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Abstract

We aimed to explore whether a migraine with aura (MA) is associated with structural changes in tracts of a white matter and
to compare parameters of diffusivity between subgroups in migraineurs. Forty-three MA and 20 healthy subjects (HS), bal-
anced by sex and age, were selected for this study. Analysis of diffusion tensor parameters was used to identify differences
between MA patients and HS, and then between MA subgroups. A diffusion tensor probabilistic tractography analysis showed
that there is no difference between MA patients and HS. However, using more-liberal uncorrected statistical threshold, we
noted a trend in MA patients toward lower diffusivity indices of selected white matter tracts located in the forceps minor
and right anterior thalamic radiation (ATR), superior longitudinal fasciculus (temporal part) (SLFT), cingulum-cingulate
tract, and left uncinate fasciculus. Migraineurs who experienced somatosensory and dysphasic aura, besides visual symp-
toms, had tendency toward lower diffusivity indices, relative to migraineurs who experienced only visual symptoms, in the
right inferior longitudinal fasciculus, forceps minor, and right superior longitudinal fasciculus (parietal part), SLFT, and
cingulum-angular bundle. Aura frequency were negatively correlated with axial diffusivity and mean diffusivity of the right
ATR (partial correlation =—0.474; p =0.002; partial correlation = — 0.460; p =0.002), respectively. There were no significant
differences between MA patients and HS, neither between MA subgroups. Migraineurs with abundant symptoms during the
aura possibly have more myelinated fibers relative to those who experience only visual symptoms. Lower diffusivity indices
of the right ATR are linked to more frequent migraine with aura attacks.
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Introduction

Migraine with aura is a specific neurovascular disorder
which phenotypes differ among patients. The most com-
mon are visual phenomena, followed by somatosensory and
dysphasic aura [1]. Currently it is unknown what initiates the
aura [2], but it is considered that cortical spreading depres-
sion is an underlying mechanism [3]. Classical standing is
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that the wave of cortical excitation is spreading from the
occipital cortex to adjacent cortical regions causing first
visual, followed by somatosensory, and eventually dyspha-
sic phenomena. However, recording of sequence and dura-
tion of the aura phenomena suggest that besides the cortical
spreading, excitation could possibly spread faster or skip
some parts of cortex through white matter tracts [4].

Although migraine with aura is considered as transitory
brain phenomenon [5], there are increased amounts of evi-
dence that migraineurs have cortical and subcortical changes
of the brain matter [6, 7]. It is possible that these alterations
are due to disease-related processes in genetically predis-
posed persons [8].

Several migraine studies have investigated brain white
matter alterations using diffusion tensor imaging (DTI)
with opposed results [6, 9—11]. Only a few of them were
focused on migraine with aura [10, 11]; however, these
studies poorly specified types of the aura among patients
and did not investigate the difference in those subgroups.
Also, investigators mainly analyzed regional differences
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in diffusivity parameters of migraine patients relative to
controls, neglecting tract-specific differences that are still
incompletely understood and characterized [10].

The main purpose of this study is to investigate whether
a migraine with aura, organized into subgroups according
to different aura phenotypes, is associated with structural
changes in tracts of the white matter in the brain.

Methods
Participants

Patients were eligible for inclusion if they were aged
between 18 and 60 years, and had a verified diagnosis of
migraine with aura in accordance with the International
Headache Society criteria (ICHD, 3rd ed.) [1].

Exclusion criteria were as follows: a history of any other
primary headache (except infrequent episodic tension-type
headache for <1 days per month), cardiovascular, cerebro-
vascular or psychiatric diseases, T2 lesions on their previous
MRI scans, chronic migraine, or patients who had a history
of taking any prophylactic medications (e.g., topiramate
and propranolol). Healthy subjects (HS) were voluntarily
recruited from clinical staff of Clinical Center and balanced
with migraineurs in terms of sex, age, educational level, and
hand predominance. HS were examined by a general prac-
titioner due to excluding metabolic, neuropsychiatric and
neurologic diseases. HS, as well as patients, did not take
any kinds of medications, nor their general health status was
impaired.

Furthermore, participants were referred to a special hos-
pital for prevention and treatment of cerebrovascular dis-
eases, to undergo MRI scans. All patients were a migraine
free at least 1 week before and after the MRI scan. Also,
all participants gave written consent after receiving detailed
oral and written information and the study was done in
accordance with the Helsinki II Declaration of 1964, with
later revisions.

Subsequently, patients were subdivided into migraineurs
who had visual, somatosensory and dysphasic symptoms
(MVA+) and those who had only visual symptoms (MVA)
during the aura, for additional and more profound analysis
of a migraine with aura influence on selected fiber tracts.

Imaging protocol

MR examinations of patients and healthy subjects were per-
formed using 1.5 T MR device with an eight-channel head
coil (Signa, General Electric Healthcare, Milwaukee, WI,
USA). The protocol consisted of (1) axial T2 weighted spin
echo imaging (T2W) [echo time (TE) = 105.8 ms, repetition
time (TR)=5700 ms, flip angle (FA)=90°, 24 slices with
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0.47 x 1 x 5mm? voxels, slice thickness =5 mm, acquisition
matrix 512 x512], (2) three-dimensional T1-weighted fast
spoiled gradient-echo (T1-3D-FSPGR) series (TE =3.60 ms,
TR =8.12 ms, FA=15° 248 continuous slices with
0.47 % 0.47 x 1.4 mm?> voxels, slice thickness=1.4 mm,
acquisition matrix 512 x512), and (3) 60 mutually non-par-
allel directions (b= 1000s/mm?) axial DTI (TR =8000 ms;
TE =106 ms; 24 axial cross-sectional slices, slice thick-
ness =5 mm; number of acquisitions = 1; dimension matrix
for each cross section was 256 X 256, with in-plane pixel
size 0.94x0.94 mm). All T2W images were reviewed by
a board-certified neuroradiologist and data were excluded
from analyses if there were abnormalities.

Freesurfer (version 5.3.0) analysis was performed on HP
350 server (Intel Xeon 1800 MHz, 8 cores, 16 Gb RAM).
DT images were post-processed via automatic TRACULA
(TRACcts Constrained by UnderLying Anatomy) algorithm
[12], which is an integral part of the FREESURFER pack-
age [13]. The above algorithm consists of three segments:
pre-process images for reducing distortions, probabilistic
tractography using cortical segmentation and parceling
[14], and computation of anisotropy/diffusivity parameters.
TRACULA algorithms yielded DTI parameters [fractional
anisotropy (FA), mean diffusivity (MD), radial diffusivity
(RD), and axial diffusivity (AD)] for ten specific fiber tracts
[SLFT—superior longitudinal fasciculus (temporal part),
SLFP—superior longitudinal fasciculus (parietal part),
ILF—inferior longitudinal fasciculus, CST—corticospinal
tract, CCT—cingulum-cingulate tract, CAB—cingulum-
angular bundle, ATR—anterior thalamic radiation, uncus,
forceps major, and forceps minor] in all participants.

TBSS voxel-wise analysis

Individual FA images were non-linearly registered to the
FMRIB58_FA atlas provided within FSL and averaged to
obtain a customized atlas. The resulting mean FA image
was thinned to create a WM tract “skeleton”, which thresh-
old was set at FA > 0.2 to include only white matter voxels.
Individual-participant normalized RD maps were warped
onto the FA skeleton before statistical comparisons, by
searching perpendicularly from the skeleton for maximum
RD values [15].

Statistics

Subject demographics and migraine with aura characteris-
tics were reported using descriptive statistics and compared
amongst subject groups and subgroups using independent
sample 7 test (two-tailed), Mann—Whitney U or chi-squared
test, as appropriate.

Fiber tracts metrics, as extracted by TRACULA, were
imported to R package for statistical analysis. Group data
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were compared using a general linear model, controlling
for the effect of age and sex to avoid spurious results. Partial
correlation analysis (controlling for the effect of age and sex)
was conducted for significant tracts (MA vs. HS) to inves-
tigate the relationship between DTI indices of fiber tract
integrity and a number of years with a migraine with aura or
annual frequency of a migraine with aura attacks. Data were
tested with Bonferroni correction for multiple comparisons,
that is, a significance level of p <0.0007 (p <0.05/72) was
accepted. Data were also presented if they survived a lesser
conservative threshold set at 0.05.

TBSS voxel-wise analysis included comparisons of fiber
tracts between MVA+ and MVA subgroups, controlling for
the effect of age and sex. To visually demonstrate the sub-
tle widespread changes, significant thresholds were set at
p <0.05, uncorrected.

Results

Total of 43 MA and 20 HC were investigated. MA did not
differ significantly from HC relative to age (38.8 +11.2
vs. 41.6 +12.5, p=0.415), sex (72.1 vs. 80% females,
p=0.502), and hand predominance (93.0 vs. 90.0% right-
handed, p=0.679). MA patients have lived 17.9 +10.6 years
with a migraine with aura and had 6.1 +5.4 annual fre-
quency of attacks. The average duration of the aura was
38.0+24.8 min.

Twenty-two migraineurs (51.2%) experienced, besides
visual aura, additional somatosensory and dysphasic symp-
toms during the aura forming MVA+ subgroup. The MVA+
subgroup did not differ significantly from the MVA sub-
group relative to age (38.7+13.3 vs. 39.0+9.0, p=0.927),
sex (81.8 vs. 61.9% females, p=0.146), hand predominance
(90.9 vs. 95.2% right-handed, p=0.578), duration of dis-
ease (18.8+11.2 vs. 17.1+10.2, p=0.609), and annual
frequency of attacks (6.3 +6.1 vs. 5.9+4.8, p=0.961).
Duration of the aura is significantly longer in the MVA+
subgroup relative to the MVA subgroup (45.9+29.9 vs.
27.1+11.2,p=0.011).

DT probabilistic tractography analysis

In DTI analyses, we did not detect any statistically significant
differences in FA, MD, AD, and RD values of migraineurs
with aura compared with healthy subjects (p >0.0007, Bon-
ferroni corrected for multiple comparisons, controlled for
age and sex). There was a trend of AD reduction in the MA
group relative to HS in following tracts: forceps minor, left
uncinate fasciculus, and right ATR. Right SLFT and ATR
showed trend to lower MD in the MA than in HS. Also,
RD of the right CCT was lower in MA compared to HS.
No significant difference was found in FA between MA and
HS. All measures of diffusivity and anisotropy for uncor-
rected significant tracts between groups are presented in the
Table 1 (data that survived a lesser conservative threshold
set at 0.05, controlled for age and sex).

We did not detect any statistically significant differences
in FA, MD, AD, and RD values of the MWA+ group com-
pared with the MWA group (p > 0.05, Bonferroni corrected
for multiple comparisons, controlled for age and sex). AD
of forceps minor and right ILF showed trend to lower values
in the MVA+ subgroup relative to the MVA subgroup. The
MVA+ subgroup compared to the MVA subgroup showed
trend to lower MD in right SLFP and CAB. The MVA+ sub-
group also had lower RD in right SLFT, SLFP, and CAB. All
measures of diffusivity and anisotropy for significant tracts
between subgroups are presented in Table 2 (data that sur-
vived a lesser conservative threshold set at 0.05, controlled
for age and sex).

TBSS voxel-wise analysis

The results of the voxel-wise analysis of the significant fiber
tracts (including RD measures) between MVA+ and MVA
subgroups are shown in Fig. 1. Compared to the MVA+
subgroup, MVA subgroup had diffuse changes along with
fiber tracts. To visually demonstrate the widespread changes,
significant thresholds were set at p <0.05, uncorrected for
multiple comparisons.

Table 1 Diffusion tensor
magnetic resonance imaging

metrics (mean values

and standard deviations)

of significantly different
white matter tracts between
migraineurs with aura and
healthy subjects

Tracts Side Variable MA HS p values

Forceps minor AD 1.258+0.06 1.289+0.06 0.010

Superior longitudinal fasciculus Right MD 0.738+0.02 0.753+0.03 0.031

(temporal part)

Cingulum-cingulate tract Right RD 0.628 +£0.04 0.655+0.04 0.027

Anterior thalamic radiation Right AD 1.100+0.03 1.120+0.03 0.009
Right MD 0.790+0.02 0.803+0.03 0.049

Uncus Left AD 1.102+0.03 1.120+0.04 0.021

MD mean diffusivity, RD radial diffusivity, AD axial diffusivity, FA fractional anisotropy

Average MD, AD, and RD are expressed in units of mm?%sx 1073, FA is a dimensionless index
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Table 2 Diffusion tensor
magnetic resonance imaging

Tracts

Side  Variable MVA+ MVA p values

metrics (mean values and
standard deviations) of
significantly different white
matter tracts between the
MVA+ subgroup and the MVA
subgroup

Forceps minor

Inferior longitudinal fasciculus
Cingulum-angular bundle

Superior longitudinal fasciculus (parietal part)

Superior longitudinal fasciculus (temporal part)

- AD 0.837+0.02 0.856+0.03 0.034
Right MD 0.716+0.02 0.733+0.02 0.018
Right RD 0.574+0.03 0.595+0.03 0.015
Right RD 0.574+0.02 0.592+0.03 0.018
Right AD 1.130+0.04 1.160+0.03 0.017
Right MD 0.845+0.04 0.872+0.03 0.033
Right RD 0.715+0.04 0.744+0.04 0.027

MD mean diffusivity, RD radial diffusivity, AD axial diffusivity, FA fractional anisotropy

Average MD, AD and RD are expressed in units of mm?/sx 1073, FA is a dimensionless index

Fig.1 MVA+ patients showed
significantly decreased radial
diffusivity (RD) relative to

the MVA subgroup (p <0.05,
uncorrected—for illustration
purposes only). Areas that
were significantly different in
selected fiber tracts are marked
with yellow color. Patterns of
changes in the MVA+ subgroup
suggest hypermyelination of
selected fiber tracts (SLFT,
SLFP, ILF, CAB, and Forceps
minor)

Clinical correlations

Aura frequency and AD or MD average values of the
right ATR were negatively correlated (Partial correla-
tion=—0.474; p=0.002; Partial correlation =—0.460;
p=0.002), respectively. We did not find any clear correlation
between FA or RD values of fiber tracts and duration of the
aura or frequency of a migraine with aura attacks.

Discussion

The possible findings in this study were the presence of
decreased AD, MD, and RD values in the white matter in
a group of individuals with a migraine with aura compared
with a similar group of individuals, balanced for age and
sex, who have served as healthy controls. These white mat-
ter differences were predominantly in fiber tracts of the right
hemisphere. Furthermore, this is the first study to show the
possible differences of tracts integrity between subgroups of
migraineurs with distinct phenotypes of the aura. We found
that MD, RD, and AD values could be decreased in several
brain bundles of the right hemisphere in patients with “com-
plex” aura relative to those whose aura is limited to visual
phenomena. Decreased diffusivity parameters could be due
to subtle hypermyelination or increased axonal density of
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investigated tracts. These findings could possibly suggest
structural plastic events in the white matter in patients with
MA which are different relative to MA subgroups. Other
interesting finding is the link between increased migraine
with aura attacks frequency and lower AD and MD values
of the right ATR.

Although several studies have investigated white matter
alterations in migraineurs [6, 9], there is a lack of published
studies investigating whole-tract alterations in migraineurs
with aura and their subgroups. The approach used in this
study is based on global probabilistic tractography [16].
The advantage of this method is that the automated path
reconstruction prevents user-intervention errors and yields
an automated procedure of assessing white matter tract
integrity [17].

In our study, migraineurs had lower diffusivity and
higher anisotropy of the examined fiber tracts in general,
with emphasis to the MVA+ subgroup relative to the MVA
subgroup. According to the literature, the pattern of FA
increase/RD decrease is likely related to the enhancement
of a tissue organization due to a reshaping of axonal or glial
processes [18]. We could only speculate possible biological
underpinnings of the observed diffusivity patterns. Indeed,
decreased MD, RD and AD in several brain bundles induced
by repeated acute stressors were shown in the experimental
animals [19]. Increased white matter FA has been repeatedly
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associated with learning [20, 21] via neuronal plasticity
processes (e.g., synaptogenesis and dendritic branching)
and glial remodeling [22]. More recently, tract-based spa-
tial statistics analysis also revealed higher FA/lower MD
values in skilled learning rats in comparison with control
that could be explained by increases in myelination [23].
Also, data from both human and animal studies indicate the
potential for rapid changes in DTI parameters, suggesting
changes in structural plasticity in specific brain regions [24].
This is particularly relevant if there is the ability of cortical
spreading depolarization/depression (CSD) to trigger struc-
tural plastic events in the white matter as the compensatory
mechanism of resilience to acute stress.

Having established that diffusion changes exist in patients
with MA [9-11], it remains to conclude whether these
changes are congenital or acquired due to the repetition of
migraine attacks over time. The absence of general corre-
lation between diffusion changes and a number of attacks
and disease duration suggests that the observed DT MRI
changes might represent a phenotypic biomarker of the dis-
ease, reflecting a congenital condition rather than a process
related to disease progression. This hypothesis is further
strengthening with results of Messina et al., where the same
pattern of diffusion changes in pediatric migraine popula-
tion was demonstrated [11]. However, aura frequency was
negatively correlated with AD and MD values of the right
ATR, according to the results of our study. This finding
might reflect a hyperexcitability of the connection between
thalamus and frontal lobe in migraineurs with aura, which
could lead to more frequent attacks. We are more inclined
to believe that subtle adaptation changes in the network and
supporting tissue during brain maturation may lead to abnor-
malities which allow abundant phenomena (called aura) in
individuals who suffer from MA. Indirect influences, such as
the occurrence of microemboli [25] or impaired glymphatic
flow due to CSD [26], should not be neglected.

In this study, we investigated several major fiber tracts
with a known neurofunctional role. The fasciculus arcuatus
(SLFT and SLFP) is the most important white matter bundle
involved in language function because it appears to mediate
the ability to understand words and organize the semantic
content of verbal memory by connecting cortical regions in
the frontal, temporal, and parietal lobes [27]. While these
specific white matter tracts can be considered as default
pathways when viewed in the context of cortical connectiv-
ity of the normal brain, the decreased MD values of these
fiber pathways in migraineurs with an aura indicates neuro-
plastic changes as a result of increased connectivity between
these neural loci [19]. Especially, it is interesting that the
MVA+ subgroup had trend to decreased RD in the right
SLFT and SLFP relative to the MVA subgroup, suggesting
possible hypermyelination of fibers due to repetitive stress
caused by CSD. Further functional MRI studies correlated

with DTT findings should investigate is there a connection
between higher cortical disturbances (e.g., dysphasia, dysno-
mia, and dyslexia) during the aura and decreased RD values
in the Fasciculus arcuatus.

There are broad microstructural alterations in the thala-
mus of MA patients that may underlie abnormal cortical
excitability control leading to CSD and migraine aura [28].
ATR project to the frontal lobe and anterior cingulate cor-
tices [29], and it is shown that modulate pain in healthy
controls [30]. In our study, we found trend to decreased dif-
fusivity indices in MA relative to HS, which is in line with
several studies that have demonstrated that pain and other
typical migrainous symptoms result from abnormal activa-
tion and sensitization of the trigeminovascular and thalamic
tracts [2, 31]. One more intriguing clue that can be derived
from our results is that changes of AD and MD values of
the ATR could support the notion that ATR is involved in
the genesis of migraine-related photophobia, which is previ-
ously hypothesized [24]. There is only one study [7], accord-
ing to our knowledge, which demonstrated opposite pattern
of diffusivity changes in ATR among MA patients, but their
interpretation of results supported the hypothesis of trigemi-
nal sensory system dysfunction in migraineurs [32]. Further,
DaSilva and colleagues speculated that decreased FA values
over ATR do not reflect lesions in the brain, but rather an
enlargement of axons as a response to over functioning [7].
Because of different findings from our results, further inves-
tigation of specific fiber tracts is needed for more conclusive
explanation of changes along the anterior thalamic radiation
in MA patients.

Numerous studies have demonstrated that the CAB
is involved in core processes such as executive function,
decision making, and emotion processing [33, 34]. Hence,
changes in the CAB of diffusivity could potentially lead
to more complex aura (e.g., dysphasia or dysnomia) in
migraineurs and/or affect the emotion-affective state of pain
[35]. Also, the MVA+ subgroup had decreased MD value of
the right ILF relative to the MVA subgroup. The ILF con-
nects posterior occipitotemporal regions to anterior temporal
regions and has been implicated in transmitting information
about object and face recognition [27], which could possibly
explain prosopagnosia and dysnomia in the subgroup of the
MVA+ subgroup.

Decreased AD value in the forceps minor, especially in
the MVA+ subgroup, suggest his role in the pathogenesis
of a migraine with aura, but exact role remains to be deter-
mined. One of the reasons for reduced AD value could be
an increased density of cellular membranes, for instance of
glial cells, that restrict the freedom of diffusion [36]. We
could only speculate that this change is linked somehow to
the ictal (manifestation of the aura) and non-ictal phase (e.g.,
depression outside of attacks), because of forceps minor con-
nections with a frontal lobe.
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Our study is not without limitations. First, although the
number of studied patients is comparable to other studies,
the sample size is still small for reliable conclusions. Differ-
ent auras suggest an involvement of different white matter
tracts, so the conflicting results of studies could be a result
of patients’ heterogeneity. MA subgroups homogenized in
accordance with clinical phenotype could provide more
valuable results. Second, we did not assess’ pain severity as
well as neuropsychological tests; hence we could not explore
those influences on the white matter microstructure abnor-
malities. Longitudinal studies are also warranted to explore
the dynamics of the evolution of white matter microstruc-
tural abnormalities to resolve the dilemma whether these
abnormalities are cause or consequences of the migraine
aura. Finally, we based our discussion on the results that
were not corrected for multiple comparisons. Although this
could lead to false-positive finding (type 1 error), correc-
tion for multiple comparison increases the risk of generating
false-negative findings (type 2 error), which could underes-
timate subtle differences between MA patients and healthy
subjects that were found previously [9—11] or obscure new
one. Because of that, we think that is important to show
and discuss uncorrected data for multiple comparisons to
achieve better methodological solutions and directions for
investigating changes of the white matter in MA patients
and their subgroups.

Conclusion

In the current study, we investigated pathophysiological
features of specific fiber tracts in MA patients. There were
no significant differences between MA patients and HS,
neither between MA subgroups. However, we found trend
to reduced diffusivity patterns (MD, RD, or AD values)
in the forceps minor, right SLFT, ATR, and CCT. Moreo-
ver, results demonstrate the possible sensitivity of DTI in
revealing microscopic disease-related changes in subgroups
(MVA+ and MVA) of migraineurs, yielding DTI indices
which suggest hypermyelination of specific fiber tracts (for-
ceps minor, right SLFT, SLFP, ILF, and CAB) in the MVA+
subgroup. Those changes may allow in some patients a faster
spreading of the cortical depolarization wave through white
matter tracts which could be manifested as higher cortical
dysfunctions during an aura. Also, there is a possible con-
nection between increased frequency of migraine with aura
attacks and hypermyelination of the right ATR.

Nevertheless, migraine with aura still remains neurofunc-
tional dysfunction, rather than structural. Future research
in tractography should focus on identification of clinically
distinct subgroups of MA patients to improve our knowledge
of the migraine aura pathophysiology and subtle structural
changes in the brain of migraineurs.
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