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Abstract

Background: We investigated intracerebral fiber bundles using a tract-based spatial statistics (TBSS) analysis of
diffusion tensor imaging (DTl) data to verify microstructural integrity in patients with episodic (MO) and chronic
migraine (CM).

Methods: We performed DTl in 19 patients with MO within interictal periods, 18 patients with CM without any
history of drug abuse, and 18 healthy controls (HCs) using a 3 T magnetic resonance imaging scanner. We
calculated diffusion metrics, including fractional anisotropy (FA), axial diffusion (AD), radial diffusion (RD), and mean
diffusion (MD).

Results: TBSS revealed no significant differences in the FA, MD, RD, and AD maps between the MO and HC groups.
In comparison to the HC group, the CM group exhibited widespread increased RD (bilateral superior [SCR] and
posterior corona radiata [PCR], bilateral genu of the corpus callosum [CC], bilateral posterior limb of internal capsule
[IC], bilateral superior longitudinal fasciculus [LF]) and MD values (tracts of the right SCR and PCR, right superior LF,
and right splenium of the CC). In comparison to the MO group, the CM group showed decreased FA (bilateral SCR
and PCR, bilateral body of CC, right superior LF, right forceps minor) and increased MD values (bilateral SCR and
right PCR, right body of CC, right superior LF, right splenium of CC, and right posterior limb of IC).

Conclusion: Our results suggest that chronic migraine can be associated with the widespread disruption of normal
white matter integrity in the brain.
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Background

Migraine is a chronic disease in nature, but with recur-
rent acute episodic manifestations. Only a small percent-
age of people with episodic migraine later develop
chronic migraine (CM) [1]. Research has identified an
association between episodic and CM and abnormalities
in the density and thickness of the gray matter, as well
as in functional connectivity at rest or following painful
stimulation [2]. Although some studies have found
anomalies in the microstructure of the white matter
(WM) of migraineurs [3—13], two studies reported there
to be no remarkable differences in the integrity of
WM microstructure between patients with CM and
healthy controls (HCs) [14, 15]. However, patients
were scanned during prevention and/or medication
overuse. Indeed, we cannot rule out the possibility
that, as observed in other brain disorders, some drugs
could improve WM fiber bundle connectivity or in-
duce additional damage [16, 17].

Of the various techniques used to analyze magnetic
resonance imaging (MRI) data, diffusion tensor imaging
(DTI) can be used to effectively examine the microstruc-
tural integrity of WM. In this study, we performed tract-
based spatial statistics (TBSS) using DTI obtained on a
3T scanner from patients with episodic and CM who
did not have any previous history of medication overuse
and were not taking preventive medications; the findings
were compared to those obtained from a group of HCs.
Furthermore, we extrapolated several diffusivity metrics
across all WM from the DTI data, such as fractional an-
isotropy (FA), mean diffusivity (MD), axial diffusivity
(AD), and radial diffusivity (RD), which we further
regressed with the patients’ clinical features.

Methods

Participants

In accordance with the diagnostic criteria of the
International Classification of Headache Disorders
(ICHD-III), we prospectively recruited 37 patients with
migraine: 19 patients with episodic migraine without
aura (MO) and 18 patients with CM. All patients under-
went a series of neuroimaging tests. None of the patients
enrolled had been prophylactically treated for migraine
for at least 3 months, and the patients with CM had no
history of excessive use of symptomatic. All patients
were tested during the interictal period, which was de-
fined as the period at which it had been at least 3 days
since the last attack and 3 days before the subsequent at-
tack for the MO group; only two patients with CM had
mild headache at the time of scanning. The exclusion
criteria included the presentation of any other neuro-
logical disorder, diabetes, high blood pressure, auto-
immune or connective diseases, medically-treated major
depression, or other types of primary headache. The
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patient groups were compared to a group of 18 HCs
with no personal or family history of migraine and no
apparent systemic or neurological disorders. The female
participants in this study were tested outside the men-
strual cycle. Recording sessions were performed in the
afternoon, between 4 and 7 pm. All participants received
a complete description of the study and provided written
informed consent. The ethical review board of the Fac-
ulty of Medicine, University of Rome La Sapienza, Italy,
approved the study.

Image protocols

All participants were scanned using a 3T Siemens scan-
ner (Verio, Siemens Medical System, Erlangen,
Germany) at the “Umberto I” Hospital MR Research
Center, Sapienza University, Rome (Italy).

DTI images were obtained with a single-shot echo-
planar image sequence with the following parameters:
repetition time (TR) =9300 ms, echo time (TE) =88 ms,
field of view (FOV) =192 mm x 192 mm, matrix = 96 x
96, 2 mm x 2 mm in-plane resolution, slice thickness =2
mm, 72 continuous axial slices with no gap, b = 0 s/mm?,
and b=1000s/mm? and 30 diffusion directions were
isotropically distributed on a sphere where one direction
lacked diffusion weighting.

Structural anatomic scans were performed using T1-
weighted sagittal magnetization-prepared rapid gradient
echo (MP-RAGE) series (TR=1900ms, TE =2.93 ms,
176 slices, 0.508 x 0.508 x 1 mm? voxels).

We acquired an interleaved double-echo Turbo Spin
Echo sequence proton density and T2-weighted images,
and their parameters were as follows: TR =3320ms,
TE=10/103ms, FOV =220mm x 220 mm, matrix =
384 x 384, slice thickness =4 mm, gap = 1.2 mm, 50 axial
slices.

DTl image analysis

Before pre-processing, all the DTI image volumes were
visually inspected to screen for noisy artifacts due to car-
diac pulsatility, signal dropout, and motion artifacts by
an expert neuroradiologist (ET). The diffusion images
were processed using the Oxford Center for Functional
MRI of the Brain’s (FMRIB) Software Library (FSL ver-
sion 5.0.10, https://fsl.fmrib.ox.ac.uk/fsl). The FSL Diffu-
sion Toolbox was used to correct the eddy currents [18]
and motion artifacts [19], while the brain extraction tool
was used to create brain masks from the b0 image of
each participant [20]. The FSL toolbox DTIFIT fits the
pre-processed image based on a diffusion tensor model
to yield FA, MD, AD, and RD values.

TBSS was used to conduct the FA voxel-wise statistical
analysis according to the following steps [21]: Briefly,
each participants’ FA image was registered to a standard
space (a 1-mm isotropic FA image [FMRIB58_FA]) with
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the non-linear registration tool FNIRT (FMRIB’s Nonlin-
ear Registration Tool). A mean FA image was calculated
based on all the participants’ images, which were then
thinned to obtain the center of major WM tracts com-
mon to all subjects with an FA threshold of >0.2. To
avoid misalignment during registration, each participant’s
aligned FA map was projected onto the nearest relevant
tract center of the mean FA skeleton by searching perpen-
dicular to the local skeleton structure. One skeleton was
created using all participants to analyze group differences.
We assessed the other three DTI metrics using the same
steps used to analyze the FA; the FA, MD, AD, and RD
would thus provide more information about the different
neural mechanisms of migraine. Based on non-parametric
testing (Randomise v2.9), FSL’s permutation was applied
to compare the CM, MO, and HC groups.

We performed TBSS to conduct six t-contrasts be-
tween the three groups using age and sex as covariates.
Multiple comparisons were corrected using the
threshold-free cluster enhancement method at p <0.05
with a cluster size of >100 voxels [22]. Contrast maps
(Figs. 1 and 2) showed statistically different tracts using
the “Tbss_fill” function thresholded at p >0.95. More-
over, the function “cluster” was only used to consider
clusters size of >100 voxels [23]. The template JHU
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ICBM-DTI-81 WM label atlas was used to identify the
anatomical location of the WM tracts that showed sig-
nificant between-group differences.

Pearson’s correlation analysis was used to evaluate the
relationship between the DTI metrics of each CM and
MO patients’ tracts with significant between-group dif-
ferences in the overlapping maps and clinical character-
istics (duration of migraine history [years], severity of
headache attacks [0-10 Visual Analogue Scale (VAS)
score], days from the last migraine attack for MO [n],
monthly days with headache and migraine [n], duration
of chronic phase [months], and monthly number of
acute medication intake [n]). For the correlation analysis,
we selected the following regions of interests (ROIs) of
MD-RD (for CM vs HC) and of FA-MD (for CM vs
MO) overlapping maps, which included WM tracts
showing between-group differences in DTI measures:
posterior corona radiata R, superior corona radiata R of
the CM group for the CM vs. HC comparison, and the
superior longitudinal fasciculus R and posterior corona
radiata R of the MO and CM groups for the MO vs. CM
group comparison (total number of ROIs = 4). A P-value
of <0.05/N was chosen to indicate significance (Bonfer-
roni-corrected for multiple comparisons; N corresponds
to the number of WM tracts tested) [23].

Group difference in MD (CM > HC)

22 26

Group difference in RD (CM > HC)

Overlap of MD and RD differences (CM vs. HC)

right superior corona radiata

Fig. 1 White matter (WM) regions showing increased mean diffusivity (MD) and increased radial diffusivity (RD) in patients with chronic migraine
(CM) compared to healthy controls (HC). WM regions showing overlapping MD and RD value differences in the right posterior corona radiata and
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Group difference in FA (MO > CM)

Overlap of FA and MD differences (CM vs. MO)

the right corpus callosum and right posterior corona radiata

BOBH

Fig. 2 White matter (WM) regions showing decreased fractional anisotropy (FA) and increased mean diffusivity (MD) in patients with chronic
migraine (CM) compared to patients with episodic migraine without aura (MO). WM regions showing overlapping FA and MD value differences in

38

Results

All participants completed the study. The two groups of
patients and the HC group did not differ in their demo-
graphic characteristics, including age (F = 1.25, p = 0.294)
and sex (Chi*=0.229, p=0.892; Table 1). Structural
MRI revealed that none of the study participants had
WM lesions. TBSS data of the MO group did not differ
from those of the HCs in any of the diffusivity parame-
ters (FA, MD, RD, and AD).

In comparison with the HCs, the CM group exhibited
altered diffusivity metrics in many brain regions (Table
1). Specifically, the CM group had increased RD in the
WM tracts of the bilateral superior (SCR) and posterior
corona radiata (PCR), bilateral genu of the corpus callo-
sum (CC), bilateral posterior limb of the internal capsule
(IC), and bilateral superior longitudinal fasciculus (LF),
and increased MD values were observed in the tracts of
the right SCR and PCR, right superior LF, and right

Table 1 Clinical and demographic characteristics of healthy controls (HC), migraine without aura patients scanned between attacks
(MO) and chronic migraineurs (CM). Data are expressed as the mean + SD

Characteristics HC MO (@Y
(n=18) (n=19) (n=18)
Female (n) 11 13 11
Age (years) 284+4.1 319+21 3154101
Duration of migraine history (years) 142+67 148+£128
Attack frequency/month for MO and Headache days/month for CM (n) 32+21 230+73
Migraine days/month for CM (n) 149+63
Days from the last migraine attack for MO (n) 21.0+183
Severity of headache attacks (0-10 VAS score) 75+08 74406
Number of acute medication intake/month (n) 2.8+3.1 21+04
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splenium of the CC (Fig. 1). The CM and HC groups
featured overlapping WM tracts that indicated increases
in MD and RD in the right PCR and right SCR. There
were no significant correlations between the areas of
overlap or clinical variables.

When compared the MO and CM groups; the CM
group exhibited decreased FA values in the tracts of the
bilateral SCR and PCR, bilateral body of the CC, right
superior LF, and right forceps minor (part of the genu of
the CC), and increased MD values in the tracts of the bi-
lateral SCR and right PCR, right body of the CC, right
superior LF, right splenium of the CC, and right poster-
ior limb of IC (Fig. 2).

WM tracts that overlapped between the two patient
groups that indicated increases in FA and decreases in
MD were located in the right CC and right PCR. Specif-
ically, the FA in the right PCR of the MO group was
negatively correlated with the mean monthly duration of
migraine attacks (F=6.37, p=0.022, R®=27.27%, ad-
justed R*=22.99%, regression equation Duration =
206.7-398 FA). In the CM group, there was a tendency
towards a negative correlation of the FA in the right
PCR with the severity of perceived migraine headache
(F=4.35, p=0.05, R* = 21.36%, adjusted R” = 16.44%, re-
gression equation VAS =13.90-13.83 FA). In the MO
group, the MD in the right PCR was significantly posi-
tively correlated with the severity of perceived migraine
headache (F=8.57, p = 0.009, R® = 33.52%, adjusted R’ =
29.61%, regression equation VAS = - 5.64 + 16,921 MD).
There were no other significant correlations.

Discussion

This study found widespread differences in the
organization of WM between patients with CM and
HCs. In addition, the diffusive metrics of episodic
migraineurs, which did not differ significantly from those
of HCs, also differed significantly from those of patients
with CM.

Among the various techniques used to acquire MRI
data, DTI is the most sensitive to microstructural
changes by estimating the diffusivity of water molecules
along the fiber bundles of WM in the three main or-
thogonal directions of diffusion. DTI metrics include FA,
MD, AD, and RD. FA measures the fraction of the mag-
nitude of the anisotropy; hence, it closely reflects the in-
tegrity of the membranes of the WM axons and
directionality of the translational movement of the water
molecules [24]. MD, which is comprised of radial and
axial diffusivity and typically changes in opposition to
FA, reflects the overall magnitude of water diffusion by
indicating both cellular swelling and cellular density
[24]. AD and RD diffusivity are considered to be in vivo
surrogate markers of myelin and axonal damage, re-
spectively. These metrics are closely associated with
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brain microstructure maturation processes as well as
with higher levels of cognitive functions [25].

Several studies have shown plastic changes in WM
microstructure during the interictal period in patients
with migraine. Using a hypothesis-driven approach and
a ROI analysis, most of this previous research was per-
formed in patients with episodic forms of migraine; the
authors found that — relative to HCs — patients with mi-
graine showed altered DTI metrics in the thalami [10,
13], trigeminal somatosensory pathway [5], genu and the
splenium of the CC [11], WM subjacent to area V3A
and MT+, left lateral geniculate nucleus [4], and the
optic radiations [6]. Whole-brain analyses have revealed
contradictory results; indeed, both aberrant diffusive
metrics [7, 12, 15, 26, 27] and no alterations [8, 9, 28]
have been described in episodic migraineurs without
aura when compared to controls. In agreement with the
authors who did not detect microstructural abnormal-
ities in patients with MO, we found no differences in the
various metrics of diffusivity between patients with MO
and HCs. These conflicting findings could be explained
by the hypothesis that microstructural anomalies in pa-
tients with MO are of an insufficient size to be detected
in a stringent statistical comparison with patients with
CM, who feature prominent WM abnormalities. As
highlighted by a few studies [9, 28], differences in acqui-
sition and analysis parameters could also account for di-
vergent findings.

Previous studies have failed to identify significant dif-
ferences in DTI metrics between patients with CM and
HCs. Part of the controversy can be ascribed to the in-
clusion of patients receiving preventives and/or overus-
ing medication in a few studies, which could have
altered the spontaneous course of the disease and thus
biased the results [14, 15]. However, in one study, des-
pite not having identified any significant anomalies in
the CM population, the DTI metrics of patients with
CM differed significantly from those with MO in several
brain regions, including some whose microstructures
were found to differ significantly between patients with
CM and HCs in the present study [15]. Of such alter-
ations, this study found the most prominent to be in the
SCR and PCR, posterior limb of the IC, genu and sple-
nium of the CC, and superior longitudinal fasciculus.
These differences were especially evident when RD and
MD diffusive metrics were considered. Furthermore, al-
most the same WM fiber tracts were detected to differ —
albeit to a minor extent — between the patients with CM
and those with MO, as revealed by a comparison of the
corresponding FA and MD values.

The increases in the RD or MD DTI values in the CM
group relative to the HC group may indicate axonal ab-
normalities and decreased cellular density in the WM of
patients with CM. On the other hand, the decreased FA
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and increased MD DTI values of the CM group relative
to the MO group might indicate a relatively more severe
loss of directional organization and decreased cell dens-
ity in patients with CM [29]. Moreover, since the swell-
ing of glial cells (especially oligodendrocytes and fibrous
astrocytes) could underly the FA changes [30], the mor-
phological changes of glial cells in WM could also ac-
count for the altered FA values and, indirectly, MD
values of patients with CM. Interestingly, bidirectional
aberrant neuro-glial signal transduction has recently
been proposed to be a key mechanism underlying
chronic pain in general [31], and a genome-wide associ-
ation study found an association between a gene
expressed in glial cells and migraine [32].

Overall, most of the tracts found to exhibit abnormal
WM diffusive metrics in the present study form parts of
the widespread WM bundle fiber system of the brain
that conveys information about somatosensory, cogni-
tive, and/or emotional components of orofacial pain dis-
crimination [33]. Other tracts, like the superior LF, seem
to be involved in endogenous pain modulatory mecha-
nisms and multisensory integration [34]. CM is associ-
ated with the inability to inhibit cognitive interference
[35, 36], low cognitive reserve, and multisensory atten-
tion focusing, as well as cognitive deficits in multiple
tasks — regardless of the use of medication or the pres-
ence of comorbidities — including verbal fluency, spatial
dysfunction, and memory retrieval [37]. Thus, patients
with CM may be less able to adopt appropriate coping
strategies when confronted with daily or almost daily
presentation of pain that limits the main activities of
daily living. Nonetheless, the abnormalities in the micro-
structure of WM fiber bundles in patients with CM pro-
vide neuroanatomical evidence to support the hypothesis
that dysfunctional central pain modulatory circuits con-
tribute to migraine chronification.

Of note, the presently observed neuroradiological find-
ings are similar to those found in relation to other types
of cephalic and extra-cephalic chronic pain, such as tri-
geminal neuralgia [38], fibromyalgia [39], chronic mus-
culoskeletal pain [40], and irritable bowel syndrome [41].
This consistency further supports the hypothesis that
WM fiber bundles mediate pain perception and control,
and that chronic pain of any type may account for the
widespread disruption of WM integrity in the brain.

The WM fiber bundles found to be microstructurally
peculiar in the CM group of the present study intercon-
nect numerous and widespread cortical areas, many of
those in previous functional resting-state MRI studies in
patients with CM, have shown an altered connectivity at
rest, including cortical areas belonging to the default, sa-
lient, and executive control networks, and their connect-
ivity with the descending pain control system [42-45].
Indeed, in a previous study using the same cohort of
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patients, we found distinct abnormal connectivity pat-
terns between frontal executive, dorsal attentional, and
prefrontal-parietal default networks in patients with CM,
as well as a correlation between such structural aberra-
tions and headache severity [46, 47]. The headache se-
verity was also related to the DTI metrics in the present
study; the subjective perception of headache intensity
was negatively correlated with FA and positively corre-
lated with MD in the overlapping WM tracts of the right
PCR in patients with CM and MO, respectively. Since
the PCR forms part of the central pain modulatory cir-
cuit, and because a similar correlation was previously
found in other chronic pain disorders [38, 41], it is pos-
sible that an abnormal microstructural integrity of the
PCR compromises the perception of pain severity. How-
ever, since this was not a longitudinal study, we cannot
exclude the possibility that, conversely, the intensity of
the pain itself caused the microstructural integrity
anomalies. Future studies using the same TBSS method
are necessary to follow patients after preventive treat-
ment, to investigate whether abnormal neuroradiological
findings can return to normal in CM.

This study was subject to several limitations. First, we
collected MRI data in only 30 diffusivity directions. This
may have resulted in an underestimation of the degree
of WM anomalies in our patients, especially those with
MO. Second, the small sample size of the study may
have biased our results; however, this limitation was not
easy to overcome considering the difficulty of recruiting
patients with pure CM and without preventive treatment
or a history of drug abuse. Third, due to the lack of lon-
gitudinal data, it remains unclear whether the presently
observed aberrant WM fiber bundle profiles in patients
with CM is the consequence of migraine chronification
or an abnormal brain maturation process manifesting
early in life — as was shown in previous studies of
pediatric migraine patients [48]. Fourth, we did not per-
form a cognitive assessment of these patients, which
would have allowed us to better infer a causal relation-
ship with the microstructural results. Finally, since psy-
chiatric comorbidity and in particular chronic anxiety
and depression, even if low-grade and untreated, could
affect brain structure, further studies are needed to de-
termine whether this type of comorbidity may have con-
tributed to the microstructural abnormalities detected
here.

Conclusions

We have shown widespread reorganization of WM in
patients with CM without medication overuse compared
with patients with MO and HCs. In addition, the diffu-
sive metrics of patients also correlated significantly with
the subjective perception of headache intensity. These
peculiar microstructural pattern of CM patients may
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indicate axonal abnormalities, decreased cellular density,
and/or loss of directional organization in the WM fiber
bundles. Further studies are needed to verify whether
this reorganization of WM of the CM brain can be nor-
malized by pharmacological and non-pharmacological
interventions.

Abbreviations

AD: Axial diffusion; CC: Corpus callosum; CM: Chronic migraine; DTI: Diffusion
tensor imaging; FA: Fractional anisotropy; HC: Healthy control; IC: Internal
capsule; ICHD: International Classification of Headache Disorders;

LF: Longitudinal fasciculus; MD: Mean diffusion; MO: Episodic migraine
without aura; PCR: Posterior corona radiata; RD: Radial diffusion; SCR: Superior
corona radiata; TBSS: Tract-based spatial statistics; VAS: Visual analogue scale;
WM: White matter

Acknowledgments
The contribution of the G.B. Bietti Foundation in this paper was supported
by the Italian Ministry of Health and Fondazione Roma.

Authors’ contributions

GC made substantial contributions to protocol development, interpretation
of data as well as in drafting the manuscript. VP, MS, FC, VDP, and FP were
implied in the interpretation of data as well as in drafting the manuscript; BP,
VC, ST, GC, and CDL contributed to participant enrolment. ADR and ET were
implied in recording, data processing, analysis, and statistics. The author(s)
read and approved the final manuscript.

Funding
The authors did not receive funding for the design of the study and
collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Medico-Surgical Sciences and Biotechnologies, Sapienza
University of Rome Polo Pontino, Latina, Italy. 2IRCCS — Fondazione Bietti,
Research Unit of Neurophysiology of Vision and Neuro-Ophthalmology, Via
Livenza 3, 00198 Rome, Italy. 3Departmen‘[ of Human Neurosciences,
Sapienza University of Rome, Rome, Italy. “IRCCS — Neuromed, Pozzilli, IS,
Italy.

Received: 5 June 2020 Accepted: 13 July 2020
Published online: 18 July 2020

References

1. Scher Al, Stewart WF, Ricci JA, Lipton RB (2003) Factors associated with the
onset and remission of chronic daily headache in a population-based study.
Pain 106:81-89

2. Coppola G, Parisi V, Di Renzo A, Pierelli F (2020) Cortical pain processing in
migraine. J Neural Transm 127:551-566

3. Rocca MA, Colombo B, Inglese M et al (2003) A diffusion tensor magnetic
resonance imaging study of brain tissue from patients with migraine. J
Neurol Neurosurg Psychiatry 74:501-503

4. Granziera C, DaSilva AFM, Snyder J et al (2006) Anatomical alterations of the
visual motion processing network in migraine with and without aura. PLoS
Med 3:e402. https://doi.org/10.1371/journal.pomed.0030402

5. DaSilva AFM, Granziera C, Tuch DS et al (2007) Interictal alterations of the
trigeminal somatosensory pathway and periaqueductal gray matter in

20.

21.

22.

23.

24,

25.

26.

27.

Page 7 of 8

migraine. Neuroreport 18:301-305. https://doi.org/10.1097/WNR.
0b013e32801776bb

Rocca MA, Pagani E, Colombo B et al (2008) Selective diffusion changes of
the visual pathways in patients with migraine: a 3-T tractography study.
Cephalalgia 28:1061-1068. https.//doi.org/10.1111/].1468-2982.2008.01655x
Schmitz N, Admiraal-Behloul F, Arkink EB et al (2008) Attack frequency and
disease duration as indicators for brain damage in migraine. Headache 48:
1044-1055

Szabo N, Kincses ZT, Pardutz A et al (2012) White matter microstructural
alterations in migraine: a diffusion-weighted MRI study. Pain 153:651-656
Szabd N, Faragd P, Kirdly A et al (2018) Evidence for plastic processes in
migraine with aura: a diffusion weighted MRI study. Front Neuroanat 11:138.
https://doi.org/10.3389/fnana.2017.00138

Granziera C, Daducci A, Romascano D et al (2014) Structural abnormalities
in the thalamus of migraineurs with aura: a multiparametric study at 3 T.
Hum Brain Mapp 35:1461-1468. https;//doi.org/10.1002/hbm.22266

Yuan K, Qin W, Liu P et al (2012) Reduced fractional anisotropy of corpus
callosum modulates inter-hemispheric resting state functional connectivity
in migraine patients without aura. PLoS One 7:10

Yu D, Yuan K, Zhao L et al (2013) White matter integrity affected by
depressive symptoms in migraine without aura: a tract-based spatial
statistics study. NMR Biomed 26:1103-1112

Coppola G, Tinelli E, Lepre C et al (2014) Dynamic changes in thalamic
microstructure of migraine without aura patients: a diffusion tensor
magnetic resonance imaging study. Eur J Neurol 21:287-e13. https://doi.
org/10.1111/ene.12296

Neeb L, Bastian K, Villringer K et al (2015) No microstructural white matter
alterations in chronic and episodic Migraineurs: a case-control diffusion
tensor magnetic resonance imaging study. Headache 55:241-251. https//
doi.org/10.1111/head.12496

Planchuelo-Gomez A, Garcla-Azorin D, Guerrero AL et al (2020) White matter
changes in chronic and episodic migraine: a diffusion tensor imaging study. J
Headache Pain 21:1. https//doi.org/10.1186/510194-019-1071-3

Gelosa P, Bonfanti E, Castiglioni L et al (2019) Improvement of fiber
connectivity and functional recovery after stroke by montelukast, an
available and safe anti-asthmatic drug. Pharmacol Res 142:223-236. https://
doi.org/10.1016/j.phrs.2019.02.025

GUinbey HP, Ercan K, Findikoglu AS et al (2011) Secondary corpus callosum
abnormalities associated with antiepileptic drugs in temporal lobe epilepsy:
a diffusion tensor imaging study. Neuroradiol J 24:316-323. https.//doi.org/
10.1177/197140091102400223

Andersson JLR, Sotiropoulos SN (2016) An integrated approach to
correction for off-resonance effects and subject movement in diffusion MR
imaging. Neuroimage 125:1063-1078. https://doi.org/10.1016/j.neuroimage.
2015.10.019

Jenkinson M (2002) Improved optimization for the robust and accurate
linear registration and motion correction of brain images. Neuroimage 17:
825-841. https://doi.org/10.1016/51053-8119(02)91132-8

Smith SM (2002) Fast robust automated brain extraction. Hum Brain Mapp
17:143-155. https://doi.org/10.1002/hbm.10062

Smith SM, Jenkinson M, Johansen-Berg H et al (2006) Tract-based spatial
statistics: voxelwise analysis of multi-subject diffusion data. Neuroimage 31:
1487-1505. https.//doi.org/10.1016/j.neuroimage.2006.02.024

Smith SM, Nichols TE (2009) Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localisation
in cluster inference. Neuroimage 44:83-98. https://doi.org/10.1016/j.
neuroimage.2008.03.061

Liu P, Wang G, Liu Y et al (2016) White matter microstructure alterations in
primary dysmenorrhea assessed by diffusion tensor imaging. Sci Rep 6:
25836. https;//doi.org/10.1038/srep25836

Beaulieu C (2002) The basis of anisotropic water diffusion in the nervous
system - a technical review. NMR Biomed 15:435-455. https//doi.org/10.
1002/nbm.782

Winklewski PJ, Sabisz A, Naumczyk P et al (2018) Understanding the
physiopathology behind axial and radial diffusivity changes—what do we
know? Front Neurol 9:92. https.//doi.org/10.3389/fneur.2018.00092

Yu D, Yuan K, Qin W et al (2013) Axonal loss of white matter in migraine
without aura: a tract-based spatial statistics study. Cephalalgia 33:34-42

Yu D, Yuan K, Zhao L et al (2012) Regional homogeneity abnormalities in
patients with interictal migraine without aura: a resting-state study. NMR
Biomed 25:806-812


https://doi.org/10.1371/journal.pmed.0030402
https://doi.org/10.1097/WNR.0b013e32801776bb
https://doi.org/10.1097/WNR.0b013e32801776bb
https://doi.org/10.1111/j.1468-2982.2008.01655.x
https://doi.org/10.3389/fnana.2017.00138
https://doi.org/10.1002/hbm.22266
https://doi.org/10.1111/ene.12296
https://doi.org/10.1111/ene.12296
https://doi.org/10.1111/head.12496
https://doi.org/10.1111/head.12496
https://doi.org/10.1186/s10194-019-1071-3
https://doi.org/10.1016/j.phrs.2019.02.025
https://doi.org/10.1016/j.phrs.2019.02.025
https://doi.org/10.1177/197140091102400223
https://doi.org/10.1177/197140091102400223
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/S1053-8119(02)91132-8
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1038/srep25836
https://doi.org/10.1002/nbm.782
https://doi.org/10.1002/nbm.782
https://doi.org/10.3389/fneur.2018.00092

Coppola et al. The Journal of Headache and Pain

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2020) 21:92

Tedeschi G, Russo A, Conte F et al (2016) Increased interictal visual network
connectivity in patients with migraine with aura. Cephalalgia 36:139-147.
https://doi.org/10.1177/03331024 15584360

Wieshmann UC, Clark CA, Symms MR et al (1999) Reduced anisotropy of
water diffusion in structural cerebral abnormalities demonstrated with
diffusion tensor imaging. Magn Reson Imaging 17:1269-1274

Mandl RC, Schnack HG, Zwiers MP et al (2008) Functional diffusion tensor
imaging: measuring task-related fractional anisotropy changes in the human
brain along white matter tracts. PLoS One 3:10

Ji R-R, Berta T, Nedergaard M (2013) Glia and pain: is chronic pain a
gliopathy? Pain 154:510-528. https://doi.org/10.1016/j.pain.2013.06.022
Eising E, de Leeuw C, Min JL et al (2016) Involvement of astrocyte and
oligodendrocyte gene sets in migraine. Cephalalgia 36:640-647. https://doi.
0rg/10.1177/0333102415618614

Morecraft RJ, Binneboese A, Stilwell-Morecraft KS, Ge J (2017) Localization of
orofacial representation in the corona radiata, internal capsule and cerebral
peduncle in Macaca mulatta. J Comp Neurol 525:3429-3457. https.//doi.org/
10.1002/cne.24275

Millan MJ (2002) Descending control of pain. Prog Neurobiol 66:355-474.
https://doi.org/10.1016/50301-0082(02)00009-6

Santos-Lasaosa S, Viloria-Alebesque A, Morandeira-Rivas C et al (2013)
Mnemonic complaints and chronic migraine. Rev Neurol 57:145-149
Ferreira KS, Teixeira CT, Céfaro C et al (2018) Chronic migraine patients
show cognitive impairment in an extended neuropsychological assessment.
Arg Neuropsiquiatr 76:582-587. https://doi.org/10.1590/0004-282X20180085
Gomez-Beldarrain M, Anton-Ladislao A, Aguirre-Larracoechea U et al (2015)
Low cognitive reserve is associated with chronic migraine with medication
overuse and poor quality of life. Cephalalgia 35:683-691. https://doi.org/10.
1177/0333102414553822

Liu J, Zhu J, Yuan F et al (2018) Abnormal brain white matter in patients
with right trigeminal neuralgia: a diffusion tensor imaging study. J
Headache Pain 19:46. https://doi.org/10.1186/510194-018-0871-1

Kim H, Kim J, Loggia ML et al (2015) Fibromyalgia is characterized by
altered frontal and cerebellar structural covariance brain networks.
Neurolmage Clin 7:667-677. https://doi.org/10.1016/j.nicl.2015.02.022
Lieberman G, Shpaner M, Watts R et al (2014) White matter involvement in
chronic musculoskeletal pain. J Pain 15:1110-1119. https;//doi.org/10.1016/j.
jpain.2014.08.002

Nan J, Zhang L, Chen Q et al (2018) White matter microstructural similarity
and diversity of functional constipation and constipation-predominant
irritable bowel syndrome. J Neurogastroenterol Motil 24:107-118. https.//
doi.org/10.5056/jnm 17038

Schwedt TJ, Schlaggar BL, Mar S et al (2013) Atypical resting-state functional
connectivity of affective pain regions in chronic migraine. Headache 53:
737-751. https//doi.org/10.1111/head.12081

Androulakis XM, Krebs K, Peterlin BL et al (2017) Modulation of intrinsic
resting-state fMRI networks in women with chronic migraine. Neurology 89:
163-169. https://doi.org/10.1212/WNL.0000000000004089

Androulakis XM, Rorden C, Peterlin BL, Krebs K (2018) Modulation of
salience network intranetwork resting state functional connectivity in
women with chronic migraine. Cephalalgia 38:1731-1741. https://doi.org/10.
1177/0333102417748570

Lee MJ, Park BY, Cho S et al (2019) Increased connectivity of pain matrix in
chronic migraine: a resting-state functional MRI study. J Headache Pain 20:
29. https://doi.org/10.1186/510194-019-0986-z

Coppola G, Di Renzo A, Petolicchio B et al (2019) Aberrant interactions of
cortical networks in chronic migraine. Neurology 92:€2550-e2558. https.//
doi.org/10.1212/wnl.0000000000007577

Coppola G, Di Renzo A, Petolicchio B et al (2020) Increased neural
connectivity between the hypothalamus and cortical resting-state
functional networks in chronic migraine. J Neurol 267:185-191. https://doi.
0rg/10.1007/500415-019-09571-y

Messina R, Rocca MA, Colombo B et al (2015) White matter microstructure
abnormalities in pediatric migraine patients. Cephalalgia 35:1278-1286.
https://doi.org/10.1177/0333102415578428

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 8 of 8

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1177/0333102415584360
https://doi.org/10.1016/j.pain.2013.06.022
https://doi.org/10.1177/0333102415618614
https://doi.org/10.1177/0333102415618614
https://doi.org/10.1002/cne.24275
https://doi.org/10.1002/cne.24275
https://doi.org/10.1016/s0301-0082(02)00009-6
https://doi.org/10.1590/0004-282X20180085
https://doi.org/10.1177/0333102414553822
https://doi.org/10.1177/0333102414553822
https://doi.org/10.1186/s10194-018-0871-1
https://doi.org/10.1016/j.nicl.2015.02.022
https://doi.org/10.1016/j.jpain.2014.08.002
https://doi.org/10.1016/j.jpain.2014.08.002
https://doi.org/10.5056/jnm17038
https://doi.org/10.5056/jnm17038
https://doi.org/10.1111/head.12081
https://doi.org/10.1212/WNL.0000000000004089
https://doi.org/10.1177/0333102417748570
https://doi.org/10.1177/0333102417748570
https://doi.org/10.1186/s10194-019-0986-z
https://doi.org/10.1212/wnl.0000000000007577
https://doi.org/10.1212/wnl.0000000000007577
https://doi.org/10.1007/s00415-019-09571-y
https://doi.org/10.1007/s00415-019-09571-y
https://doi.org/10.1177/0333102415578428

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Participants
	Image protocols
	DTI image analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

