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Abstract The involvement of the cerebellum in migraine
pathophysiology is not well understood. We used a
biparametric approach at high-field MRI (3 T) to assess
the structural integrity of the cerebellum in 15 migraineurs
with aura (MWA), 23 migraineurs without aura (MWoA),
and 20 healthy controls (HC). High-resolution T1 relaxation
maps were acquired together with magnetization transfer
images in order to probe microstructural and myelin integ-
rity. Clusterwise analysis was performed on T1 and magne-
tization transfer ratio (MTR) maps of the cerebellum of
MWA, MWoA, and HC using an ANOVA and a non-
parametric clusterwise permutation F test, with age and
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gender as covariates and correction for familywise error
rate. In addition, mean MTR and T1 in frontal regions
known to be highly connected to the cerebellum were com-
puted. Clusterwise comparison among groups showed a
cluster of lower MTR in the right Crus I of MWoA patients
vs. HC and MWA subjects (p=0.04). Univariate and bivar-
iate analysis on T1 and MTR contrasts showed that MWoA
patients had longer T1 and lower MTR in the right and left
pars orbitalis compared to MWA (p<0.01 and 0.05, respec-
tively), but no differences were found with HC. Lower MTR
and longer T1 point at a loss of macromolecules and/or
micro-edema in Crus I and pars orbitalis in MWoA patients
vs. HC and vs. MWA. The pathophysiological implications
of these findings are discussed in light of recent literature.

Keywords Cerebellum - Migraine - Cortical spreading
depression - Structural MRI

Introduction

Migraine is a common and disabling neurological disorder,
affecting 15-25 % of women and 6-8 % of men [1-4]. It is
characterized by severe, recurrent headaches, often accom-
panied by nausea, vomiting, and light sensitivity. In some
migraineurs, the headaches are preceded by neurological
disturbances known as “aura.”

The cerebellum may play a role in migraine pathophys-
iology [5], but its importance still needs to be clarified.
Subtle vestibulocerebellar dysfunction have been reported
interictally both in patients with [6] and without aura [7, 8]
(MWA and MWoA, respectively). Stabilometric studies
have revealed ictal and interictal abnormalities specific to
MWOoA patients compared to controls [9], and studies
pooling MWA and MWOoA [10] showed balance differences
between migraineurs as one group and nonmigraineurs.

Cerebellar dysfunction in migraine may have both circula-
tory and neurophysiological origins. Although interictal
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perfusion changes have not been demonstrated in the cerebel-
lum of MWA and MWOoA patients [11], attack-related cere-
bellar circulatory changes have been shown in familial hemi-
plegic migraine [12, 13]. Moreover, subclinical cerebellar in-
farcts occur at higher frequency in MWA patients [14].

Abnormal ion channels expressed in the cerebellum [15]
may also provoke either direct damage by glutamate and
other neurotoxic substances or indirect effect by an increase
in cellular excitability leading to cortical spreading depres-
sion (CSD). CSD is the likely substratum of migraine aura
[16], but it has also been suggested that it may be present in
MWoA [17, 18].

Cerebellar dysfunction in migraineurs with and without
aura could also be the consequence of CSD in the frontal
lobe [18]. The so-called crossed-cerebellar diaschisis, a phe-
nomenon already described in familial hemiplegic migraine
[12], corresponds to a decrease in cerebellar metabolism,
caused by the disruption of afferent excitatory inputs sec-
ondary to contralateral cerebral hemispheric lesions or CSD
[19]. Likewise, CSD in the frontal cortex during migraine
could provoke a contralateral cerebellar hypoperfusion.

Finally, impaired function of the cerebellum of migraineurs
might be due to dysfunctional trigeminal inputs. Migraine is
known to keenly affect the trigeminal system [20], and tri-
geminal projections to the cerebellum have been detected in
many species [21, 22].

Only few studies previously reported structural cerebellar
alterations in migraine; cerebellar hyperintensities have been
shown to be significantly higher in migraineurs compared to
healthy controls [23], and decreased gray matter volume in the
cerebellum has been recently described in MWoA patients in a
voxel-brain morphometry study [24]. Moreover, a small study
applying quantitative MRI spectroscopy in MWA patients
showed lower choline levels in the cerebellum of migraineurs
vs. controls, pointing at the presence of alterations in cellular
membrane composition in MWA.

In this context, we conceived a study aiming at probing the
microstructural integrity of the cerebellum and of frontal areas
functionally connected to it, by using a multicontrast magnetic
resonance imaging approach at 3 T. We used T1 relaxometry to
assess the structural properties of the tissue and magnetization
transfer imaging to detect eventual myelin-related abnormali-
ties. Our hypothesis was that migraineurs would exhibit T1 and
magnetization transfer ratio (MTR) alterations in the cerebel-
lum and the frontal lobe compared to subjects without migraine.

Methods

MRI Acquisition

We enrolled 15 patients with MWA, 23 patients with MWoA,
and 20 healthy controls (HC), who underwent a MRI scan in a

3-T Tim Trio scanner (Siemens, Erlangen) equipped with a
32-channel head matrix coil. Clinical characteristics are
presented in Table 1. Three MWA, two MWOoA, and two HC
subjects smoked five to ten cigarettes/day at the study enroll-
ment. One patient with MWoA, one with MWA, and none of
the healthy controls were under hormone replacement therapy.
Eight patients with MWoA, five with MWA, and five healthy
controls were under oral contraception.

MWA and MWOoA patients were diagnosed based on the
2004 THS criteria [25] and had not experienced attacks at least
3 days prior MRI scanning. None was under prophylactic
treatment for at least 6 months. Patients did not suffer from
any other neurological or psychiatric disease and had normal
neurological examination. HC had no history of migraine or
other headache types and did not suffer from other neurolog-
ical or psychiatric disease nor followed any pharmacological
treatment in the 3 months prior to the study.

The MRI protocol included four different sequences:
MPRAGE as described in the ADNI protocol (http://
www.loni.ucla.edu/ ADNI/Research/Cores/ADNI Siemens
3T TrioTimVBI13.pdf.) (TR/TE=2,400/3 ms, voxel size=
1x1x1.2 mm?®, FoV=256x240x160), MP2RAGE (TR/TE=
5,000/3 ms, inversion time=700 ms, FA=4°, voxel size=1 %
1x1.2 mm?®, FoV=256%240x 160) and magnetization transfer
imaging (MTI) (TR/TE=48/23 ms, voxel size=2x2x2 mm’,
FoV=240%256%96). The MP2RAGE volumes were used to
compute the T1 maps. MTR maps were computed from the
MTI volumes as follows: MTR=(MO0—MT)/MO0x 100, where
MT and MO are, respectively, the image intensities acquired
with and without magnetization transfer saturation pulse.
Subsequently, T1 and MTR maps were linearly registered to
the MPRAGE volume with 6 degrees of freedom and mutual
information cost function using ELASTIX [26].

Cerebellum Structural Integrity

MPRAGE images were nonlinearly registered to the
SUIT cerebellum atlas [27-29] using the SUIT toolbox
[27-29] for SPM. The same parameters were then
applied to register each subject's T1 and MTR map
to the SUIT atlas. T1 and MTR maps in SUIT space
were then smoothed using an 8-mm FWHM Gaussian
kernel.

We assessed whether the groups (MWA, MWoA, and
HC) had any difference in MTR and T1 distributions using
an ANOVA and a non-parametric clusterwise permutation ¥
test with 10,000 permutations and a cluster-forming thresh-
old of p=0.001 (http://www.fmrib.ox.ac.uk/fsl/randomise/
index.html). This test uses random permutations to approx-
imate the distribution of the mass of supra-threshold voxel
clusters under the null hypothesis (Hy: there is no difference
of MTR or T1 distribution between the groups). The distri-
bution of the test statistic is then used to infer the p value of

A Springer GRC
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Table 1 Clinical characteristic

and number of lesions MWoA MWA HC p value
N 23 15 20 n/a
Age 39+14 38+11 37+12 0.9
Gender (F/M) 18/5 10/5 12/8 0.2
Migraine duration (years, mean + SD) 24.2+15 20.6+£12.5 N/A 0.4
Migraine frequency/month (mean £ SD) 5.6+6.9 4.245.6 N/A 0.5
Hemispheric WM lesions 151 89 51 0.01 (MWoA vs. HC)
Hemispheric GM lesions 0 0 0 n/a
Cerebellar WM lesions 0.2
F female, M male, WM white Cerebellar GM lesions 0 0 0 n/a

matter, GM gray matter

the clusters, which is corrected for the familywise error rate
[30]. Age and gender were entered as additional covariates.

Significant clusters were then used as a mask to compute
the mean value of the corresponding map inside the cluster
for each group and to mask the F values map. Post hoc ¢
tests were performed to assess the direction of detected
differences between pairs of groups.

Lesions in hemispheric and cerebellar white and gray
matter were manually counted on FLAIR and MP2RAGE
images as reported in [31].

Structural Integrity of Frontal Cortical Areas Connected
to Crus I

Using the methods described above, we identified a region
that was structurally different in MWoA compared to MWA
and HC, which was located mainly in the Crus I of the
cerebellum. We subsequently analyzed the average T1 and
MTR contrasts in the latero-orbital cortex, the pars orbitalis,
pars opercularis, pars triangularis, and the superior frontal
gyrus [32], which are the regions with the strongest func-
tional connections to Crus I [32].

Using FreeSurfer (www.freesurfer.org), we computed the
parcellation of these five areas, and we registered it to a gray
matter probability map calculated using an in-house software
based on [33]. We then averaged T1 and MTR in each region
considering the voxels with at least 75 % probability to belong
to gray matter, in order to reduce partial volume effects.
Statistical comparison among MWA, MWoA, and HC groups
was then performed using a permutation-based univariate ¢
test (T1 and MTR) and bivariate Hoteling test (T1-MTR),
using age and gender as covariates. Correction for familywise
error rate was performed for multiple comparisons.

Correlations of MTR and T1 Changes with the Number
of White Matter Lesions

Spearman correlations were performed between MTR and
T1 values in the cerebellum and frontal cortical regions that
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showed significant differences among MWA, MWoA, and
HC (left/right pars orbitalis) with the number of hemispheric
and cerebellar lesions.

Correlations of MTR and T1 Changes with Attack
Frequency and Duration

Spearman correlations were performed between MTR and
T1 values in the cerebellum and frontal cortical regions that
showed significant differences between MWA and MWoA
patients (left/right pars orbitalis) with attack frequency and
duration.

Concepts of Quantitative and Semi-quantitative MRI
Contrasts (MTR and T1)

The semi-quantitative MTR is a marker of structural integ-
rity, which is sensitive to the relative proportion of macro-
molecules (myelin and cellular proteins) and water [34]. A
reduced MTR indicates therefore a loss of macromolecules
and/or microscopic edema [34].

Similarly, the quantitative T1 assessment probes micro-
structural properties, and longer T1 values indicate a loss in
tissue structure [35]. However, quantitative T1 measure-
ments are slightly biased by local iron content, with higher
iron levels leading to shorter T1 values [35].

Results

Patients with migraine (MWoA and MWA) did not differ
from HC for age (p=0.8) and gender (p=0.2), and MWoA
did not differ from MWA patients for disease duration
(p=0.4) and migraine frequency (p=0.5). MWoA patients had
a significantly higher number of hemispheric WM lesions
compared to HC (p=0.01) (Table 1).

In the cerebellum, MTR clusterwise comparison among
groups showed a cluster in the right Crus I (Fig. 1, total
cluster volume=0.9 mm?®, p=0.04); a posteriori ¢ tests
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Fig. 1 Voxel-based
comparison of the MTR
contrast in the cerebellum of
MWA, MWoA, and HC. Top:
coronal and sagittal view of the
significant cluster on a
background showing the
cerebellum atlas. Botfom: axial
view of the significant cluster
on cerebellum atlas background
and comparison of the mean
MTR in the cluster among
MWA, MWoA, and HC
(**p<0.01, ***p<0.0001)

showed that the MTR is lower in MWoA patients compared
to MWA (MWOoA, 0.214+0.01; MWA, 0.23+0.02; p<0.001)
and controls (HC, 0.23+0.01, p<0.0001) (Fig. 1).

In the frontal lobe, univariate analysis on the T1 contrast
showed that MWOoA patients had significantly longer T1 in the
left pars orbitalis compared to MWA (MWO0A, 1,433+25 ms,
vs. MWA, 1,391+£53 ms, p=0.02) and HC (HC, 1,408+
37 ms), though this latter did not reach significance (p=
0.09) (Fig. 2). On the other side, univariate analysis on the
MTR contrast showed that MWoA patients had significantly
lower MTR in the right and left pars orbitalis compared to
MWA (right: MWoA, 0.31£0.01, vs. MWA, 0.33+0.02, p=
0.004, and MWOoA, 0.30£0.01, vs. MWA, 0.31+0.01, p=
0.03). No differences were found between MWoA and HC
(right: MWoA, 0.31+0.01, vs. HC, 0.32+0.02, p=0.2, and
left: MWoA, 0.30+0.01, vs. HC, 0.31£0.02, p=0.6) (Fig. 2).

Fig. 2 Region of interest
evaluation of MTR and T1
contrasts in the pars orbitalis of
the prefrontal cortex in MWA,
MWoA, and HC (*p<0.05,
**p<0.01). Center: 3D bottom
view of right and left pars
orbitalis from the FreeSurfer
cortical parcellation

(www.freesurfer.org)
MWA = MWoA mHC

™

MWA = MWoA ®HC

p<0.0001

Bivariate analysis of the T1 and MTR contrasts showed
that MWoA and MWA differed in both the left and the right
pars orbitalis (p=0.03, respectively), whereas no significant
difference was found with the HC (p>0.3). No significant
correlations were found between MTR and T1 values in the
cluster located in Crus I and L/R pars orbitalis of MWoA
patients with hemispheric and cerebellar lesions as well as
with migraine frequency and duration.

Discussion

Our study shows microstructural alterations in the Crus I of the
cerebellum as well as in the pars orbitalis of the prefrontal cortex
in patients with MWoA. These findings were restricted to
MWDoA and absent in MWA confirming partially our hypothesis.

MWA = MWoA BHC

MWA “MWoA mHC

@ Springer SRC
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We applied a biparametric approach at high-field MRI in
order to study the microstructural integrity (T1) and the my-
elin content (MTR) of the cerebellum and of connected areas
of'the frontal lobe. The MTR was reduced in the right Crus I of
the cerebellum of MWoA vs. MWA patients as well as healthy
subjects. Crus I is a posterolateral cerebellar lobe involved in
language as well as spatial transformation and working mem-
ory; for review, see [36]. It is also implicated in emotion, with
responses to unpleasant images [37], fear, and anger [38] as
well as in pain processing to noxious heat [37].

Crus I is functionally interconnected with the prefrontal
cortex (PFC), especially with pars triangularis, orbitalis,
opercularis, and the superior frontal gyrus [32]. Therefore,
we subsequently focused our analysis on those three areas
and observed bilateral abnormalities in the pars orbitalis of
MWoA compared to MWA patients. These abnormalities
were characterized by longer T1 and lower MTR. The same
characteristics were observed when comparing MWoA vs.
HC, though the difference did not reach significance due to
the gender unbalance between groups.

The pars orbitalis of the PFC is one of the regions showing
the highest peaks of functional connectivity with Crus I [32].
It is located in the inferior frontal gyrus and functionally
appears to be involved in value representation and stimulus
evaluation [39, 40] as well as, to a minor extent, to processing
of affective social signals [41-44]. Interestingly, migraine
patients (with and without aura) were shown to exhibit stron-
ger activations in this area as a response to pain-related vs.
nonpain-related negative affective adjectives [45], suggesting
an enhanced affective involvement towards pain cues.

Lower MTR and longer T1 point at a lower content of
macromolecules (myelin and/or cellular proteins) or at a
micro-edema effect in these regions [35]. The presence of
these phenomena may be the consequence of repeated
micro-inflammatory processes due to recurrent CSD during
migraine attacks [46]. Even though CSD has been essential-
ly described in migraine aura [16, 47], there is in fact
evidence suggesting hyperexcitability of the central nervous
system [48—50] and the presence of CSD-like phenomena in
MWOoA [17, 18]. In addition, many studies have underlined
the commonalities that exist between both migraine groups
and epilepsy (for review, see [51]) and the fact that CSD
suppression seems pivotal in migraine prophylaxis [52].

Cortical demyelination has been previously linked to
increased CSD velocity and cortical excitability, most prob-
ably due to decreased myelin-dependent stabilization and
buffering of extracellular ion content [53]. Moreover, a
decreased expression of ion channels in the cellular mem-
brane, as it has been shown in migraine like basilar-type
[54] and familiar hemiplegic migraine type 1-3 [55-57],
might also lead to the same phenomena. Therefore, lower
macromolecular content in Crus I and pars orbitalis of
MWoA might be at the origin of silent cortical spreading
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depression waves in migraineurs without aura, as previously
suggested by Vincent et al. [5].

On the other hand, we did not find any significant corre-
lation between MTR/T1 abnormalities in Crus I/pars
orbitalis of MWOoA patients and migraine frequency and
duration. This may be due to the limited number of subjects
studied but could also suggest that the observed microstruc-
tural alterations are a condition promoting migraine attacks.

No alterations of the frontocerebellar circuitry were ob-
served in MWA patients, in contrast with behavioral studies
showing that both MWA and MWOoA seem to have cerebel-
lar dysfunction. Several hypotheses can be put forward to
explain these findings: (1) CSD-related circulatory changes
may predominate in MWA, leading to microlesions in the
posterior fossa [58], though we did not observe any differ-
ence in the lesion load in the present study. (2) The possi-
bility that the group of MWA patients studied here were not
presenting cerebellar signs: one limitation of the present
study is the lack of stabilometric or other cerebellar function
measures in MWA and MWOoA patients, and further studies
should address this question. (3) The presence of alterations
in indirect circuits comprising pars orbitalis and Crus I (e.g.,
the nonmotor basal ganglia loop [59, 60] or the anterior
cingulate gating loop [39]).

In summary, our work provides evidence of microstruc-
tural alterations in the cerebellum—prefrontal circuit in
MWoA patients, which could promote increased excitability
of the prefrontal cortex and cerebellum, leading to “silent
CSD” [5]. Future electrophysiological and functional stud-
ies should help to determine the implication of the reported
structural abnormalities in migraineurs without aura.
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