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Abstract 
Background: Migraine is a primary headache disorder that causes debilitating throbbing pain. Several functional MRI (fMRI) and 
voxel-based morphometry (VBM) studies have been used to investigate the structural and functional alteration in migraine. Here, 
we aim to study the converged brain regions of functional and structural abnormalities in gray matter volume (GMV) associated 
with pain processing and management in migraineurs and healthy controls (HC).

Methods: A systematic search through PubMed and Sleuth was carried out for peer-reviewed functional and structural 
neuroimaging studies on migraine patients and HC yielded a total of 1136 studies. We performed an activation likelihood 
estimation (ALE) meta-analysis on VBM and pain stimulation task-based fMRI studies to investigate the converged areas of 
GMV and functional abnormalities between migraineurs and HC. We performed two subgroup analyses between migraine with 
aura (MwA) and migraine without aura (MwoA) relative to HC, and between chronic migraine (CM) and episodic migraine (EM) 
compared to HC.

Results: The total sample included 16 fMRI and 22 VBM studies, consisting of 1295 migraine patients, compared to 995 HC. 
In fMRI analysis, ALE maps for pain stimulation tasks revealed hyperactivation in migraineurs in the substantia nigra compared 
to HC, whereas hypoactivation was seen in the cerebellum. For the VBM analysis, ALE clusters of increased GMV in migraineurs 
were observed in the parahippocampus and putamen nucleus. Whereas clusters of reduced GMV in migraineurs were seen in the 
frontal gyri. Compared to HC, MwoA patients showed a GMV reduction in the insula, and anterior cingulate, whereas MwA patients 
showed GMV reduction in the cerebellum, cingulate gyrus, and insula. CM patients showed decreased GMV in the precentral 
gyrus, whereas EM patients showed decreased GMV in the parahippocampus, and inferior frontal gyrus when compared to HC.

Conclusions: Our findings represent a potential biomarker for the diagnosis and management of migraine, by showing clustered 
brain regions of abnormal patterns of activation and GMV changes between migraineurs and HC which might be associated with 
hyposensitivity to pain in migraineurs. Further studies are required to determine disease progression or therapeutic interventions’ 
effect on migraine.

Abbreviations: ALE = activation likelihood estimation, BA = Brodmann area, CM = chronic migraine, EM = episodic migraine, 
fMRI = functional MRI, GMV = gray matter volume, HC = healthy controls, MNI = Montreal Neurological Institute, MwA = migraine 
with aura, MwoA = migraine without aura, NOS = Newcastle-Ottawa Scale, ROI = region-of-interest, SD = standard deviation, 
VBM = voxel-based morphometry.

Keywords: activation likelihood estimation, functional MRI, migraine, nociceptive stimulation, pain processing, voxel-based 
morphometry
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1. Introduction
Migraine is a primary headache disorder that causes throbbing 
pain usually on one side of the head. It is the most common 
neurological disease with predominance in females and the 
sixth-highest cause of disability worldwide.[1] The predominant 
symptom of migraine is severe headache attacks, which worsen 
during physical activity or stress, and may be accompanied by 
loss of appetite, nausea, and vomiting.[2]

Migraine can be classified according to The International 
Headache Society (IHS) into migraine with aura (MwA) and 
migraine without aura (MwoA) with specific symptoms asso-
ciated with each one. In MwoA, which represents the most 
common type of migraine, patients suffer from moderate to 
severe headache attacks with an average duration between 4 
to 72 hours that are felt as a unilateral pulsation, and usually 
increase in severity with physical activities and do not respond 
to treatment. These symptoms are usually accompanied by nau-
sea, vomiting, and photophobia or phonophobia.[3] On the other 
hand, MwA is a less common type occurring in only 30% of 
migraineurs and is characterized by several reversible focal neu-
rological symptoms that come before, with, or in the absence 
of headache. The visual aura phenomenon comes in the form 
of spots and zig-zag lines at the center of the visual field and is 
followed by motor, sensory, speech, and language symptoms.[4–6]

According to the frequency of headaches, migraine can be 
classified into episodic and chronic migraine. Episodic migraine 
(EM) has an average headache duration between 4 to 72 hours, 
and attack frequencies of <15 days per month. Whereas chronic 
migraine (CM) has a higher frequency of headaches for more 
than 3 months with an average of 15 days per month.[7]

Migraine can also be classified into four cycling phases: preic-
tal, ictal, postictal, and interictal.[8] The preictal phase lasts up to 
48 hours before the onset of a headache attack. Some evidence 
suggests an activation of the hypothalamus immediately before 
the headache attack which then leads to hypersensitivity and 
hypervigilance to incoming stimuli.[8] Whereas the ictal phase 
occurs during the headache attack and most symptoms can be 
seen in this phase, such as nausea, vomiting, and hypersensi-
tivity to visual, olfactory, auditory, and somatosensory stimuli, 
and it can last for 4 to 72 hours.[9,10] In addition, the  postictal 
phase begins after the headache attack and lasts up to 24 hours, 
then disappears, and is characterized by symptoms other than 
headaches such as cognitive deficits, fatigue, and others.[11] 
Finally, the interictal phase happens between migraine attacks, 
and patients in this phase are headache-free and asymptom-
atic.[12] Although most of the symptoms appear during migraine 
attacks, some ictal symptoms may also occur less predominantly 
in this phase.[13]

Although the mechanism and pathophysiology of migraine 
are not very well understood, several studies revealed structural 
and functional abnormalities in several brain regions, and mag-
netic resonance spectroscopy and positron emission tomography 
studies suggest mitochondrial dysfunction and defects in energy 
metabolism and other metabolic alterations in migraineurs.[14–16] 
Another proposed mechanism associated with pain processing 
and perception in migraine patients is a vasodilatory effect of 
intracranial and extracranial blood vessels near the trigeminal 
pathway, which will activate the release of vasoactive neuro-
peptides such as the substance P, calcitonin gene-related peptide 
and others.[3]

Neuroimaging modalities have recently been used to study 
the pathophysiology of migraine in different behavioral 
domains. Functional MRI (fMRI) has allowed researchers to 
study pain processing and perception in migraineurs during 
pain stimulation tasks, using noxious, visual, or auditory stim-
uli, and to investigate the relationship of atypical patterns of 
brain activation associated with migraine.[17] Another modality 
that has been used is voxel-based morphometry (VBM), which 
investigates volumetric changes in gray matter volume (GMV), 

white matter volume, and cerebrospinal fluid across the whole 
brain.[22,23] In this systematic review and meta-analysis, we aim 
to investigate the clustered and converged brain regions of 
activation and deactivation associated with pain processing in 
response to noxious stimuli in migraineurs compared to healthy 
controls (HC) and to assess the relationship between functional 
abnormalities and structural alterations in GMV across VBM 
studies.

2. Methods

2.1. Literature search and inclusion criteria

This study was conducted following the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines. The detailed study protocol is registered on 
PROSPERO and can be accessed through (CRD42022332314; 
URL: https://www.crd.york.ac.uk/PROSPERO/display_record.
php?RecordID=332314).

A systematic search through PubMed database was carried 
out for peer-reviewed English studies on the following key-
words: “functional MRI”, “task-based fMRI”, “nociceptive 
stimuli”, “pain perception”, “migraine”, “voxel-based mor-
phometry”, and “gray matter volume”. The detailed search 
algorithm is shown in Supplemental Digital Content 1, http://
links.lww.com/MD/H659. We also searched Sleuth (3.0.4) data-
base from Brainmap (https://brainmap.org) for fMRI and VBM 
studies.[18,19]

A two-step screening process was done for the retrieved studies. 
First, two reviewers independently screened titles and abstracts 
for the following criteria: migraine patients and HC, task-based 
fMRI, and pain stimulation task. Studies were excluded if they: 
did not enroll HC, were on animal subjects, used resting-state 
fMRI, were on other types of headaches, or were case reports, 
reviews, or letters. Second, another two reviewers screened full 
texts of included studies for the following criteria: whole-brain 
coordinates are reported for task-based fMRI, coordinates 
reported for gray matter volume, and included between-group 
comparison HC and migraineurs. Studies were excluded if they: 
did not report coordinates, used region-of-interest (ROI) analy-
sis, had no pain stimulation fMRI, or did not compare with HC. 
A third reviewer made the judgment in case of disagreement in 
both steps.

2.2. Data extraction

Data were extracted from each study for the first author’s 
name, year of the study, demographic variables for the num-
ber of migraineurs and migraine type, number of HC, mean age 
(Standard Deviation [SD]), clinical information for disease dura-
tion, and attack frequency. Imaging variables were extracted for 
the software used for analysis, image acquisition, pain stimuli 
for fMRI task, and threshold settings.

2.3. Quality assessment

The quality of included studies was assessed by two reviewers 
based on The Newcastle-Ottawa Scale (NOS) for fMRI stud-
ies,[20] and the 12-checklist tool for VBM studies which has 
been previously described by Strakowski et al[21] The NOS tool 
evaluates the quality based on three domains: cohort selection, 
comparability between cases and controls, and exposure, with 
a total of 8 subcategories. The scale’s overall score ranges from 
0 to 8. The risk of bias was rated as high (1–3), moderate (4–5), 
and low (6–8). The 12-checklist tool evaluated 3 domains: sam-
ple characteristics, methods for image acquisition and analysis, 
in addition to limitations and conclusions, with a total of 12 
subcategories in which a score of 1, 0.5, or 0 was set, if the cri-
teria were fully, partially, or not met. Detailed information for 

https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=332314
https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=332314
http://links.lww.com/MD/H659
http://links.lww.com/MD/H659
https://brainmap.org
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the 12-checklist tool is shown in Supplemental Digital Content 
2, http://links.lww.com/MD/H660.

2.4. Activation likelihood estimation

The activation likelihood estimation (ALE) is a quantitative 
meta-analytical approach for structural and functional neuroim-
aging studies, it calculates where foci from multiple experiments 
converge, by treating the reported coordinates as a spatial prob-
ability center, rather than single points. The ALE approach uses 
a random-effect model to calculate the converged areas between 
studies, rather than a fixed-effect model which compares between 
foci.[22–24] Foci data for fMRI and VBM studies were extracted by 
two reviewers for the first author’s name, year of study, the number 
of subjects, and coordinates of each experiment in a 3D stereotac-
tic format (x, y, z). Then, foci were transformed into the Montreal 
Neurological Institute (MNI) space using the icbm2tal tool devel-
oped by Lancaster et al[30,31] and provided by GingerALE, which 
is a better fit than Brett transform mni2tal tool. The meta-analysis 
was conducted by applying threshold settings of uncorrected P 
value < .001 and a minimum volume of 250 mm3.

To explore regional differences of reduced GMV across 
migraine subtypes, we performed two subgroup analyses, the 
first contrast between MwA and MwoA relative to HC. The 
second contrast was between CM and EM compared to HC. We 
used an uncorrected P value threshold < .001 and a minimum 
volume of 250 mm3.

The thresholded ALE images were visualized using Mango 
version 4.1 software for Windows OS (Research Imaging 

Institute – Mango [uthscsa.edu]), and placed on the 1 × 1 × 1 mm 
T1-weighted ICBM 2009c nonlinear symmetric template, which 
represents an unbiased non-linear average of the MNI152 
database with high-spatial-resolution and signal-to-noise.[32,33] 
Anatomical labels were shown using the MNI atlas provided 
in Mango.[28,29]

3. Results

3.1. Study selection and sample characteristics

Out of 1136 studies identified from PubMed search, 58 studies 
were retrieved for assessment after duplicate removal and title 
and abstract screening. A total of 16 task-based fMRI and 22 
VBM studies were included in the ALE meta-analysis after the 
full-text screening. The detailed screening process is shown in 
the PRISMA flow diagram in Figure 1.

The full sample comprised 1259 migraine patients and 995 
healthy headache-free controls. Study characteristics and demo-
graphic data for fMRI and VBM studies are shown in Tables 1 
and 2, respectively. Imaging and experimental data for fMRI 
and VBM studies are shown in Tables 3 and 4, respectively.

3.2. Quality assessment

Eleven fMRI studies showed a low risk of bias according to the 
NOS tool and 5 showed a moderate risk of bias due to unre-
ported controls recruitment and pain exposure were tested for 
migraineurs only. All studies compared migraineurs and HC 

Figure 1. PRISMA flow diagram illustrating the screening process of included studies. fMRI = functional MRI, HC = healthy controls, PRISMA = Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses, VBM = voxel-based morphometry.

http://links.lww.com/MD/H660
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Table 1

Characteristics of included fMRI studies.

No. First author (year) Migraineurs Males (N) Mean age (SD) Controls (M) Mean age (SD) 

1 Aderjan et al (2010) 6 MwA12 MwoA 9 32.13 (9.95) 15 (7) 28.8 (7.73)
2 Bogdanov et al (2019) 14 EM-MwoA5 MA7 CM-MOH 5 32.833.644.4 24 31.3
3 Chen et al (2015) 19 MwoA CA-15 MwoA CA+19 MwoCA 22 28.13 (8.03)26.47 (7.06) 20 (6) 28.10 (5.93)
4 Eck et al (2011) 4 MwA6 MwoA 1 37.9 (4.7) 10 (1) 37.8 (4.8)
5 Mehnert et al (2019) 40 MwoA14 MwA 9 34.3 (11.9) 54 (9) 32.6 (11.5)
6 Moulton et al (2008) 12 EM 3 42.2 (11.7) 12 (3) 42.3 (11.9)
7 Moulton et al (2011) 6 EM-MwoA5 EM-MwA 3 42.5 (11.9) 11 (3) 42.3 (11.9)
8 Mungoven et al (2022) 21 EM-MwoA4 EM-MwA 6 29.6 (2.0) 29 (10) 26.4 (1.4)
9 Russo et al (2016) 20 EM-MwoA CA+20 EM-MwoA CA- 10 32.1 (1.5)31.0 (1.8) 20 (5) 28.3 (1.4)
10 Russo et al (2012) 16 EM-MwoA 8 27.83 (1.26) 16 (8) 27.50 (1.70)
11 Russo et al (2017) 16 MwoA 1 31.31 (2.33) 16 (1) 29.13 (1.60)
12 Russo et al (2019) 18 EM-MwoA17 EM-MwA 15 32.47 (2.01) 15 (5) 27.40 (1.53)
13 Schwedt et al (2014) 8 EM-MwA16 EM-MwoA 5 36.2 (11.3) 27 (5) 33.7 (12.5)
14 Solstrands Dahlberg et al (2018) 21 EM 5 32.71 (8.3) 22 (5) 32.96 (8.9)
15 Stankewitz et al (2011) 10 MwA30 MwoA 9 20–46* 20 (5) 18–37*

16 Mathur et al (2016) 10 CM4 EM 3 40.8 (11.9) 14 (3) 38.9 (12.5)

CA = Cutaneous Allodynia, CM-MOH = chronic migraine medication overuse headache, MwA = migraine with aura, MwoA = migraine without aura, SD = standard deviation.
*Age in range.

Table 2

Characteristics of included VBM studies.

 Author (year) Migraineurs  
Males 

(N) Mean age ± SD Disease duration Attack frequency Controls 
Mean age 

± SD 

1 Cao et al (2022) 34 MwoA-DI10 
MwoA-DA

11 34.44 ± 10.0436.60 ± 13.02 10.68 ± 10.039.20 ± 3.79 9.61 ± 8.9811.90 ± 12.14 32 (16) 30.63 ± 9.56

2 Celle et al 
(2017)

19 EM-MwoA6 
EM-MwA

23 75 ± 1.2 46.2 ± 16.4 7.4 ± 3.4 39 (9) 75.4 ± 0.9

3 Chen et al 
(2018)

31 EM-MwoA25 
CM-MwoA

19 37.5 ± 7.6 194.6 ± 116.7 13.8 ± 10.5 43 (15) 36.2 ± 7.7

4 Chou et al 
(2020)

6 MwA34 
MwoA

8 39.2 ± 10.5 14.7 ± 10.2 9.9 ± 6.5 27 (6) 41.3 ± 10.1

5 Coppola et al 
(2015)

24 EM-MwoA 5 31.6 ± 7.6 16.5 ± 6.6 3.4 ± 2.4 15 (4) 28.6 ± 4.0

6 Coppola et al 
(2017)

20 CM-MwoA 6 31.3 ± 10.2 15.0 ± 13.1 23.0 ± 6.8 20 (7) 28.5 ± 4.1

7 Hubbard et al 
(2014)

13 CM4 EM 4 41.71 ± 12.20 12.53 ± 8.41 11.65 ± 10.07 18 (4) 38.89 ± 11.25

8 Kim et al (2008) 5 EM-MwA15 
EM-MwoA

3 33.7 ± 11.3 9.8 ± 6.0 32.7 ± 10.9/y 33 (4) 33.8 ± 10.5

9 Lai et al (2016) 66 CM-MwoA 27 40.2 ± 10.0 18.4 ± 10.4 32.2 ± 8.9 33 (6) 39.7 ± 11.1
10 Li Z et al (2020) 72 MwoA  21.30 66.75 5.89 46 (12) 21.24
11 Liu et al (2017) 80 MwoA  22.8 ± 0.3 59.8 ± 4.7 6.3 ± 0.81 50 22.6 ± 0.2
12 Liu h et al 

(2020)
44 CM-HFM12 

EM-HFM
13 40.3 ± 10.5 17.2 ± 11.3 19.2 ± 7.1 37 (10) 39.93 ± 9.3

13 Messina et al 
(2016)

19 MwoA19 
MwA19 VM

20 35.5135.140.0 16.513.615.7 526 20 (7) 36.9

14 Neeb et al 
(2016)

21 EM21 CM 12 49.36 ± 7.6249.04 ± 7.46 26.71 ± 14.4224.43 ± 8.3 5.33 ± 1.591715.9 ± 2.95 21 (6) 49.40 ± 7.79

15 Obermann et al 
(2014)

17 VM 3 42.71 ± 10.05 6.17 ± 4.51 3.79 ± 3.02 17 (3) 42.17 ± 9.26

16 Qin et al (2019) 50 MwoA 15 38.7 ± 11.2 8.6 ± 6.2 3.3 ± 2.8 50 (15) 39.5 ± 11.3
17 Rocca et al 

(2006)
7 MwA9 MwoA 1 42.7 24.8 20.3/y 15 (2) 38.6

18 Rocca et al 
(2013)

7 MwA5 MwoA 5 15.113.0 1.74.7 7/y23/y 15 (8) 13.3

19 Schmidt-Wilcke 
et al (2007)

32 EM3 CM 35 32.4 ± 9.2 N/A N/A 31 (31) 32.2 ± 12.6

20 Valfrè et al 
(2008)

16 EM11 CM 6 32.1 ± 8.738.9 ± 6.4 20.6 ± 8.9 11.8 ± 9.7 27 (7) 34.9 ± 8.6

21 Yu et al (2021) 39 EM-MwoA17 
CM-MwoA

18 39.74 ± 11.949.59 ± 14.64 N/A 3.75 ± 2.6419.56 ± 4.17 35 (15) 34.91 ± 10.89

22 Zhang et al 
(2017)

32 MwoA 8 38.3 ± 10.16 9.5 ± 6.23 3.36 ± 2.55 32 (8) 38.8 ± 10.02

CM = chronic migraine, DA = during attack, DI = during interictal, EM = episodic migraine, HFM = high-frequency migraine, MwA = migraine with aura, MwoA = migraine without aura, SD = standard 
deviation, VBM = voxel-based morphometry, VM = vestibular migraine.
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for activation and deactivation. For the VBM studies, all stud-
ies reported a low risk of bias with scores > 8. Only 5 studies 
evaluated patients for a follow-up, 12 studies used sliced thick-
ness for MRI > 3 mm or did not report full image acquisition. 
Detailed scores of each study are shown in the Supplemental 
Digital Content 3 and 4, http://links.lww.com/MD/H661.

3.3. ALE meta-analysis

3.3.1. ALE analysis of fMRI studies. Sixty-four foci from 30 
fMRI pain stimulation experiments on 415 migraine patients 
and 325 HC showed increased activation in migraine patients 
in the right substantia nigra compared to HC (MNI coordinates 
[x, y, z]: 12, −12, −12). While showing decreased activation in 
the bilateral anterior lobe of the cerebellum through the culmen 

(MNI coordinates [x, y, z]: −8/10, −28, −20/−16]). Using a P 
value threshold < .003, migraineurs also showed increased 
activation in the middle frontal gyrus (Brodmann area [BA] 6) 
relative to controls (MNI coordinates [x, y, z]: −48, 10, 44). 
Peak MNI coordinates, cluster sizes, and P values are shown in 
Table 5. ALE maps of increased and decreased GMV are shown 
in Figure 2.

3.3.2. ALE analysis of VBM studies. A total of 50 experiments 
consisting of 845 migraine patients and 656 HC and 218 
foci in which migraineurs showed an increase or decrease in 
GMV were entered in the ALE meta-analysis. ALE clusters of 
increased GMV in migraineurs compared to HC were observed 
in the left parahippocampus extending to the amygdala, left 
superior temporal gyrus (BA 22), left cuneus of the occipital 

Table 3

Image acquisition and experimental data for the included fMRI studies.

First author (year) Pain stimuli Imaging analysis Image acquisition Threshold settings 

Functional studies
  Adrejan et al (2010) Chemical SPM5 3T Siemens Trio scanner FWE-corrected P value < .05
  Bogdanov et al (2019) Thermal 

laser
SPM8 3T Siemens Magnetom Allegra scanner FWE-corrected P value < .05

  Chen et al (2015) Electrical SPM8 3T Siemens Trio Tim scanner Uncorrected P value < .001
  Eck et al (2011) Verbal SPM2 1.5T Siemens Magnetom Vision Plus scanner Uncorrected P value < .005
  Mehnert et al (2019) Chemical SPM12 3T Siemens Trio scanner FWE-corrected P value < .01
  Moulton et al (2008) Thermal FSL 4.0 3T Siemens Trio scanner Uncorrected z = 1.6
  Moulton et al (2011) Thermal FSL 3T Siemens Trio scanner  
  Mungoven et al (2022) Thermal SPM12 3T Philips Achieva FDR-corrected P value < .05
  Russo et al (2016) Thermal BrainVoyager QX 3T GE Healthcare HDxt scanner Uncorrected P value < .005
  Russo et al (2012) Thermal BrainVoyager QX 3T GE Healthcare HDxt scanner Uncorrected P value < .005
  Russo et al (2017) Thermal BrainVoyager QX 3T GE Healthcare Signa HDxt scanner Uncorrected P value < .005
  Russo et al (2019) Thermal BrainVoyager QX 3T GE Healthcare Signa HDxt scanner Uncorrected P value < .001
  Schwedt et al (2014) Thermal SPM8 3T Siemens MAGNETOM Trio scanner FWE-corrected P value < .05
  Solstrands Dahlberg et al (2018) Thermal FEAT Version 6 3T Siemens Trio scanner  
  Stankewitz et al (2011) Chemical SPM5 3T Siemens Trio scanner Uncorrected P value < .001
  Mathur et al (2016) Thermal SPM8 3T Siemens Trio Tim scanner Corrected P value < .005

FDR = false-discovery rate, FWE = family-wise error, fMRI = functional MRI.

Table 4

Image acquisition for the included VBM studies.

First author (year) Imaging analysis Image acquisition Threshold settings 

VBM studies
  Cao et al (2022)  SPM12 3T MR (GE Discovery MR750 scanner) FWE-corrected P value < .05
  Celle et al (2017) SPM8 1.5T Magnetom Avento, Siemens Healthcare FWE-corrected P value < .05
  Chen et al (2018) SPM8 3T Siemens Magnetom Tim Trio FWE-corrected P value < .05
  Chou et al (2020) SPM12 3.0T Discovery MR750 scanner FWE-corrected P value < .05
  Coppola et al (2015) SPM8 3T Siemens Verio MRI scanner Uncorrected P value < .05
  Coppola et al (2017) SPM12  3T Siemens Magnetom Verio scanner FWE-corrected P value < .05
  Hubbard et al (2014) SPM8  3T Siemens Tim Trio MRI scanner RFT-corrected P value < .05
  Kim et al (2008) SPM2 1.5T Siemens Sonata SVC-corrected P value < .05
  Lai et al (2016) SPM8 1.5T GE Excite II MR system General Electric Healthcare FWE-corrected P value < .05
  Li et al (2020) SPM12 3T Siemens Trio Tim system FWE-corrected P value < .05
  Liu et al (2017) FSL 3T Signa GE Healthcare, Milwaukee, WI FWE-corrected P value < .05
  Liu et al (2020) SPM12 3T GE Discovery MR750 scanner FWE-corrected P value < .05
  Messina et al (2016) SPM12 3T Intera scanner FWE-corrected P value < .05
  Neeb et al (2016) SPM8 3T Siemens Tim Trio FWE-corrected P value < .05
  Obermann et al (2014) SPM8 1.55T Siemens Avanto scanner FWE-corrected P value < .05
  Qin et al (2019) SPM12 3T Siemens Trio Tim system FWE-corrected P value < .05
  Rocca et al (2006) SPM2 3T Philips Intera scanner SVC-corrected P value < .05
  Rocca et al (2013) SPM8 3T Intera scanner FWE-corrected P value < .05
  Schmidt-Wilcke et al (2007) SPM2 1.5T Siemens Symphony scanner SVC-corrected P value < .05
  Valfrè et al (2008) SPM2 1T Siemens MAGNETOM IMPACT scanner. FWE-corrected P value < .05SVC-corrected P value < .05
  Yu et al (2021) SPM8 3T MAGNETOM Skyra, Siemens Healthcare Uncorrected P value < .05
  Zhang et al (2017) SPM12 3T Siemens Trio Tim MRI scanner FDR-corrected P value < .05

FDR = false-discovery rate, FWE = family-wise error, SVC = small-volume correction, VBM = voxel-based morphometry.

http://links.lww.com/MD/H661
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lobe (BA 18), and right posterior lobe of the cerebellum to the 
cerebellar tonsils, and right putamen nucleus (MNI coordinates: 
[−26, −2, −14], [−46, −54, 18], [−18, −82, 28], [46, −46, −44], 
[32, −2, −12], respectively). Whereas clusters of reduced GMV 
in migraineurs compared to controls were seen in the bilateral 
inferior frontal gyrus (BA 44), left superior frontal gyrus (BA 
6), and right medial frontal gyrus (BA 25), (MNI coordinates: 
[−60/62, 12/14, 10/12], [−24, 16, 52], [4, 24, −24], respectively). 
Peak MNI coordinates, cluster sizes, and P values are shown 
in Table  5. ALE maps of increased and decreased GMV are 
shown in Figure 3. To exclude the confounding effect of age-
related GMV reduction, a sensitivity analysis was performed 
for GMV reduction by excluding Celle et al study on elderly 
patients (mean age 75).[30] The results of the sensitivity analysis 
did not reveal different clustered areas than the pooled analysis, 
however, cluster size differed slightly as the following: bilateral 
inferior frontal gyrus (401 mm3, 170 mm3), left superior frontal 
gyrus (289 mm3), and right medial frontal gyrus (165 mm3).

3.3.3. Subgroup analysis of GMV in MwoA and MwA. A 
total of 59 foci from 12 experiments were included in the 

subgroup analysis of 756 subjects of MwoA and MwA relative 
to HC. When compared to HC, MwoA patients showed a 
decrease in GMV in the right insula, anterior cingulate, middle 
frontal gyrus, and left postcentral gyrus. While MwA patients 
showed GMV reduction in the right posterior lobe of the 
cerebellum, cingulate gyrus, insula, bilateral middle frontal 
gyrus, left fusiform gyrus, and inferior frontal and temporal 
gyri. Peak MNI coordinates, cluster sizes, and P values are 
presented in Table  6. ALE maps of increased and decreased 
GMV are shown in Figure 4.

3.3.4. Subgroup analysis of GMV in EM and CM. Seven 
experiments that consisted of 36 foci contributed to the 
subgroup analysis of 180 episodic migraineurs compared to HC, 
and 212 CM patients compared to HC. Chronic migraineurs 
showed decreased GMV in the left precentral gyrus (BA 13), 
whereas EM patients showed decreased GMV in the left uncus, 
precentral gyrus, parahippocampus, and right inferior frontal 
gyrus (BA 47). Peak MNI coordinates, cluster sizes, and P values 
are presented in Table 6. ALE maps of increased and decreased 
GMV are shown in Figure 5.

Table 5

ALE data for activation and deactivation, GMV increase and decrease in migraineurs versus HC.

Brain region Brodmann area MNI coordinates Cluster size (mm3) P value (×10−4)* 

Increased activation
  R Substantia Nigra  12, −12, −12 169 .24301
  L Middle frontal gyrus BA 6 −48, 10, 44 115 .00015**

Decreased activation
  L Cerebellum-Culmen  −8, −28, −20 1009 .03075
  R Cerebellum-Culmen  10, −28, −16 446 .00202
GMV increase
  L Amygdala  −26, −2, −14 534 .00103
  R Cerebellar Tonsil  46, −46, −44 361 .00041
  L Superior Temporal Gyrus BA 22 −46, −54, 18 324 .00484
  R Putamen  32, −2, −12 305 .00135
  L Cuneus BA 18 −18, −82, 28 201 .09347
GMV decrease
  L Inferior frontal gyrus BA 44 −60, 12, 12 396 .00045
  L Superior frontal gyrus BA 6 −24, 16, 52 287 .02512
  R Inferior frontal gyrus BA 44 62, 14, 10 165 .38316
  R Medial frontal gyrus BA 25 4, 24, −24 159 .24263

ALE = activation likelihood estimation, BA = Brodmann area, GMV = gray matter volume, HC = healthy controls, L = left, MNI = Montreal Neurological Institute, R = right.
*Uncorrected P value < .001.
**Uncorrected P value < .003.

Figure 2. ALE maps of increased (red) or decreased (green) activation in migraineurs compared to healthy controls. (A) Left substantia nigra and right red 
nucleus of the midbrain. (B) Right subthalamic nucleus. ALE = activation likelihood estimation.
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Figure 3. ALE maps of GMV increase (green) and decrease (red) in migraineurs versus HC. (A) Cerebellar tonsils, (B) Superior temporal gyrus (BA 22), (C) Medial 
frontal gyrus (BA 25), (D) Putamen and amygdala, (E) Bilateral inferior frontal gyrus and superior frontal gyrus, and (F) Cuneus of occipital lobe (BA 18). ALE = 
activation likelihood estimation, BA = Brodmann area, GMV = gray matter volume, HC = healthy controls.

Table 6

ALE data of subgroup analysis on GMV reduction in MwoA and MwA, CM, and EM.

Brain region Brodmann area  MNI coordinates Cluster size (mm3) P value (×10−2)* 

MwoA vs HC
  R insula BA 47 36, 20, −8 298 .00255
  R anterior cingulate BA 32 4, 24, −14 267 .00662
  L postcentral gyrus BA 40 −36, −24, 48 212 .00855
  R middle frontal gyrus BA 11 22, 40, −20 149 .00926
MwA vs HC
  R posterior cerebellar lobe  10, −82, −20 437 .00069
  L middle frontal gyrus BA 6 −26, 14, 52 319 .00623
  L inferior frontal gyrus BA 44 −62, 12, 12 319 .00623
  R cingulate gyrus BA 32 2, 22, 44 305 .00242
  R middle frontal gyrus BA 9 40, 30, 24 305 .01737
  L fusiform gyrus BA 36 −50, −42, −22 305 .01737
  R insula BA 13 48, −18, 2 305 .00346
  L inferior temporal gyrus BA 20 −56, −16, −32 305 .00346
EM vs HC
  L precentral gyrus BA 13 −52, −10, 10 165 .00555
CM vs HC
  L uncus BA 28 −26, 8, −26 329 .00087 × 10−2

  L parahippocampus BA 34 −20, 2, −18 277 .00776 × 10−2

  R inferior frontal gyrus BA 47 38, 28, −20 262 .00925 × 10−2

  L precentral gyrus BA 6 −32, −12, 66 209 .00043

ALE = activation likelihood estimation, BA = Brodmann area, CM = chronic migraine, EM = episodic migraine, GMV = gray matter volume, HC = healthy controls, L = left, MwA = migraine with aura, MwoA 
= migraine without aura, MNI = Montreal Neurological Institute, R = right.
*Uncorrected P value < .003.
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4. Discussion

4.1. Main findings

4.1.1. Functional abnormalities. The ALE meta-analysis on 
fMRI studies revealed clusters of activation and deactivation 
in the subcortical regions including the substantia nigra, 
subthalamic and red nuclei of the midbrain. These regions 
show an important involvement in pain integration and 
processing.[31] Several studies reported atypical activation 
of the basal ganglia in pain induction and demonstrated the 
role of subthalamic and caudate nuclei in the integration 
of multisensory signals, which may be associated with the 
pathophysiology of migraine. In addition to its function in 
pain sensation, the subthalamic nucleus also participates in 
thermal sensation, playing a role in the decreased sensitivity to 
thermal and mechanical pain during heat or pain stimulation. 
Although several MRI studies reported different patterns of 
activation in frontal,[32–34] and cerebellar regions,[34,35] our 
results, did not reveal any clusters of increased or decreased 
activation in the prefrontal cortex or cerebellar regions. 
However, when we applied a more lenient threshold, clusters 
of increased activation were observed in the middle frontal 
gyrus in addition to the substantia nigra. On the other 
hand, clusters of decreased activation were observed in the 
bilateral anterior lobes of the cerebellum. These functional 
abnormalities correspond to the structural changes in GMV 
in migraineurs as observed in our study.

Surprisingly, an fMRI study by Stankewitz et al,[37] revealed 
stronger activation in HC than interictal migraineurs at the 
level of the trigeminal nuclei but did not show any difference 
in the thalamic nuclei or the somatosensory regions. However, 
this might be attributed to the biological differences between 
migraineurs and HC in the transmission of nociceptive stimula-
tion signals, or that these findings are specific to and driven by 
trigeminal stimulation.[36]

4.1.2. GMV alterations. Several studies have reported consistent 
results of structural abnormalities in migraineurs using VBM 
analysis as an increase or decrease in GMV. In our study, we 
found clusters of increased GMV in limbic regions including 
the parahippocampus extending to the amygdala, subcortical 
regions such as the putamen of the lentiform nucleus, temporal 
cortex such as the superior temporal gyrus, the visual cortex 
including the cuneus of the occipital lobe, and cerebellar regions 
such as the cerebellar tonsils in the posterior lobe. On the other 
hand, we also found clusters of decreased GMV in migraineurs 
when compared to HC. These clusters were primarily located in 
the prefrontal cortex including the bilateral inferior frontal gyri, 
superior, and middle frontal gyri.

The prefrontal cortex is known to modulate executive functions 
and attention networks. However, several studies have reported an 
association of the prefrontal cortex activation in pain stimulation 
tasks. Its role can be thought of as directing the cognitive aspects 
to process and respond to pain stimuli.[38] Several studies have also 

Figure 4. ALE maps of subgroup analysis of GMV reduction between MwA (red) and MwoA (green). (A) Insula and middle frontal gyrus, (B) Anterior cingulate 
and medial frontal gyrus, (C) Declive of the cerebellum. ALE = activation likelihood estimation, GMV = gray matter volume, MwA = migraine with aura, MwoA = 
migraine without aura.

Figure 5. ALE maps of subgroup analysis of GMV reduction between CM (red) and EM (green). (A) Left uncus and precentral gyrus, (B) Left precentral gyrus, 
(C) Parahippocampus. ALE = activation likelihood estimation, CM = chronic migraine, EM = episodic migraine, GMV = gray matter volume.
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shown activation of the cerebellum in association with trigeminal 
nociception. The role of the cerebellum is underlined by pain per-
ception rather than specifically on pain processing. Apart from its 
role in nociception, the cerebellum has also shown activation in 
migraine episodes.[30] The limbic network has also demonstrated 
a role in pain processing in migraineurs through the amygdala. 
While emotional processing is the major role served by the amyg-
dala, in addition to the sensory perception of fear and anxiety, 
it also contributes to pain cognition such as memories and pain 
prediction, through its connection with cortical structures. It also 
receives nociceptive signals from the trigeminal system as well as 
subcortical regions and the spinal cord. When compared to MwoA, 
MwA patients showed GMV reduction in frontal and visual cor-
tex regions, such as the cerebellum. This finding could be associ-
ated with the visual aura phenomena observed in these patients. 
A study by Rocca et al,[39] did not reveal any difference between 
MwA and MwoA, however, this may be due to the small sam-
ple size in each group. A case report and a cohort study found an 
association between the brainstem in the pathogenesis of migraine 
with aura.[40,41] In contrast to our results, a study by Neeb et al,[42] 
showed GMV increase in CM patients compared to HC, while 
showing GMV reduction in the prefrontal cortex for EM patients 
as observed in our study. As GMV reduction can be attributed to 
older age, we performed a sensitivity analysis excluding the study 
on elderly patients, however, we did not find any different clusters 
than the pooled analysis. This may be attributed to only one study 
had older patients.

4.2. Applicability of the evidence

Functional MRI studies on migraine patients have shown 
abnormal brain activation compared to HC, these patterns of 
hyperactivation or hypoactivation might be associated with an 
abnormal pattern of GMV increase or decrease as observed by 
VBM studies. In a study by Hubbard et al,[43] the resting-state 
functional connectivity in migraine patients showed disrupted 
connectivity in the default mode network and sensory network, 
including the posterior cingulate cortex, inferior frontal and 
temporal gyri, and the prefrontal cortex. These patterns were 
associated with increased attention and sensitivity to visual 
stimuli, or hypervigilance to ongoing pain.

To validate and increase the evidence of the applicabil-
ity of fMRI or VBM studies on migraine, we collected all the 
results and quantitively synthesize them to present a putative 
biomarker in the diagnosis and management of migraine and 
migraine subtypes. The applicability of our findings relies on 
the methodology used to synthesize them and the number of 
evidence that contributed to the analysis.

4.3. Quality of the evidence

All Recruited studies allowed studying the functional and struc-
tural abnormalities associated with pain processing in migraine 
patients. As only 5 studies studied migraine patients with a fol-
low-up after different time points, the long-term effect or the 
effect of medication from baseline could not be studied. All 
VBM studies used strong thresholds with correction for mul-
tiple comparisons such as false-discovery rate (FDR) or fami-
ly-wise error (FWE), which provide more reliable results except 
for two studies.[44,45] Eight out of 16 fMRI studies did not use 
corrected P values.[32,35,37,38,46–49] And to avoid the bias of ROI-
based analysis in fMRI studies, we constricted our inclusion to 
whole-brain analysis only.

4.4. Potential biases in the review process

The meta-analyses conducted in this study have several 
strengths. First, studies that used ROI-based analysis were 
excluded as this approach can present biased results and does 

not represent changes across the whole brain. Thus, to avoid 
the risk of biased results in our study, we limited our inclu-
sion criteria to whole-brain neuroimaging studies only. Second, 
subgroup analyses were performed on the GMV changes in 
migraine groups according to the presence or absence of visual 
aura, and the duration of migraine into chronic or episodic. 
Third, the fMRI studies included in our meta-analysis are all 
consistent in terms of the studied behavioral domain, which 
was pain processing and management, this in turn adds homo-
geneity to the included studies. Fourth, we investigated the 
association of functional and structural abnormalities observed 
in migraine patients and concluded that GMV changes were 
concordant with the affected functional domains. Lastly, our 
study presents with high power due to a large number of stud-
ies included.

However, our findings should be interpreted with caution in 
the context of several limitations, some of which were out of 
our control. First, we could not apply the most stringent thresh-
old settings of FWE-corrected for multiple comparisons as this 
approach needs a large number of foci and some clusters may 
be eliminated, so we applied a conservative threshold of uncor-
rected P value < .001. Second, our analysis was not constricted 
to a specific paradigm class, due to the heterogeneity across 
studies in experimental designs, and the results can be affected 
by the stimuli type or the induced regions. Regarding the VBM 
analysis, as it is based on linear statistics, and the distribution in 
reality is based on a Gaussian distribution, a non-linear hyper-
plane is a better representation for between group compari-
sons, thus, the VBM analysis can result in systemic differences 
between groups.[50–52] Third, some fMRI studies did not use cor-
rection methods for P values, which may affect the reliability of 
their results. Finally, we could not perform a subgroup analysis 
between different magnetic field strengths, as most studies used 
high strength, however, low field strength could affect the neu-
roimaging results, as the 3.0 T magnetic strength demonstrates 
a high-signal-noise ratio and can detect subtle changes in GMV 
and therefore more reliable than the 1.0 T strength.[25,26]

4.5. Future recommendations

There are several important recommendations for the advanced 
understanding of pain processing in migraineurs that should be 
addressed. First, future studies should report coordinate data of 
fMRI and VBM experiments using corrected thresholds, as our 
meta-analysis has included some uncorrected P value. Second, 
further longitudinal studies are also needed to evaluate the 
structural and functional differences between MwA in compar-
ison with MwoA, and the potential changes occurring between 
its phases: preictal, ictal, postictal, and interictal phases. In addi-
tion, future exploration of the effects of medications on pain 
processing in migraineurs, and the comparison between medi-
cated migraineurs and non-medicated is necessary. Finally, addi-
tional investigations of the potential effects of comorbidities on 
pain processing in migraineurs are needed.

5. Conclusions
In this study, we aimed to investigate the converged regions 
of abnormal activation and GMV patterns associated with 
migraine. Our results represent a potential biomarker for the 
diagnosis and management of migraine. Our findings suggest 
that the observed patterns of different brain activation and deac-
tivation in frontal and cerebellar regions between migraineurs 
and HC might be associated with decreased pain sensitivity 
and increased attention to painful stimuli in migraineurs. These 
functional changes are parallel to the structural changes in the 
GMV of frontal and limbic regions in migraineurs, which repre-
sent an association between the structural and functional integ-
rities of migraineurs’ brain. Our sub-group analysis revealed 
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different clusters of GMV changes between MwA and MwoA, 
as MwA showed cerebellar changes which may indicate an asso-
ciation with the visual aura phenomenon in these patients. Thus, 
our study represents a potential biomarker for the diagnosis 
and management of migraine and the differentiation between 
migraine subtypes. Further studies are required to establish how 
these functional and structural changes can be used to observe 
disease progression or utilized in therapeutic interventions.
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