2008.07.009.

Hua, K; Zhang, ].; Wakana, S.; Jiang, H.; Li, X; Reich, D.S.; Calabresi, P.A.; Pekar, ].J.; van Zijl, P.C.M.;
Mori, S. Tract Probability Maps in Stereotaxic Spaces: Analyses of White Matter Anatomy and Tract-
Specific Quantification. Neuroimage 2008, 39, 336-347, doi:10.1016/j.neuroimage.2007.07.053.

Rueckert, D.; Sonoda, L.I; Hayes, C.; Hill, D.L.; Leach, M.O.; Hawkes, D.J. Nonrigid registration using free-
form deformations: Application to breast MR images. [EEE Trans. Med. Imaging 1999, 18, 712-721,
doi:10.1109/42.796284.

Nichols, T.E.; Holmes, A.P. Nonparametric permutation tests for functional neuroimaging: A primer with
examples. Hum. Brain Mapp 2002, 15, 1-25, doi:10.1002/hbm.1058.

Smith, S.M.; Nichols, T.E. Threshold-free cluster enhancement: Addressing problems of smoothing,
threshold dependence and localisation in cluster inference. Neuroimage 2009, 44, 83-98,
doi:10.1016/j.neuroimage.2008.03.061.

Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B 1995, 57, 289-300, doi:10.2307/2346101.

Yu, D.; Yuan, K; Qin, W.; Zhao, L.; Dong, M.; Liu, P.; Yang, X.; Liu, J.; Sun, J.; Zhou, G.; et al. Axonal loss
of white matter in migraine without aura: A tract-based spatial statistics study. Cephalalgia 2013, 33, 34-42,



Brain Sci. 2020, 10, 711 35 of 36

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

doi:10.1177/0333102412466964.

Alexander, A.L.; Lee, ].E.; Lazar, M.; Field, A.S. Diffusion Tensor Imaging of the Brain. Neurotherapeutics
2007, 4, 316-329, doi:10.1016/j.nurt.2007.05.011.

Sun, S.-W_; Liang, H.-F.; Cross, A.H.; Song, S.-K. Evolving Wallerian Degeneration after Transient Retinal
Ischemia in Mice Characterized by Diffusion Tensor Imaging. Neuroimage 2008, 40, 1-10,
doi:10.1016/j.neuroimage.2007.11.049.

Winklewski, P.J.; Sabisz, A.; Naumczyk, P.; Jodzio, K.; Szurowska, E.; Szarmach, A. Understanding the
Physiopathology Behind Axial and Radial Diffusivity Changes—What Do We Know? Front. Neurol 2018,
9,92, d0i:10.3389/fneur.2018.00092.

Bilgig, B.; Kocaman, G.; Arslan, A.B.; Noyan, H.; Sherifov, R.; Alkan, A.; Asil, T.; Parman, Y.; Baykan, B.
Volumetric differences suggest involvement of cerebellum and brainstem in chronic migraine. Cephalalgia
2016, 36, 301-308, doi:10.1177/0333102415588328.

Vincent, M.; Hadjikhani, N. The cerebellum and migraine. Headache 2007, 47, 820-833, doi:10.1111/j.1526-
4610.2006.00715.x.

Borsook, D.; Burstein, R. The enigma of the dorsolateral pons as a migraine generator. Cephalalgia 2012, 32,
803-812, doi:10.1177/0333102412453952.

Chong, C.D.; Plasencia, ].D.; Frakes, D.H.; Schwedt, T.]. Structural alterations of the brainstem in migraine.
Neurolmage. Clin. 2016, 13, 223-227, doi:10.1016/j.nicl.2016.10.023.

Rocca, M.A,; Pagani, E.; Colombo, B.; Tortorella, P.; Falini, A.; Comi, G.; Filippi, M. Selective Diffusion
Changes of The Visual Pathways in Patients with Migraine: A 3-T Tractography Study. Cephalalgia 2008,
28, 1061-1068, doi:10.1111/j.1468-2982.2008.01655.x.

Chong, C.D.; Schwedt, T.]J. Migraine affects white-matter tract integrity: A diffusion-tensor imaging study.
Cephalalgia 2015, 35, 1162-71, doi:10.1177/0333102415573513.

Marciszewski, K.K.; Meylakh, N.; Di Pietro, F.; Macefield, V.G.; Macey, P.M.; Henderson, L.A. Altered
brainstem anatomy in migraine. Cephalalgia 2018, 38, 476-486, doi:10.1177/0333102417694884.

Kattem Huspy, A.; Eikenes, L.; Haberg, A K.; Hagen, K; Stovner, L.J. Diffusion tensor imaging in middle-
aged headache sufferers in the general population: A cross-sectional population-based imaging study in the
Nord-Trendelag health study (HUNT-MRI). J. Headache Pain 2019, 20, 78, d0i:10.1186/s10194-019-1028-6.
Qin, Z.; He, X.-W.; Zhang, ].; Xu, S.; Li, G.-F.; Su, J.; Shi, Y.-H.; Ban, S.; Hu, Y,; Liu, Y.-S; et al. Structural
changes of cerebellum and brainstem in migraine without aura. J. Headache Pain 2019, 20, 93,
doi:10.1186/s10194-019-1045-5.

Chong, C.D.; Peplinski, ]J.; Berisha, V.; Ross, K.; Schwedt, T.J. Differences in fibertract profiles between
patients with migraine and those with persistent post-traumatic headache. Cephalalgia 2019, 39, 1121-1133,
doi:10.1177/0333102418815650.

Rocca, M.A.; Colombo, B.; Inglese, M.; Codella, M.; Comi, G.; Filippi, M. A diffusion tensor magnetic
resonance imaging study of brain tissue from patients with migraine. J. Neurol. Neurosurg. Psychiatry 2003,
74, 501-503, doi:10.1136/jnnp.74.4.501.

Burstein, R.; Jakubowski, M.; Garcia-Nicas, E.; Kainz, V.; Bajwa, Z.; Hargreaves, R.; Becerra, L.; Borsook, D.
Thalamic sensitization transforms localized pain into widespread allodynia. Ann. Neurol. 2010, 68, 81-91,
doi:10.1002/ana.2199%4.

Maleki, N.; Becerra, L.; Upadhyay, J.; Burstein, R.; Borsook, D. Direct optic nerve pulvinar connections
defined by diffusion MR tractography in humans: Implications for photophobia. Hum. Brain Mapp. 2012,
33, 75-88, d0i:10.1002/hbm.21194.

Coppola, G.; Di Renzo, A.; Tinelli, E.; Lepre, C.; Di Lorenzo, C.; Di Lorenzo, G.; A., A. Thalamo-cortical
network activity between migraine attacks: Insights from MRI-based microstructural and functional
resting-state network correlation analysis. |. Headache Pain 2016, 17, 100, doi:10.1186/510194-016-0693-y.
Tracey, I.; Mantyh, P.W. The Cerebral Signature for Pain Perception and Its Modulation. Neuron 2007, 55,
377-391, doi:10.1016/j.neuron.2007.07.012.

Moulton, E.A.; Becerra, L.; Maleki, N.; Pendse, G.; Tully, S.; Hangreaves, R.; Burstein, R.; Borsook, D.
Painful Heat Reveals Hyperexcitability of the Temporal Pole in Interictal and Ictal Migraine States. Cereb.
Cortex 2011, 21, 435-448, d0i:10.1093/cercor/bhq109.

Hadjikhani, N.; Ward, N.; Boshyan, J.; Napadow, V.; Maeda, Y.; Truini, A.; Caramia, F.; Tinelli, E.; Mainero,
C. The missing link: Enhanced functional connectivity between amygdala and visceroceptive cortex in
migraine. Cephalalgia 2013, 33, 1264-1268, doi:10.1177/0333102413490344.



Brain Sci. 2020, 10, 711 36 of 36

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Coppola, G.; Di Renzo, A.; Tinelli, E.; Iacovelli, E.; Lepre, C.; Di Lorenzo, C.; A., A. Evidence for brain
morphometric changes during the migraine cycle: A magnetic resonance-based morphometry study.
Cephalalgia 2015, 35, 783-91, doi:10.1177/0333102414559732.

Schwedt, T.J.; Berisha, V.; Chong, C.D. Temporal Lobe Cortical Thickness Correlations Differentiate the
Migraine Brain from the Healthy Brain. PLoS ONE 2015, 10, e0116687, d0i:10.1371/journal.pone.0116687.
Yuan, K.; Qin, W.; Liu, P.; Zhao, L.; Yu, D.; Zhao, L.; Dong, M,; Liu, J.; Yang, X.; von Deneen, K.M.; et al.
Reduced Fractional Anisotropy of Corpus Callosum Modulates Inter-Hemispheric Resting State Functional
Connectivity in  Migraine Patients  without Aura. PLoS ONE 2012, 7, 45476,
doi:10.1371/journal.pone.0045476.

Granziera, C.; DaSilva, A.F.M.; Snyder, J.; Tuch, D.S.; Hadjikhani, N. Anatomical Alterations of the Visual
Motion Processing Network in Migraine with and without Aura. PLoS Med. 2006, 3, e402,
doi:10.1371/journal.pmed.0030402.

DaSilva, A.F.M.; Granziera, C.; Tuch, D.S.; Snyder, J.; Vincent, M.; Hadjikhani, N. Interictal alterations of
the trigeminal somatosensory pathway and PAG in migraine. Neuroreport 2007, 18, 301-5,
doi:10.1097/WNR.0b013e32801776bb.

Schmitz, N.; Admiraal-Behloul, F.; Arkink, E.B.; Kruit, M.C.; Schoonmann, G.G.; Ferrari, M.D.; A., A. Attack
frequency and disease duration as indicators for brain damage in migraine. Headache 2008, 48, 1044-55,
doi:10.1111/j.1526-4610.2008.01133.x.

Li, X.L; Fang, Y.N.; Gao, Q.C; Lin, E.J; Hu, S.H.; Ren, L.; Ding, M.H.; Luo, B.N. A Diffusion Tensor
Magnetic Resonance Image Study of Corpus Callosum From Adult Patients With Migraine Complicated
With Depressive/Anxious Disorder. Headache 2011, 51, 237-45, d0i:10.1111/j.1526-4610.2010.01774.x.
Coppola, G.; Tinelli, E.; Lepre, C.; Iacovelli, E.; Di Lorenzo, C.; Di Lorenzo, G.; Serrao, M.; Pauri, F.;
Fiermonte, G.; Bianco, F.; et al. Dynamic changes in thalamic microstructure of migraine without aura
patients: A diffusion tensor magnetic resonance imaging study. Eur ]|. Neurol 2014, 21, 287-el3,
doi:10.1111/ene.12296.

Szabo, N.; Farago, P.; Kiraly, A.; Veréb, A.; Csete, G.; Toth, E.; Kocsis, K.; Kincses, B.; Tuka, B.; Pardutz, A.;
et al. Evidence for Plastic Processes in Migraine with Aura: A Diffusion Weighted MRI Study. Front.
Neuroanat 2017, 11, 138, doi:10.3389/fnana.2017.00138.

Yalcin, A.; Ceylan, M.; Bayraktutan, O.F.; Akkurt, A. Episodic Migraine and White Matter Hyperintensities:
Association of Pain Lateralization. Pain Med. 2018, 19, 2051-2057, doi:10.1093/pm/pnx312.

Xie, H.; Zhang, Q.; Huo, K;; Liu, R; Jian, Z.-J; Bian, Y.-T.; Li, G.-L.; Zhu, D.; Zhang, L.-H.; Yang, J.; et al.
Association of white matter hyperintensities with migraine features and prognosis. BMC Neurol 2018, 18,
93, doi:10.1186/s12883-018-1096-2.

Porter, A.; Gladstone, ]J.P.; Dodick, D.W. Migraine and white matter hyperintensities. Curr. Pain Headache
Rep. 2005, 9, 289-293, doi:10.1007/511916-005-0039-y.

May, A. Understanding migraine as a cycling brain syndrome: Reviewing the evidence from functional
imaging. Neurol Sci 2017, 38, 125-130, doi:10.1007/s10072-017-2866-0.

Karsan, N.; Goadsby, P.J. Biological insights from the premonitory symptoms of migraine. Nat. Rev. Neurol.
2018, 14, 699-710, doi:10.1038/s41582-018-0098-4.

Gudmundsson, L.S.; Scher, A.L; Sigurdsson, S.; Geerlings, M.L,; Vidal, J.-S.; Eiriksdottir, G.; Garcia, M.IL;
Harris, T.B.; Kjartansson, O.; Aspelund, T.; et al. Migraine, depression, and brain volume: The AGES-
Reykjavik Study. Neurology 2013, 80, 2138-2144, doi:10.1212/WNL.0b013e318295d69e.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



