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Abstract: The aim of this study was to investigate the relevance of the basal ganglia (BG) in pathogenesis of migraine by assessing the abnormal volume and resting-state networks of the BG in migraine
patients without aura (MWoA). The volume of the subsets in the BG was compared between 40
MWoA and 40 age- and gender-matched healthy controls. The resting-state functional connectivity
of BG subsets with abnormal volume was also investigated. Reduced volume in the left caudate and
the right nucleus accumbens (NAc) was detected in the migraine group compared with healthy controls;
meanwhile, increased functional connectivity between the BG and several brain regions within nociceptive and somatosensory processing pathways was observed. Correlation analysis revealed significant
correlations between the volume of the bilateral caudate and right NAc and disease duration. In addition, an increased monthly frequency of migraine attack was associated with increased functional connectivity between the bilateral caudate and left insula, and longer disease duration was correlated with
increased functional connectivity between the right NAc and bilateral anterior cingulate cortex. Our results revealed abnormal volume of BG and dysfunctional dynamics during interictal resting state within
pain pathways of the BG in MWoA, which validated the association between the BG and migraine.
Perspective: Our findings revealed the presence of reduced volume in NAc and caudate of the BG
and interictal dysfunctional dynamics within BG networks in MWoA. The abnormal structure and
function within the pain related pathways of the BG were possibly associated with impaired pain
processing and modulatory processes in MWoA.
ª 2013 by the American Pain Society
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A

s an idiopathic headache disorder, migraine
headaches have caused significant individual
and societal burden due to pain, environmental
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sensitivities, resulting disability, and even productivity
loss.11,15,26 Neuroimaging has led to advances in
the description of migraine mechanisms, and
researchers suggest that the probable migraine
generator resides in the brainstem (ie, the dorsal
rostral pons).1,2,4,39 Meanwhile, the identification of
secondary structural and functional effects on the
brain from migraine was also verified in numerous
neuroimaging studies,17,22,32,34,36,40,43 such as the
anterior cingulate cortex (ACC), orbitofrontal cortex
(OFC), insula, temporal gyrus, posterior cingulate
cortex (PCC), supplementary motor area, thalamus,
and cerebellum. All of the above findings
demonstrated that repeated migraine attacks over
time may be related to selective damage to several
1

2
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brain regions that are involved in central pain
processing.20,28
It is worth noting that some new findings are pointing
toward a potential role of several new brain areas in migraine neuropathology such as the basal ganglia
(BG).18,23,25 The important role of the BG in migraine
neuropathology has been investigated.18,23,31 The
increased activation (local cerebral blood flow) in the
BG during spontaneously occurring headaches was
observed in migraine patients.18 The abnormal structure
of the globus pallidus was correlated with disease
duration, and the abnormal structure of the putamen
was correlated with attack frequency in migraine
patients.31 Recently, significant reduced activation in
response to pain, as measured in the interictal period,
was also observed in the BG (ie, putamen and caudate)
in migraine patients,25 which provided more scientific
evidence for the possible role of the BG in the neuropathology of migraine. However, task functional magnetic
resonance imaging (fMRI) findings reflect task-related
increases in neuronal metabolism as being small, <5%,
compared with the metabolism of the resting brain.29
Therefore, it is critical to take into account brain activity
that occurs in the absence of external stimulation to
better understand how pain networks function and
adapt in migraine patients. Although the potential role
of the BG in pain10 and migraine23 has been proven in
several studies, whether the volume and functional connectivity of the BG was abnormal in migraine patients remains unclear. Therefore, an attempt was made to
compare the volume and resting-state functional connectivity of the BG between migraine patients and
healthy controls in the present study.
In the current study, multimodal imaging approaches
were employed to investigate the possible role of the
BG in the pathogenesis of migraine, and it is hoped
that our findings may be helpful for improving treatments and a reduction in the negative impact of migraine. First of all, the volume difference of the BG
between the migraine patients and healthy controls
was assessed to examine the structural deficits. Secondly,
the BG functional connectivity difference between
healthy controls and migraine patients without aura
(MWoA) was also investigated. Finally, the clinical information (ie, disease duration and attack frequency) was
used to assess the relationship between the neuroimaging findings and migraine symptoms.

Methods
This study was approved by the Medical Ethics
Committee of the West China Hospital of Sichuan
University and was conducted in accordance with the
Declaration of Helsinki. All participants gave their
written informed consent after the experimental
procedure was fully explained.

Participants
The patients in the present study were recruited from
the neurology department of Teaching Hospital of
Chengdu University of Traditional Chinese Medicine

and the West China Hospital of Sichuan University by
an experienced doctor (L.Z.) over a period of about 2
years. The diagnostic criteria of the International Headache Society (IHS) for MWoA was employed to enroll
the patients.43 According to the IHS criteria, 40 MWoA
(29 females and 11 males, aged 22–57 years,
35.8 6 10.3) were enrolled in the hospital. Patients rated
the average pain intensity as 5.1 6 1.7 on a 0 to 10 scale
derived from attacks in the past 4 weeks, with 10 being
the most intense pain imaginable. In addition, 40 ageand gender-matched healthy controls (29 females and
11 males, aged 22–54 years, 34.6 6 9.5) participated in
our study. The controls either had no headache days
per year or had family members who suffered regularly
from a migraine and had no other headaches. All of
the participants were right-handed. Exclusion criteria
for both groups were 1) existence of a neurological
disease; 2) alcohol, nicotine, or drug abuse; 3) pregnancy
or menstrual period in women; 4) any physical illness
such as a brain tumor, hepatitis, or epilepsy as assessed
according to clinical evaluations and medical records;
and 5) claustrophobia. Patients were not having
a migraine attack at least 72 hours prior to testing, and
no patient had a migraine precipitated during or on
the day following the scan.8,25

Data Acquisitions
This experiment was carried out via a 3-Tesla MRI system (EXCITE; General Electric, Milwaukee, WI) with an
8-channel phase-array head coil at the Huaxi MR Research
Center. For each subject, a high-resolution structural image was acquired by using a 3-dimensional MRI sequence
with a voxel size of 1 mm3 using an axial fast spoiled gradient recalled sequence with the following parameters:
repetition time = 1,900 ms; echo time = 2.26 ms; data
matrix = 256  256; field of view = 256  256 mm. The
resting-state functional images were obtained with an
echo-planar imaging with the following parameters:
30 contiguous slices with a slice thickness = 5 mm;
repetition time = 2,000 ms; echo time = 30 ms; flip
angle = 90 ; field of view = 240  240 mm; data
matrix = 64  64; and total volumes = 180. During the 6minute functional scan, subjects were instructed to
keep their eyes closed, not to think about anything, and
to stay awake during the entire session. After the scan,
the subjects were asked whether or not they remained
awake during the whole procedure.

Data Analysis
Structural MRI: Subcortical Volume Segmentation
Subcortical volumetric segmentation was performed
with FreeSurfer 5.0 (http://surfer.nmr.mgh.harvard.edu)
according to previous studies.12,13,35 The detailed
processing steps included 1) removal of nonbrain tissue;
2) automated Talairach transformation; 3) segmentation
of the subcortical white matter and deep gray matter
volumetric structures; 4) intensity normalization;
5) tessellation of the gray matter/white matter
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boundary; 6) automated topology correction; 7) surface
deformation; and 8) registration of the subjects’ brains
to a common spherical atlas. The volumes of the BG
structures (ie, bilateral caudate, putamen, nucleus
accumbens, globus pallidus) and intracranial volume
were imported into the SPSS 13.0 software (SPSS Inc,
Chicago, IL) to investigate the statistically significant
differences between the 2 groups. For each structure,
a general linear model was fit with volume as the
dependent variable, diagnosis (migraine and controls)
as categorical predictors, and age and intracranial
volume as continuous predictors. To correct for multiple
comparisons, the Bonferroni procedure was applied in
the current study. All tests were 2-tailed, and the level
of significance was P < .00625 (.05/8). To assess the
relationship between the abnormal neuroimaging
findings and migraine, Pearson correlation was carried
out between the absolute volumes of the BG and the
duration of migraine and attack frequency in MWoA.

Functional MRI:
Connectivity

Resting-State

Functional

A standard data preprocessing strategy was performed
using both FMRIB Software Library (http://www.fmrib.
ox.ac.uk/fsl/) and Automated Functional Neuro-Imaging
(http://afni.nimh.nih.gov/afni) software. Scripts containing the processing commands used here have been
released as part of the 1000 Functional Connectomes Project (http://www.nitrc.org/projects/fcon_1000).7 Data
preprocessing comprised the following: 1) discarding
the first 5 echo-planar imaging volumes from each
resting-state scan to allow for signal equilibration; 2) slice
timing correction; 3) 3-dimensional motion correction;
4) time series despiking; 5) spatial smoothing with
a 6-mm full-width half-maximum Gaussian kernel;
6) 4-dimensional mean based intensity normalization; 7)
band-passed temporal filtering (.01–.1Hz); 8) removing
linear and quadratic trends; 9) estimating a nonlinear
transformation from individual functional space to
MNI152 space (2  2  2 mm3 resolution); and 10)
regressing out 9 nuisance signals (global mean, white
matter, and cerebrospinal fluid signals and 6 motion

3

parameters). Functional connectivity was examined using
a method based on a seeding voxel correlation approach.21,42 The subregions of the BG with abnormal
volume were chosen as our seeds in the functional
connectivity analysis, which were labeled using the
Harvard-subcortical structural atlas included with FMRIB
Software Library provided by the Harvard Center for Morphometric Analysis (http://www.cma.mgh.harvard.edu/).
The reference time series for each seed was obtained by
averaging the fMRI time series for all voxels within each
of the regions with anatomic deficits. Correlation analysis
was conducted between the seeding reference and the
rest of the whole brain in a voxel-wise manner using
the preprocessed images. The resultant r value maps
were subsequently transformed to approximate Gaussian
distribution using Fisher’s z transformation.38 For
between-group comparison, 2-sample t-tests were used
to compare z value maps between migraine patients
and healthy comparison subjects (family-wise error correction at P < .05). To investigate the association between
the resting-state functional connectivity findings of these
regions and migraine disease, Pearson correlation was
employed to calculate the correlation coefficients between the abnormal z values and the clinical measurements (disease duration and attack frequency).

Results
Morphometric Analyses: Subcortical
Volume Analysis
Our results revealed no significant difference (t = 1.99,
P = .2) of the overall brain volume between the migraine
group (1,393,305 6 132,618 mm3) and healthy controls
(1,438,728 6 180,047 mm3). However, there was
a significant reduction of the volume in the left caudate
and the right nucleus accumbens (NAc) in the migraine
group as compared with the healthy control group
(Bonferroni corrected). The right caudate also showed
reduced volume; however, the threshold dose did not
survive the multiple correction. Specifically, relative to
the healthy controls, migraine patients showed 9.3, 8.6,

Subcortical Volume of the Basal Ganglia Comparison Between the Migraine Group and
Healthy Controls*

Table 1.

SUBCORTICAL VOLUME (MM3, SD)
REGION
Left
Caudate
Putamen
NAc
Pallidum
Right
Caudate
Putamen
NAc
Pallidum
*P < .05.

MIGRAINE GROUP (N = 40)

CONTROL GROUP (N = 40)

F VALUE

PERCENT DIFFERENCE

P VALUE

3,335.7 (480.5)
5,681.5 (690.3)
555 (92.3)
1,752.2 (212.9)

3,679.3 (504.5)
5,989.1 (661)
587.7 (92.3)
1,752.5 (200)

7.890
2.780
1.657
.354

9.3%
5.1%
5.4%
0

.006*
.1
.202
.554

3,303.6 (535.6)
5,371.1 (613)
577.2 (74.5)
1,545.6 (195.1)

3,615.9 (547.1)
5,628.1 (661)
634.1 (85.4)
1,530.4 (158.9)

4.838
1.739
8.188
1.010

8.6%
4.6%
9.0%
1%

.031
.191
.005*
.318
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Figure 1. The volume of subsets of the BG in MWoA was compared with the healthy controls. The results demonstrated that the
migraine group showed reduced volume of the bilateral caudate and the right nucleus accumbens (*P < .05, Bonferroni corrected).

and 9.0% reduced volume of the bilateral caudate and
the right NAc (Table 1). The results are presented in
Fig 1 and Table 1. No significant difference was found
between the migraine and healthy control groups
when comparing the volume of the other subcortical
structures of the BG. In addition, we found a significant
correlation with the volume in the left caudate
(r = .5796, P < .0001), right caudate (r = .4500,
P < .0001), and right NAc (r = .5487, P < .0002) and
disease duration (Fig 2). No significant correlation
between the volume and attack frequency was found.

Functional MRI: Functional Connectivity
During the Resting State
In this study, we focused on the positive functional
correlations. Functional connectivity analysis demon-

strated that there were similar caudate networks and
NAc network among MWoA and healthy controls (Fig 3).
However, further analysis revealed increased functional
connectivity of the BG in MWoA (Fig 4). No widespread
or significant decreases in functional connectivity were
observed in MWoA. Significant differences between the
2 groups encompassing a number of brain regions further
suggested widespread differences in brain function between the 2 groups as described in the following.
 Left caudate: significant increased functional
connectivity of the left caudate was observed in
the bilateral parahippocampal gyrus, the amygdala,
and the insula and putamen in the left hemisphere.
 Right caudate: significant increased functional
connectivity of the right caudate was detected in
the insula and putamen in the left hemisphere.
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Figure 2. The bilateral caudate (A and B) and right nucleus accumbens (C) were chosen as the seed for the resting-state functional
connectivity. The Pearson correlation revealed significant negative correlation between the volume of the BG (ie, bilateral caudate
and right nucleus accumbens) and disease duration (*P < .05).
 Right NAc: significant enhanced functional connectivity in the right NAc was observed in the bilateral
parahippocampal gyrus, ACC, OFC, and left PCC.
Interestingly, as shown in Fig 5, an increased monthly
frequency of migraine attacks was associated with
increased functional connectivity between the bilateral
caudate and left insula (rL = .6472, rR = .5622). In addition,
functional connectivity between the right NAc and
bilateral ACC was significantly correlated with disease
duration (rL = .7140, rR = .6721).

Discussion
The BG consist of a number of interconnected gray
matter nuclei, which are the dorsal striatum (caudate
nucleus and putamen) and ventral striatum (NAc), globus
pallidus, substantia nigra, and subthalamic nucleus.10
Evidence from studies using pharmacological manipulations, lesions, and electrical stimulation suggested that
the BG can modulate pain behavior.10 In detail, previous
work had proved that the BG may be involved in most aspects of pain processing including sensory-discriminative,
emotional/affective, cognitive dimension of pain, and
pain modulation.8,10 With regard to migraine, brainimaging studies had shown decreased response to pain
stimuli in the BG of migraine patients versus controls,25
increased activation (blood flow) in the BG during the
ictal state, and abnormal structure in the BG of migraine

patients.31 However, the specific changes of structure and
functional connectivity of the BG in migraine patients remains unknown, which may validate an increasing and
important role of the BG in the neuropathology of migraine. Therefore, in the present study, an attempt was
made to investigate brain structure volume and restingstate functional connectivity differences between migraine patients and healthy controls.
We revealed novel findings that the BG, ie, bilateral
caudate and right NAc, showed decreased volume in
MWoA compared with healthy controls (Fig 1). Due to
the fact that positive activation in the caudate nucleus
to noxious stimulation has been verified across multiple
studies and across multiple modalities, the caudate has
been suggested to be part of pain modulatory system.8
In addition to the association between the caudate
and pain processing, direct evidence for the role of
the caudate in neuropathology of migraine had been
detected. For example, Kobari et al18 reported
hyperperfusion of the caudate during spontaneously
occurring headaches in migraine patients. Moulton
et al25 observed reduced activation of the caudate in
response to thermal heat stimuli in migraine patients
compared with healthy controls. The findings in the
present study, ie, reduced volume of the bilateral
caudate, further validated the possible role of the BG
in the neuropathology of migraine. Moreover, consistent
with previous migraine morphometric studies, the

6
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Figure 3. The bilateral caudate networks (A and B) and right nucleus accumbens network (C) in healthy controls and MWoA.
negative correlation between the volume of the bilateral
caudate and the disease duration (Figs 2A and 2B)
demonstrated that migraine is a progressive disease.

The NAc is part of the classic reward circuitry and is
involved in reward-seeking behavior.9 Given that the
reward system is part of the pain network,5 it is not

Figure 4. The resting-state functional connectivity analysis revealed increased functional connectivity of the bilateral caudate (A and
B) and the right nucleus accumbens (C) within the BG in MWoA compared with healthy controls.
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Figure 5. The Pearson correlation analysis demonstrated that resting-state functional connectivity of the BG was correlated with disease duration (A) and attack frequency (B). (*P < .05).

surprising that fMRI studies implicated the role of the
NAc in the modulation of pain behavior, especially the
processing of emotional salience of pain.33,44 Earlier
fMRI studies of thermal pain have shown activation in
other basal ganglia regions including the putamen and
lenticular nucleus,5 but not specifically in the NAc. However, recent emerging studies indicate that there is significant binding of endogenous opioids44 and activation5 in
the human NAc during painful stimuli. Chronic pain has
also been shown to alter the NAc structure in patients
with complex regional pain syndrome14; however, few
studies have detected the NAc volume differences between migraine patients and healthy controls. Our study
gives insights into the possible association between the
structural alterations of the NAc and the neuropathology of migraine. Longer disease duration was associated
with a smaller volume of the right NAc (Fig 2C), which
hinted at a possible role of the NAc in migraine. We
suggested that abnormal pain modulation behavior in
migraine patients might be, at least in part, due to the
abnormalities within the BG.
The BG receives inputs from all cortical areas (including
medial and orbital, prefrontal, dorsolateral, premotor
and motor cortices, and sensorimotor and parietal
cortices) and the thalamus.8 Efferent pathways from
the BG project to the frontal lobe areas including
prefrontal, premotor, and supplementary motor areas
(used in motor planning).8 Thus, the BG is well
positioned to have influence on cortical regions involved
in motor responses, in behavior relating to predicting
events, and in attention and learning.16 Pain inputs into
the BG may be considered to be from 2 major sources:
1) afferent inputs from pain sensing systems via direct
(eg, spino-BG) and indirect (eg, spino-thalamic-BG) pathways; and 2) cortical and subcortical brain regions that
contribute to the BG-thalamic-cortical loops.8 Cortical

regions involved in these feedback loops are also known
to have an important role in pain processing. These areas
include the ACC, dorsolateral prefrontal cortex, OFC,
insula, and hippocampal regions.8 Acknowledging that
BG structural deficits alone cannot explain the neuropathology of migraine, recent work emphasizes the role
of disrupted functional connectivity during resting
state.22 Therefore, we continued to investigate the functional connectivity of the BG during resting state.
Resting-state functional connectivity allows identification of correlations during rest between remote
anatomical brain regions through their highly correlated
low-frequency spontaneous fluctuations.41,42 Given that
connectivity within pain pathways may be dysfunctional
outside of the episodes related to migraine pain even in
the absence of external pain stimulation, and that
accumulating evidence suggests that this might lead to
the development of a migraine attack, we focused on
the functional connectivity of the subsets of the BG
showing abnormal volume, which was caudate and
NAc. Our functional connectivity results in both MWoA
and healthy controls demonstrated that the BG was not
only connected within subsets, but also with the
prefrontal cortex, ACC, and insula (Fig 3). The findings
were consistent with the BG anatomical connection
partially, which suggested that the functional connectivity of the BG can reflect the structural connectivity at
some extent. Our further analysis revealed an interictal
increase in resting-state functional connectivity between
the BG and both the nociceptive and sensory processing
pathways in MWoA relative to age- and gender-matched
healthy controls (Fig 4). Compared with healthy subjects,
the migraine group showed, in the absence of any pain,
a significantly greater intrinsic connectivity between the
bilateral caudate and several brain regions including the
putamen, parahippocampal gyrus, insula, and amygdala
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(Figs 4A and 4B). The increased resting-state functional
connectivity was also found between the right NAc and
multiple regions, such as the ACC, OFC, parahippocampal gyrus, and PCC (Fig 4C). These brain regions were
mainly key parts of the pain matrix.24 Previous studies
have shown generalized interictal changes of excitability
in the cerebral cortex in migraine.3 An increased monthly
frequency of migraine attack was associated with
increased functional connectivity between the bilateral
caudate and left insula (Fig 5A). In addition, the
functional connectivity between the right NAc and
bilateral ACC was significantly correlated with the
disease duration (Fig 5B). These findings could reflect
a condition of hyperexcitability of pain pathways within
the central nervous system, which is thought to represent
a crucial event in the neuropathology of migraine.22
Pain is a clearly complex process that affects multiple
brain systems. The BG is involved in the integration of
information between cortical and thalamic regions and
in particular the 3 domains of pain processing—sensory,
emotional/cognitive, and endogenous/modulatory.8 Our
resting-state analysis demonstrated that the BG showed
abnormal functional connectivity with the ACC, OFC,
and insula. The ACC and insula have been the most
consistently activated regions in positron emission tomography migraine studies,32 and they are thought to
be involved in the emotional/cognitive and autonomic
responses to pain,28 respectively. In addition, the ACC is
involved in endogenous pain control, which is mediated
by endogenous opioid systems.27,37 The OFC has been
proposed to be implicated in sensory integration,
decision-making, and expectation and planning behavior associated with sensitivity to reward and punishment.30 Stimulation, both pain and pleasure, has been
shown to elicit opioid release in the OFC.19 Regional homogeneity abnormalities of the OFC have been reported

in interictal MWoA.40 Moreover, the BG showed abnormal resting-state functional connectivity with the amygdala and parahippocampus (Fig 3). The amygdala was
the key node of the spino-parabrachial-amygdala pathways,6 and the parahippocampus was the main part of
the cortico-BG-thalamic-cortical loop, both of which
are known to be critical in pain processing.8 We suggested that the resting-state functional connectivity differences of the BG between the migraine group and
healthy controls might be related with functional impairments in long-term pain sensory, affective, and cognitive
responses.
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