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Alterations of regional spontaneous neuronal
activity and corresponding brain circuit
changes during resting state in migraine
without aura
Ting Xuea†, Kai Yuana†, Ping Chenga, Ling Zhaob, Limei Zhaoa, Dahua Yua,c,
Tao Donga, Karen M. von Deneena, Qiyong Gongd, Wei Qina* and
Jie Tiana,e*
Although previous resting-state studies have reported abnormal functional cerebral changes in patients with migraine
without aura (MwoA), few have focused on alterations in both regional spontaneous neuronal activity and corresponding
brain circuits in MwoA patients during rest. Eighteen MwoA patients and 18 age- and gender-matched healthy controls
(HC) were recruited in the current study. Baseline cerebral alterations were investigated using amplitude of low-frequency
ﬂuctuation (ALFF) and region of interest (ROI)-based functional connectivity (FC) analyses. Compared with HC, MwoA
patients showed decreased ALFF values in the left rostral anterior cingulate cortex (rACC) and bilateral prefrontal cortex
(PFC) as well as increased ALFF values in the right thalamus. FC analysis also revealed abnormal FCs associated with
these ROIs. In addition, ALFF values of the left rACC correlated with duration of disease in MwoA. Our ﬁndings could lead
to a better understanding of intrinsic functional architecture of baseline brain activity in MwoA, providing both regional
and brain circuit spontaneous neuronal activity properties. Copyright © 2013 John Wiley & Sons, Ltd.
Keywords: migraine without aura (MwoA); amplitude of low-frequency ﬂuctuation (ALFF); functional connectivity (FC);
resting state; functional magnetic resonance imaging (fMRI)

INTRODUCTION
Migraine is a common chronic disorder typically characterized
by recurrent attacks of disabling headaches (1). According to
the International Headache Society (IHS) guidelines (2), migraine
is divided into two major subtypes: migraine without aura (MwoA)
and migraine with aura (MA). MwoA is the most common form of
migraine (3–6) characterized by unilateral and pulsating severe
headache lasting 4-72 h and often accompanied by nausea and
phono-and photophobia. Given the heavy burden that migraine
places on the individual and society, it is imperative to develop a
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better understanding of migraine pathophysiology. Neuroimaging
has helped increase our knowledge about the neural mechanisms
underlying migraine. For instance, researchers found that defects
in the brainstem descending modulatory circuits could contribute
to the onset of migraine (7,8). Alternatively, other studies have
conﬁrmed the importance of cortically-spread depression (9) as
the pathophysiological mechanism of migraine aura (10,11).
Converging evidence of structural (12–16) and functional cerebral
abnormalities (17–19) in patients with migraine has also been
accumulated, such as in the prefrontal cortex (PFC), the rostral
anterior cingulate cortex (rACC), the somatosensory cortex, the
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orbitofrontal cortex (OFC) and insula (12–19). All these ﬁndings
demonstrate that migraine is associated with altered central
processing of pain stimulus and recurrent migraine attacks can
result in selective damage of brain areas involved in pain processing.
Recently, Yu et al. employed the regional homogeneity method
to analyze temporal homogeneity of regional functional magnetic
resonance imaging (fMRI) blood-oxygen level-dependent (BOLD)
signals in migraine patients (20). They found focal functional
changes in the rACC, PFC, OFC and supplementary motor area,
inferring that abnormalities in these regions might be related to
functional impairments in pain processing. With the application
of the functional connectivity (FC) approach, Mainero et al. investigated the resting-state brain function at the level of altered functional integration within the periaqueductal gray matter networks
in migraine (21), a key region involved with nociceptive processing.
They revealed interictal dysfunctional dynamics within pain pathways in migraine, attributing such abnormalities to the impairment
of the descending pain modulatory circuits. However, to our
knowledge, few migraine studies have investigated the alterations
in both regional spontaneous neuronal activity and corresponding
brain circuits during resting state.
An alternative way of measuring regional spontaneous
neuronal activity during resting-state fMRI is to examine amplitude
of low frequency ﬂuctuation (ALFF) (22). ALFF investigates low
frequency BOLD signal ﬂuctuation from the aspect of regional
brain activity during rest, reﬂecting intensity of regional spontaneous brain activity (23,24). From such an examination, a result of
abnormal ALFF can tell us which area is abnormal in migraine
patients. However, regional brain dysfunctions alone are not
sufﬁcient to explain the pathophysiology of migraine (25). Recent
resting-state fMRI studies (21,26) emphasized the role of disrupted
functional circuitry in migraine, providing evidence that dysfunctional connectivity within pain pathways outside episodes of
migraine pain might lead to the development of migraine attacks
(27). Therefore, as a complement to the ﬁndings of the ALFF
analysis, a functional connectivity analysis was also applied to
elucidate central processing of the migraine system from an
integrated perspective.
ALFF and FC have been widely employed in several brain disorders and provide some important information for the understanding of these diseases such as in Alzheimer’s disease (28), heroin
addiction (29–32), schizophrenia (33,34) and depression (35). We
believe that the application of ALFF and FC approaches could lead
to a better understanding of resting-state brain activity in migraine,
providing both regional and brain circuit spontaneous neuronal
activity properties. Given that MwoA is the most frequent form of
migraine, we restricted our sample to this subtype. We ﬁrst investigated alterations in regional spontaneous neuronal activity during
resting state in MwoA patients by applying the ALFF approach (22).
Next, ROI-based FC analysis was applied to assess brain circuit
changes in MwoA. We hypothesized that: (i) MwoA patients
would have altered resting-state ALFF values or FCs in the painprocessing brain areas; and (ii), alterations in brain function would
be associated with clinical indicators of migraine (duration or
attack frequency).

METHODS
Subjects
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The project was approved by the Medical Ethics Committee of
the West China Hospital at Sichuan University. Before the start
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of the experiment, all participants received a complete description of the study and provided written informed consent. The
inclusion criteria for MwoA were as follows: (i) fulﬁll the diagnostic criteria of the International Headache Society for migraine
without aura (2);(ii) had not suffered from a migraine attack at
least 72 h prior to testing (36); and (iii), did not have a migraine
precipitated during or on the day following the scan. Exclusion
criteria for both MwoA and HC were: (i) existence of additional
psychiatric or neurological disorders; (ii) alcohol, nicotine or drug
abuse; (iii) taking any drugs affecting the central nervous system;
(iv) having any physical illness such as a brain tumor, hepatitis or
epilepsy as assessed according to clinical evaluations and medical
records; (v) claustrophobia; and (vi), for the HC, they should either
have no personal or family history of migraine or other headaches.
Prior to scanning, urine drug screening was performed on all
subjects to exclude the possibility of substance abuse. Eighteen
adult individuals (13 females; 5 males; mean age, 32.6  10.3 years)
with MwoA and 18 HC of comparable age and gender distribution
(13 females; 5 males; mean age 32.4  11.8 years) were recruited in
the current study. All participants were right-handed according to
the Edinburgh Handedness Inventory (37). To minimize variability
due to hormonal inﬂuences on cortical excitability, all female
subjects were always recorded mid-menstrual cycle (all female
subjects completed the fMRI scan between the 10th and 14th days
of their menstrual cycles) (38). Subjects with MwoA rated the
pain intensity of their average migraine as 5.9  1.7 on a 0-10 scale
derived from attacks in the past 4 weeks, with 10 being the
most intense pain imaginable. Other clinical information such as
attack frequency and duration of disease was also recorded by a
structured interview and self-reports (Table 1).
Data acquisition
All fMRI studies were performed on a 3-T GE scanner (EXCITE, GE
Signa, Milwaukee, WI, USA) using an eight-channel phase-array
head coil in the Huaxi MR Research Center. Subjects lay supine
with their heads snugly ﬁt to foam pads to reduce head motion
and ear plugs were used to minimize scanner noises. Prior to
the functional run, a high-resolution structural image of each
subject was obtained using a 3D MRI sequence with a voxel size
of 1 mm3 employing an axial fast spoiled gradient recalled
sequence (TR = 1900 ms; TE = 2.26 ms; matrix, 256  256; ﬁeld of
view, 256  256 mm2). For all participants, structural information
was examined by two experienced radiologists to exclude the
possibility of clinically silent lesions. Next, functional BOLD signals

Table 1. Clinical details of patients with migraine without
aura and healthy controls (mean  standard deviation)
Clinical details
Age (years)
Sex (F, female; M, male)
Disease duration (years)
Attack frequency (times)*
Duration of migraine (h)*
Pain intensity (0-10)*

MwoA Patients

Healthy
controls

32.6  10.3
13 F, 5 M
10.2  6.1
4.9  2.5
14.4  6.1
5.9  1.7

32.4  11.8
13 F, 5 M
—
—
—
—

*Information on migraine attacks during the past 4 weeks.
MwoA, migraine without aura.

Copyright © 2013 John Wiley & Sons, Ltd.
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were acquired with an echo-planar imaging sequence. Thirty
continuous slices were obtained with TR = 2000 ms; TE = 30 ms; ﬂip
angle = 90 ; ﬁeld of view, 240  240 mm2 ; matrix, 64  64,
180 volumes. During the entire functional scanning, all participants
were asked to keep their eyes closed, to stay awake and not to
focus on anything in particular. After scanning, all subjects conﬁrmed that they remained awake during the entire procedure.

deﬁcit hyperactivity disorder (22), schizophrenia (34), mild cognitive impairment (43), epilepsy (44) and low-grade hepatic encephalopathy (45). In the current study, from such an examination, a
result of abnormal ALFF can tell us which area is abnormal in the
migraine. Therefore the ALFF may reﬂect, at least to some extent,
different aspects of spontaneous brain activity in MwoA patients.
ROI-based FC analysis

Data preprocessing
Data preprocessing and statistical analyses were performed
using Statistical Parametric Mapping 5 software (SPM5, http://
www.ﬁl.ion.ucl.ac.uk/spm/software/spm5). For each participant,
the ﬁrst 10 volumes were discarded for scanner calibration and
for subjects to get used to the scanning environment (34). The
remaining 170 volumes were corrected for acquisition delay
between slices and aligned to the ﬁrst image of each session for
motion correction. The standard Montreal Neurological Institute
(MNI) template provided by SPM5 was used for spatial normalization with a resampling voxel size of 3  3  3 mm. No subjects had
head motion exceeding 1 mm of movement or 1 rotation in any
direction. Next, the functional images were spatially smoothed with
a 4-mm full-width at half maximum Gaussian kernel. Finally, imaging
data were ﬁrst temporally ﬁltered (band pass, 0.01-0.08 Hz) to
remove the effects of very low-frequency drift and high-frequency
noise (e.g., respiratory and cardiac rhythms) (23,39).
ALFF analysis

NMR Biomed. 2013; 26: 1051–1058

Statistics
To explore the within-group ALFF patterns (to evaluate whether
ALFF differed from the value of 1) (41), a one-sided one-sample
t-test [p < 0.05, family-wise error (FWE) corrected] was
performed on the individual normalized ALFF maps for each
group (MwoA and HC). Then, a two-sample t-test was performed
to elucidate ALFF differences between the two groups after
controlling for age and gender. To protect against false positive
activations, we used a double-threshold Monte Carlo simulation
approach; that is, combing a voxel-based threshold with a minimum cluster size (52) for controlling the overall signiﬁcance
level (the probability of a false detection for the entire functional
volume). A single voxel threshold was set at p < 0.005 and a
minimum cluster size of 351 mm3 was used to correct for multiple
comparisons. This yielded a corrected threshold of p < 0.05 (see
program AlphaSim by D. Ward in AFNI software). Parameters
were: single voxel uncorrected p value = 0.005, FWHM = 4 mm,
with whole brain mask, 5000 iterations. (see http://afni.nimh.nih.
gov/pub/dist/doc/manual/AlphaSim.pdf). Activations exceeding
this double threshold (individual uncorrected voxel threshold
p < 0.005, minimum cluster size of 351 mm3) were therefore
considered to be activated at a threshold of p < 0.05 corrected
for multiple comparisons. For regions in which MwoA patients
showed abnormal ALFF properties, ALFF values were extracted,
averaged and regressed against the pathological indicators
reﬂected by duration of the disease and migraine attack
frequency. Because we performed multiple statistical tests on each

Copyright © 2013 John Wiley & Sons, Ltd.
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ALFF analyses were performed using REST V1.7 software (40)
with a procedure similar to that described previously (22,32,34).
Rather than directly measure the magnitude of fMRI BOLD signal
time series in time domain, ALFF calculates the voxel-wise
average amplitude of speciﬁc frequency bands (0.01 ~ 0.08 Hz)
in the frequency domain of the original fMRI signal. Speciﬁcally,
the preprocessed ﬁltered time series was transformed to the frequency domain by using fast Fourier transform (FFT, parameters:
taper percent = 0, FFT length = shortest), obtaining the power
spectrum as a result. Since the power of a given frequency is
proportional to the square of the amplitude of the frequency
component of the original time series in the time domain, the
square root was calculated at each frequency of the power
spectrum. Then, the averaged square root obtained across
0.01 - 0.08 Hz at each voxel was taken as the ALFF value. For
standardized purposes, the ALFF of each voxel was divided by
the global mean of the ALFF value. The normalization procedure
was analogous to that used in PET studies (41). Previous functional imaging studies have revealed that certain brain regions
consistently show greater activity during resting state than
during tasks (42), including the posterior cingulate cortex (PCC),
precuneus, inferior parietal lobe (IPL) and medial prefrontal
cortex (MPFC). These regions constitute a network (default
mode network) supporting a default mode of brain function. To
examine whether standardized ALFF in these regions also
demonstrated higher values than the expected global mean
value of 1, we performed a one-sample t-test within each group
(MwoA and HC).
As described above, ALFF measures the magnitude of spontaneous ﬂuctuations in fMRI BOLD signals. It may reﬂect intensity of
regional spontaneous brain activity (22–24). More importantly, it
has been demonstrated that abnormal ALFF could be implicated
in brain dysfunction related to various disorders such as attention

Prior to FC analysis, several sources of spurious variances including head motion parameters, global mean BOLD signals and
average BOLD signals in ventricular and white matter regions were
removed from the preprocessed data with linear regression. ROIs
were anatomically deﬁned based on the fact that these regions
showed abnormal ALFF values; that is, the left anterior cingulate
cortex, right thalamus and bilateral prefrontal cortex. In addition,
it is worth mentioning that MwoA patients also showed increased
ALFF values in the right insula (p < 0.005, uncorrected). However,
it did not survive with multiple corrections (p < 0.05, corrected).
Previous studies have demonstrated that the insula is generally
involved in pain processing (46,47). It has been activated in
several PET studies (48–50) and task-related fMRI studies (17,18).
We performed a connectivity analysis of the right insula to examine
whether functional interactions related to this area would be
altered in MwoA patients. Anatomically deﬁned ROIs were
created using WFU-Pick Atlas software (http://fmri.wfubmc.edu/
cms/software, Department of Radiology, Wake Forest University
School of Medicine, Winston Salem, North Carolina, USA) (51). As
a result, a total of 5 ROIs were deﬁned. For each ROI, a seed
reference time course was obtained by averaging the time series
of all voxels in the ROI. Correlation analysis was performed
between the seed reference time course and time series from the
whole brain in a voxel-wise way.

T. XUE ET AL.
pathological indicator (duration and frequency), we considered
the question of statistical signiﬁcance. We used the Bonferroni
correction adjustment of the alpha level by dividing the conventional alpha of 0.05 by the number of tests performed, yielding a
Bonferroni corrected P value of 0.05/4.
For ROI-based FC analysis, a seed reference time course was
obtained for each ROI by averaging the time series of all voxels
in the ROI. Correlation analysis was performed between the seed
reference time course and time series from the whole brain in a
voxel-wise way. The correlation coefﬁcients were transformed
into z values using Fisher’s transformation to improve normality
(53). Then, individual z values were entered into a two-sample
t-test to determine group differences of FC between the MwoA
and HC. Multiple comparisons were corrected using the same
method as in the group of ALFF comparisons.

RESULTS
The regional ALFF results for both groups (MwoA and HC) are
shown in Figure 1 (one-sample t-test, n = 18, p < 0.05, FWE
corrected). Signiﬁcant ALFF values in both groups were found in
the PCC and adjacent precuneus. Additionally, several other neural
regions such as the MPFC and IPL also exhibited higher ALFF
values than the mean ALFF value. It should be noted that the result
of the one-sample t-test could not provide information on differences between the two groups. Results of the two-sample t-test
showed signiﬁcant ALFF differences between MwoA and HC
(Fig. 2) (p < 0.05, corrected). Areas showing decreased ALFF
values in the MwoA group included the bilateral PFC and left
rACC, while the right thalamus showed increased ALFF values.
Furthermore, correlation analysis demonstrated that there was
a signiﬁcant negative correlation between average ALFF values
of the left rACC (r = -0.6213, p = 0.0059, Bonferroni corrected)
and duration of disease.
ROI-based FC analysis revealed increased FCs between the left
rACC (ROI1) and bilateral frontal lobe and left parietal lobe; right
thalamus (ROI2) and bilateral caudate, left temporal lobe and
right putamen; left PFC (ROI3) and right precuneus and bilateral
parietal lobe; right PFC (ROI4) and bilateral parietal lobe and left
temporal lobe; and right insula (ROI5) and left temporal pole,
right frontal lobe and left parietal lobe (Fig. 3).

DISCUSSION
Resting-state fMRI is a noninvasive imaging technique used
to measure spontaneous brain activity as low-frequency ﬂuctuations in BOLD signals (54). During the resting state, correlated
spontaneous ﬂuctuations occur within spatially distinct and
functionally related groups of cortical and subcortical regions,
consisting of the human brain’s intrinsic functional networks
(55). Variations in intrinsic functional networks can inﬂuence task
performance in real life (56,57). Furthermore, the resting-state
method has been extensively used to reveal the intrinsic typical
and atypical functional architecture of the brain (54,58). Changed
features during resting state can serve as a marker to reﬂect the
progress of multiple diseases such as heroin addiction (29–31),
Alzheimer’s disease (59) and schizophrenia (60). Thus, it is
critical to take into account spontaneous brain activity in the
absence of external stimulation to better understand how the
brain functions and adapts in migraineurs. Previous studies have
revealed abnormal regional and inter-regional resting-state properties in migraine separately; however, few studies have investigated whether brain regions with abnormal regional resting-state
properties show dysfunctional connectivity in migraine patients.
In other words, they failed to assess the regional alterations in both
regional spontaneous neuronal activity and corresponding brain
circuits during rest. Therefore, ALFF and ROI-based FC methods
were employed in the current study to provide scientiﬁc evidence
for the above-mentioned issues.
Consistent with previous ALFF ﬁndings (22,61,62), the results of
the one-sample t-test showed that several brain areas exhibited
signiﬁcantly higher ALFF values (Fig. 1), including the PCC, MPFC,
precuneus and IPL. These areas are the major regions of the default
mode network identiﬁed in previous resting-state PET (41) and
fMRI studies (63). Our ﬁndings demonstrate that ALFF is a convincing measure of resting-state spontaneous neuronal activity and
can provide both the nature and extent of signal changes underlying spontaneous neuronal activity (32).
Most importantly, compared with HC, we found that MwoA
patients showed altered regional brain activity in a set of brain
areas. Speciﬁcally, ALFF values decreased in the left rACC and bilateral PFC as well as increased in the right thalamus (Fig. 2). Increased
FCs were also observed between several pain-related brain areas
and ROIs (Fig. 3). The brain regions showing atypical function
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Figure 1. ALFF group analysis results in the MwoA and HC groups (p < 0.05, FWE corrected).
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Figure 2. Left column: correlation analysis between duration of disease and ALFF difference. There was a signiﬁcant negative correlation between
average ALFF values of left rACC and duration of disease. The correlation was signiﬁcant when the alpha level was adjusted with the Bonferroni correction
(r = - 0.6213, p = 0.0059, Bonferroni). Middle column: regions showing ALFF differences between MwoA and HC groups (MwoA > HC, p < 0.05, corrected).
Right column: correlation analysis between frequency of migraine attacks and ALFF difference.

NMR Biomed. 2013; 26: 1051–1058

(69,70). It is also thought to be important in endogenous pain
control, which is mediated by endogenous opioid systems (71).
Using PET, Petrovic et al. conﬁrmed that opioid analgesia is associated with increased activity in the rACC (72). We speculated that
the decreased resting-state ALFF values of the rACC in MwoA
patients could be related to functional impairments in the longterm pain affective response and endogenous analgesia.
The PFC is generally considered to be involved in cognitive
and attention processing of painful stimuli (73). Additionally, it
has been demonstrated that the PFC can inﬂuence the descending
pain modulatory system, notably through the modulation of
brainstem structures participating in pain modulation (71,74).
Decreased ALFF values in the PFC possibly suggest efﬁciency reduction in descending modulatory function in pain processing induced by long-term migraine attacks. In the present study, altered
FCs were observed in the cingulo-frontal brain regions. Previous

Copyright © 2013 John Wiley & Sons, Ltd.
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herein were similar to the brain areas reported in previous
structural (12,13) and task-based migraine studies (17–19), which
were mainly involved in pain-processing (11,64). We speculated
that resting-state functional abnormalities in MwoA patients could
be associated with functional impairments in pain-processing.
Moreover, ALFF values of the left rACC were negatively correlated
with duration of disease. Our results suggest that ALFF properties
of rACC become abnormal as a function of time, which may reﬂect
the process of migraine.
The PFC and ACC are major cortical areas involved in the
‘medial pain system,’ which is thought to be responsible for the
‘affective-cognitive-evaluative’ aspects of pain (65,66). As shown
by previous neuroimaging studies (67,68), these two brain areas
are the most common active regions responding to pain stimulus.
rACC has been recognized to encode the affective component of
pain such as unpleasantness, suffering and other negative effects

T. XUE ET AL.
It receives important modulatory inputs from the brainstem
monoaminergic centers (8,48). Thus, abnormal ictal activity in
these areas could directly alter nociceptive information processing in the thalamus. We speculated that the interictal atypical
function in the thalamus could be implicated in long-term
ongoing transmission of nociceptive information induced by
frequent migraine attacks. Moreover, one recent study reported
that triptans medication was effective in migraine via its inhibitory action on thalamic neuronal ﬁrings in response to trigeminovascular stimuli (78), suggesting that the thalamus could be
an additional site where migraine pain can be modulated by
reducing thalamic neuron activity.
Previous studies demonstrated that patients with common or
classic migraine headaches and spontaneously occurring cluster
headaches have signiﬁcant elevations in blood ﬂow within the
caudate nucleus compared to subjects without headaches
(76,79). Evidence from both animal and human studies has also
demonstrated that pain reactivity can be decreased by caudate
stimulation (80,81). Given the results of previous investigations
(48,68,76,77,79–81), we speculate that the atypical function of the
thalamus and dysregulation between the thalamus and caudate
could be related to deﬁcits in pain modulation induced by frequent
migraine attacks.
It should be noted that the speciﬁcity of our ﬁndings was
only limited to MwoA, the most common subtype of migraine.
Previous studies have demonstrated that MwoA and MA, another
major subtype of migraine, are distinct clinical entities (5,6).
Differences in regional cerebral blood ﬂow (82) and platelet
content of 5-HT (serotonin) (83) during attacks of MwoA and MA
also imply that these two forms of migraine can have different
causes. With respect to resting-state fMRI signatures of MA, we
cannot provide information regarding ALFF and FC alterations in
the current study. Further studies will be needed to determine
relevant resting-state fMRI signatures in MA. Another limitation of
this study is that, although ALFF was effective in detecting lowfrequency ﬂuctuations, it could be sensitive to possible
artifactual ﬁndings in the vicinity of blood vessels and the
cerebral ventricles (84), which could be responsible for the noise
in the image.

Figure 3. Functional connectivity differences in the left rACC, left PFC,
right PFC, right thalamus and right insula between MwoA and HC groups
(MwoA > HC, p < 0.05, corrected).
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neuroimaging studies support the putative pain modulating
capacity of the cingulo-frontal regions (72), since pain attenuation
under cognitive modulation was associated with a relative activation increase in this area. Moreover, attention and emotional
control of pain processing has been suggested as a major role of
the cingulo-frontal brain regions (72,75). Our ﬁndings of dysfunction in the cingulo-frontal regions might suggest disturbed interaction among these areas caused by frequent pain processing.
Increased ALFF values were found in the right thalamus. In
addition, dysfunctional interaction patterns were also observed
between the right thalamus and the bilateral caudate in MwoA
patients. Functional neuroimaging studies of human beings have
demonstrated that the thalamus can be activated in spontaneous attacks of migraine and in models of trigeminal nociceptive
stimulation (68,76,77). As a critical multifunctional relay center,
the thalamus is believed to play an important role in the
transmission of nociceptive inputs to cortical structures (77).

wileyonlinelibrary.com/journal/nbm

CONCLUSIONS
With the application of resting-state ALFF and FC approaches,
we found that MwoA patients have altered resting-state spontaneous neuronal activity in pain-processing areas, including the
left rACC, bilateral PFC and right thalamus, as well as altered
FCs associated with these areas. Our ﬁndings revealed interictal
dysfunctional patterns in both regional spontaneous neuronal
activity and inter-regional interactions between spatially remote
brain areas, providing additional evidence that brain functional
alterations induced by migraine attacks are not limited to focal
changes but also expressed at the level of altered functional
integration within distributed brain areas involved in painprocessing.
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