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Abstract

Objective: To identify possible structural connectivity alterations in patients with episodic and chronic migraine using
magnetic resonance imaging data.

Methods: Fifty-four episodic migraine, 56 chronic migraine patients and 50 controls underwent T|-weighted and
diffusion-weighted magnetic resonance imaging acquisitions. Number of streamlines (trajectories of estimated fiber-
tracts), mean fractional anisotropy, axial diffusivity and radial diffusivity were the connectome measures. Correlation
analysis between connectome measures and duration and frequency of migraine was performed.

Results: Higher and lower number of streamlines were found in connections involving regions like the superior frontal
gyrus when comparing episodic and chronic migraineurs with controls (p < .05 false discovery rate). Between the left
caudal anterior cingulate and right superior frontal gyri, more streamlines were found in chronic compared to episodic
migraine. Higher and lower fractional anisotropy, axial diffusivity, and radial diffusivity were found between migraine
groups and controls in connections involving regions like the hippocampus. Lower radial diffusivity and axial diffusivity
were found in chronic compared to episodic migraine in connections involving regions like the putamen. In chronic
migraine, duration of migraine was positively correlated with fractional anisotropy and axial diffusivity.

Conclusions: Structural strengthening of connections involving subcortical regions associated with pain processing and
weakening in connections involving cortical regions associated with hyperexcitability may coexist in migraine.
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HC healthy controls
ICHD-3 International Classification of Headache
Disorders, 3rd edition
RD radial diffusivity
TBSS tract-based spatial statistics
TE echo time
TR repetition time.
Introduction

Chronic migraine (CM) is defined as the presence of
headache during 15 or more days per month, with pain
of migrainous characteristics at least during eight of
those days (1). Although many modifiable and non-mod-
ifiable risk factors for evolution from episodic migraine
(EM) to CM have been proposed, whether EM and CM
are two ranges of the same entity, or two different clinical
entities, is still a matter of controversy (2).

White matter alterations in migraine patients have
been reported. Rocca et al. described diffusion changes
in the optic radiation in migraine patients using diffu-
sion tensor tractography (3). Messina et al. suggested
hyperexcitability and early involvement of white matter
tracts in migraine, using pediatric patients (4).

Among the various technological tools that can be
employed to study the migrainous brain, connectomics
is one of the most powerful given the huge amount of
data that can be extracted for further analysis. A con-
nectome refers to a description of brain connectivity, a
comprehensive map of the full set of elements and inter-
connections comprising the brain (5). Magnetic reson-
ance imaging (MRI) has been employed to map the
human connectome. Diffusion MRI (dMRI) has been
used to map the macro-scale axonal structure, while
functional MRI has been used to characterize dynam-
ical properties related to brain activity (5).

To analyze structural connectivity differences between
migraine patients and healthy controls, dMRI-based
tractography offers unique abilities to map whole-brain
structural connections (6). In the case of migraine, pre-
vious studies using tractography have found differences
between migraine patients and healthy controls in the
cingulate gyrus, thalamic radiation, superior longitu-
dinal fasciculus and corticospinal tract (7,8).

More specific structural connectivity studies using
diffusion tensor imaging (DTI), comparing migraine
patients without aura and healthy controls, were carried
out with graph theory as the analyzing method to derive
global descriptors of brain connectivity. Graph theory
models the brain as a set of nodes (vertices) linked by
connections (edges), providing an abstract representa-
tion of brain regions (nodes) and their interactions (9).
Liuet al. (2013) reported longer global distance connec-
tion in patients with migraine, with a lower number of

short-distance connections, but a higher number of
medium-distance connections, with respect to healthy
controls (10). Some studies have reported increased net-
work integration and higher global efficiency in the
brain of migraine patients, which could suggest that
the brain network in migraine is clustered (10-12).
Furthermore, a decoupling between structural and func-
tional connectivity in patients with migraine was
reported by Li et al. (2017) (11).

Previous studies have analyzed white matter diffusion
alterations in CM patients. Gomez-Beldarrain et al. have
reported decreased FA values in CM patients with ther-
apy after six months’ follow-up, with respect to healthy
controls, in anterior white matter tracts (13). In the same
study, however, no EM patients were included in the
final analyzed sample because some CM patients
reverted to EM during the follow-up. Neeb et al., on
the other hand, have compared healthy controls, EM
and CM patients, obtaining no significant differences
between the groups (14).

However, no specific structural connectivity studies
assessing connections between gray matter regions
using dMRI or DTI have been performed to study
patients with CM, to the best of our knowledge.

The present study performs a detailed comparison of
the white matter in EM, CM and healthy controls over
a large cohort of subjects, using dMRI data. We
hypothesized that there could be structural connectivity
changes in migraine patients compared to controls, and
that there could be changes also between EM and CM.
In contrast to studies that have used graph theory, we
analyzed connections between each pair of gray matter
regions, using directly the number of streamlines and
diffusion descriptors; that is, measures obtained from
DTI. Our goals were:

e To investigate whether there are significant struc-
tural connectivity differences between CM and EM
and compared to healthy controls. To that end,
whole-brain structural connectomics was employed
as a dMRI analysis technique (5,6).

e To examine possible relationships between structural
connectivity measures based on dMRI or DTI and
clinical features in migraine patients. Furthermore,
possible differences in CM compared to EM in these
relationships are especially interesting.

Materials and methods
Participants

We conducted an analytical observational study with a
case-control design. Migraine patients were screened
and recruited from the headache unit at the Hospital
Clinico Universitario de Valladolid (Valladolid, Spain).
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We screened patients who had been referred to the
above-mentioned unit due to migraine on their first
visit. We included patients with a definite diagnosis of
EM or CM according to the third edition of the
International Classification of Headache Disorders
(ICHD-3 and ICHD-3 beta) (1,15), aged between 18
and 60. The patients included in the sample had had a
stable clinical situation during the three months before
the visit, were preventive treatment naive, migraine onset
had taken place before the age of 50, and they had suf-
fered from migraine for more than a year. In order to
avoid confusion between high frequency EM and CM
(16), we excluded patients suffering headache on 10-14
days per month. Patients had been asked to keep a
migraine diary during three months before inclusion.
We also excluded patients if they had other painful con-
ditions apart from headache for more than 9 days per
month; had other primary or secondary headaches,
except infrequent tension-type headache or medication
overuse headache; had other neurological diseases, or
were pregnant. We additionally excluded patients with
mood disorders (both previously diagnosed or detected
by scores from the Hospital Anxiety and Depression
Scale (17)). If a preventive treatment was prescribed at
the visit, MRI acquisition was performed before starting
the prophylactic. Among healthy controls (HC), we
excluded those with a present or past history of
migraine, other headache disorders other than infre-
quent tension-type headache, or a prior history of
other neurological or psychiatric diseases. We used a
non-probabilistic sampling method by convenience sam-
pling. Healthy controls balanced for age and sex were
recruited through hospital and University colleagues and
advertisements in these facilities by convenience sam-
pling and snowball sampling.

For all patients, sociodemographic and clinical data
were collected, including the duration of migraine dis-
ease (years), headache and migraine frequency (days per
month) and time from the onset of chronic migraine
(months) when applicable. We considered the use of
symptomatic medication to determine if patients fulfilled
the criteria of acute medication overuse (combination of
analgesics and triptan intake at 10 or more days per
month). The presence of aura was also gathered.

The local Ethics Committee of Hospital Clinico
Universitario de Valladolid approved the study (PI:
14-197). All participants read and signed a written con-
sent form prior to their participation.

MRI acquisition

Images were acquired for migraine patients during
interictal periods (defined as at least 24 hours from
last migraine attack) and between one and two weeks
after the clinical visit. High-resolution 3D T1-weighted

and diffusion-weighted MRI data were acquired using a
Philips Achieva 3 T MRI unit (Philips Healthcare, Best,
The Netherlands) with a 32-channel head coil in the
MRI facility at the Universidad de Valladolid
(Valladolid, Spain).

For the anatomical T1-weighted images, the follow-
ing acquisition parameters were used: Turbo Field
Echo sequence, repetition time (TR)=8.1ms, echo
time (TE)=3.7ms, flip angle=28°, 256 x 256 matrix
size, 1 x 1 x 1mm? of spatial resolution and 160 slices
covering the whole brain.

Diffusion-weighted images (DWI) were obtained
using the following parameters: TR =9000ms,
TE=86ms, flip angle=90°, 61 gradient directions,
one baseline volume, b-value = 1000 s/mmz, 128 x 128
matrix size, 2 x 2 x 2mm° of spatial resolution and 66
axial slices covering the whole brain.

T1 and diffusion-weighted scans were acquired
during the same session, starting with the T1 scan fol-
lowed by the diffusion-weighted scan, between May
2014 and July 2018. Total acquisition time for each
subject was around 18 minutes.

Image processing

MRI images were
connectomics (5,6).

Firstly, non-brain tissue from the T1-weighted images
was removed using the brain extraction tool (BET) from
FSL (18,19). Afterwards, automatic gray matter parcella-
tion was computed using FreeSurfer, previously described
in detail in (20). The automatic parcellations from
FreeSurfer were manually inspected and quality checked.

Separately, diverse preprocessing steps were applied
to the DWI data. Diffusion-weighted images were
denoised, using the “dwidenoise” tool from MRtrix
(21,22), eddy currents and motion corrected, using the
“dwipreproc” tool from MRtrix (23), and Bl field
inhomogeneity corrected, using the “dwibiascorrect”
tool with the “-fast” option from MRtrix (24,25).

After the DWI preprocessing, a whole brain mask
for each diffusion image was generated using the
“dwi2mask” tool from MRtrix (26). With the brain
mask and the preprocessed diffusion images, diffusion
tensors at each voxel were estimated using the “dtifit”
tool from FSL, obtaining fractional anisotropy (FA)
and axial diffusivity (AD) maps among diverse meas-
ures. Radial diffusivity (RD) maps were manually
obtained calculating the mean of the second and third
eigenvalues from the diffusion tensor, values obtained
previously with “dtifit”.

Anatomically-constrained tractography (ACT) was
employed as the tractography method (27). Prior to
tractography, five-tissue-type (5TT) segmented images
for each subject were obtained from the T1-weighted

processed to carry out
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images and the cortical parcellations. The ““Sttgen” tool
from MRtrix was used to have suitable STT images for
ACT (27). In each subject, the STT image and the par-
cellation from FreeSurfer were linearly registered to the
FA image using the FLIRT tool from FSL (28).

Apart from the 5TT images, ACT also needs fiber
orientation distributions (FOD) estimations from the
DWIs. This, in turn, needs a previous estimation of a
response function, which was obtained using the “dwi2r-
esponse” tool from MRtrix (29). Afterwards, FODs were
obtained by spherical deconvolution using the “dwi2fod”
tool from MRtrix (30,31). Then, probabilistic tractogra-
phy was executed using the “tckgen” tool from MRtrix
(32), obtaining 10 million streamlines per subject. A
streamline is defined as each of the trajectories that the
tractography algorithm computes when employing the
diffusion MRI information to obtain a representation
of the estimated white matter fiber-tracts. Afterwards,
the fiber-tracking data were filtered using the Spherical-
deconvolution Informed Filtering of Tractograms
(SIFT2) algorithm (33), which finds an appropriate
cross-section multiplier for each streamline.

Finally, structural connectivity matrices were com-
puted from the filtered tractography output and the regis-
tered gray matter segmentation volumes. 84 x 84
connectivity matrices, corresponding to the 84 cortical
and subcortical regions from the Desikan-Killiany atlas
(34), were obtained using mean FA, mean AD, mean RD
and the number of streamlines in each connection as
connectome metrics. Due to the tractography method
that we have employed, the obtained trajectories (stream-
lines) are non-directional, which means that there is no
information about the directionality of the connections.
Thus, the connectivity matrices are symmetric by con-
struction, and values on one side of the main diagonal
are equal to those on the other side. Therefore, only one
half (plus the main diagonal) of the connectivity matrix is
relevant and employed for further analysis.

Due to the tractography method employed, it is pos-
sible that streamlines start and end in different points
belonging to the same gray matter region from the
Desikan-Killiany atlas. For this reason, these connec-
tions or ‘“‘self-connections’; that is, connections with
streamlines that start and end in areas from a unique
region, were also included in the analysis. For example,
a group of streamlines with its starting point in the
anterior insula and finishing point in the posterior
insula would be a self-connection insula-insula.

A summary of the whole MRI processing pipeline
can be seen in Figure 1.

Statistical analysis

We estimated sample size according to Chong and
Schwedt (2015) (7). We calculated a worst possible

scenario model with an estimated effect size of a differ-
ence between groups of .02 and a variance of .003; a
type 1-error rate of 1% and 80% power and anticipat-
ing a proportion of 10% of lost patients. The expected
sample size was 167 participants.

To test for significant sex differences between the
three groups, a chi-square test was used. In the case of
comparisons of categorical data between only both
groups of migraine patients, Fisher’s exact test was used.

The Kolmogorov-Smirnov test and Levene’s test for
equality of variances were used to assess normality and
homogeneity of variance in the continuous data,
including clinical and demographic data, and values
from the connectivity matrices. If continuous data
met normality and homogeneity of variance assump-
tions (when comparing three groups), a one-way
ANOVA was used; otherwise, the Kruskal-Wallis test
was employed. To compare continuous clinical features
between migraine patients, a two-tailed unpaired t-test
was used if the clinical variables met normality and
homogeneity of variance assumptions; otherwise, the
Mann-Whitney U test was employed. To assess differ-
ences between two groups in the case of connectome
metrics, Tukey-Kramer was the corresponding
post-hoc test from the ANOVA test, and the
Conover-Iman test was the post-hoc test from the
Kruskal-Wallis test.

In order to analyze the structural connectivity matri-
ces, first the mean number of streamlines in each con-
nection (cell from the connectivity matrix) was
computed for each group (HC, EM and CM).
Next, connections with less than 1000 streamlines
(group mean) in all three groups were discarded in
order to exclude weak connections from further ana-
lysis, due to possible unreliability of the results in
these connections. The analysis of the metrics in the
remaining connections was previously explained in
this section.

Effect size was computed using Cohen’s d value in
regions with significant results. For every comparison,
the mean value of the “most disabled” group was sub-
tracted from the mean value of the “‘least disabled” or
the control group. In the comparisons between both
types of migraine, CM is considered the most disabled
group, and EM the least disabled group.

To study the relationship between clinical param-
eters and dMRI-DTI descriptors, Spearman’s rank cor-
relation coefficient was employed. The analyzed
continuous clinical parameters can be seen in the
Participants section. Number of streamlines, mean
FA, mean AD and mean RD were considered for the
correlation analysis. Connections selected for the cor-
relation analysis were those for which significant differ-
ences were found between at least two groups in the
analysis of connectome metrics.
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Figure 1. MRI processing pipeline. Schematic diagram depicting the procedure followed in order to obtain the structural

connectivity matrices.

To correct for multiple comparisons, the Benjamini-
Hochberg false discovery rate procedure (35) was
applied in the analysis of the connectome metrics and
in the correlation analysis.

In all cases, the level of statistical significance was set
at p <.05.

Results

Fifty-one healthy controls, 55 episodic migraine patients
and 57 chronic migraine patients were recruited for the
study after matching the inclusion and exclusion criteria.
Erroneous results in image processing arose in one

healthy control, one EM patient and one CM patient,
and hence they were finally discarded from the study.
Demographic and clinical data for the three groups
with the remaining participants are summarized in
Table 1. Significant higher headache and migraine fre-
quency (as expected) and duration of migraine (in years)
were observed in CM in comparison with EM patients.

Considering the significant differences in duration of
migraine history between EM and CM patients
(Table 1), an analysis of covariance (ANCOVA) was
additionally computed including the duration of the
migraine as a covariate firstly, and sex and presence
of aura afterwards.
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Figure 2. Connectivity circular graph of connections with significant differences in number of streamlines. Connections in blue
represent connections with less streamlines in migraine patients compared to healthy controls. Connections in warm colors represent
connections with more streamlines in migraine patients compared to healthy controls. Thicker lines and colors closer to dark red and
dark blue represent lower level of significance in the comparison between both types of migraine and healthy controls.

Caudant: caudal anterior; Caudmid: caudal middle; Inf: inferior; MIG: migraine; Post: posterior; STS: superior temporal sulcus; Sup: superior.

Table 1. Clinical and demographic characteristics of healthy controls (HC), episodic migraine (EM) and chronic migraine (CM)

patients. Data are expressed as means & SD.

HC (n=50) EM (n=54)

CM (n=56) Statistical test

Gender, male/female 11/39 (22/78%)  9/45 (17/83%)
Age (years) 36.1 £13.2 37.1+£82
Duration of migraine history (years) 4.1 £11.1
Time from onset of chronic migraine (months)

Headache frequency (days/month) 3619
Migraine frequency (days/month) 3619
Overusing medication 0 (0%)

Aura 9 (17%)

6/50 (11/89%)  x’2n—160)=248, p=.29"
38.1 £87 X’ (2)=285, p=.24"
19.6 £ 10.4 t(10sy=—2.7, p=.008"
24.5+32.9

233463 U=44.0, p<.001"
13.94+6.9 U=1085, p<.001"
42 (75%) p < .00 |**
I (2%) p = .007+*

Chi-square test.

*Kruskal-Wallis test.

$Two-tailed, unpaired Student’s t-test.
DMann-Whitney U test.

**Fisher’s exact test.
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Table 2. Brain connections number of streamlines comparison between healthy controls (HC), episodic migraine (EM) and chronic

migraine (CM) patients.

HC # of EM # of CM # of EMvs. HC CMvs. HC CMvs. EM
ROII ROI2 streamlines streamlines streamlines p-value p-value p-value
L pars orbitalis L pars orbitalis 12465 £5210 9267 +£3152 9619+t4166 .00l .001 |
L posterior cingulate L precentral 4135+£2741 2694+£1769 250411763 .006 <.001 .82
L pars triangularis L superior frontal 6543 +2488 4836+ 1914 5242+2173 <.001 .007 .60
L superior frontal R caudal anterior 1400 £ 531 1140 £ 631 981 434 .037 <.001 27
cingulate
R pars orbitalis R pars orbitalis 14938 £ 5361 11432+£4336 129445188 <.001 .036 .30
R paracentral R supramarginal 2161 £1425 1081 +=801 1245+1082 <.001 <.001 .93
R superior temporal R temporal pole 254441328 1762+1042 17324+1072  .002 <.001 .99
L banks of STS L precentral 734+ 494 1167 +850 1246 + 815 .008 <.001 75
L postcentral L insula 5822+2027 80712341 7656+2159 <.001 <.001 .58
L caudal middle frontal R caudate 890 + 825 1409 + 1038 1472 £973 .002 <.001 .96
L pars opercularis R caudate 3341445 767 =788 1011 +869 <.001 <.001 A4l
L superior frontal R caudate 1617+1030 2554+1388 283511744 <.001 <.001 .95
R thalamus R caudate 27047 + 6478 34109 +6863 31342+5420 <.001 .001 .054
L thalamus R hippocampus 1755+1952  3109+2238 3701 2604 .007 <.001 37
L caudal middle frontal R precentral 1578 £ 1083 1976 £999 2536+ 1407  .066 <.001 19
L superior frontal R precentral 501012859 7246+2882 8049 +£3669 <.00l <.001 .38
L caudal anterior R superior frontal 702 t611 995+791 1307710 .051 <.001 017

cingulate

L: left; R: right; STS: superior temporal sulcus; #: number.
Note: Tukey-Kramer post hoc test was used for pairwise comparisons. The first seven rows represent connections where one or both groups of
migraine patients had lower values compared to healthy controls and differences between both groups of migraine patients were not observed. The
next nine rows represent connections where one or both groups of migraine patients had greater values compared to healthy controls and no
differences between both groups of migraine patients were observed. The last row represents the connection where significant differences between
both groups of migraine patients were observed. When the first two columns contain the same region, they represent a self-connection. Data are

expressed as means & SD. All p-values from ANOVA/Kruskal-Wallis test were equal or lower than .00051.

Connectomics analysis

Six hundred and twenty (620) connections out of 3570
were finally analyzed after surviving the exclusion cri-
terion; that is, having a mean number of streamlines
above 1000 for any of the three groups of subjects.
After the multiple comparisons correction, the critical
p-value for the results was .00051; that is, only the tests
(ANOVA or Kruskal-Wallis) with p-values equal or
lower than this critical p-value (for number of stream-
lines, mean FA, mean AD or mean RD) survived the
correction. Significant differences were found in a total
of 26 pairs connection-metric. These are 17 connections
for the number of streamlines, three connections for the
mean FA, four connections for the mean AD and two
connections for the mean RD. These results were
obtained considering EM and CM patients as different
groups; that is, there was not a unique migraine group
in the comparisons.

Regarding the number of streamlines, migraineurs
showed lower (seven connections) and higher (11

connections) number of streamlines compared to
HC (Table 2 and Figure 2). In one connection, CM
had more streamlines with respect to EM patients
(Table 2).

With regard to FA, both groups of migraine patients
had decreased mean FA compared to healthy controls
in two connections, whereas increased mean FA was
found in one connection. Mean FA results are shown
in Table 3 and Figure 3.

As for AD, both increased and decreased mean AD
values were found in migraine patients with respect to
healthy controls in four connections. Additionally, sig-
nificant differences between CM and EM were detected
in two of these four cases. Mean AD results are shown
in Table 3 and Figure 3.

In the case of RD, increased values were found in
migraine patients compared to healthy controls in
two connections. Moreover, significant differences
between CM and EM were detected in one of these
two cases. Mean RD results are shown in Table 3 and
Figure 3.
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Figure 3. Connectivity circular graph of connections with significant differences in FA, MD and RD. Connections in blue represent
connections with decreased connectome measure in migraine patients compared to healthy controls. Connections in warm colors
represent connections with increased connectome measure in migraine patients compared to healthy controls. Thicker lines and

colors closer to dark red and dark blue represent lower level of significance in the comparison between both types of migraine and

healthy controls.

Caudant: caudal anterior; Caudmid: caudal middle; Inf: inferior; MIG: migraine; Post: posterior; STS: superior temporal sulcus; Sup

superior.

Including the duration of migraine history as a cov-
ariate in an ANCOVA analysis, there were no changes
in the connections found to be significant for mean AD,
mean RD and mean FA. After the multiple compari-
sons correction, the critical p-value for this case was
.00053. Considering the number of streamlines, 18 con-
nections showed significant differences. Among these 18
connections, four significant connections from the pre-
vious analysis showed no significant differences in the
ANCOVA analysis, and four non-significant connec-
tions in the previous analysis showed significant differ-
ences in this case. Lower (eight connections) and higher
(10 connections) number of streamlines was detected in

migraineurs with respect to HC. In three connections,
more streamlines in CM were detected compared to
EM. The results for this ANCOVA analysis can be
seen in Table 4.

With respect to the ANCOVA analysis adding sex
and presence of aura as covariates, there were no
changes compared to the analysis that included only
the duration of migraine history as a covariate.

When comparing between both groups of migrain-
eurs and HC, many values showed a medium (.5) or
even a large effect size (.8 or higher). When comparing
CM and EM, connections with medium effect size or
close to medium effect size threshold (.5) showed
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Table 3. Brain connections mean FA and mean AD comparison between healthy controls (HC), episodic migraine (EM) and chronic
migraine (CM) patients.

HC mean EM mean CM mean EMvs. HC CMvs. HC CMyvs. EM

Metric and ROII ROI2 metric metric metric p-value p-value p-value
FA L hippocampus L entorhinal .2444.028 .2654+.035 .273+.033 .003 <.001 .39
FA R putamen R precentral 421 +£.020 .407+.023 .404+.016 .001 <.001 .65
FA R insula R insula 300+.017 .288+.017 .286+.018 <.00l <.001 .94
AD L middle temporal L putamen 116 +3 119+4 1173 <.001 Nl .075
AD R hippocampus R fusiform 123+7 119+5 17+7 .006 <.001 24
AD R putamen R inferior temporal 122 +4 122+3 119+4 .99 .002 <.001
AD R hippocampus R inferior temporal 126 -6 12415 121 +6 A3 <.001 .008
RD L thalamus L putamen 506 £+ 25 525427 520424 <.001 011 .57
RD L putamen R caudate 63456 672 +59 629 +55 .002 .92 <.001

AD: axial diffusivity; FA: fractional anisotropy; L: left; R: right; RD: radial diffusivity.

Note: Tukey-Kramer post hoc test was used, where significant differences were observed. Data are expressed as means = SD. AD is expressed in units
of mm? s™' x 107, RD is expressed in units of mm? s~' x 107 and FA is dimensionless. All p-values from ANOVA/Kruskal-Wallis test were equal or
lower than .00051.

Table 4. Brain connections number of streamlines comparison between healthy controls (HC), episodic migraine (EM) and chronic
migraine (CM) patients including duration of migraine history as a covariate.

HC # of EM # of CM # of EM vs. HC CMyvs. HC CMyvs. EM
ROII ROI2 streamlines streamlines streamlines p-value p-value p-value
L pars orbitalis L pars orbitalis 12465 +5210 9267 +3152 9619+4166 <.00l .002 .90
L posterior cingulate L precentral 4135+£2741 2694+ 1769 2504+ 1763 .002 <.001 .88
L pars triangularis L superior frontal 6543 1+2488 4836+ 1914 524242173 <.001 .008 .60
L superior frontal R caudal anterior 1400 £ 531 1140 £ 631 981 434  .040 <.001 27
cingulate
R paracentral R supramarginal 2161 £ 1425 1081 +801 12454+1082 <.001 <.001 72
R superior temporal R temporal pole 2544 +£1328 1762+1042 1732+1072  .002 .001 .99
L insula L thalamus 6263 £2639 4798+2273 4561 +1868  .003 <.001 .85
R supramarginal R insula 4974 +2606 360411569 3476+1859  .002 <.001 .94
L postcentral L insula 5822 +2027 8071+2341 7656+2159 <.001 <.001 .58
L pars opercularis R caudate 3341445 767 +788 1011 +£869 .007 <.001 .18
L superior frontal R caudate 1617+1030 255411388 2835+1744 .002 <.001 .55
R thalamus R caudate 27047 6478 34109 6863 31342+5420 .002 .001 .057
L thalamus R hippocampus 1755+1952 310942238 3701 +2604 .008 <.001 37
L superior frontal R precentral 50101+2859 724612882 804913669 .00l <.001 .38
L caudal anterior R superior frontal 702+611 995+ 791 1307+710 .088 <.001 .055
cingulate

L precentral L superior frontal 112253915 1200543806 1413244433 .57 <.001 013
L middle temporal L superior parietal 1435914 1215+£830 19871217 51 0I5 <.001
L caudal middle frontal R precentral 1578 + 1083 1976 £999 2536+ 1407 .20 <.001 .038

L: left; R: right; #: number.

Note: Tukey-Kramer post hoc test was used for pairwise comparisons. The first eight rows represent connections where one or both groups of migraine
patients had lower values compared to healthy controls and differences between both groups of migraine patients were not observed. The next seven rows
represent connections where one or both groups of migraine patients had greater values compared to healthy controls and no differences between both
groups of migraine patients were observed. The last three rows represent the connections where significant differences between both groups of migraine
patients were observed. Underlined regions take part in connections which are exclusive to the analysis considering duration of migraine history as a
covariate. When the first two columns contain the same region, they represent a self-connection. Data are expressed as means = SD. All p-values from the
ANCOVA test were equal or lower than .00053.
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Figure 4. Cohen’s d number of streamlines bar plots of regions where significant differences between HC, EM and CM were found.
Values for all possible pairwise comparisons are shown, including significant results with duration of migraine as a covariate. The last
four bars in yellow represent connections with significant results only including duration of migraine history as a covariate. Stars

represent pairwise comparisons with significant differences (p <
Region abbreviations can be seen in Table 5.

positive Cohen’s d values for number of stream-
lines and negative values for mean AD and RD.
These results can be seen in Figures 4 and 5 and in
Tables 5 and 6.

Correlation analysis

After multiple comparisons correction, connectome sig-
nificant positive correlations between time from onset
of chronic migraine and mean FA in the right insula
self-connection (p=.329, p=.013), and between dur-
ation of migraine history in CM patients and mean
AD in the right hippocampus — right inferior temporal
gyrus connection (p =.357, p=.007) were found. These
results can be seen in Figure 6.

No significant negative correlations were found in
connectome correlation analysis. No significant correl-
ations were found either for the number of streamlines

.05, including or not including duration of migraine as a covariate).

and mean RD or the duration of migraine history in
EM and headache and migraine frequency for both
migraine groups in connectome correlation analysis.

Discussion

In this study, we analyzed structural connectivity
alterations in migraine patients using dMRI and DTI
data and a whole-brain tractography approach.
Connectivity measures; that is, the number of stream-
lines from the tractography and diffusion descriptors
(mean FA, mean AD and mean RD), were analyzed
in 620 connections between 84 cortical and subcortical
gray matter regions.

When comparing migraine patients with healthy
controls, we found simultaneously significant higher
and lower number of streamlines in migraine patients,
suggesting respectively coexistent strengthening and
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Figure 5. Cohen’s d mean FA, mean AD and mean RD bar plots of regions where significant differences between HC, EM and CM
were found. Values for all possible pairwise comparisons are shown. Stars represent pairwise comparisons with significant differences
(p <.05). Region abbreviations can be seen in Table 6.

Table 5. Cohen’s d of number of streamlines in connections where significant differences between healthy controls (HC), episodic
migraine (EM) and chronic migraine (CM) patients were observed.

EM vs. HC CMyvs. HC CMvs. EM
ROII ROI2 Cohen’s d Cohen’s d Cohen’s d
L pars orbitalis (LPOb) L pars orbitalis (LPOb) -.75 —.61 .10
L posterior cingulate (LPC) L precentral (LPrc) —.63 —-.71 —.11
L pars triangularis (LPT) L superior frontal (LSF) —-.77 —.56 .20
L superior frontal (LSF) R caudal anterior cingulate (RCAG) —.44 —.87 —.30
R pars orbitalis (RPOb) R pars orbitalis (RPOb) —.72 —.38 32
R paracentral (RPL) R supramarginal (RSG) —.94 —-.73 A7
R superior temporal (RST) R temporal pole (RTP) —.66 —.68 —.03
L banks of STS (LbSTS) L precentral (LPrc) .62 .75 .10
L postcentral (LPG) L insula (LI) 1.02 .87 —.18
L caudal middle frontal (LCMF) R caudate (RCa) .55 .64 .06
L pars opercularis (LPOp) R caudate (RCa) .67 97 29
L superior frontal (LSF) R caudate (RCa) 76 .84 .18
R thalamus (RT) R caudate (RCa) 1.06 .72 —.45
L thalamus (LT) R hippocampus (RH) .64 .84 24
L caudal middle frontal (LCMF) R precentral (RPrc) .38 .76 46
L superior frontal (LSF) R precentral (RPrc) .78 .92 24
L caudal anterior cingulate (LCAG) R superior frontal (RSF) 41 91 41
L precentral (LPrc) L superior frontal (LSF) .20 .69 Sl
L middle temporal (LMT) L superior parietal (LSP) —.25 51 .73
L insula (LI) L thalamus (LT) —.60 -.75 —.11
R supramarginal (RSG) R insula (RI) —.64 —.67 —.07

L: left; R: right; STS: superior temporal sulcus.

Note: When the first two columns contain the same region, they represent a self-connection.
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Table 6. Cohen’s d of mean FA and mean AD values in connections where significant differences between healthy controls (HC),
episodic migraine (EM) and chronic migraine (CM) patients were observed.

Metric and ROII ROI2 EM vs. HC Cohen’s d CM vs. HC Cohen’s d CM vs. EM Cohen’s d
FA L hippocampus (LH) L entorhinal (LE) .65 .92 24
FA R putamen (RPu) R precentral (RPrc) —.63 —.94 —.17
FA R insula (RI) R insula (RI) —-.74 —.77 —.06
AD L middle temporal (LMT) L putamen (LPu) .78 42 —41
AD R hippocampus (RH) R fusiform (RFG) —.65 —.85 -.32
AD R putamen (RPu) R inferior temporal (RIT) .03 —.64 -.70
AD R hippocampus (RH) R inferior temporal (RIT) —.39 -.90 —.58
RD L thalamus (LT) L putamen (LPu) .74 .58 —.19
RD L putamen (LPu) R caudate (RCa) .67 —-.07 -5

AD: axial diffusivity; FA: fractional anisotropy; L: left; R: right; RD: radial diffusivity.
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Figure 6. Association graphs between clinical parameters and connectomics results. Significant association with the mean FA in the
self-connection in the right insula is shown in (a). Significant association with the mean AD in the connection between the right
hippocampus and the right inferior temporal gyrus is shown in (b).

RH: right hippocampus; RI: right insula; RIT: right inferior temporal gyrus.

weakening structural connectivity changes in migraine. values in CM compared to EM, which suggests two
The same pattern was found for mean FA and AD distinct mechanisms of structural connectivity alter-
analysis. In the case of mean RD, increased values ations in CM with respect to EM. These two mechan-
were found in migraine patients. isms might be related to a potential adaptation to

When comparing EM and CM patients, we found painful stimuli and to a possible axonal disturbance,
more streamlines and decreased mean AD and RD  respectively.
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In relation with the second objective of the study,
correlation analysis was performed between diverse
structural connectome measures, including dMRI and
DTI descriptors, and clinical features. In the case of
CM, time from CM onset was positively correlated
with mean FA values. Duration of migraine history in
CM patients was also positively correlated with AD
values. Since higher FA and/or AD values are in gen-
eral related to improved connectivity, these correlation
results may suggest a possible white matter plastic
adaptation to very frequent painful stimuli throughout
time in CM patients.

Two patterns could be identified in relation to struc-
tural connectivity alterations, based on the analysis of
the number of streamlines. The first pattern is a pos-
sible weakening (lower number of streamlines) in some
connections in migraine patients. An example of this
pattern was found in connections within the temporal
lobe. Moulton et al. suggested that the temporal lobe is
highly affected by migraine and that functional con-
nectivity between the temporal pole and pain process-
ing regions is altered in the interictal state (36). In the
other purposed pattern, in migraine patients there
might be a strengthening (higher number of stream-
lines) in other connections involving, in most cases,
subcortical regions that is, the caudate nucleus, thal-
amus and hippocampus, many of these being deeply
implicated in migraine pathophysiology, and other
regions such as the insula, the superior frontal gyrus
and the precentral gyrus. Figure 2 allows a close inspec-
tion of the different patterns that are present in the
detected differences.

In a review study, Borsook et al. reported that the
insula is implicated in processes related to the clin-
ical presentation of migraine and is a “hub of activity”
in migraine (37). In another review, Younis et al.
reported the thalamus to be involved in allodynia, cen-
tral sensitization and photophobia in migraine,
and also in the dysfunctional pain modulation and pro-
cessing (38).

In a meta-analysis study, Jia and Yu reported
decreased gray matter volume and increased activation
in the precentral gyrus in migraine patients with respect
to healthy controls (39). The hippocampus participates
in pain processing and is involved in pain-related atten-
tion and anxiety (40). The superior frontal gyrus, caud-
ate nucleus, thalamus and hippocampus were classified
as “‘rich club regions” in migraine patients and healthy
controls by Li et al. (2017); that is, regions involved in a
great number of connections (11).

Hence, considering the role of the regions involved
in connections with higher number of streamlines in
migraine, a stronger structural connectivity may indi-
cate a plastic adaptation to painful stimuli in brain
regions related to pain processing.

With regard to DTI descriptors, decreased FA
values can be caused by several different factors, such
as demyelination, lower packing density or different
membrane permeability. FA values are also modulated
by characteristics such as axon diameter and packing or
fiber organization (41). Reduced AD values, on the
other hand, may suggest the beginning of demyelin-
ation (42), but another hypothesis linked AD more to
axonal damage than to demyelination (43). Increased
RD values may be associated to white matter neuro-
pathology and myelin damage (43). Nevertheless, bio-
logical interpretation of diffusion descriptors is not
completely understood, and the results must be inter-
preted cautiously.

In line with the analysis of the number of stream-
lines, considering the mean FA values, strengthening in
connections with regions implicated in pain processing;
for example, the hippocampus, may coexist with
weakening in other connections. Taking into
account the reduced AD values in connections with
the hippocampus, or the increased RD values in con-
nections with the thalamus, there may exist a possible
axonal disturbance in the white matter involved in these
connections.

Therefore, a higher number of streamlines may sug-
gest not only a potential reinforcement in connections
with regions related to pain processing in migraine, but
also a possible mechanism to compensate for axonal
impairment.

When comparing CM and EM, a similar hypothesis
to the comparison between migraineurs and healthy
controls can be exposed. In CM, with respect to EM,
an apparent reinforcement in some connections with
coexistent axonal disturbance may represent that in
CM there might be a plastic adaptation to a new
state and a procedure to counteract a possible axonal
disturbance.

No white matter differences between EM and CM
were reported by Neeb et al. using diffusion tensor
imaging (14). Therefore, considering our results, we
provide a new insight into the differences between epi-
sodic and chronic migraine. In the study by Neeb et al.,
the sample size was considerably smaller than our
sample size, which could explain the lack of significant
results in that study.

With respect to the analysis of the temporal evolu-
tion in migraine, connections with pain processing
regions might be evolving throughout the course of
migraine, especially in CM patients, due to the high
headache frequency. This evolution could counterbal-
ance the initial pathophysiological mechanisms
suggested before; that is, connections with pain process-
ing regions would evolve by decreasing number of
streamlines. This hypothesis is supported by a reduced
number of streamlines in connections with the insula
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and thalamus when including the duration of migraine
as a covariate in the ANCOVA analysis.

Moreover, results indicate that the temporal
evolution in CM could be a very different process
from that of the temporal evolution of white matter
in EM.

Based on our correlation results and the ANCOVA
analysis, we hypothesize that CM might evolve in two
phases. The first phase would be the progression from
EM to CM, and the second phase would be a plastic
maladaptation to continuous painful stimuli, especially
in pain processing regions.

This plastic maladaptation hypothesis would be sup-
ported by significant positive correlations between total
duration of migraine and time from onset of chronic
migraine in CM patients, and diffusion measures from
DTI (FA and AD). Moreover, these correlations were
found in connections involving pain processing regions,
the insula and the hippocampus.

The modification of the state of white matter in
Chronic Migraine would be characterized by a set of
maladaptive plastic changes, perhaps caused by
repeated painful stimuli or increased cortical excitabil-
ity, as hypothesized by Szabd et al. (2017) in patients
with migraine with aura (44). This CM modification
hypothesis may be related to sensitization of CM
patients (45). In EM, this modification may be led by
loss of white matter integrity.

In other studies, significant negative correlations
between duration of migraine in years, in EM patients,
and FA was reported in specific white matter pathways
(46,47). Significant negative correlations between dur-
ation of migraine in years, in EM patients, and AD
were also obtained (44,46). These correlation results
in EM patients are opposite to the results we obtained
in CM patients, showing possible contrary patterns in
temporal evolution between EM and CM, as we have
hypothesized.

In any case, the influence of duration of migraine in
structural connectivity shows the important effect of
time in migraine. Therefore, longitudinal studies are
very much needed in order to elucidate the nature of
these changes and support or discard any hypothesis
regarding the evolution of brain connectivity along
the disease process.

High frequency EM patients (10-14 headache days
per month) were not included in the present study. No
significant correlations were found between headache
frequency and structural connectivity measures, which
could mean that headache frequency does not have a
very relevant effect on structural connectivity within the
EM or CM groups. We believe that this exclusion cri-
terion was a key factor for the identification of connect-
ivity changes between EM and CM. However, it could
also be related to some of the diversity of results found

in the literature related to this topic, including the pre-
sent study.

There are several strengths and limitations in this
study. About the strengths, this study is the only one,
to the best of our knowledge, which uses brain connec-
tomics based on dMRI tractography to assess connec-
tions throughout gray matter regions of the whole brain
comparing chronic and episodic migraine patients.
Also, this is, to the best of our knowledge, the dMRI
tractography study with the highest number of partici-
pants simultaneously including healthy controls, EM
and CM patients.

About the limitations of this study, we acquired
no T2 or T2-FLAIR MRI sequences to evaluate
white matter hyperintensities because of the time
restrictions of the MRI protocol in a clinical context.
Lesions of the white matter related to white mat-
ter hyperintensities may have an influence on our
results. Patients with anxiety and depression were dis-
carded from the study, as stated in the Participants
subsection of the Material and methods section.
Most of our patients with CM were overusing medica-
tion (42 out of 56). There could be structural differences
between CM patients with and without medica-
tion overuse, so the medication overuse may be a con-
founding factor in the identified differences between the
analyzed groups. A methodological limitation of our
study was that it was not possible to specify the specific
white matter tracts where significant differences in the
connections between gray matter regions were found.
An important limitation in this study was that we could
not adjust our results for age, because of the high cor-
relation between age and duration of migraine (collin-
earity). When MRI were acquired in the patients,
they had had no attacks in the previous 24 hours, but
they could be in a prodromal stage, as we controlled
time from the past attack but not to the next migraine
attack. Altered brain physiology and abnormal func-
tional connectivity have been found in prodromal
stages (48.,49), so this is a possible source of bias in
the results. Finally, in the case of the analysis of aura,
the number of patients with migraine with aura was too
small to perform an analysis comparing migraine with
and without aura.

Conclusions

In a dMRI-based connectomics analysis, brain struc-
tural connectivity alterations in migraine patients com-
pared to healthy controls, and in chronic migraine
compared to episodic migraine, were observed.
A higher number of streamlines in connections with
subcortical pain processing regions such as the hippo-
campus or thalamus may reflect a structural strengthen-
ing of cerebral pain circuits in migraine patients.
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Weakening in other connections involving cortical
regions associated with hyperexcitability in migraine,
like the temporal lobe and particularly the temporal
pole, may coexist with that strengthening. To confirm

possible plastic maladaptation in the modification of
the state of white matter in chronic migraine, especially
in connections involving pain processing regions, lon-
gitudinal studies are needed.

Key findings

controls.
pared to healthy controls.
the transition from episodic to chronic migraine.

chronic migraine with diffusion descriptors.

e Strengthening and weakening coexist in structural connectivity in migraine patients with respect to healthy
e Pain processing regions are implicated in most of the connections that are strengthened in migraine com-
e Two different mechanisms related to adaptation to painful stimuli and axonal disturbance seem to happen in
e Positive correlations were found between time from onset of chronic migraine and duration of migraine in

e White matter evolution in chronic migraine could follow a set of maladaptive plastic changes.

Note

Part of the results from this article are presented in the
International Headache Congress 2019, in the abstract
entitled White matter alterations in chronic migraine: A diffu-
sion tensor imaging and structural connectivity study.
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