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Abstract

Objective—To examine morphologic changes in the somatosensory cortex (SSC) of patients
with migraine.

Methods—cCortical thickness of the SSC of patients with migraine was measured in vivo and
compared with age- and sex-matched healthy subjects. The cohort was composed of 24 patients
with migraine, subdivided into 12 patients who had migraine with aura, 12 patients who had
migraine without aura, and 12 controls. Group and individual analyses were performed in the SSC
and shown as average maps of significant changes in cortical thickness.

Results—Migraineurs had on average thicker SSCs than the control group. The most significant
thickness changes were noticed in the caudal SSC, where the trigeminal area, including head and
face, is somatotopically represented.

Conclusions—Our findings indicate the presence of interictal structural changes in the
somatosensory cortex (SSC) of migraineurs. The SSC plays a crucial role in the noxious and
nonnoxious somatosensory processing. Thickening in the SSC is in line with diffusional
abnormalities observed in the subcortical trigeminal somatosensory pathway of the same migraine
cohort in a previous study. Repetitive migraine attacks may lead to, or be the result of,
neuroplastic changes in cortical and subcortical structures of the trigeminal somatosensory system.

Migraine is a chronic painful disease in which frequent headache attacks affect a great part
of the patient’s life, from childhood to late adulthood. The consequences of such persistent
suffering on the cortex of migraineurs are not known. Using diffusion tensor imaging (DTI),
we have recently shown interictal alterations in trigeminal somatosensory pathway in
patients who have migraine with aura (MWA) and migraine without aura (MWoA),
confirming the involvement of the somatosensory system in the migraine pathophysiology.
Based on that evidence, and taking advantage of the large somatotopic representation of the
head in the somatosensory cortex (SSC) that receives trigeminal noxious and innocuous
sensory inputs, we examined for the presence of cortical thickness changes in the same
group of patients.
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A number of data suggest that neurogenic inflammation underlies migraine
pathophysiology.2 During a migraine attack, initial activation of meningeal nociceptive
fibers conveys noxious inputs to the spinal trigeminal nucleus.3# Those inputs are mainly
directed via the trigeminothalamic tract to the ventroposteromedial nucleus in the thalamus.
Finally, noxious inputs are transmitted to the lower portion of the SSC®6 through the
thalamocortical tract.

The thickness of the cortex layer varies across the human cortical mantle, and the SSC is one
of the thinnest regions in the brain, with some portions measuring on average 2 mm.
Variations of the thickness in specific cortical areas may reflect pathologic or physiologic
changes of the intrinsic structure of the cortical laminae. Recently, several studies have
shown thickness decreases in neurologic diseases such as multiple sclerosis’ and Alzheimer
disease.8 We recently reported changes in the visual cortex of migraineurs,® with thickening
of visual motion related structures that were concurrent with subcortical diffusional changes,
and spatially coincidental with functional abnormalities identified previously in such type of
patients.10:11 Hence, thickness changes may be either the result or the cause of
pathophysiologic mechanisms that take place in the CNS. Even physiologic tasks such as
motor training!? and learning2 are known to induce gray matter changes. Based on our
previous findings of diffusional changes in the subcortical structures of the sensory system
of migraine patients, including second- (MWA) and third-order neurons (MWA and
MWoA) of the trigeminal sensory system, we collected data of the same migraine
population to investigate whether these white matter changes are accompanied by cortical
thickness changes in the SSC.

Patients and controls

All the patients were recruited from headache clinics in the Boston area and by
advertisements in the hospital. Each migraine volunteer was first screened by phone, and a
second, more detailed clinical interview was conducted before MRI acquisition. Pregnant or
breast-feeding women, subjects older than 55 years, and subjects having claustrophobia or
any MRI incompatibility were not included in our cohort of subjects. In addition, patients
with gross anatomic asymmetry or clear pathology on MRI anatomic scans were not
included in the study. The Institutional Review Boards (IRBs) of the Massachusetts General
Hospital approved this study (IRB no. 2002P-000652).

The same three equal groups of volunteers from our previous DTI study were selected
following the International Headache Society classification*: MWA, MWOoA, and healthy
controls (HCs). Each group was composed of 12 sexand age-matched subjects. Patients’
ages ranged from 21 to 52 years (MWA: 33.8 £ 9.2 [mean £ SD], MWo0A: 36.0 + 7.7, HC:
31.0 £ 8.0; p£ 0.35), and patients had experienced episodic migraine attacks for the past 20
years on average (MWA: 20.3 + 11.2, MWoA: 19.5 + 8.5), with age at onset mostly during
adolescence (MWA: 13.6 £ 4.6, MWOA: 16.5 + 7.1). The average pain intensity of the
attacks was rated approximately 6 out of 10 on the numeric analog scale, with a frequency of
approximately four migraine attacks per month (MWA: 4.1 £ 3.6, MWO0A: 4.0 = 3.6). In the
MWA subgroup, the pain predominantly started on the left side in 4 patients, on the right
side in 2, and bilaterally in 6. In the MWOA subgroup, the pain onset was equally distributed
in the 12 patients, 4 patients in each category. In the MWA subgroup, visual aura occurred
predominantly on the same side of the headache in 4 patients, on alternating sides in another
4 patients, and on the contralateral side in 2 patients. Two patients could not define the
predominant side of their aura. Additionally, 4 patients also described occasional sensory
(e.g., numbness, tingling) but not motor and language disturbances. Six of the MWA
patients and 4 of the MWOoA were under prophylactic treatment. None of the patients had a
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previous history of either other trigeminal chronic pain or current acute pain or any other
major health disorder that could confound the results.

Scanning protocol

Brain images were obtained and three-dimensionally reconstructed by two high-resolution
magnetization-prepared rapid acquisitions with gradient echoes (MP-RAGE) on a 3.0-T
Siemens Allegra Scanner (Erlangen, Germany). Both MP-RAGE sequences (1 x 1 x 1.3
mm, 128 slices, 256x256 matrix, echo time = 3.25 msec; repetition time = 2,530 msec; flip
= 7°) were motion corrected and averaged to create one image volume. Using Free-surfer
(http://surfer.nmr.mgh.harvard.edu), the MP-RAGE images were later segmented,
reconstructed, inflated, and flattened as described below.

Cortical thickness analysis

For the surface reconstruction and cortical thickness estimation, brain surfaces were
reconstructed and inflated as described by Dale and Fischl.1>-18 Cortical thickness
measurements were obtained by reconstructing the gray—white matter boundary and the
cortical surface. The distance between these two surfaces was then calculated at each point
across the cortical mantle. The maps of cortical thickness were created using spatial
intensity gradients across tissue classes and were not restricted to individual voxel
intensities, allowing subvoxel resolution and submillimetric difference detection between
the migraine subtype groups and HCs. The thickness measures were mapped onto the
inflated surfaces of each subject’s brain, and aligned according to cortical folding and
thickness measurements into a common spherical system. Data were then smoothed on the
surface tessellation using an iterative nearest-neighbor procedure. Smoothing was restricted
to the cortical surface, thus avoiding averaging of data across sulci or outside the gray
matter. This method has the advantage of matching morphologically homologous cortical
areas based on the main gyri/sulci patterns with minimal metric distortion. A mean measure
of the cortical thickness at each point of the cortical surface was then computed. Using an
automatically parcellating technique, neuroanatomic regions (sulci and gyri) associated with
somatosensory processing were labeled including the central sulcus, the post-central gyrus,
and the postcentral sulcus, as well as the precentral gyrus that is part of the motor cortex. In
addition, a control region of interest (ROI) was placed in the precentral sulcus, a region not
involved in somatosensory processing.

Statistical comparison of surface maps was computed using a random effect model for each
subject to generate a ftest for each cortical location over the SSC between migraine subtype
groups and HCs. ROIs were defined as clusters of p< 0.05 in the SSC. These ROIs, created
on a standard brain, were then mapped back to each individual subject using spherical
morphing!’ to find homologous regions across subjects. A mean thickness score over each
location was calculated for each subject, and the mean measure of SSC was computed.

Clinical correlations

Clinical correlations were computed between the mean thickness average of each location
(significant clusters) found in SSC and migraine duration, age at onset, frequency of the
headache attacks, and disease time span in each patient.

RESULTS

Cortical thickness findings common to both subgroups of migraineurs

Migraineurs had on average thicker SSCs than the control group. The thickness changes
were noticed in the caudal portion of the SSC, where the trigeminal area, including head and
face, is somatotopically represented (figure).
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Cortical thickness findings in migraine subgroups

MWA patients showed thickening clusters in the lower postcentral sulcus bilaterally when
compared with controls (right: p < 0.005, left: p< 0.003). The area of thickening bordered
the posterior flank of the postcentral gyrus (putative border of Brodmann areas 1 and 2). In
patients with MWOA, clusters were not only located in the postcentral sulcus of both
hemispheres, but also in the central sulcus and postcentral gyrus (putative areas 3a, 3b, and
1), extending from the caudal area to more rostral regions, especially in the central and
postcentral sulci (right: p < 0.004, left: p< 0.003). In MWO0A patients, the thickening of the
right SSC extended to the posterior flank of the precentral gyrus (putative area 4), which is
part of the motor cortex. The most significant area of thickening on MWOoA was localized in
the caudal region of the central sulcus fundus, which corresponds approximately to the
Brodmann area 3. There was no significant difference in cortical thickness of the precentral
sulcus between groups (MWA + MWO0A vs HC—right: p<0.238, left: p<0.107; MWA vs
HC—right: p<0.38, left: p< 0.164; MWo0A vs HC—right: p<0.301, left: p< 0.207).

Clinical correlations

We did not find any clear correlation between the cortical thickness changes and the clinical
data (duration, age at onset, frequency, and disease time span).

DISCUSSION

Our current findings show interictal thickening of the cortical mantle in the SSC of patients
with migraine when compared with ageand sex-matched controls. Previous studies with
chronic pain disorders, including migrainel® and back pain,2° have described abnormal
variations in the frontal and temporal cortices using voxel-based morphometry, but not in
the SSC. In one of their studies, Apkarian et al.20 measured cortical volume in chronic back
pain patients and noticed thinning of the dorsolateral prefrontal cortex. However, chronic
back pain is a disorder that initiates much later in life than migraine, which may influence
the response of neuronal systems (adapta-tion/breakdown) to overstimulation caused by
chronic pain. In addition, chronic back pain has relatively spread somatotopic distribution
(pain occurs in multiple dermatomes) compared with migraine (trigeminal nerve), a fact that
may explain their lack of reported changes in the SSC. The technique we applied is
extremely reliable and sensitive to measure cortical thickness differences?! even in
submillimeters with improved spatial localization, and uses of more stable structural
parameters.22

Functional and structural plasticity in the so-matosensory cortex have been noticed in rats?3
after altered sensory experience. In humans, a comparable thickening of the SSC at the
border between the postcentral gyrus and sulcus has recently been reported in chronic stroke
patients when compared with HCs.24 The area of thickening spatially coincided with blood
oxygen level- dependent activation after tactile stimulation of the hemiparetic hand of those
patients, which indicates coupled structural and functional cortical changes in the SSC. This
observation is in line with colocalized functional and structural changes reported in the
visual cortex of patients with migraine.? The maximum degree of thickening observed in the
SSC of stroke patients reached 13%, which is also similar to the degree of gray matter
changes in the motor cortex,2%26 whereas in our migraine cohort the average group
thickening magnitude in the SSC reached 21% (MWA vs HCs: right side), and in the control
ROI thickening was not statistically significant. This higher degree of structural changes in
the SSC of patients with migraine can be explained by the long-term overstimulation of
sensory fields in the cortex induced by the frequent headache attacks, with most of our
patients experiencing migraine since childhood (age at onset for all patients: 14.6 + 5.9
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years). This is consistent with increases in the sensorimotor cortex thickness or volume after
extensive learning and training.12.13

We observed thickening of the lower segment of the posterior flank SSC, where the face and
the head are somatotopically represented in both migraine groups.2’ The area of cortical
thickening was larger in the MWOoA. Although each area of the SSC carries a parallel
somatotopic map, with the craniofacial region represented caudally, its function differs in
the anteroposterior extension.28 For example, in the central sulcus there are primarily
cutaneous responses in minor trigeminal receptor fields. These receptor fields increase in
size and complexity toward more posterior regions of the SSC, responding simultaneously to
peripheral cutaneous and deep receptors, as well as integrating high-order corticocortical
inputs.28 This suggests the cortical integration in the SSC of neuronal inputs from other
cortical regions during the trigeminal noxious experience from the headache attacks in both
migraine subgroups.

However, the structural changes in the SSC of both subgroups described here seem to be
mostly related to the trigeminal somatosensory system. Thickening of the SSC was
accompanied in the same migraine cohort by reduced fractional anisotropy (FA) in the
subcortical trigeminal somatosensory pathway leading to the SSC.1 The tracts affected were
the trigeminothalamic tract in the MWA group (second-order neurons) and the
thalamocortical tract in both migraine subgroups (third-order neurons), MWA and MWOoA.
FA is a DTI parameter that reflects the diffusional property of molecules in the neuronal
structures?® and may indicate for instance changes in the axonal diameter or integrity.30-32
These concomitant cortical and subcortical abnormalities may represent either an innate
trigeminal hyperexcitability in migraineurs, or the result of sustained stimulation of the
trigeminal somatosensory system provoked by migraine attacks.

It remains unexplained why the thickening in the MWOoA group extended to anterosuperior
regions in the SSC compared with MWA, which would have theoretically some implications
to sensory receptors from other somatotopic regions of the body. The same MWO0A cohort
presented lower FA values in the ventrolateral periaqueductal gray compared with the MWA
and control groups.t The latter finding suggested a possible dysfunction of the descending
modulatory system in our MWoAcohort, which could result in a lowering of the threshold
for headache attacks and general pain through a lack of inhibition of the sensory inputs from
the trigeminal and nontrigeminal areas of the body. Hence, the cortical changes in the
sensory cortex of this MWOoA group would not be restricted to the craniofacial somatotopic
regions. Further studies should be conducted with a higher number of patient to determine
whether these gray and white matter changes are specific to the patient cohort studied or the
pathophysiologic trait of migraine in general.

Regarding the laterality of the migraine attacks, some of our MWA patients described that
their headache attacks were ipsilateral to the visual aura. Although migraine is usually
described as unilateral, its occurrence may alternate between sides, which is true for both
headache and aura attacks. Although patients were almost always certain about the
predominant laterality of the headache initiation (in percentage), the retrospective
description of the aura side (visual field affected) regarding the headache potentially lead to
some confusion for the patients. In the beacon prospective study by Russell et al.,33 it was
stated that the unilateral aura/headache symptoms with contralateral occurrence was 90%,
but 10% of the patients had headaches ipsilateral to the aura. Perhaps the ipsilateral
occurrence was in fact a clinical characteristic in some of our MWA patients. Another factor
is that headache attacks may initiate on both sides after the aura event (bilateral); in this
case, both answers (ipsilateral and contralateral) are right. Nonetheless, is possible that the
side predominance of the headache attacks may influence the cortical thickness pattern in
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both migraine subgroups. In the MWOoA group, where there is an equal distribution of
headache attacks regarding predominant side initiation (4 left/4 right/4 bilateral), the area of
thickening in the SSC is relatively equal in both hemispheres. In the migraine with aura
group though, where there is bias distribution of migraine attack on the left side (4 left/2
right/6 bilateral), the area of thickening in the SSC is larger in the contralateral right
hemisphere. However, additional studies with more patients should be conducted in the
future using fMRI and prospective data to investigate in details the laterality issue.

In conclusion, the current findings of gray matter thickening of the SSC in addition to the
previous discovery of white matter diffusional changes in the trigeminal somatosensory
pathway of the same migraine cohort indicate that somatosensory mechanisms are important
components in the migraine pathophysiology. These cortical and subcortical changes may be
either the result or cause of repetitive migraine attacks, which may also affect other
systems.1:? This may explain the high comorbidity of migraine with other pain disorders,
including back pain,34 temporomandibular disorders,3° and fibro-myalgia3® besides sensory
disturbances such as allodynia.3’
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GLOSSARY
CSs central sulcus
DTI diffusion tensor imaging
FA fractional anisotropy
GPoC gyrus postcentralis
GprC gyrus precentralis
HC healthy control
IRB institutional review board
MP-RAGE magnetization-prepared rapid acquisitions with gradient echoes
MWA migraine with aura
MWoA migraine without aura
ROI region of interest
SMC sensorimotor cortex
SPoC sulcus postcentralis
SSC somatosensory cortex
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Figure. Mean cortical thickness mapsin migraine

Lateral views of the folded and inflated brain hemispheres exposing sulci (dark gray) and
gyri (light gray) with the right and left sensorimotor cortices (SMCs) delineated in yellow
(lateral columns). When the migraine subgroups were compared with healthy controls,
significant cortical thickening was found in the caudal SMCs of migraineurs, mostly in the
somatosensory cortex, where the head is somatotopically represented (center columns). The
light—dark blue shading code represents p values for cortical thickness changes. The lighter
blue shading indicates thicker cortex. CS = central sulcus; GPoC = gyrus postcentralis;
GprC = gyrus precentralis; MWA = migraine with aura; MWO0A = migraine without aura;
SPoC = sulcus postcentralis.
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