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Introduction

Headache is a common symptom with a wide variety of potential causes. More than 70% 

of the U.S. population are estimated to experience headaches1,2, with the vast majority 

of headaches being caused by benign primary headache disorders and not significant 

pathological conditions1,3. Migraine is a severe, disabling brain condition that ranks 6th 

most disabling disorder globally according to the World Health Organization (WHO)4,5. 

Migraine is the most frequent neurological disorder in adults, affecting up to 12% of the 

general population6. The annual costs of migraine – including lost productivity – are more 

than $19.6B in the U.S.7 and €27B in Europe8, making it a significant public health issue.

The current pathophysiological concepts of headache formation, including migraine, 

implicates vascular changes including changes in vessel diameter and cerebral blood 

flow as part of the migraine phenomenon9; however, to date no single diagnostic tool 

is able to define, ensure, or differentiate the various headache syndromes. Clinical 

use of neuroimaging in diagnosing headache varies widely, and the overall yield of 

neuroimaging studies to identify significant abnormalities in patients presenting with 
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headache has been reported to be less than 8%2,3,10–14. Recommendations regarding 

when to perform imaging for headache have been published by the U.S. Headache 

Consortium, American Academy of Neurology (AAN)15, American College of Emergency 

Physicians (ACEP)16, and the American College of Radiology (ACR) based on the 

current level of scientific and clinical evidence1,17. Consistent with most of these 

suggestions, the European Federation of Neurological Societies (EFNS) Task Force does 

not recommend routine use of neuroimaging in adult and pediatric patients with migraine 

with no recent change in attack pattern, seizures, or other focal neurological symptoms18. 

highlighting the often contradictory and non-specific findings in the literature. Despite these 

recommendations, MRI and PET imaging appear to have significant potential for exploring 

the pathophysiology of headaches and potentially determine the effects of therapeutic 

interventions18.

Pain Circuits in Migraine

During acute pain resulting from migraine or other pain conditions, focal increases in CBF 

have been found bilaterally within the anterior insula, contralateral thalamus, ipsilateral 

anterior cingulate cortex (ACC) and the cerebellum19. Activation of ACC has been reported 

in PET studies on sensation of somatic or visceral pain as well as emotional responses to 

pain20–22. Activation of the insula has been demonstrated in a variety of sensory and pain 

inducing paradigms20,21,23–26. The insula has been suggested as a relay station for sensory 

information into the limbic system and is known to play an important role in regulation of 

autonomic responses. The thalamus has also been shown to be critically important in acute 

pain processing; activation of the thalamus has been shown in both animals27 and human 

functional imaging pain studies21,28. Together, these regions are thought to make up the 

“Pain Matrix”29,30 (Fig. 1), which are of significant consequence in migraine.

Anatomic Imaging in Migraine

While standard anatomic imaging appears to be of limited diagnostic value in migraine, 

recent studies have suggested significant cortical thinning may occur within regions within 

the pain matrix. Additionally, patients with migraine appear to be at higher risk for T2 

hyperintense lesions, suggesting ischemic or degenerative processes may be involved. Early 

voxel based morphometry (VBM) studies focusing on gray matter thickness and density did 

not observe significant differences in cortical density in patients with migraine31. However, 

subsequent larger studies have noted significant reductions in gray matter density in cortical 

areas involved in pain processing32–35, as well as an increase in gray matter density within 

the PAG in patients with visible T2 lesions32. Interestingly, in patients with migraine with 

visual aura, studies have identified thicker visual cortex36, presumably due to more frequent 

activation in these areas.

In addition to changes in gray matter density, a number of studies have suggested migraine 

is an independent risk factor for deep white matter lesions37–40. Migraine patients appear to 

have an increased risk of ischemic vascular disease41 and approximately double the risk of 

ischemic stroke42. In a cohort of 186 patients with migraine, significant associations were 

found between T2 hyperintense lesions and longer disease duration and higher headache 

frequency43. Prevalence of white matter T2 hyperintense lesions appears to be higher in 
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migraine with aura compared to migraine without aura40. Although largely unknown, a 

number of pathological processes have been proposed as an explanation for this higher 

incidence including focal hypoperfusion, oligemia, glutamatergic excitotoxicity, immune-

related demyelination, inflammation, and mitochondrial dysfunction39,44–46.

Diffusion Imaging in Migraine

Diffusion MR changes have also been observed in patients with migraine. In particular, 

studies have shown higher apparent diffusion coefficient (ADC), or mean diffusivity (MD), 

and lower fractional anisotropy (FA) in the frontal lobe47 along with the genu, splenium, 

and body of the corpus callosum48, consistent with microstructural alterations along these 

pathways. In migraine patients with aura, a reduced FA along the thalamocortical tract 

and reduced FA along ventral trigeminothalamic tract have been observed49, whereas a 

reduced FA in the ventrolateral PAG has been observed in migraine patients without aura49. 

Additionally, diffusion MR has revealed enhanced connectivity between temporal pole and 

entorhinal cortex50, as well as high connectivity between frontal lobe regions with reduced 

FA and regions within the pain network (orbitofrontal cortex, insula, thalamus, and dorsal 

midbrain/pons)47. Interestingly, a lower ADC has been observed in migraine patients with 

T2 hyperintense lesions51 and transient diffusion changes in the thalamus (increased FA and 

lower MD) have been observed during migraine without aura, which were normalized after 

attack52. Together, these observations suggest dynamic changes in water mobility may occur 

during the various stages of attacks.

Perfusion and Vascular Imaging in Migraine

Most notably, cerebral blood flow (CBF) in patients with migraine appears significantly 

impaired, although the temporal changes in CBF before, during, and after migraine appear 

complex (Table 1). Cortical spreading depression (CSD)53 is thought to underlie migraine 

visual aura54,55, and the early depolarization or activation phase of CSD has been shown to 

be associated with a transient change in CBF54,55 and blood oxygenation56,57. This appears 

to be in conflict with work by Olesen et al.58,59 using SPECT to show focal reduction in 

CBF in migraine attacks with an aura. Subsequent dynamic susceptibility contrast (DSC) 

perfusion MRI studies have confirmed the characteristic hypoperfusion (lower CBF) and 

collapsed vasculature (low CBV with increased MTT) that occurs during aura in patients 

with migraine60–62. Dynamic contrast enhanced (DCE) perfusion MRI, which can provide 

additional information about blood-brain barrier (BBB), has similarly shown an increased 

CBF without increased BBB disruption in the pons/brainstem in patients with migraine63. 

These results are consistent with arterial spin labeling (ASL)64 and perfusion studies using 

SPECT demonstrating similarly decreased CBF in patients with migraine65,66.

This reduced CBF during the onset of prolonged migraine with aura is contrasted with a 

substantial increase in CBF during the late stages of migraine67 (Table 1). Using ASL, lower 

CBF has been observed in brain regions consistent with symptoms in childhood migraine 

within 14 hours of aura, and higher CBF was observed after 14 hours from symptoms68. 

Similarly, ASL studies have well documented hyperperfusion during migraine headaches 

after aura has occurred, but during symptom presentation69. DCE perfusion MRI case 

reports have suggested possible hemispheric increase in vascular permeability in migraine 
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with aura70 and increased CBF in the visual cortex and posterior white matter regions in 

migraineurs with visual aura63. These studies support the hypothesis that migraine with 

aura results in a transient, early decrease in CBF during aura formation and a characteristic 

increase in CBF occurs during the late stages of migraine.

In migraine without aura, CBF changes appear less consistent across studies (Table 1). Many 

studies have shown no changes in hemodynamics in migraine patients without aura60,71–73, 

while other studies have shown reduced CBF during migraine attack without aura74,75 or 

significantly higher CBF values during the acute headache attack in the brainstem76 or the 

dorsal pons77,78. Underscoring this inconsistency may be the spatial heterogeneity of CBF 

changes during migraine. For example, a study by Arkink et al.79 observed complex changes 

in CBF throughout the brain, including an increase in CBF during attack the inferior and 

middle temporal gyrus in migraine without aura, while also observing a decrease in CBF 

within the inferior frontal gyrus in migraine without aura. Taken together, current literature 

suggest less pronounced and more complex changes in CBF may occur in migraine patients 

without aura.

Some studies have suggested a possible link between vascular anomalies within the circle 

of Willis and decreased CBF during migraine with aura80. While early MR angiography 

studies appeared to show no difference in incompleteness of the circle of Willis in migraine 

patients compared with healthy controls81, subsequent studies have shown a higher than 

expected prevalence of incomplete circle of Willis in patients with migraine82,83. In 

particular, migraine patients experiencing aura appear to have a higher prevalence of an 

incomplete circle of Willis84, whereas no elevated incidence in migraine without aura has 

been observed84,85.

Functional Imaging in Migraine

The most crucial observation in functional neuroimaging in migraine has been that 

brainstem areas are active during pain and that after successful treatment this activation 

persists, while it is not present between attacks76–78,86,87 (Table 2). Activated areas in the 

brainstem include the dorsal midbrain and dorsolateral pons, and hypothalamic activation 

has been described as well87. Increased activation of dorsolateral pons is also observed in 

chronic migraine88 and dorsal midbrain activation is consistent with reports of migraine-like 

headaches following stimulation in patients with implanted electrodes for chronic pain 

control89,90 as well as reports of patients with lesions in these areas producing migraine 

symptoms91,92.

Task-based fMRI as a clinical tool for assessing migraine is relatively limited due to 

the spontaneous, transient nature of these attacks and the imaging need for a planned 

experimental paradigm. Therefore, most functional studies in migraine have induced 
migraines to image the resulting changes (Table 2). Functional tasks performed during 

H2
15O-labled positron emission tomography (PET) showed increased activation in the dorsal 

pons76,86,87, midbrain87, brainstem, hypothalamus87, periaqueductal gray93,94, midbrain 

trigeminal area, and visual cortex87 during painful stimulation. An increase in blood oxygen 

level dependent (BOLD) functional MRI signal has been observed in the extrastriate cortex 

and occipital cortex during induction of migraine with visual aura57, and increased BOLD 
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signal in temporal pole and entorhinal cortex has been observed in both ictal and interictal 

migraine periods50. Functional MRI during visual, olfactory, or vestibular stimuli result in 

greater BOLD response and hyperexcitability in visual cortex and visual network95–98, 

limbic structures99, and mediodorsal thalamus100, respectively. Additionally, increased 

BOLD signal in anterior cingulate cortex (ACC)101,102, prefrontal cortex or middle frontal 

gyrus102,103, brainstem and medulla102, and hypothalamus104,105 has also been observed, 

consistent with an increase in activation in areas involved in pain processing during invoked 

migraine106.

Functional connectivity measures using MRI at rest are less consistent and appear more 

complex, with some regions demonstrating increased connectivity and other areas reduced 

connectivity as a result of migraine. For example, decreased functional connectivity within 

the pain-processing networks107, the default mode network (DMN)108, and fronto-parietal 

regions of the executive network (middle frontal gyrus and dorsal ACC)109,110 have all 

been observed. Additionally, increased connectivity between PAG, hypothalamus, and/or 

amygdala and other brain areas within nociceptive and somatosensory processing pathways 

have also been detected111–114.

Metabolic and Molecular Imaging in Migraine

In addition to functional alterations, patients with migraine also appear to have altered brain 

metabolism and biochemistry (Table 3). [18F]-fluorodeoxyglucose (FDG) PET studies have 

demonstrated increased activation of the vestibulo-thalamo-cortical pathway and decreased 

metabolism in the visual cortex during spontaneous migraine attacks115. At rest, significant 

hypometabolism has been observed in regions involved in pain processing116, including 

bilateral insula, bilateral ACC and PPC, premotor, PFC, and primary somatosensory cortex. 

These results suggest migraine may be intimately linked with primary metabolic dysfunction 

as well as potential secondary effects of brain regions involved in pain processing due to 

repetitive headache attacks.

MR spectroscopy (MRS), a noninvasive method of investigating the biochemical 

composition of the brain and infer metabolic information, has been used to highlight 

various biological changes within the brain in patients with migraine. Phosphorous (31P)-

MRS studies have implied abnormal energy metabolism and potential mitochondrial 

dysfunction may occur in patients with migraine. Multiple studies have observed decreased 

phosphocreatine (PCr)117–123, suggesting mitochondrial abnormalities and impaired cerebral 

oxidative metabolism as potential causes of migraine. Using proton (1H)-MRS, reports 

have shown altered excitability of the brain in patients with migraine, including abnormal 

levels of neurotransmitters glutamate and γ-aminobutyrate (GABA) in the occipital cortex, 

cingulate cortex, and other areas implicated in pain processing124–129. Additionally, lower 

levels of N-acetyl aspartate (NAA), a neuronal marker, was observed in migraineurs with 

aura who had T2 hyperintense lesions51 within the occipital lobe128,130, as well as the 

thalamus131 and cerebellum132.

Additionally, serotonergic function and 5HT receptors have been implicated in migraine 

pathogenesis133, leading to a number of PET studies examining 5HT having been 

performed134. PET imaging using [18F]-fluorosetoperone (a 5-HT2-specific radioligand), 
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however, did not show any differences of the distribution of 5HT2 receptors in the cortex135. 

A study using an α-[11C]methyl-L-tryptophan tracer did show an increased rate of brain 

serotonin synthesis during the acute phase of migraine attacks136, which was subsequently 

verified using a specific antagonist of serotonin receptors137, suggesting that increased 

5-HT1A receptor availability is present during migraine attacks, particularly within the 

pontine raphe135,138.

Conclusions

In summary, the use of advanced imaging in routine diagnostic practice appears to 

provide only limited value in adult and pediatric patients with migraine who have not 

experienced changes in headache quality or associated symptoms. However, advanced 

imaging may have potential for studying the biological manifestations and pathophysiology 

of migraine headaches. Migraine with aura appears to have characteristic spatiotemporal 

changes in structural anatomy, function, hemodynamics, metabolism, and biochemistry, 

while migraine without aura appears more complex. Large, controlled, multicenter imaging-

based observational trials are needed to confirm the abundant anecdotal evidence in the 

literature and test the variety of scientific hypotheses thought to underscore migraine 

pathophysiology.
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Synopsis

The use of advanced imaging in routine diagnostic practice appears to provide only 

limited value in patients with migraine who have not experienced recent changes in 

headache characteristics or symptoms. However, advanced imaging may have potential 

for studying the biological manifestations and pathophysiology of migraine headaches. 

Migraine with aura appears to have characteristic spatiotemporal changes in structural 

anatomy, function, hemodynamics, metabolism, and biochemistry, whereas migraine 

without aura produces more subtle and complex changes. Advanced imaging studies 

in migraine with aura reveal a decrease in cortical density, altered microstructural 

connectivity, an increase in functional activation in common pain processing pathways, 

and a characteristic hypoperfusion followed by hyperperfusion after aura onset. Altered 

glucose metabolism, neurotransmitter concentration, and receptor density have also been 

observed. Large, controlled, multicenter imaging-based observational trials are needed to 

confirm the abundant anecdotal evidence in the literature and test the variety of scientific 

hypotheses thought to underscore migraine pathophysiology.
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Key Points

• Clinical use of advanced imaging in headaches is not standardized; no single 

diagnostic imaging technique is able to define and/or differentiate idiopathic 

headache syndromes.

• In migraine with aura, cortical thinning, microstructural changes, 

spatiotemporal fluctuations in blood flow, adaptations in brain function, 

and alterations in both metabolism and biochemistry have been observed in 

pain processing areas of the brain (thalamus, insula, amygdala, brainstem, 

hippocampus, prefrontal cortex, anterior cingulate cortex, cerebellum, 

supplemental motor area, primary and secondary somatosensory areas, and 

the posterior parietal cortex).

• A characteristic decrease in blood flow has been observed during aura, while 

a significant increase in blood flow has been observed in subsequent stages of 

migraine attacks.

• Imaging changes in migraine patients who do not experience aura are subtler 

and more complex, with studies varying widely in the literature.
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Fig 1. The Pain Matrix.
The pain matrix consists of the thalamus (Thal), insula, amygdala (Amyg), brainstem 

(including the pons and paraquiductal gray), hippocampus (Hippo), prefrontal cortex (PFC), 

anterior cingulate cortex (ACC), cerebellum, supplemental motor area (SMA), primary 

somatosensory cortex (S1), secondary somatosensory cortex (S2), and the posterior parietal 

cortex (PPC). For review, see29,30.
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