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Her versus his migraine: multiple sex differences
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Migraine is twice as common in females as in males, but the mechanisms behind this difference are still poorly understood. We
used high-field magnetic resonance imaging in male and female age-matched interictal (migraine free) migraineurs and matched
healthy controls to determine alterations in brain structure. Female migraineurs had thicker posterior insula and precuneus
cortices compared with male migraineurs and healthy controls of both sexes. Furthermore, evaluation of functional responses to
heat within the migraine groups indicated concurrent functional differences in male and female migraineurs and a sex-specific
pattern of functional connectivity of these two regions with the rest of the brain. The results support the notion of a ‘sex
phenotype’ in migraine and indicate that brains are differentially affected by migraine in females compared with males.
Furthermore, the results also support the notion that sex differences involve both brain structure as well as functional circuits,
in that emotional circuitry compared with sensory processing appears involved to a greater degree in female than male
migraineurs.
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Introduction

Pain disorders are more prevalent in females than in males (Unruh,
1996; Fillingim et al., 2009). Gender differences are also observed
in migraine, where the incidence is about twice as high in females
compared with males (Russell et al., 1995; Brandes, 2006; Le
et al., 2011). Despite evidence for sex differences in pain neuro-
biology, treatment efficacy and experimental pain responses, the

mechanisms underlying these differences are still poorly under-
stood (Greenspan et al., 2007). Recent functional MRI studies
have observed differences in pain processing between the sexes
in healthy subjects (Paulson et al., 1998; Derbyshire et al., 2002;
Moulton et al., 2006; Straube et al., 2009; Kong et al., 2010).
However, little information is available regarding sex differences in
brain structure and function in clinical states (Gong et al., 2011;
Koepp, 2011) including migraine. Given that migraine has a
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Table 1 Structural differences associated with migraine reported in previous imaging studies

Patients Controls
(M/F) (M/F) Method Results Patients versus controls Sex Reference
difference

28 (2/26) 28 (2/26) 2 T VBM no sign diff no sign diff NR Matharu et al. (2003)
35 (3/32) 31 (0/31) 15T VBM < ACC, Ins, PCC NR Schmidt-Wilcke et al. (2008)
24 (0/24) 24 (0/24) 3 T VBM < IPL, MFG - Schmitz et al. (2008)
27 (6/21) 27 (7/20) 1 T VBM < IFG, ParOper, PCG, STG, TTG NR Valfre et al. (2008)
20 (3/17) 33 (4/29) 15T VBM < ACC, IFG, Ins, IPG, LG, MFG, NR Kim et al. (2008)

PCC, PCG, SFG, SPG
16 (1/15) 15 (2/13) 3 T VBM < ACC, IFG, ITG, MFG, MTG, PCG, NR Rocca et al. (2006)

SFG, STG, Unc

> PAG, Pons
28 (0/28) 28 (0/28) 3 T VBM < IPL SFG - Schmitz et al. (2008)
24 (8/16) 12 (3/9) 3TCor. Th > SSC, V3A, MT NR DaSilva et al. (2007)
Total
(23/179) (18/180)

VBM = voxel based morphometry; Cor. Th = cortical thickness; ACC = anterior cingulate cortex; IFG = inferior frontal gyrus; Ins = insula; IPG = inferior parietal gyrus;
IPL = inferior parietal lobule; ITG = inferior temporal gyrus; LG = lingual gyrus; MFG = middle frontal gyrus; MT = middle temporal visual area; NR = ; PAG = periaqueductal
grey; ParOper = parietal operculum; PCC = posterior cingulate cortex; PCG = precentral gyrus; SFG = superior frontal gyrus; SPG = superior parietal gyrus;

SSC = somatosensory cortex; STG = superior temporal gyrus; TTG = transverse temporal gyrus; Unc = uncus; V3A = visual area 3a.

significant sex disparity in prevalence, by combining both struc-
tural and functional approaches, the data provide novel insights
suggesting that brain systems are differentially affected in males
and females.

A number of sex differences in migraineurs may be salient
including: (i) the increased prevalence of migraine in females
(Stewart et al., 1992); (ii) the potential role of oestradiol fluctu-
ations in migraine onset (Martin et al., 2007); (iii) sex-related re-
sponses to treatments such as triptans (Ferrari et al., 2011); (iv)
higher incidence of cutaneous allodynia in female migraineurs
(Bigal et al., 2008); (v) reversal from chronic migraine to episodic
migraine in females (~60% of individuals) by hormonal prevent-
ives (Calhoun and Ford, 2008); (vi) increased levels of depression
and anxiety (Guidetti et al., 2009); and (vii) higher mean scores
for psychic and somatic anxiety in female migraineurs (Hedborg
et al., 2011). Thus, a preponderance of evidence clearly suggests
that the female and male migraine brain may be different. If so,
this would have significant implications on the nature of how
future migraine studies should be conducted and potentially
have an impact on how we evaluate and treat the disease. Such
specific functional and structural brain changes may contribute to
our understanding of the ‘sex phenotype’ in migraine including
differences in emotionality, depression or cognition.

Earlier studies have reported structural differences in migraine
versus normal brains (Table 1), but no study has addressed the
role of sex differences in brain structure in migraine. In these
structural studies, male migraineurs have been less frequently stu-
died with studies reporting an average male to female ratio of 1:8.
This is not representative of the sex distribution in the migraine
population, which is reported to be around 1:2 (Russell et al.,
1995; Brandes, 2006; Le et al., 2011). Although whole-brain
volume is greater in males than females, when controlling for
total volume, sex-related regional volume differences are less con-
sistent in the literature (Cosgrove et al., 2007). Genetic differences
may explain some morphometric and functional differences in

migraineurs versus non-migraineurs (although not well under-
stood; Shyti et al., 2011), but many disease modifiers are different
in females and males and may be a component of potential sex
differences in the disease. Moreover, sex differences in resting
state networks of migraine sufferers have recently been reported
in chronic migraine where females were noted to have more dys-
functional organization of their resting state networks (Liu et al.,
2011a). Intermittent pain attacks in migraine are a major mani-
festation in most migraineurs, although other significant symptoms
and behaviours are also manifested (e.g. nausea/vomiting, auto-
nomic changes and drowsiness). We and others have reported
significant differences in measures of the brain's response to
pain in the interictal state in migraineurs (Mailis-Gagnon et al.,
2003; Moulton et al., 2008; Burstein et al., 2010; Tessitore
et al., 2011; Russo et al., 2012) but also these cohorts have
included mostly females. Experimental pain stimuli may be used
to evaluate alterations in a chronic pain state as has previously
been reported (Apkarian et al., 2001; Becerra et al., 2006). It
seems reasonable to hypothesize that by using a pain stressor,
gender differences in pain processing circuits may be observed in
migraineurs.

In this study we evaluated the effect of sex on migraine and
possible interactions between sex and the disease in brain struc-
ture. Healthy controls were matched for sex and age, and female
and male migraineurs were matched for age, migraine frequency,
migraine intensity, mediation type and medication use in order to
control for disease burden. In addition to structural alterations, we
evaluated functional differences in experimental pain responses
within the male and female migraineur cohorts, and in female
healthy controls, and assessed if the observed sex-related struc-
tural differences in migraineurs translated to any specific
sex-related differences in functional measures. We hypothesized
that pain processing in migraineurs, assessed by functional re-
sponses to noxious heat, would map onto observed sex-related
structural differences.
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Materials and methods

Subjects

A total of 44 subjects were scanned for this study (n = 22 healthy and
n =22 migraine patients). A total of 11 male and 11 female migrain-
eurs, matched for age, age of onset, medication type and frequency of
migraine attacks, were selected from screening a cohort of 60 patients
with migraine. The migraine subjects (i) met the criteria for episodic
migraine as classified in the International Classification for Headache
(ICHD-2; http://www.i-h-s.org/upload/ct_clas/ihc_II); (i) had Beck
Depression Inventory Il (BDI-II) scores < 25; (iii) suffered from episodic
migraine for >3 years; and (iv) had no migraine 72 h prior to the scan
and no symptoms of developing a migraine during or 24 h after the
scans. Three females took oral contraceptives, one of which did not
take oral contraceptives for a week preceding the scan. One female
had an intrauterine device and the rest were not taking oral contra-
ceptives or hormone treatments. All studies were performed in the
interictal state.

A total of 11 male and 11 female age-matched healthy (no pain or
headache disorders and not more than two non-migraine, non-cluster
type headaches per year) control subjects were enrolled in the study.
Informed consent forms were obtained from all subjects, the
Institutional Review Board approved this study and it met the criteria
of the Helsinki accord for experimentation of pain in human subjects
(http://history.nih.gov/research/downloads/helsinki.pdf).

Quantitative heat sensory testing

In both migraineurs and healthy controls, quantitative heat sensory
testing was performed using a 1.6 x 1.6cm contact thermode
(TSA-1I, Medoc Advanced Medical Systems) prior to the scanning ses-
sion in order to determine the pain threshold of each individual. The
temperature increased from a 32°C baseline temperature at the 1°C/s
rate until stopped by the subject at the first onset of pain. This test
was repeated three times and the thresholds were averaged and the
corresponding temperature was recorded as the pain threshold.
Testing was performed on the dorsum of the hand on the predomin-
ant side of migraine attacks. If there was no predominant side the
testing was performed on the left side.

Noxious thermal stimulation

Functional MRI was performed in the migraine cohorts and in the
healthy female group. For stimulation during functional imaging,
three blocks of stimulation [duration: 155, temperature: 1°C higher
than the pain threshold temperature determined during the quantita-
tive heat sensory testing (pain threshold +1°C)] were delivered from a
baseline temperature of 32°C at 30s intervals. The stimulations were
delivered to the dorsum of the same hand that quantitative heat sen-
sory testing was performed. The rate of temperature change was
4°C/s. The 155 pain stimulation period did not include the ramp-up
and ramp-down periods of the thermode from the baseline tempera-
ture (~2-3s). The ramps were modelled in defining the explanatory
variables for functional MRI data analysis.

Imaging

All data were collected on a 3 T Siemens Trio scanner with an eight-
channel phased array head coil. For structural data, high resolution,
T,-weighted data sets were collected from each subject using a 3D
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MPRAGE pulse sequence (repetition time/echo time/inversion
time =2100/2.74/1100ms, flip angle =12, 128 sagittal slices, reso-
lution = 1.33 x 1.0 x 1.0mm?). For acquiring functional data, a gradi-
ent echo echo planar imaging sequence (repetition time/echo
time = 30/2500, voxel size =3.5 x 3.5 x 3.5 mm3, matrix = 64 x 64,
41 slices, 74 volumes) was used.

Data analysis

Structural analysis

We determined cortical thickness and volumes in the migraineurs and
the healthy controls to elucidate disease and sex related morphometric
differences.

Segmentation was performed with the automatic parcellation tools
of the Freesurfer image analysis software (http://surfer.nmr.mgh.har
vard.edu/). These tools enable labelling subcortical and cortical tissue
classes using an atlas-based Bayesian segmentation procedure (Fischl
et al., 2002). The processing steps included removal of non-brain
tissue (Segonne et al., 2004), automated Talairach transformation
and segmentation of the subcortical white matter and deep grey
matter volumetric structures (Fischl et al., 2002, 2004). A univariate
analysis of variance for the segmented volumes was then performed
separately using IBM SPSS 19.0 statistics package to assess the differ-
ences between healthy subjects and male and female patients with
migraine while accounting for the differences in the cranium size
(Buckner et al., 2004) and age (Gonoi et al., 2010) as additional
regressors. In order to account for the differences in cranium size,
an estimate of the total intracranial volume was used as an additional
regressor (Buckner et al., 2004), which is estimated based on a stat-
istical relationship between the total intracranial volume computed
from a manual segmentation and the Talairach transform.

For cortical thickness comparisons further steps were taken for tes-
sellation of the grey/white matter boundary, automated topology cor-
rection (Fischl et al., 2001; Segonne et al., 2007), surface deformation
(Fischl and Dale, 2000) and registration of the subjects’ brains to a
common spherical atlas. Statistical surface maps were generated to
assess the cortical thickness differences at each vertex for male
versus female migraineurs and healthy control subjects. Surface data
for each subject were smoothed with a 10mm full-width at
half-maximum kernel to improve inter-subject averaging. A general
linear model was used to test for cortical thickness differences between
disease state (migraine and healthy) and sex and for any interaction
between these two factors at each vertex. To correct for multiple
comparisons, spatial clusters of thickness differences were defined as
contiguous clusters of vertices with P-values < 0.05 (two-tailed). The
statistical surface maps were cluster-wise corrected for multiple com-
parisons using a Monte Carlo Simulation (10000 iterations) and the
P-values for these clusters were determined. Only clusters that sur-
vived this correction with P-values < 0.05 (two-tailed) were deemed
significant. The average cortical thickness was measured for every clus-
ter surviving the correction for multiple comparisons and plotted for
comparison. Cortical thickness differences between the healthy con-
trols (male versus female) and migraineurs (male versus female) were
evaluated separately and also altogether to determine the main disease
effect on the cortical thickness and also to assess the disease by sex
interaction effect on the cortical thickness.

Functional analysis

Functional MRI analysis was carried out using FMRIB Software Library
(FSL) (www.fmrib.ax.ac.uk/fsl), version 4.1.3. The pre-statistical pro-
cessing for each subject consisted of skull stripping using a Brain
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Extraction Tool (BET) with bias field correction and motion correction.
The volumes were spatially smoothed with a 5mm full-width at
half-maximum filter and a 60s high-pass temporal filter was applied.
First-level functional MRI analysis of single subject data was performed
using functional MRI Expert Analysis Tool (FEAT) Version 5.98. The
explanatory variables for thermal stimuli were entered using the re-
corded temperature traces for each subject. Subjects were spatially
normalized to the MNI152 brain for group analysis. Spatial normaliza-
tion was performed using FLIRT (FMRIB's Linear Image Registration
Tool) following a two-stage process. First a low-resolution image of
the whole brain (which was acquired with the similar imaging param-
eters as to the functional MRI acquisition separately) was linearly regis-
tered to the high-resolution structural MPRAGE image. The degree of
freedom (df) for this transformation was 6. Then the MPRAGE image
was linearly (affine, df =12) registered to the standard image (MNI
152 average brain). These two transformations were combined to
transform the low-resolution functional MRI images (and the statistic
images derived from the first-level analyses) straight into standard
space and when applied later, during group analysis. Patients with
right-sided migraines had their functional MRI data flipped along the
y-axis to correspond with the majority of the patients with predomin-
antly left-sided migraines. Group activation maps were generated by
FEAT fMRIB's Local Analysis of Mixed Effects (FLAME1). Statistical
parametric maps were thresholded using a Gaussian mixture model
technique (Pendse et al., 2009) and clusters were then thresholded
with a minimum cluster criterion of 3 x 3 x 3 voxels in MNI space. In
this approach, for all resulting activation and deactivation maps the
threshold is determined at a posterior probability of P > 0.5. For each
data set and contrast this posterior probability corresponds to different
z-statistic values. Hence, the threshold is not determined by rejecting
the null hypothesis, but instead by accepting the alternative hypothesis
of activation. The minimum cluster criterion of 3 x 3 x 3 voxels was
applied after thresholding. The reported clusters are thus clusters that
met both criteria of Gaussian mixture model threshold and minimum
cluster criterion. In order to define areas of overlap or common regions
of activation (P < 0.01) for both male and female migraineurs, a con-
junction analysis (Nichols et al., 2005) was performed using FSL tools
where the minimum of the group average z-statistic images of the two
cohorts were taken and thresholded at z=2.3; clusters were then
thresholded with a minimum cluster criterion of 3 x 3 x 3 voxels in
MNI space.

Functional connectivity analysis

To further elucidate the observed sex differences in pain responses in
migraineurs, a post hoc functional connectivity analysis was performed
to compare female versus male migraineurs. The time series of each of
the two seed regions of interest in insula and precuneus were corre-
lated to the time series of all other voxels in the brain, during the pain
task (Fox et al., 2005; Zhang et al., 2008). The regions of interest
were defined based on the group results of the cortical thickness com-
parisons (see 'Results’ section), which was first transformed (cortex to
cortex registration) to each subject’s anatomical space and then trans-
formed to each subject's functional space. This transformation was
calculated as the inverse of functional to structural data transformation
with (df = 6) that was calculated during the spatial normalization steps
described above. Preprocessing steps were similar to the steps
described for functional analysis above. For each subject the white
matter and CSF masks were created in anatomical space using
Freesurfer tools (http://surfer.nmr.mgh.harvard.edu/). All time-courses
in the brain were orthogonalized with respect to the eigen
time-courses of white matter and CSF masks which were computed
by singular value decomposition. We extracted all functional MRI
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time-courses from each seed region of interest and computed an
Eigen time-course for the region of interest using singular value de-
composition. After this step we normalized the region of interest Eigen
time-course Z to unit norm Zn. Similarly, all time-courses in the brain
will also be normalized to unit norm. The resulting normalized
time-course Zn was entered into a general linear model analysis
against the rest of the brain to assess connectivity with the chosen
region of interest. It should be noted that because of normalization,
the general linear model parameter estimates will be correlation coef-
ficients. The general linear model parameter estimates (which are really
correlation coefficients) were transformed into normally distributed
quantities using a Fisher z-transform, registered to MNI space and
entered into a mixed effects group analysis (FLAME1). Statistical para-
metric maps were thresholded using a Gaussian mixture model tech-
nique (Pendse et al., 2009) and then clusters were thresholded with a
minimum cluster criterion of 3 x 3 x 3 voxels in MNI space.

Results

Psychophysical and biometric results

Participants included in the analysis were matched for age, age of
onset, medication type and frequency of migraine attack.
Specifically, all of the studied cohorts were age matched (migraine
males: 42.7 £9.3 years, migraine females: 41.3 £10.1 years,
healthy males: 43 £9.9 years, healthy females: 42.3 +10.3
years). There was no significant sex-difference in the patients’
headache intensity [males (mean +SD): 7.4 +1.5, females:
7.2+ 1.7] on a 0-10 subjective scale. However, the headache
unpleasantness rating was significantly lower in males
(mean £ SD, 6.4 £ 1.1) than in females (8.44 £ 1.7), (P < 0.05)
(Fig. 1). Beck Depression Index ratings for subjects were <12 in
all cohorts, O for the majority of the participants (migraine males:
3.2+ 3.1, migraine females: 4.4 + 4.9, healthy males: 2.5 + 4.8,
healthy females: 1.9 +2.8), and not significantly different.
Estimated total number of migraine attacks (frequency x duration)
experienced throughout life in males ranged from 204 to 3744
(average: 1243) and from 144 to 4056 (average: 1178) in females
with no significant difference between the two cohorts. There was
no significant difference between the frequency of migraine
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Figure 1 Migraine pain intensity and unpleasantness ratings.
A significant difference in the pain unpleasantness scores was
observed between the two cohorts (*P < 0.05). The scores are
based on a 0-10 subjective scale for migraine pain intensity and
pain unpleasantness.
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attacks (P < 0.36) or the estimate of the number of migraine at-
tacks in a year (P < 0.3), or the total number of migraine attacks
estimate between male versus female migraineurs (P < 0.37). The
pain threshold was 46.9 £ 2.9°C in migraine males, 46.3 & 3.8°C
in migraine females, 47.1+£2.4°C in healthy males and
46.7 £+ 2.8°C in healthy females, with no significant sex or disease
differences or sex by disease interactions.

Magnetic resonance imaging measures

Structural analysis

Cortical thickness comparisons results are presented in Fig. 2. The
sex-related differences were determined first in each cohort sep-
arately, the result of this comparison is presented in Fig. 2A for
female versus male comparisons in healthy control subjects and
migraineurs. The only significant sex-related difference in healthy
control subjects was in the right rostral middle frontal gyrus
(P < 0.002). The same comparison in the migraineurs revealed
multiple areas with significant cortical thickness differences be-
tween male versus female migraineurs including left superiorfron-
tal (P < 0.0001), right caudal middle frontal gyrus (P < 0.004),
right supramarginal gyrus (P < 0.0001), left (P <0.036) and
right precentral gyrus (P < 0.0003), left insula (P <0.017)
and right (P < 0.0004) and left precuneus (P < 0.0001). In all of
these areas cortex was thicker in females. Figure 2B shows signifi-
cant clusters from vertex-wise cortical thickness comparisons con-
ducted on all of the subjects to determine the main disease effect
and sex by disease interactions. Significantly thicker cortex in the
precuneus (P < 0.001) and posterior insula (P < 0.019) regions
were observed in migraineurs versus healthy control subjects.
Comparing migraineurs versus healthy control subjects revealed
a sex x disease interaction in the left precuneus and right posterior
insula with thicker cortex in female migraineurs in the precuneus
(P < 0.02) and posterior insula (P < 0.017) that overlapped with
the disease-only-related (main effect) differences between the
healthy and migraine groups (independent of sex) (Table 2).
Direct within sex (disease-only effect) comparisons were also
determined and similarly corrected for multiple comparisons
(Supplementary Fig. 1). While there were no significant differences
in cortical thickness between male migrianeurs versus male healthy
control subjects, the comparison in female subjects revealed sig-
nificant thickening in migraine patients in the precuneus (bilateral,
left hemisphere: P < 0.0001, right hemisphere: P < 0.015),
posterior insula (bilateral, left hemisphere: P < 0.018, right hemi-
sphere: P < 0.007), superiortemporal (left hemisphere: P < 0.011)
and inferiortemporal (right hemisphere: P < 0.007). Comparing
sex-related volumetric differences between healthy and migraineur
subjects also revealed significant differences in the parahippocam-
pal gyrus volume as a function of the disease state in males
(P < 0.017) but not in females (Fig. 3).

Functional analysis

Contrast analysis of the male versus female migraine groups in
response to the ‘pain threshold +1°C’ stimuli revealed significant
differences between males and females (Fig. 4 and Table 3).
Group average results for response to noxious stimulation for
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migraine males and migraine females alone was evaluated in par-
allel to the contrast result to determine the direction of response
i.e. positive or negative correlation with the stimulus in the regions
that showed contrast. Females showed stronger positive blood
oxygen level-dependent responses in bilateral caudate, contralat-
eral superior temporal, ipsilateral superior frontal and contralateral
precuneus, contralateral posterior cingulate, and in regions corres-
ponding to the contralateral main sensory nucleus and spinal tri-
geminal nucleus in the brainstem. Males, on the other hand,
showed stronger responses in bilateral insula, contralateral S1
and contralateral putamen.

The contralateral nucleus accumbens, contralateral amygdala
and the bilateral hippocampal region showed negative response
to stimulus (deactivation). Moreover, the negative response to
the stimulus in the amygdala and hippocampus was stronger
(i.e. more deactivated) in female subjects and the contralateral
nucleus accumbens was more deactivated in males.

Moreover, contrast analysis of the functional differences in
female migraineurs versus female healthy control subjects in re-
sponse to the ‘pain threshold +1°C' stimuli revealed significant
disease related differences in paracingulate, ipsilateral superior
frontal gyrus, contralateral hippocampus, parahippocampal and
precentral gyrus (Fig. 6). There results overlap with sex-related
differences in patients with migraine, which may support the spe-
cificity of the sex-related differences that were observed in mi-
graineurs to migraine disease.

Conjunction analysis

A conjunction of male and female migraineurs pain response maps
was calculated to determine areas involved in pain processing that
commonly and similarly activated in both males and females. The
results of this analysis are shown in Fig. 5 and Table 4.

Functional connectivity analysis

Based on the results of the cortical thickness comparisons, func-
tional connectivity was performed for seed regions of interest that
were created from the insular cluster and the precuneus cluster
that showed significant cortical thickness differences between
male and female migraineurs. The results of the functional con-
nectivity analysis for these seed regions of interest are presented in
Fig. 7 and Table 5. Female migraineurs showed significantly stron-
ger negative functional connectivity between the insular region of
interest and brain areas such as S1, posterior cingulate, precuneus
and temporal pole. Significant differences in the functional con-
nectivity of the precuneus region of interest were observed with
amygdala and S1 (stronger in female migraineurs). Results of the
connectivity analysis for both male and female migraine subjects
are presented in Supplementary Fig. 2.

Discussion

Relatively few reports are available on sex differences in brain
function in disease states (Gong et al., 2011). Like many chronic
pain conditions (Unruh, 1996; Fillingim et al., 2009), migraine is a
disease predominantly affecting females (Russell et al., 1995;
Brandes, 2006; Le et al., 2011). The current study investigated
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Figure 2 Cortical thickness changes. (A) Significant clusters from vertex-wise cortical thickness comparisons conducted on female versus
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(B) Significant clusters from vertex-wise cortical thickness comparisons conducted on all of the subjects (migraine male and female and
healthy control male and female) to determine the main effect (disease) effect and interaction effect (sex x disease). The disease effect
(blue-light blue colour map) and sex x disease interaction (red-yellow colour map) are shown for (A) insula and (B) precuneus. The results
are Monte Carlo corrected for multiple comparisons. The plots show the average cortical thickness values corresponding to each subject of
each cohort that are plotted for each of the clusters representing the main effect of migraine disease. CMF = caudal middle frontal;
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Table 2 Significant clusters from cortical thickness comparisons

No Max VitxMax Size (mm?) TalX Taly Talz CWP CWPLow CWPHi Annotation
Disease effect (HC < MIG)

1 —3.2062 100826 502.81 —339 —18.4 16.6 0.0193 0.0175 0.0211 Insula

2 —4.4865 24097 379.56 21.8 —65.4 12.9 0.0001 0 0.0002 Cuneus
Sex-Disease Interaction (M < F)

1 2.6266 155434 601.37 —34.8 —16.1 14.2 0.0178 0.0161 0.019 Insula

2 2.9927 25994 655.39 4.8 —62.3 28.4 0.0212 0.0194 0.0231 Precuneus

Max = maximum —log10(P-value) in the cluster; VtxMax = vertex number at the maximum; size = surface area of cluster; Tal(XYZ) = the Talairach (MNI305) coordinate of

the maximum; CWP = clusterwise P-value.
CWPLow and CWPHi: 90% confidence interval for CWP.
HC = healthy controls; MIG = migraine.
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Figure 3 Parahippocampal volume differences. Comparing
sex-related volumetric differences between healthy and mi-
graineur subjects revealed significant differences in the para-
hippocampal gyrus volume as a function of the disease or health
state only in males (P < 0.017) but not in females.

sex-related differences in the interictal migraine brain. We con-
trolled for multiple aspects of disease burden by evaluating fe-
males and males who had a history of migraine that were
matched for age, age of onset, medication type and frequency
of migraine attacks. There were three major findings of this
study: (i) disease-related structural changes in insula and
precuneus regions were specific to female migraineurs; (i)
disease-related structural changes in parahippocampal gyrus
were specific to male migraineurs; and (iii) within the migraine
group, functional changes in response to noxious heat showed
more pronounced responses in female migraineurs in regions
such as the amygdala and parahippocampus.

Structural and functional alterations in
the insula and precuneus differentiate
female from male migraineurs

One of the most notable findings in this study was that the left
posterior insula was thicker in female migraineurs compared with
both male migraineurs and healthy controls of both sexes. As pre-
vious studies on cortical thickness in healthy subject have not
found sex differences in the posterior insula (Im et al., 2006;
Sowell et al., 2007), the present finding may indicate some

specificity of altered function in this region in female migraineurs.
The basis for the observed differences is unknown but there is
multiple evidence for insular involvement in interoception (Craig,
2009), emotional processing (Wiebking et al., 2011) and pain per-
ception (Apkarian et al., 2009). As such, the observed alterations
may be consistent with the higher pain unpleasantness experi-
enced by female migraineurs in our data. Further, changes in
insula processing are associated with menstrual cycle (de Leeuw
et al., 2006; Tu et al., 2010) and there are sex differences in
default mode network that includes insular processing
(Lopez-Larson et al., 2011). Insular networks may also be altered
by migraine (Maleki et al., 2012) in a similar manner to how these
systems are changed in neuropathic pain (Cauda et al., 2010).

Both the anterior and the posterior insula were activated in re-
sponse to painful stimuli, which was greater in male migraineurs
than in female migraineurs. Previous functional MRI studies on sex
differences in healthy subjects had found that males have greater
pain activation of the insular cortex (Paulson et al., 1998;
Derbyshire et al., 2002; Moulton et al., 2006; Straube et al.,
2009; Kong et al., 2010), but sex-similar insula activation to
pain has also been observed (Paulson et al., 1998; Moulton
et al., 2006). Our results further suggest an inverse structural-
functional relationship, i.e. decreased activation in a thicker
insula in females. Such decreased activation and increased thick-
ness have been observed in the basal ganglia in migraine (Maleki
et al., 2011). In support of this functional/structural change, the
functional connectivity analysis indicated that female migraineurs
displayed a significant negative connectivity between the (thick)
posterior insula and the primary somatosensory area, posterior
cingulate, precuneus and temporal pole that was not present in
male migraineurs. This may be in line with a recent resting state
functional connectivity study indicating that female migraineurs
may be more vulnerable to the disease in terms of network ro-
bustness, nodal centrality, and functional connections (Liu et al.,
2011a).

We also observed sex differences of the precuneus in migraine.
Female migraineurs displayed significant thickening in the dorsal
and ventral portion of the precuneus in comparison to male mi-
graineurs and healthy controls (Fig. 2). The precuneus region can
be divided into three functional regions (Margulies et al., 2009):
the anterior precuneus involved in sensorimotor processing (func-
tionally connected with the superior parietal cortex, paracentral
lobule and motor cortex); the central precuneus involved in
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Figure 4 Contrast maps for painful heat functional MRI activation. Contrast analysis of the male versus female migraine group in
response to the ‘pain threshold +1°C' stimuli revealed significant (P < 0.05, corrected) differences between the two groups.

Caud = caudate; F = female; Hipp = hippocampus; Hypoth = hypothalamus; Ins = insula; L = left; M = male; NAc = nucleus accumbens;
PCing = posterior cingulate; Pulv = pulvinar; Put = putamen; R = right; SF = superior frontal; SM = somatosensory cortex; ST = superior

temporal.

SMA/ParaCing

Figure 5 Conjunction analysis maps for noxious heat response. The maps show common regions of activation for both male and female
migraineurs. The active areas are commonly active in both groups but show no significance difference in pain response. Ins = insula;
MF = middle frontal; ParaCing = paracingulate; SMA = supplementary motor area; Put = putamen; SM = somatosensory cortex;

ST = superior temporal; Thal = thalamus.

cognition and associative processing (functionally connected with
the dorsolateral prefrontal, dorsomedial prefrontal and multimodal
lateral inferior parietal cortex); and the posterior cuneus involved
in visual processing (functionally connected with adjacent visual
cortical regions). The segregation may provide a model for pre-
cuneal involvement in migraine as alterations in particularly sen-
sorimotor and associative/cognitive processing have been
reported. For example, behavioural changes in patients with mi-
graine include disturbances of body image and physical sensations
(Spitzer, 1988), including alteration of time sense (Golden, 1979),
indicative of alteration of self-perception and issues related to ex-
pected pain as may be the case in a disease that is recurrent
(Koyama et al., 2005). Are these processes more involved in fe-
males? Brain imaging studies have indicated higher perfusion in
the precuneus in females (Liu et al., 2011b). The region has one of

the highest resting metabolic rates that decreases during engage-
ment in non-self referential goal-directed actions and is part of the
default mode network that is active at rest and task-independent
introspection (Greicius et al., 2003). As assessed by diffusion
tensor imaging, the precuneus forms part of a ‘rich club’ hub
interconnected organization that includes superior frontal and su-
perior parietal cortex, as well as the subcortical hippocampus, pu-
tamen and the thalamus (van den Heuvel and Sporns, 2011),
indicative of its involvement in global integration of information.
Perhaps a compelling potential function of the precuneus may be
that active inhibition of arousal systems by migraine in some cor-
tical regions leads to cortical deactivation in other cortical areas
(Danielson et al., 2011). A recent study (Tomasi and Volkow,
2011) in healthy adults has found that while precuneus is the
main resting state functional connectivity hub for both males
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Table 3 Contrast analysis results for painful heat func-
tional MRI activation

Lat. z-stat X Y V4 Vol
(mm) (mm) (mm) (cm?®)

Brain region

Activations male > female
Insula R
Insula R

1.8035 46 6 0 044
23373 40 0 -6 0464

2.3857 48 4 10 0.632
26726 —42 -8 10 2.24
19971 —46 —-30 22 038

Rolandic operculum R
Rolandic operculum L
Rolandic operculum L

Putamen R 21527 28 -2 -8 0.656

SupraMarginal R 2.1848 56 —38 34 0.88
Activations female > male
Superior frontal L 25885 —18 16 46 0.544

Precuneus R 3.3477 8 —44 60 0.456

3.0442 62 -2 -4 0512
2.7187 58 —-10 2 0328

Superior temporal R
Superior temporal R

2.5808 8 48 24 0344
2.6386 6 —-20 46 04
29012 10 —-38 36 0.28

Paracingulate R
Posterior cingulate R
Posterior cingulate R

Caudate 2.7762 8 14 6 0.504
Caudate L 2.3695 —10 12 14 0.44

MSN R 2.6017 12 —36 —40 0.392
SpV R 1.912 0 —40 —-52 229

2.6213 —34 —68 —40 0.224
2.4506 —44 —-72 —-32 1.16

Cerebellum_Crus2 L
Cerebellum_Crus1 L
Deactivations male > female
NAc R —2.181 10 10 —10 0.6
Hypothalamus* L —-25926 -4 0 —14 0424

Deactivations female > male
Hippocampus R —-26758 30 —-14 —-18 0.512
Amygdala R —-25102 34 0 —28 0.392

Contrast analysis of female versus male migraine patients in response to noxious
heat (threshold + 1°C).

*Activation in males, deactivation in females.

L = left; R = right; MSN = principle sensory trigeminal nucleus/main sensory
nucleus of the trigeminal nerve; NAc = nucleus accumbens;

SpV = trigeminovascular nucleus.

and females, the degree of connectivity is 14% higher in females.
In comparing disease-only differences in male and female subjects
(Supplementary Fig. 1), we found significant difference in the cor-
tical thickness of the female migraineurs in female subjects but not
male subjects. In support of this, Liu et al. (2011a) found signifi-
cant alterations of cuneus resting state connectivity in female, but
not male, migraineurs. Taken together, this suggests there may be
a network of brain regions that includes posterior insula and the
precuneus that may play a dominant role in sex-related brain dif-
ferences in migraine.

N. Maleki et al.

Table 4 Conjunction analysis

Lat. z-stat X Y V4 Vol
(mm) (mm) (mm) (cm®)

Brain region

3.0794 —-52 —-24 34 0.352
34531 64 —-30 28 0.712
3.2471 54 —-34 48 1.256
29036 56 —36 30 1.104

Supramarginal
Supramarginal
Supramarginal
Supramarginal

D XWX

SMA/Paracingulate R 3.3667 4 4 54 1.616

Insula_anterior R 3.6828 40 4 6 3272
Thalamus L 3156 —-10 —-16 8 1.128
Thalamus L 29265 —-16 —-22 8 0.248
Putamen R 29635 20 14 0 0.664
Putamen L 29668 —24 2 6 0.6%
Putamen R 3.1208 26 0 6 064

Caudate L 3.1483 —-14 0 16 0.64

Middle frontal L 3.0228 —42 4 54 0.552
Superior frontal L 2919 —-14 10 68 0.728

Temporal pole superior R 3.0409 54 16 —6 0.36

Conjunction analysis of response to noxious heat (threshold +1°C) in female
versus male migraine patients.
SMA = Supplementary Motor Area.

Female migraineurs show greater
activation in brain regions involved
in emotional processing

While the thermal pain thresholds were similar across both disease
and sexes, female migraineurs reported similar intensity but higher
unpleasantness of their headache, a difference that may relate to
the observed sex differences in brain regions involved in emotional
processing; the amygdala, parahippocampus, basal ganglia and
posterior cingulate cortex.

Sex differences in migraineurs were also present in the para-
hippocampus, a region involved in numerous behaviours includ-
ing stress and anxiety (Sauro and Becker, 2009) and the
integration of complex information (Eichenbaum et al., 1992).
The parahippocampal grey matter volume was smaller in male
migraineurs compared with female migraineurs, consistent with
some (Good et al., 2001), but not all (Pletzer et al., 2010) of
the literature on sex differences in healthy populations. Because
male migraineurs had lower parahippocampal volumes than did
both female migraineurs and healthy males, we interpret these
results as a true migraine-related decrease in males. The poten-
tial reasons for the observed changes include differences in the
response to intermittent stress (migraine attacks), differential ef-
fects of gonadal (testosterone versus oestradiol or progesterone)
on hippocampal function (Shors et al., 2001; Craft et al., 2004),
and as noted above, differential effects of treatments (triptans)
on brain systems (neurotransmitter availability and response). In
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male rats, chronic foot-shock stress leads to reduced hippocam-
pal neurogenesis whereas female rats show no change or even
increased hippocampal neurogenesis (Westenbroek et al., 2004;
McLaughlin et al., 2009). Moreover, our functional studies
showed a larger blood oxygen level-dependent response to
female versus male
studies we reported that applying noxious heat resulted in an
increased response in the same region in migraineurs (five fe-
males, three males) compared with healthy controls (Moulton
et al., 2011).

The observed differences (female > male) in activation of the
spinal trigeminal nucleus (shown to be activated in prior pain ima-
ging studies in humans; DaSilva et al., 2002; Borsook et al., 2003),

pain in migraineurs. In our prior

Table 5 Functional connectivity analysis results

Lat. z-stat X Y V4 Vol
(mm) (mm) (mm) (cm?)

Brain region

Functional connectivity for insula
Deactivations female > male

Superior frontal R —-3.179 10 28 52 0.216

Postcentral R —3.1995 46 —-20 58 0.32
Precuneus R —3.0444 20 —54 14 0.28
Temporal pole R —2.6689 48 12 —38 0.272

Posterior cingulate L  —2.7418 0 —54 32 0.536
Cerebellum Crus1 R —3.2979 38 —66 —36 0.376
Cerebellum Crus1 L —3.1669 —22 —70 —34 0.304

Functional connectivity for precuneus

Activations female > male
Amygdala L

Supramarginal R

—2565 —-32 -8 —20 0.296
—25423 50 —-30 38 0.32

Functional connectivity analysis results of female versus male migraine patients in
response to noxious heat (threshold £1°C).

Hypoth
' FI'-.-‘IIIZZ‘ > FCDI"J

3 MIG,, > MIG,

Brain 2012: 135; 2546-2559 | 2555

may relate to the differences in sensitivity of the trigeminal system
in females versus males due to hormonal (Martin et al., 2007;
Bolay et al., 2011; Tashiro et al., 2012) or yet undefined pro-
cesses. Given the activated region in the brainstem and its
extent and the landmarks that we use to locate spinal trigeminal
nucleus and the differences observed may be relevant in migraine
pathogenesis that contribute to the migraine gender differences
observed in higher brain.

While this study does not provide data on functional differences in
healthy male versus female subjects, there is a wealth of literature
(Fillingim et al., 2009) on examining sex differences in brain activa-
tion to experimental pain in healthy subjects using various imaging
modalities as summarized in Table 6 (Paulson et al., 1998;
Derbyshire et al., 2002; Naliboff et al., 2003; Hobson et al., 2005;
Berman et al., 2006; Chen et al., 2006; Moulton et al., 2006;
Henderson et al., 2008; Fillingim et al., 2009; Straube et al., 2009;
Kong et al., 2010; Ozawa et al., 2011). The evidence regarding sex
differences from these studies is mixed and inconsistent in terms of
the regions found and the direction of the differences (males > fe-
males or females > males). However, independent of the direction
of the differences there are a couple of regions that are common to
most of these studies and show differences between male versus
female subjects including the anterior mid cingulate, S1, anterior
insula and dorsolateral prefrontal cortex. In this study's conjunction
analysis of pain activation in both male and female migraineurs, we
found common activation in contra-lateral anterior insula and bilat-
eral S1 (Fig. 5 and Table 4). The male versus female migraineurs
contrast analysis revealed differences in regions that have not com-
monly been observed in healthy subjects, i.e. the hippocampus,
basal ganglia (caudate, putamen and nucleus accumbens), hypo-
thalamus and posterior insula. Moreover, in contrasting healthy fe-
males with female migraineurs (Fig. 6), we found disease-related
differences that overlapped with the sex-related differences in mi-
graine patients in regions such as paracingulate, superior frontal
gyrus, hippocampus, parahippocampal and precentral gyrus. This
may suggest that these differences could be specific to female
migraine.

) [

Hipp. ParaHipp

1 MIG,, < MIG,

Figure 6 Overlap of disease-related and sex-related functional differences. Contrast analysis of the functional differences in female
migraineurs versus female healthy control subjects (in green) in response to the ‘pain threshold +1°C’ stimuli revealed significant disease
related differences that overlap with sex related differences in migraine patients (in red and blue). Caud = caudate;

Hypoth = hypothalamus; Ins = insula; MIG-F = female migraine; MIG-M = male migraine; PCing = paracingulate; PreC = precuneus;

Put = putamen; SF = superior frontal.
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Table 6 Sex differences in evoked brain response to pain in healthy subjects

N. Maleki et al.

M/F Modality Stimulation Differences Author
28/33 fMRI Heat M > F ACC, Insula, S2, Thalamus, DLPFC, MPFC Kong et al. (2010)
7/6 fMRI Visceral pressure M > F Insula Berman et al. (2006)
F > M Amygdala, Cingulate (mid)
11/11 fMRI Saline M > F Cerebellum Henderson et al. (2008)
F > M DLPFC, Cingulate (mid)
12/12 fMRI Electrical F > M MPFC Straube et al. (2009)
11/17 fMRI Heat F > M Anterior Insula, S1, DLPFC Moulton et al. (2006)
19/23 fMRI Pressure M > F Insula, PAG, DLPFC Naliboff et al. (2003)
F > M MPFC, ACC, Amygdala
8/8 MEG Electrical No sex differences Hobson et al. (2005)
10/10 PET Heat F> M PFC, Insula, Thalamus Paulson et al. (1998)
11/10 PET Heat M > F PFC, S2, S1, Insula Derbyshire et al. (2002)
F > M Cingulate
12/16 ERP Intranasal trigeminal stimulation F > M, P3 component Fillingim et al. (2009)
21/19* NIRS Venous puncture No sex differences Ozawa et al. (2011)
16/19 EP Heat No sex differences Chen et al. (2006)
26/34 fMRI Heat M > F PAG connectivity to amygdala and BG. Linnman et al. (2011)
*Neonates.

ACC = anterior cingulate cortex; BG = basal ganglia; DLPFC = dorsolateral prefrontal cortex; EP = echo planar; ERP = event-related evoked potentials; F = female;
fMRI = functional MRI; MEG = magnetoencephalography; MPFC = medial prefrontal cortex; NIRS = near-infrared spectroscopy; PAG = periaqueductal grey;

PFC = prefrontal cortex.

Precuneus

Figure 7 Functional connectivity contrast maps of the insula and precuneus regions of interest. The insula and precuneus regions of
interest were defined for each subject by transforming the cluster of significant cortical thickness differences between migraine and healthy
subjects to each subject’s anatomical space. Amyg = amygdala; F = female; M = male; NAc = nucleus accumbens; PoC = postcentral
gyrus; Precun = precuneus; SM = somatosensory cortex; TP = temporal pole.

Study limitations

There are a number of caveats summarized here and discussed in
detail in the Supplementary material. The number of subjects stu-
died is relatively small for multiple groups that were matched; our
results still show significance after correction for multiple compari-
sons. Functional data were not acquired in healthy male subjects,

limiting the specificity of the functional data analysis. Instead, we
have attempted to frame the results in comparison to other studies
on sex-related differences in healthy subjects. Females were stu-
died without assessing stage of the menstrual cycle. Menstrual
cycle affects pain processing as shown by non-imaging and ima-
ging studies (Goldstein et al., 2005, 2010; Choi et al., 2006;
Pletzer et al., 2010). Contributions of other morphological
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changes such as measures of white matter abnormalities (DaSilva
et al., 2007; Rocca et al., 2008) were not assessed. Clearly these
may contribute to the understanding of how regions and pathways
may affect function. Migraine is itself a form of recurrent painful
attacks and although this study showed gender-specific differences
in migraine it remains unclear if similar patterns could be seen in
other pain conditions, which remain to be studied. Finally, the issue
of the potential influence of medications (i.e. triptans and
non-steroidal drugs) as a confounding variable, which is discussed
in detail elsewhere (Maleki et al., 2011); it should be noted that
the migraine cohorts were matched for medication use.

Conclusion

A substantial difference in both morphometric measures and func-
tional activation in response a noxious stimulus is reported in
female versus male migraineurs during their interictal state. The
differences suggest a differential effect of the disease in female
versus male migraineurs. Given this, it is important to define ex-
perimental approaches that take sex into account. In the migraine
imaging literature, most of the participants are female. The present
data may reflect sex-related differences in the underlying migraine
pathology and justifies exploring sex-specific drug development
and treatment approaches for migraine in order to facilitate
better outcomes for patients.
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