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Abstract
Cluster headache (CH) shows a more severe clinical picture than migraine (Mig). We tested whether brain changes can
explain such difference. Multimodal MRI was acquired in attack-free patients with CH (n = 12), Mig (n = 13) and in
normal controls (NC, n = 13). We used FSL for MRI data analysis and nonparametric permutation testing for
voxelwise analyses (p < 0.01, corrected). CH showed lower grey matter (GM) volume, compared to Mig and NC, in
frontal cortex regions (inferior frontal gyrus and frontal pole [FP], respectively) and, only compared to Mig, in lateral
occipital cortex (LOC). Functional connectivity (FC) of CH was higher than Mig and NC within working memory and
executive control networks and, only compared to Mig, between cerebellar and auditory language comprehension
networks. In the attack-free state, the CH brain seems to be characterized by: (i) GM volume decrease, compared to
both Mig and NC, in pain modulation regions (FP) and, only with respect to Mig, in a region of visual processing
modulation during pain and working memory (LOC); (ii) increased FC at short range compared to both Mig and NC
and at long range only with respect to Mig, in key cognitive networks, likely due to maladaptation towards more
severe pain experience.
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Introduction

Cluster headache (CH) and migraine (Mig) are distinct
and potentially disabling primary headaches, accompa-
nied by sensory, cognitive and emotional dysfunction
((IHS) 2013), supporting a diffuse involvement of the
brain. A more severe clinical picture than Mig character-
izes CH, with excruciatingly painful, mostly unilateral
headache attacks typically accompanied by trigeminal au-
tonomic symptoms. MRI studies on patients during
interictal period revealed contradictory findings in both
headache conditions. Mig patients showed, compared to
normal controls (NC), decreased (Kim et al. 2008; Rocca
et al. 2006; Valfre et al. 2008) and/or increased (Granziera
et al. 2006; Messina et al. 2013; Rocca et al. 2006) mea-
sures of regional grey matter (GM) volumetry (i.e., vol-
ume, thickness, surface area), presence (Hadjipavlou et al.
2006; Yu et al. 2013; Yuan et al. 2012) or absence (Neeb
et al. 2015) of abnormal diffusion tensor imaging (DTI)-
derived anatomical connectivity along white matter (WM)
tracts and both decreased and increased resting functional
MRI (FMRI)-derived regional functional connectivity
(Chen et al. 2016; Jin et al. 2013; Yu et al. 2017; Yuan
et al. 2012).

Inconsistent findings were also reported in CH patients,
with respect to NC, in terms of bidirectional changes of
GM volume and anatomical connectivity along WM tracts
(Absinta et al. 2012; Chou et al. 2014; Szabo et al. 2013;
Teepker et al. 2012). Moreover, few resting FMRI studies
in interictal CH demonstrated, through a simple region-of-
interest approach, abnormal functional connectivity of the
hypothalamus extending beyond the traditional pain matrix
(Qiu et al. 2013; Yang et al. 2014).

To date, except a study assessing hypothalamic GM
volume (Arkink et al. 2017), no direct comparison has
been performed between CH and Mig patients to assess
differences in both structural and functional brain
changes. Thus, no scientific evidence exists of a possi-
ble disease-specific Bsignature^ translating a clinical into
a brain phenotype. Multimodal and advanced MRI tech-
niques investigating both structural and functional fea-
tures across the brain could help elucidate whether a
different pathophysiology between these two headache
types really exists, with the potential to help identify
new therapeutic targets.

Using this background, we sought to investigate, at
both structural and functional levels, the brain changes
explaining the more severe clinical picture in CH com-
pared to Mig.

Methods

Study subjects

We performed a cross-sectional case-control study, with three
age-matched cohorts of CH, Mig and NC.

Patients (>18 years old), diagnosed with episodic CH or
Mig without aura, according to the International
Classification of Headache Disorders criteria ((IHS)
2013), were informed about the study during regular visits
at the Headache Centre of the Careggi University Hospital,
Florence. At study entry, none of the patients were on pre-
ventive treatment, because of 1 month or more without
cluster for CH patients, or low frequency of migraine at-
tacks, whose resolution had occurred at least 3 days before,
for Mig patients. Before MRI, a headache physician
assessed all patients clinically. NC group was made up of
healthy subjects recruited among laboratory and hospital
workers, and without history of headache, neurological or
psychiatric disorders.

Exclusion criteria for all participants were age > 60 years,
contraindications to MR examination, arterial hypertension,
diabetes and history of cerebrovascular or cardiovascular dis-
ease, cognitive impairment (scoring on the Mini Mental State
Examination [MMSE] <25).

Forty-seven subjects were enrolled (CH, n = 15; Mig, n =
18; NC, n = 14). However, eight subjects were excluded from
the study because of enrollment errors (age out of range [n =
3], presence of aura [n = 1]), gross movement artifacts (n = 2),
incidental MRI findings (n = 2), and one patient did not com-
plete theMRI examination because of ensuing claustrophobia.

Finally, MRI analysis was performed on 12 CH patients
(40 ± 8.1 years old; 8 males), and 13 Mig patients (38.4 ±
6.8 years old; 5 males), both free from attacks and preventive
treatment, and 13 NC (41.6 ± 10 years old; 8 males). Clinical
and demographic characteristics of headache patients are re-
ported in Table 1.

MRI acquisition

Brain MRI was acquired on a 3 T Philips scanner (Philips
Medical Systems, Best, The Netherlands) located at Meyer
University Hospital, Florence, during the scan time of the
Quantitative Neuroimaging Laboratory (QNL) of the
University of Siena. A sagittal survey image was used to iden-
tify the anterior and posterior commissures. Sequences were
acquired in the axial plane parallel to the bicommissural line.
A FLAIR image (repetition time [TR] = 11,000 ms, echo time
[TE] = 125 ms, inversion time = 2800 ms, voxel size = 1x1x3
mm) was acquired for WM hyperintensities (WMH) assess-
ment. DTI data consisted of echo-planar imaging (EPI) (TR =
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7036 ms; TE = 196 ms; voxel size = 2.5 mm3), with 32 diffu-
sion directions and b-value = 900 s/mm2. The resting-FMRI
data were 200 volumes of EPI sequence with TR = 3000 ms,
TE = 35 ms, voxel size = 1.87 × 1.87 × 4 mm. A high-
resolution T1-weighted image (TR = 10 ms, TE = 4 ms, voxel
size = 1 mm3) was also acquired for image registration, ana-
tomical mapping, and analysis of GM volume.

MRI analysis

MRI analysis was performed at the Quanti tat ive
Neuroimaging Lab (QNL) of the University of Siena, mainly
using tools of FSL (FMRIB Software Library, Oxford, UK,
www.fmrib.ox.ac.uk/fsl/).

Macroscopic brain findings

A single observer with longstanding MRI experience (A.G.)
visually assessed FLAIR images for the possible presence of
WMH, which were scored on the Fazekas scale (Fazekas et al.
1987) and outlined using a semiautomated segmentation tech-
nique based on user-supervised local thresholding (Jim; www.
xinapse.com/Manual/).

Voxelwise analysis of GM volumes

Voxelwise analysis of GM volumes was performed on 3D T1-
weighted images with FSL-voxel based morphometry
(VBM), which uses an optimized VBM protocol. Briefly,
T1-W images were brain-extracted, GM-segmented, and reg-
istered onto the MNI152 standard space using FNIRT nonlin-
ear registration. Then, all native GM images were nonlinearly
registered onto a symmetric study-specific GM template,
modulated and smoothed (isotropic Gaussian kernel, sigma =
3mm). Finally, voxelwise group statistics was performed (see
Statistics paragraph).

Voxelwise analysis of DTI data

DTI data were preprocessed through automatic quality control
performed with DTIPrep (www.nitrc.org/projects/dtiprep/), a
tool that minimizes various types of artifacts (Oguz et al.
2014). Then, analysis was performed across the whole brain
with FSL. Briefly, we used FDT (FMRIB Diffusion Toolbox)
to obtain, by fitting a diffusion tensor model to the raw DTI
data, images of fractional anisotropy (FA), axial diffusivity
(AD), radial diffusivity (RD) and mean diffusivity (MD).
The subsequent analysis was performed with TBSS (Tract-
Based Spatial Statistics). Briefly, DTI images were registered
onto a common standard space (FMRIB58_FA) using FNIRT
nonlinear registration and, from the mean FA images, the
mean WM Bskeleton^ (thresholded at FA > 0.2) was created,
representing the centers of all tracts common to the whole
study population, onto which registered DTI images were
projected. Finally, voxelwise group statistics was performed
(see Statistics paragraph).

Voxelwise analysis of resting FMRI

Various preprocessing steps were performed for each resting
FMRI image: removal of the first 5 volumes to allow signal
stability; initial motion correction by volume-realignment to
the middle volume using linear registration MCFLIRT
(Jenkinson and Smith 2001); non-brain removal using BET;
global 4D mean intensity normalization; spatial smoothing
(6 mm FWHM); registration to the T1-weighted image using
the affine Bboundary-based regis t rat ion^ cost of
FLIRT(Jenkinson and Smith 2001), and subsequent transfor-
mation to MNI152 standard space using FNIRT nonlinear
registration (warp resolution: 10 mm); use of ICA-AROMA
(independent component analysis-based automatic removal of
motion artifacts) in order to minimize motion-related
artifacts(Pruim et al. 2015); regression of WM and cerebro-
spinal fluid (CSF) (both thresholded at a very conservative
threshold of 95% tissue probability) in order to remove

Table 1 Clinico-demographic and WMH characteristics of cluster
headache (CH) and migraine without aura (Mig) patients

CH (n = 12) Mig (n = 13)

Age (years) 40 ± 8.1 38.4 ± 6.8

Sex 8 males 5 males

Cluster bouts/year 0.93 ± 0.56 n.a.

Cluster bout duration (days) 56.3 ± 40.7 n.a.

CH attacks/day 2.17 ± 0.81 n.a.

Migraine attacks/month n.a. 2.48 ± 2.64

Headache attack duration (hours) 1.37 ± 0.77 19.17 ± 18.08

Pain intensity (NRS*) 10 (n = 12) 4 (n = 3)
5 (2)
7 (6)
8 (2)

Pain side left (n = 2),
right (n = 10)

left (n = 1)
right (n = 1)
left or right (n = 4)
bilateral (n = 7)

WMH

Number 0.75 ± 0.76 1.53 ± 1.89

Volume (cm3) 0.06 ± 0.15 0.10 ± 0.18

Continuous data are reported as mean ± standard deviation

n.a. not applicable, NRS Numeric Rating Scale, WMH white matter
hyperintensities

Brain Imaging and Behavior

Author's personal copy

http://www.fmrib.ox.ac.uk/fsl/
http://www.xinapse.com/Manual/
http://www.xinapse.com/Manual/
http://www.nitrc.org/projects/dtiprep/


residual structured noise; application of a high-pass temporal
filtering (cut-off frequency = 100 s); final normalization to
MNI152 standard space using FNIRT. The filtered, normal-
ized FMRI images of all study subjects were concatenated
across time into a single 4D image, which was then automat-
ically decomposed by MELODIC (multivariate exploratory
linear optimized decomposition into independent components
[ICs]) into a set of 45 ICs. Finally, voxelwise intranetwork
(short-range) functional connectivity analysis was performed
using the Bdual-regression^ approach. The outputs of the first-
stage dual regression (i.e., the subject-specific timeseries)
were used for estimating temporal correlation between all
the RSNs pairs, which is a measure of internetwork (or long-
range) functional connectivity strength, using FSLNets. All
internetwork Pearson correlation coefficients were trans-
formed into z-scores using the Fisher transform to improve
data normality, and then clustered hierarchically for each of
the three group comparisons, thus leading to different func-
tional groupings of the RSNs. Full correlation allows for the
influence of other networks on RSN pairs while partial corre-
lation represents a more direct relationship between RSN
pairs.

Statistics

Differences among the three study groups were assessed,
using SPSS (v20, IBM), with analysis of variance (ANOVA)
for age, with Chi-square for sex and WMH presence whereas
the Mann-Whitney test was used for the comparison of WMH
number and volume and of disease duration between the two
patient groups.

Voxelwise group differences across the whole brain were
performed in the general linear model (GLM) framework with
ANOVA (F-test followed by post-hoc pair comparisons of
CH, Mig and NC) using Brandomise^, a nonparametric

permutation testing (n = 5000). Thresholding of statistical im-
ages was performed with Bthreshold-free cluster
enhancement^ (TFCE), with a significance level of p ≤ 0.01,
corrected for multiple comparisons across space. Age and sex
were set as covariates in all analyses. WM and GM regions
corresponding to local maxima within significant clusters
were anatomically mapped using FSL standard-space atlases
(Harvard-Oxford cortical/subcortical structural atlases for
GM, JHU DTI-based WM atlases for WM).

Results

There was no group heterogeneity in terms of age (p = 0.64),
sex (p = 0.31), presence, number and volume of WMH
(p > 0.20 for all) which, when present, were few in number
and small in volume (grade 1 on the Fazekas scale). Global
cognition was normal in all study subjects (MMSE, corrected
for age and education: 28.6 ± 1.2 in CH, 29.7 ± 0.63 in Mig,
29.4 ± 1.2 in NC).

Regional grey matter volume

Group heterogeneity was found (ANOVA, p ≤ 0.01).
Compared to NC, GMdensity was lower in the inferior frontal
gyrus of CH (0.33 ± 0.07 vs 0.43 ± 0.06, p = 0.001) and in the
lingual gyrus of Mig (0.40 ± 0.07 vs 0.54 ± 0.08, p < 0.001).
Moreover, higher GM density than NC occurred in CH in the
cerebellum and occipital fusiform gyrus (0.61 ± 0.08 vs 0.53
± 0.08, p = 0.01) and in Mig in the lateral occipital cortex
(0.41 ± 0.05 vs 0.31 ± 0.03, p < 0.001).

Compared to Mig, GM density of CH was lower in the
frontal pole and superior lateral occipital cortex (0.39 ± 0.04
vs 0.50 ± 0.06, p < 0.001) (Fig. 1; Table 2A).

Fig. 1 FSL-Voxel Based Morphometry comparison between cluster
headache and migraine groups. Light-blue shows the clusters where the
former group has lower (ANOVA, p ≤ 0.01 corrected) greymatter volume
than the latter group,mapping on the frontal pole (a) and superior division

of the lateral occipital cortex (b). Background image is the MNI standard
brain in radiological convention. The most informative slices are shown.
See text for details
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Anatomical connectivity along white matter tracts

In terms of group heterogeneity (ANOVA), none of the DTI
measures (FA, AD, RD andMD) survived statistical correction.

Functional connectivity at the level of brain networks

Across the whole study population, 27 functionally relevant
resting state networks (RSNs, main networks and subnet-
works) were found, including the default mode network (n =
3), executive control network (n = 2), frontoparietal working
memory network (n = 2), ventral and dorsal attention network
(n = 4), sensorimotor network (n = 4), primary and secondary
visual network (n = 7), auditory language comprehension net-
work (n = 1), basal ganglia network (n = 1), cerebellar network
(n = 2), and middle temporal lobe network (n = 1).

Group heterogeneity (ANOVA, p ≤ 0.01) was found for
both types of functional connectivity.

In terms of short-range functional connectivity, this was
higher in CH than in NC in various brain networks, including
the working memory network (inferior frontal gyrus, 17.2 ±
13.5 vs −2.3 ± 2.4, p = 0.001), executive control network (su-
perior frontal gyrus, 8.05 ± 7.37 vs −2.6 ± 5.07, p < 0.001) and
default mode network (superior parietal lobule, 9.67 ± 6.2 vs
−2.6 ± 5.2, p < 0.001). Mig showed, with respect to NC,

altered functional connectivity in the default mode network,
with lateral increase (angular gyrus, 11.2 ± 7.8 vs −2.49 ± 5.1,
p < 0.001) and medial decrease (precuneous cortex, −8.7 ±
6.76 vs 6.4 ± 9.5, p < 0.001), and lower functional connectiv-
ity in the working memory network (middle frontal gyrus,
−0.5 ± 3.4 vs 7.6 ± 7.6, p = 0.001). Similarly to the compari-
son with NC, functional connectivity of CH was higher than
Mig in the working memory network (middle frontal gyrus,
20.16 ± 13.94 vs 2.15 ± 8, p = 0.001) (Fig. 2a; Table 2) and
executive control network (frontal pole, 21.5 ± 13.12 vs
5.18 ± 5.27, p = 0.001) (Fig. 2b; Table 2).

As for long-range functional connectivity, CH showed
higher partial correlation (i.e., direct relationship) between
the cerebellar network and auditory language comprehension
network compared to Mig (median [range]: 0.64 [−0.54 to
1.57] vs −0.56 [−1.53 to 0.47], p = 0.0044) (Fig. 3). No sig-
nificant results were found in the comparisons of NC with the
two patient groups.

Discussion

In this study we assessed MRI-derived measures of structural
brain damage and functional connectivity changes in CH pa-
tients, out of bouts and not on preventive treatment compared

Table 2 Cortical GM regions
where CH patients showed lower
volume (A) and higher functional
connectivity than Mig patients
(ANOVA, p ≤ 0.01, corrected)

GM regions (local maxima) Side MNI X,Y,Z
(mm)

Cluster size
(voxel number)

P value

A (volume)

Frontal pole R 8,60,-12 58 0.01

Lateral occipital cortex (superior division) L −22,-80, 50 24 0.01

B (functional connectivity)

Middle frontal gyrus (working memory network) R 34,-2,64 10 0.01

Frontal pole (executive control network) R 38,38,38 10 0.01

Fig. 2 Differences in within-network (short-range) functional
connectivity between cluster headache and migraine groups. Red-
yellow shows clusters where the former group has higher (ANOVA,
p ≤ 0.01 corrected) functional connectivity than the latter in brain

networks (in green), including working memory network (a) and
executive control network (b). Background image, shown in
radiological convention, is the standard MNI brain. The most
informative slices are shown. See text for details
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to Mig patients free from attacks and preventive treatment,
and to NC.

CH, compared to NC and Mig, showed decreased regional
GM volume in the frontal cortex, a traditional pain processing
area, higher short-range functional connectivity in networks
subserving working memory and executive functions and, on-
ly compared to Mig, higher long-range functional connectiv-
ity in language comprehension networks.

Regional GM volume changes

We found decreased regional GM volume in the frontal cortex of
CH, mapping on the inferior frontal gyrus compared to NC, in
line with a previous study (Yang et al. 2013), and on the frontal
pole compared to Mig. This finding has never been shown be-
fore, but it fits with the recent hypothesis that, alongside the
involvement of posterior hypothalamic and other Bclassical^ no-
ciceptive brain areas, prefrontal areas are involved in the patho-
physiology of CH (Sprenger et al. 2007). Decreased GMvolume
in CH with respect to Mig was also found in a postero-lateral
region of the parietal cortex such as the superior lateral occipital
cortex which, functionally, represents the site of modulation of
visual object processing in the ventral visual stream during pain
experience and working memory (Bingel et al. 2007). GM

volume reduction in regions of the prefrontal and postero-
parietal cortex of CH with respect to Mig during the interictal
phase may overall reflect altered pain-modulating capacity and
thus an insufficient structural cortical plasticity towards very se-
vere pain rather than a real process of atrophy due to tissue loss.

Compared only to NC, we also found in CH increased GM
volume in the cerebellum, as previously demonstrated (Naegel
et al. 2014a), and in a region of the occipital cortex, such as the
occipital fusiform gyrus, in agreement with previous studies
(Absinta et al. 2012; Naegel et al. 2014b). It is common knowl-
edge that cerebellum is linked with motor sequence generation,
sensory-motor control, attention switching and decision mak-
ing; however, more recent studies suggested a passive role in
the response to painful stimuli and, interestingly, also an active
role in the cognitive aspects of pain processing. Fusiform gyrus
was traditionally linked with various cognitive aspects, includ-
ing color information processing, face and body recognition,
visual object processing, attentional modulation and, more re-
cently, working memory. In pathogenic terms, GM volume
increase in the cerebellar and occipital GM of CH with respect
to NC may reflect increased regional cortical plasticity and
thus a compensatory mechanism aiming to increase or regain
pain modulation activity, which may be reduced as a conse-
quence of very severe pain attacks.
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Fig. 3 Differences in internetwork (long-range) functional connectivity
between cluster headache and migraine groups. The partial correlation
(i.e., direct relationship) between cerebellar network and auditory

language comprehension network (a) was higher (ANOVA, p ≤ 0.01
corrected) in the former group, as shown by the corresponding box-and-
whiskers plots of median and range values (b). See text for details
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Regional GM volume changes, both increase and decrease,
as found in our study, were previously reported between in-
bout and interictal periods of CH (Naegel et al. 2014b), sug-
gesting that this type of very severe primary headache may
actually result from a disordered top-down pain modulatory
mechanism, with complex volumetric changes and cortical
plasticity dynamics between the different pain states.

Altered functional connectivity

In this study, CH group showed, with respect to both NC and
Mig groups, abnormal short- and long-range functional con-
nectivity whereas no group heterogeneity was found for ana-
tomical connectivity along WM tracts.

We showed that higher short-range functional connectivity in
CH than in both NC andMigmapped on regions of the prefrontal
cortex, which were part of the workingmemory network (inferior
and middle frontal gyrus, respectively) and executive control net-
work (superior frontal gyrus and frontal pole, respectively).

Interestingly, all alterations in CH with respect to the other
two study groups mapped on the right hemisphere, in keeping
with the occurrence of right-sided pain in almost all of our CH
patients. Our findings on the prefrontal cortex are in line with the
occurrence of increased metabolism in the frontal areas of the
descending modulation system of the Bpain neuromatrix^
(Sprenger et al. 2007). Working memory refers to a limited-ca-
pacity, short-term, information retention system, necessary for
guiding behavior, making decisions, learning a language, reason-
ing, and planning. Previous studies showed a clinical deficit of
workingmemory in chronic pain patients (Berryman et al. 2013),
including those with CH (Torkamani et al. 2015). Besides work-
ing memory network, we showed that the executive control net-
work of CH patients had higher functional connectivity than both
NC andMig. The executive control network is a type of attention
network that can be selectively influenced by painful stimulation
(Liu et al. 2013). However, conflicting results exist on the possi-
ble impairment of executive functions in CH patients (Dresler
et al. 2012; Torkamani et al. 2015). Finally, when compared only
to NC, we found that CH also showed higher functional connec-
tivity in the default mode network. This is a well-known network
taking part in internal modes of cognition and activating during
internally focused tasks, including memory retrieval. Increased
functional connectivity in the default mode network of CHmight
be directly related to pathophysiology of pain and, indeed, this
functional reorganization of the network turned out to be associ-
ated with chronic pain conditions (Baliki et al. 2014).

In terms of long-range functional connectivity, we found
higher connection strength between the auditory language
comprehension network and the cerebellar network in CH
compared to Mig, whereas no differences occurred between
the two patient groups and NC. The auditory language com-
prehension network includes the posterior insula, which is part
of the ascending processing system of the Bpain neuromatrix^,

but also the superior temporal gyrus, whose interaction with
the cerebellar network, demonstrated by both task- and
resting-FMRI studies (Baumann and Mattingley 2010;
Dobromyslin et al. 2012) and confirmed by DTI-derived
WM connections (Habas et al. 2011), is involved in an impor-
tant cognitive task such as language comprehension
(McLachlan and Wilson 2017; Moberget and Ivry 2016). In
our study, the higher long-range functional connectivity be-
tween the cerebellar network and auditory language compre-
hension network mirror the findings of higher short-range
functional connectivity in the working memory network and
executive control network of CH compared to Mig and, over-
all, theymay reflect a Bmaladaptive^ (i.e., worsening) process.
Indeed, we hypothesize that the very severe pain in CH may
initially interfere with the function of brain networks
supporting key cognitive abilities, in the absence of clinical
cognitive impairment, and this situation may in turn worsen
the cognitive and sensory aspects of the pain experience.

There are strengths and limitations to this study. The MRI
approaches used for the analyses of GM volumes and connec-
tivity feature important methodological aspects: assessment of
the whole brain rather than predefined regions; nonlinear regis-
tration, which reduces the potential errors in spatial registration;
nonparametric permutation testing, which can be applied when
the assumptions of a parametric approach are untenable, as it
occurs for small study groups; conservative statistical threshold
corrected for multiple comparisons across space, thus protecting
against false positive results; and TFCE, which uses the spatial
information inherent to the image data for computing statistical
maps, thus not requiring arbitrary image presmoothing and not
depending on an arbitrary initial cluster-forming threshold.

Limitations lie in the cross-sectional design of the study,
which provides only a Bsnapshot^ at a given timepoint, and
especially in the small sample size of the study groups, which
are, however, in line with most of studies in the field. In addi-
tion, we must consider that CH is a rare condition, with a prev-
alence of around 0.1% in the general population (Hoffmann and
May 2018) and that we recruited a selected group of patients
not on preventive treatment at the time of the study, well beyond
the attack phase and without vascular comorbidities, in order to
avoid possible confounders in the interpretation of the results.
Future larger prospective studies may contribute to determine
whether and how changes in GM volume and functional con-
nectivity are associated with the evolution of CH and Mig.
Importantly, our results, which are highly significant in statisti-
cal terms, are in favor of the occurrence of real differences in
GM volumes and connectivity among the three study groups
and, therefore, strongly indicate that additional research should
be carried out in the future.
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