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Abstract Morphometric MRI studies in adult patients
with migraine have consistently demonstrated atrophy of
several gray matter (GM) regions involved in pain pro-
cessing. We explored the regional distribution of GM and
white matter (WM) abnormalities in pediatric patients with
episodic migraine and their correlations with disease clin-
ical manifestations. Using a 3.0 T scanner, brain T2-
weighted and 3D T1-weighted scans were acquired from 12
pediatric migraine patients and 15 age-matched healthy
controls. GM and WM volumetric abnormalities were
estimated using voxel-based morphometry (p < 0.05,
family-wise error corrected). Compared to controls, pedi-
atric migraine patients experienced a significant GM atro-
phy of several regions of the frontal and temporal lobes
which are part of the pain-processing network. They also
had an increased volume of the right putamen. The left
fusiform gyrus had an increased volume in patients with
aura compared to patients without aura and controls,
whereas it was significantly atrophied in patients without
aura when compared to the other two groups. No abnor-
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malities of WM volume were detected. In migraine
patients, regional GM atrophy was not correlated with
disease duration and attack frequency, whereas a negative
correlation was found between increased volume of the
putamen and disease duration (r = —0.95, p < 0.05).
These results show that GM morphometric abnormalities
do occur in pediatric patients with migraine. The presence
of such abnormalities early in the disease course, and the
absence of correlation with patient clinical characteristics
suggest that they may represent a phenotypic biomarker of
this condition.

Keywords Migraine - Pediatric migraine - Gray
matter abnormalities - White matter damage -
Voxel-based morphometry

Introduction

Migraine is the most common acute and recurrent headache
syndrome in children, with a prevalence ranging from 3.2
to 14.5 %, which increases from preschool age to mid-
adolescence [30]. In children, the clinical manifestations of
migraine may differ from those of adult patients, with a
more common localization to the frontal and temporal
brain regions, bilaterally, a duration of the attacks between
1 and 72 h and the frequent concomitant presence of
abdominal pain, nausea, or vomiting, plus two of five other
associated symptoms (photophobia, phonophobia, diffi-
culty of thinking, light headedness, or fatigue). As children
move through adolescence, the characteristics of the
attacks tend to become similar to those seen in adults with
migraine [21, 30]. Both in adult and pediatric patients, the
diagnosis of migraine is mainly based on clinical criteria: a
typical history of paroxysmal headaches with a normal
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clinical setting between episodes. Nevertheless, neuroim-
aging studies in children and adolescents with migraine are
frequently performed in clinical practice because of fear of
missing serious underlying diseases and increasing parental
demands [32].

In adult patients with migraine, structural and functional
MRI techniques have been applied extensively to provide
additional insights into the pathophysiology of the disease
and to identify possible regions triggering the attacks,
which might become the targets of specific treatments. A
consistent finding of these investigations has been the
demonstration that, similarly to other chronic painful
conditions, including chronic back pain [36], fibromyalgia
[38], and cluster headache [1], migraine patients experi-
ence a distributed pattern of gray matter (GM) volume
abnormalities to regions that are part of the network sub-
serving supraspinal nociceptive processing [9, 23, 33]. Of
note, such abnormalities, are not limited to the pain net-
work, but extend to several other regions involved in visual
motion-processing (such as area MT/V5 and V3A) and
sensorimotor processing [15]. Using diffusion tensor MRI,
subtle modifications of diffusivity indexes of several white
matter (WM) areas have also been demonstrated in adult
migraine patients [10, 34].

Despite having contributed to broaden the understanding
of migraine pathophysiology, there are several aspects
from previous research that need further investigations. In
this perspective, two unsolved issues are the following:
(a) How early do these morphological modifications occur?
(b) Do they represent the consequence of attack repetition
over time or they are rather a phenotypic biomarker of the
disease? A valuable strategy to address these questions is to
study pediatric patients with migraine, in whom, by defi-
nition, the interval between the biological and the clinical
onset of the disease is shorter than that of adult patients. To
this aim, we applied voxel-based morphometry (VBM) in
pediatric patients with episodic migraine to assess the
presence and distribution of GM and WM abnormalities as
well as their correlation with attack frequency and disease
duration.

Materials and methods
Subjects

Patients were recruited consecutively from the migraine
population attending the Outpatient Clinic, Department of
Neurology, Scientific Institute and University Ospedale
San Raffaele. All patients met the criteria of the interna-
tional classification of headache disorders for the diag-
nosis of migraine [21]. We enrolled 15 right-handed
patients with episodic migraine in headache-free state for

at least 1 month prior to the MRI scan and 15 right-han-
ded, gender and age-matched pediatric healthy controls,
without a familial history of migraine, no history of
neurological dysfunction (including migraine) and a nor-
mal neurological exam. Patients with hypertension,
hypercholesteremia, diabetes mellitus, vascular/heart dis-
eases and other major systemic, neurological or psychi-
atric conditions were excluded. Images of three patients
were discarded during the analysis due to motion artifacts
(the demographic and clinical characteristics of these
patients did not differ from those of the remaining group).
The main demographic and clinical characteristics of
patients with migraine and healthy controls are summa-
rized in Table 1. Seven patients had a diagnosis of
migraine with visual aura (MWA), and five a diagnosis of
migraine without aura (MWoA). Apart from two patients
who suffered from a right-sided migraine, all the
remaining patients had bilateral migraine. At the time of
MRI, three patients were on prophylactic medication for
migraine. Nine patients had a familial history of migraine.
All subjects were assessed clinically by a single neurol-
ogist, who was unaware of the MRI results.

Standard protocol approvals and patient consents

Local ethical standards committee on human experimen-
tation approved the study protocol and all subjects’ parents
provided written informed consent prior to study
participation.

Table 1 Main demographic, clinical and conventional MRI charac-
teristics of the subjects enrolled in the study

Pediatric Pediatric migraine patients
healthy . .
controls All‘ Mlgralne Mlgrame
patients with aura without
aura
Number of 15 12 7 5
subjects
Girls/boys 718 6/6 4/3 3/2
Mean age 13.3 (9-18) 14.2 (9-17) 15.1 (13-17) 13.0 (9-16)
(range) (years)
Mean attack - 14 (2-48) 7 (2-18) 23 (8-48)
frequency per
year (range)
Mean disease - 3.7(03-10) 1.7 (0.3-7) 4.7 (1-10)
duration
(range)
(years)
T2 LV - 0.10 (0.06) - 0.10 (0.06)
(SD) (ml)
Mean NBV 1,765 (78) 1,718 (63) 1,736 (64) 1,692 (60)
(SD) (ml)

LV lesion volume, NBV normalized brain volume, SD standard deviation
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MRI acquisition

Using a 3.0 T Intera scanner (Philips Medical Systems,
Best, The Netherlands), the following sequences of the
brain were obtained from all the subjects: (1) axial T2-
weighted turbo-spin echo [repetition time (TR)/echo time
(TE) = 3,000/120 ms, flip angle (FA) = 90°, matrix
size = 512 x 512, field of view (FOV) = 230 mmz, 28,
4 mm thick, contiguous slices]; (2) axial fluid attenuated
inversion recovery (FLAIR) (TR/TE = 11,000/120 ms,
inversion time = 2,800 ms, FA = 90°, matrix size = 256
x 256, FOV = 230 mmz, 28, 4 mm thick, contiguous
slices); (3) coronal FLAIR (TR/TE = 11,000/120 ms,
inversion time = 2,800 ms, FA = 90°, matrix size = 320
x 295, FOV = 220 mmz, 40, 3 mm thick slices); (4) axial
3D TIl-weighted fast field echo (FFE) (TR/TE = 25/
4.6 ms; flip angle = 30°; matrix size = 256 x 256; FOV
= 230 x 230 mm?; 220 contiguous slices with voxel size
= 0.89 x 0.89 x 0.8 mm).

MRI analysis

T2-weighted scans were analysed for the presence of
lesions and FLAIR scans were always used to increase
confidence in their identification. Lesion volumes (LV)
were measured using a local thresholding segmentation
technique (Jim 5.0, Xinapse System, Leicester, UK).

On 3D FFE images, normalized brain volumes were
calculated using the cross-sectional version of the struc-
tural imaging evaluation of normalized atrophy (SIENAX)
software [41]. VBM and the SPMS software (http://www.
fil.ion.ucl.ac.uk/spm) were used to assess differences of
GM and WM volumes between migraine patients and
controls. First, 3D FFE images were segmented in GM,
WM and CSF by using the standard unified segmentation
model in SPMS. Then, GM and WM segmented images of
all subjects, in the closest possible rigid-body alignment
with each other, were used to produce GM and WM tem-
plates and to drive the deformation to the templates. At
each iteration, the deformations, calculated using the dif-
feomorphic anatomical registration using exponentiated lie
algebra (DARTEL) registration method [2], were applied
to GM and WM, with an increasingly good alignment of
subject morphology to produce templates. Spatially nor-
malized images were then modulated to ensure that the
overall amount of each tissue class was not altered by the
spatial normalization procedure. To better align the final
template with the Montreal Neurologic Institute (MNI)
space, an affine registration between the customized GM
template and the SPM GM template (in the MNI space)
was also calculated and added to the header of each image
as a new orientation, in order to have all images in a
standard space. The same transformation was applied to the
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WM customized template. The images were then smoothed
with an 8 mm full width at half maximum (FWHM)
Gaussian kernel.

Statistical analysis

Demographic, clinical and conventional MRI characteris-
tics were compared between groups using the Mann—
Whitney U test for continuous variables and the Fisher
exact test for categorical variables (SPSS software, version
13.0).

Between-group comparisons of smoothed GM and WM
maps were assessed using analyses of covariance, includ-
ing age, gender and the normalization factor derived from
SIENAX (which can be considered as a measure of head
size) as covariates. The correlation between regional GM/
WM abnormalities and clinical data (disease duration and
attack frequency) was assessed using SPM8 and a linear
regression analysis. For all analyses run with SPM, results
were assessed at a threshold of p < 0.05 corrected for
multiple comparisons (FWE). In regions which are part of
the pain processing network, where an a priori hypothesis
was available [9, 23, 33], results were also tested at a
p < 0.001, uncorrected for multiple comparisons (cluster
extent = 10 voxels).

Results

Age (p = 0.3) and gender (p = 0.6) did not differ between
migraine patients and controls or between MWA and
MWoOoA patients. Patients with MWoA had a higher attack
frequency (p = 0.03) than those with MWA, whereas
disease duration did not differ significantly between the
two groups (p = 0.8) (Table 1).

No WM hyperintense lesions were found in healthy
controls and 8 (67 %) of the 12 patients with migraine.
Four patients with MWoA had few small, punctate T2
hyperintense lesions in deep and subcortical WM (Fig. 1).
Mean T2 LV in these patients was 0.10 ml
(SD = 0.06 ml). NBV did not differ between migraine
patients and healthy controls (p = 0.08), neither between
MWA and MWoA patients (p = 0.1).

The regional analysis of the topography of WM abnor-
malities showed no difference between healthy subjects
and pediatric migraine patients.

The results of the regional analysis of GM atrophy are
summarized in Table 2 and shown in Fig. 2. Compared with
pediatric controls, pediatric migraine patients had significant
GM atrophy of the left middle temporal gyrus (p < 0.05,
FWE corrected), right orbitofrontal gyrus (p < 0.001,
uncorrected), left inferior frontal gyrus (p < 0.001, uncor-
rected) and subgenual cingulum (p < 0.001, uncorrected).
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Fig. 1 Illustrative axial T2-
weighted (a, b) and coronal
FLAIR (¢, d) magnetic
resonance images from four
pediatric patients affected by
migraine without aura showing
hyperintense lesions (arrows) in
the deep and subcortical white
matter

Table 2 Regions showing significant reduced gray matter volumes in
patients with migraine compared with healthy controls (p < 0.001,
uncorrected)

Cerebral regions MNI Cluster extent ¢ values
coordinates (number of
X Y Z voxels)
L middle temporal —58, =29, —8 65 4.19*
gyrus (BA 21)
R orbitofrontal gyrus 11, 48, —9 153 3.97
(BA 10)
L inferior frontal gyrus —39, 42,13 69 4.07
(pars triangularis) (BA 45)
L subgenual cingulum —18, 13, —11 67 4.42

(BA 25)

MNI Montreal Neurologic Institute, L left, R right, BA Brodmann area

* p < 0.05, family-wise error corrected
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The opposite comparison showed an increased GM volume
of the right putamen in migraine patients vs. controls (MNI
coordinates 27, 1, 3; cluster extent = 150 voxels;
tvalue = 4.69, p < 0.05 FWE corrected). Such an increased
right putaminal volume was also found in the analysis of the
two groups of migraine patients (MWA and MWoA) taken
separately vs healthy controls (data not shown). The analysis
of regional GM abnormalities in the two groups of migraine
patients also identified reduced volume of the left fusiform
gyrus (BA 19) (MNI coordinates —27, —55, —11) in MWoA
patients when compared to healthy controls and MWA
patients. This structure had an increased volume in MWA
patients compared to the other two groups (Fig. 3)
(p < 0.05, FWE corrected).

In pediatric migraine patients, regional GM atrophy was
not correlated with disease duration and attack frequency,
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Putamen
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Fig. 2 Areas showing significant gray matter (GM) volume differ-
ences (p < 0.001, uncorrected for display) between pediatric migraine
patients and healthy controls, superimposed on a high-resolution T1-
weighted template: a areas with reduced GM volume in migraine

whereas a negative correlation was found between
increased volume of the putamen and disease duration
(Fig. 4) (p < 0.05, FWE corrected, r = —0.95).

Discussion

MRI studies in adult patients with migraine have demon-
strated consistently a distributed pattern of morphological
brain abnormalities characterized by the coexistence of
regions of decreased and increased GM volume [9, 23, 29,
33]. The role of such abnormalities in the pathogenesis of
this condition is still a matter of debate especially when
considering the discrepant results of the analysis of corre-
lations between structural abnormalities and disease clini-
cal manifestations [9, 22, 26, 29, 33, 39]. Indeed, some
studies found a relation between GM atrophy and disease
duration [22, 33, 39] or attack frequency [22, 26, 39],
suggesting that morphological brain abnormalities may be
the consequence of repetition of the attacks over time.
However, several other investigations found no correlation
between volumetric modifications and disease clinical
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patients vs controls (blue-green scale according to ¢ values); b areas
with increased GM volume in migraine patients vs controls (red-
yellow scale according to ¢ values). MTG middle temporal gyrus, IFG
inferior frontal gyrus, OFG orbitofrontal gyrus, L left, R right

manifestations [9, 29], suggesting that the former may be a
phenotypic biomarker of the disease.

Other unsolved issues include the definition of how
early brain structural abnormalities occur in migraineurs
and whether these alterations may progress over time.
Recent conventional MRI studies have shown that WM
hyperintense lesions occur early in migraineurs [5, 20].
Studies which have assessed the progression of WM
lesions over time have provided conflicting results since
some studies found an increased lesion burden over time in
these patients [11, 31], whilst others did not [20]. At
present, longitudinal studies using advanced MRI tech-
niques are lacking. Therefore, the performance of longi-
tudinal VBM studies, or the evaluation of patients at the
beginning of the disease (that is, pediatric subjects) are
worthwhile strategies to try to untie such controversies.

The first important result of our study is the demon-
stration that, similarly to what has been observed in adult
patients with migraine [22, 33, 39] children affected by
migraine experience atrophy of several GM regions of the
temporal and frontal lobes, including the cingulum, which
are involved in processing painful stimuli [27]. Regions of



J Neurol (2014) 261:350-357

355

Fig. 3 a Axial and sagittal
views on a high-resolution T1-
weighted template showing the
results of the comparison
between patients with migraine
with aura (MWA) vs healthy
controls and patients without
aura (MWoA). An increased
volume of the left fusiform
gyrus was found in the first
group. This region was
significantly atrophied in
MWoA. b Graphical
representation showing plots of
GM volume of the left fusiform
gyrus in the three groups of
subjects (red blobs single-
subject data, gray line fitted
data). MWA migraine patients
with aura, MWoA migraine
patients without aura, L left,

Fusiform gyrus
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Fig. 4 Scatter plot of the correlation between volume of the right
putamen and disease duration in pediatric patients with migraine
(black blobs fitted data, red blobs plus error)

the frontal lobes have been proposed to play an important
role in controlling the functional interactions among key
nociceptive processing brain regions, by driving endoge-
nous pain-inhibitory circuits [25]. Numerous studies have
found that placebo analgesia can modulate pain perception

several studies have disclosed atrophy of different regions
of the temporal lobes in patients with migraine [22, 33,
39] as well as in those with chronic painful conditions
[37], the role of these areas in pain processing is not fully
understood, albeit it is known that these areas play a role
in assigning emotional valence to short-term memories
related to pain [13]. Notably, the temporal region that was
significantly atrophied in our pediatric migraine patients
(the MTG) is involved in visual motion processing,
another function typically affected in this condition
[12, 28].
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The second intriguing finding of this study is the
increased volume of the right putamen we found in the
whole group of migraine patients as well as in MWA and
MW0oA separately in comparison to healthy controls.
Several clinical, electrophysiological and neuroimaging
studies have documented a role of the basal ganglia in pain
and analgesia processing [3], because these nuclei are
involved in sensory-discriminative, emotional/affective,
cognitive dimension of pain and pain modulation [6].
Previous studies in patients with chronic pain, including
back pain [36], fibromyalgia [38], and chronic vulvar pain
[40] have shown an increased GM volume of the basal
ganglia, which has been correlated to patients’ clinical
symptomatology [40]. A recent study in patients with
migraine [26] has reported an increased volume and
reduced activity and functional connectivity of the basal
ganglia in patients with high-frequency vs those with low
frequency attacks, suggesting that such abnormalities may
be a dynamic consequence of repetitive stimulation of
sensory pathways. Noteworthy, we found no correlation
between attack frequency and putaminal volume in pedi-
atric migraine patients, whereas a strong negative correla-
tion was found with disease duration. Our data suggest that,
whatever is the mechanism leading to an increased puta-
minal volume in these patients (repetitive stimulation or
congenital abnormality), it likely occurs early in migraine
patients with a pediatric-onset of the disease.

Consistently with previous findings from morphometric
studies in adult patients with chronic pain syndromes [4, 9],
we found no correlation between regional GM atrophy and
clinical data (disease duration and attack frequency), thus
supporting the notion that such abnormalities are not likely
the mere consequence of chronic pain, but they may rather
represent a phenotypic biomarker of the disease. This
hypothesis is further supported by the positive familial
history for migraine in the majority of our patients. Clearly,
we can not exclude that the absence of such a relationship
might be due to the fact that we are assessing a dynamic
phenomenon. Indeed, several recent morphological studies
in adult migraine patients have demonstrated that a given
brain region may experience both increased and decreased
volume according to the stage of the disease (ictal vs.
iterictal), time to the subsequent attack, and response to
treatment [16, 42]. A normalization of these structural
abnormalities has also been shown after pain relief [17, 35].

The third important finding of this study was the dem-
onstration of a selectively increased volume of the left
fusiform gyrus in pediatric migraine patients with visual
aura; on the contrary this structure had a reduced volume in
migraineours without aura. Functionally, the fusiform gyrus
contributes to high-order visual processing, including col-
our and form perception and stereopsis [14, 24]. Clinically,
visual aura can be characterized by bright or multicolours
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flashes, scintillating scotoma, and distortion of the size or
shape of objects [7], which can be attributed to a disturbed
neuronal activity in the fusiform gyrus. Previous functional
imaging studies in adult patients [18, 19] have shown a link
between visual disturbances during visual aura and function
of extrastriate and occipito-temporal areas, which may
correspond to the neurophysiologic event of cortical
spreading depression. Several processes, which may render
the cortex more excitable and prone to elicit and propagate
visual aura are likely to contribute to such a structural
modification of the fusiform gyrus, including an increased
neuronal and/or synaptic density, an increased number of
glial cells, reactive gliosis, and plastic structural modifica-
tions following repetitive stimuli propagation.

This study is not without limitations. First, the number of
pediatric migraine patients was relatively small. This is why,
to reinforce our findings, we decided to report and describe
almost exclusively results corrected for multiple compari-
sons. Clearly, because of such a limitation, we did not per-
form an analysis of correlation between GM modifications
and clinical measures in MWA and MWOoA patients, sepa-
rately. Second, we did not have reliable information con-
cerning the time elapsed from the last attack, which would
have allowed us to better interpret our findings. Further
studies in larger cohort of patients and with a longitudinal
design are now warranted to confirm our findings and to
clarify their role in the pathophysiology of migraine.

Conflicts of interest The authors declare that they have no conflict
of interest related to the publication of this manuscript.
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