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Abstract
The neural mechanism responsible for migraine remains unclear. While the role of an external trig-

ger in migraine initiation remains vigorously debated, it is generally assumed that migraineurs

display altered brain function between attacks. This idea stems from relatively few brain imaging

studies with even fewer studies exploring changes in the 24 h period immediately prior to a

migraine attack. Using functional magnetic resonance imaging, we measured infra-slow oscillatory

activity, regional homogeneity, and connectivity strengths of resting activity in migraineurs directly

before (n58), after (n511), and between migraine attacks (n526) and in healthy control subjects

(n578). Comparisons between controls and each migraine group and between migraine groups

were made for each of these measures. Directly prior to a migraine, increased infra-slow oscillatory

activity occurred in brainstem and hypothalamic regions that also display altered activity during a

migraine itself, that is, the spinal trigeminal nucleus, dorsal pons, and hypothalamus. Furthermore,

these midbrain and hypothalamic sites displayed increased connectivity strengths and regional

homogeneity directly prior to a migraine. Remarkably, these resting oscillatory and connectivity

changes did not occur directly after or between migraine attacks and were significantly different to

control subjects. These data provide evidence of altered brainstem and hypothalamic function in

the period immediately before a migraine and raise the prospect that such changes contribute to

the expression of a migraine attack.
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1 | INTRODUCTION

Migraine is an incapacitating pain disorder, which manifests in attacks

of often unilateral headache accompanied by photophobia, phonopho-

bia, and nausea. Cerebrovascular changes, particularly those associated

with the large veins and sinuses, have been considered the foundation

of migraine pathophysiology for some time. This peripheral sensitiza-

tion theory is based on the notion that migraines are triggered by

sensitization of meningeal nociceptors that evoke activation of trigemi-

novascular neurons resulting in throbbing head pain and other migraine

symptoms (Borsook & Burstein, 2012; Bernstein & Burstein, 2012).

While the idea that a peripheral trigger is critical for the generation of

migraine is well-accepted, there is growing evidence that changes in

the central nervous system may also play a critical role (Akerman,

Holland, & Goadsby, 2011; Goadsby, 2009; Goadsby, Charbit, Andreou,

Akerman, & Holland, 2009). Such evidence includes observations that

symptoms such as fatigue, dizziness, and reduced concentration occur

hours before the migraine onset (Giffin et al., 2003) and that activation

of brainstem trigeminovascular neurons by cortical spreading depres-

sion can occur independently of peripheral input (Lambert, Truong, &

Zagami, 2011). Indeed, it was recently proposed that migraine results

from dysfunction in subcortical sites which results in the perception of

pain from “basal levels of primary traffic” (Goadsby & Akerman, 2012).

This “central generator” theory is hotly debated with many researchers

suggesting that a peripheral cerebrovascular trigger is necessary to pre-

cipitate a migraine attack (Borsook & Burstein, 2012).

However, even if a peripheral cerebrovascular trigger is required,

sensitivity changes in brainstem regions that receive noxious orofacial
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inputs may be critical in allowing such a trigger to evoke a migraine

attack. Consistent with this idea, it has been hypothesized that in

migraineurs, brainstem function oscillates between (a) enhanced, (b)

threshold, and (c) diminished neural “tone” states (Burstein, Noseda, &

Borsook, 2015). When the brainstem is in a state of diminished tone,

incoming noxious inputs can activate central pathways and evoke head

pain. In contrast, when in an enhanced tone state, the effectiveness of

endogenous analgesic mechanisms is too great to allow incoming

noxious inputs to activate higher brain centers and head pain does not

occur. Although during spontaneous or triggered migraine attacks,

regional brainstem and hypothalamic activation occurs (Afridi et al.,

2005a, 2005b; Bahra, Matharu, Buchel, Frackowiak, & Goadsby, 2001;

Denuelle, Fabre, Payoux, Chollet, & Geraud, 2007; Weiller et al., 1995),

there is currently little evidence to support the notion of cyclical

changes in brainstem and/or hypothalamic function throughout the

migraine cycle, particularly in the hours preceding a migraine headache.

Some support comes from a recent case study which reported that the

hypothalamus displayed increased sensitivity to noxious stimuli and

greater functional coupling with the dorsomedial pons and spinal

trigeminal nucleus (SpV) during the phase immediately prior to an

attack (Schulte & May, 2016).

In individuals who experience migraine with aura, cortical spread-

ing depression precedes the development of head pain. This phenom-

enon is characterized by a wave of electrophysiological hyperactivity

followed by inhibition and there is evidence that this process is associ-

ated with astrocyte calcium waves (James, Smith, Boniface, Huang, &

Leslie, 2001; Nedergaard, Cooper, & Goldman, 1995). These calcium

waves are linked to gliotransmitter release and it has been proposed

that in some pathological cases, greater numbers of astrocytes may dis-

play enhanced calcium wave synchrony and amplitude and this results

in significantly altered synaptic function (Halassa, Fellin, & Haydon,

2007; Parri, Gould, & Crunelli, 2001). It is possible that altered brain-

stem tone during the migraine cycle results from synaptic activity

modulated by changes in gliotransmission. Indeed, we recently reported

that chronic neuropathic head pain is not associated with increased

activity but rather with increased resting oscillations in the infra-slow

range in the ascending trigeminal pathway, a frequency range remark-

ably similar to that of rhythmic gliotransmitter release (0.03–0.06 Hz)

(Alshelh et al., 2016). Infra-slow oscillatory activity is a fundamental

property of cerebral and thalamic function and is thought to be main-

tained by adenosine receptor-mediated signaling (Hughes, Lorincz,

Parri, & Crunelli, 2011; Lorincz, Geall, Bao, Crunelli, & Hughes, 2009).

This adenosine is likely released by astrocytes since they can display

spontaneous intracellular infra-slow calcium oscillations and are

responsive to glutamate and acetylcholine (Parri & Crunelli, 2001), and

a link between adenosine and infra-slow oscillatory cortex activity has

been demonstrated (Cunningham et al., 2006). Given this, we hypothe-

size that increased oscillatory gliotransmitter release in brainstem

regions that regulate activity within the ascending trigeminal pathway

could alter the propensity for an external noxious input to evoke a

migraine attack.

The aim of this investigation is to determine if ongoing activity pat-

terns, as reflected in infra-slow oscillations and functional connectivity

within the brainstem and hypothalamus, are altered over the migraine

cycle and in particular directly prior to a migraine headache. We

hypothesize that infra-slow oscillatory activity and functional connec-

tivity within the brainstem and hypothalamus will increase significantly

directly prior to a migraine headache and then return to control levels

following the migraine headache. Furthermore, since in pathological

conditions greater numbers of astrocytes may display enhanced cal-

cium wave synchrony and amplitude, we speculate that immediately

prior to a migraine attack, greater activity synchronization between

adjacent voxels, that is greater regional homogeneity, will occur within

brainstem and hypothalamic sites.

2 | METHODS

2.1 | Subjects

Twenty-six subjects with migraine (22 females; mean age 30.662.1

years [6SEM]) and 78 pain-free controls (66 females; mean age 30.76

1.3 years) were recruited for the study from the general population

using an advertisement. There were no significant differences in age

(t test; p> .05) or gender composition (chi-squared test, p> .05)

between the two subject groups. Migraine subjects were diagnosed

according to the IHC Classification ICHD-3 BETA criteria and five of

the 26 migraine subjects reported an aura associated with their

migraine attacks. Migraine subject characteristics, including medication

use are shown in Table 1. All migraineurs were scanned during an inter-

ictal period, that is, at least 72 h after and 24 h prior to a migraine

event. Eleven of these migraineurs were also scanned immediately

(within 72 h) following an attack and eight immediately (within 24 h)

prior to an attack. It is important to note that of the subjects scanned

immediately prior to an attack, there was no predicting factor that they

were within 24 h of a migraine. In five migraineurs, scans were

collected during all three phases (interictal, immediately prior to and

immediately following an attack). Exclusion criteria for controls were

the presence of any pain condition including family history of

migraines, current use of analgesics, or any neurological disorder. Exclu-

sion criteria for migraineurs were any other pain condition or neurolog-

ical disorder. No migraineur was excluded based on their medication

use and no migraine or control subject had an incidental neurological

finding that resulted in their exclusion from the study. All migraineurs

indicated the intensity (6-point visual analogue scale; 05 no pain,

55most intense imaginable pain) and drew the facial distribution of

pain commonly experienced during a migraine attack. In addition, each

subject described the qualities of their migraines and indicated any cur-

rent treatments used to prevent or abort a migraine once started.

Twenty-five of the 26 migraineurs had episodic migraine whereas the

remaining migraineur had chronic migraine (>15 migraines per month).

Informed written consent was obtained for all procedures according to

the Declaration of Helsinki and local Institutional Human Research

Ethics Committees approved the study. Data from 25 of the 26

migraineurs and 30 of the control subjects were used in a previous

investigation (Marciszewski et al., 2017).
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2.2 | MRI acquisition

All subjects lay supine on the bed of a 3 T MRI scanner (Philips,

Achieva) with their head immobilized in a tight-fitting head coil.

With each subject relaxed and at rest, a high-resolution 3D T1-

weighted anatomical image set, covering the entire brain, was col-

lected (turbo field echo; field of view5250 3 250 mm, matrix

size5288 3 288, slice thickness50.87 mm, repetition time5

5,600 ms; echo time52.5 ms, flip angle588). Following this, a

series of 180 gradient echo echo-planar functional MRI image vol-

umes using blood oxygen level dependent (BOLD) contrast were

collected. Each image volume contained 35 axial slices covering the

entire brain (field of view5240 3 240 mm, matrix size580 3 78,

slice thickness54 mm, repetition time52,000 ms; echo time5

30 ms, flip angle5908).

2.3 | MRI processing and statistical analysis

2.3.1 | Image preprocessing

Using SPM12 and Matlab software, all fMRI images were motion cor-

rected and detrended to remove global signal drifts (Macey, Macey,

Kumar, & Harper, 2004). In no subject was there significant movement

(>0.5 mm in any direction) and all subjects were used for the subse-

quent analysis. In five migraineurs who experienced migraines most

often on the left side, their images were reflected in the X plane

(“flipped”) so that fMRI signals could be assessed ipsilateral and

TABLE 1 Migraine subject characteristics

Subject Age Sex
Years
suffering

Pain
side Aura

Migraines,
months

Intensity
(0–5)

Medication taken
during migraine Daily medication

270 31 F 25 R Y 5–8 3–4 Paracetamol -

500 55 M 15 B N 15 (chronic) 3 Paracetamol -

548 24 F 20 B N 4 4 Ibuprofen, paracetamol OCP, budesonide/
formoterol

583 26 F 12 R N 2 3–4 Ibuprofen OCP

661 27 F 12 R Y 1 4 Ibuprofen OCP

664 23 F 4 R N 4 4 Triptan OCP, metformin
hydrochloride

666 25 F 12 L N 5 3 Aspirin, rizatriptan Desvenlafaxine

668 21 F 1.5 L N 4 3 Ibuprofen, paracetamol,
codeine

OCP

670 26 F 1 L N 3 5 Paracetamol OCP

671 29 F 13 R N 1 2.5 Ibuprofen Zopiclone

672 26 F 5 R N 1 2 Aspirin, codeine, ibuprofen OCP

676 23 F 6 R N 1 3–4 Ibuprofen OCP

677 23 F 10 B N 0.5–1 4 Ibuprofen, codeine OCP

678 46 F 15–20 B N 1 3 Sumatriptan -

679 41 F 40 B N 2 4 Sumatriptan -

681 23 M 3–4 B N 0.5–1 3.5 Paracetamol, codeine -

688 23 M 4–5 B N 0.5–1 4 Paracetamol -

696 55 F 40 R N 0.5–1 3–4 Sumatriptan Telmisartan

800 26 M 20 R N 0.5–1 4 Metamizole Carbamazepine

814 49 F 30 B N 0.5–1 5 Rizatriptan, paracetamol -

815 54 F 30 B N 0.5–1 5 Paracetamol, codeine
eletriptan,

Candesartan

818 34 F 15 L Y 2 3 Paracetamol, ibuprofen -

819 26 F 5 B Y 1 3 Paracetamol OCP

820 25 F 7–8 L N 5–8 3 Rizatriptan benzoate OCP

822 27 M 4 B N 0.5–1 4 Ibuprofen SSRI

825 28 F 25 R Y 0.25 5 Ibuprofen Methylphenidate

Note. Abbreviations: B5bilateral; L5 left; OCP5oral contraceptive pill; R5 right; SSRI5 selective serotonin reuptake inhibitor.
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contralateral to the most common side of migraine. Each subject’s fMRI

image set was coregistered to their own T1-weighted anatomical image

set. The T1 images were then spatially normalized to the Montreal

Neurological Institute (MNI) template and the parameters applied to

the fMRI image sets so that both the T1-weighted and fMRI images

were in the same locations in three-dimensional space. To remove the

potential influence of signal intensity changes within the cerebrospinal

fluid, cerebrospinal fluid brain maps were created by segmenting the

spatially normalized T1 anatomical images. This map was used to mask

the fMRI images so that only grey and white matter remained. In all

subsequent analyses, the anatomical locations of significant clusters

were confirmed using the Atlas of the Human Brain by Mai, Paxinos,

and Voss (2007) and the Atlas of the Human Brainstem by Paxinos and

Huang (1995).

2.3.2 | Infra-slow oscillation power

Using the SPM DPARSF toolbox, raw power between 0.03 and 0.06 Hz

was calculated for each voxel of the unsmoothed fMRI image sets in the

control subjects, and in the migraine subjects during the interictal phase,

and the phases immediately prior to and immediately following an

attack. The resulting brain maps were then smoothed using a 3 mm full-

width-half-maximum Gaussian filter. A small smoothing kernel was cho-

sen to maintain spatial accuracy as we hypothesized that we would find

differences in small brainstem and diencephalic structures. Three whole

brain voxel-by-voxel comparisons were then performed: (a) controls

(n578) compared with migraineurs during their interictal phase

(n526), (b) controls (n578) compared with migraineurs during the

phase immediately prior to a migraine (n58), and (c) controls (n578)

compared with migraineurs during the phase immediately following an

attack (n511). Significant differences were determined using two-

sample random effects procedures with age and gender as nuisance var-

iables (p< .05, false discovery rate corrected, minimum cluster size 5

voxels). Significant power differences compared with controls, occurred

in migraineurs immediately prior to an attack only and the power values

from these significant clusters were determined for controls and migrai-

neurs during all three phases. For one large cluster that encompassed

the hypothalamus, periaqueductal gray (PAG), and dorsomedial medulla,

secondary peaks within the cluster were selected and the power values

of these regions (10 most significant voxels around the peak) were

extracted. Significant differences in these extracted power values

between subjects scanned in interictal, immediately prior to and imme-

diately following an attack were determined (p< .05, two-tailed, two-

sample t test, Bonferroni corrected for multiple comparisons). Differen-

ces between controls and migraineurs were not assessed in the cluster

analysis as these comparisons were performed in the initial voxel-by-

voxel whole-brain analyses. To explore individual subject changes, raw

power values from significant clusters were plotted in the five migrai-

neurs in whomwe collected fMRI scans during all three phases.

We also divided these raw power values by the total power over

the entire frequency range to obtain fractional power value for each

voxel. The mean fractional powers were also calculated for each signifi-

cant cluster and significant differences between controls and subjects

scanned in interictal, immediately prior to and immediately following an

attack were determined (p< .05, two-tailed, two-sample t test, Bonfer-

roni corrected for multiple comparisons). For each significant cluster,

we also calculated ALFF power for the four most commonly used

infra-slow oscillatory frequency bands, slow 2: 0.198–0.25 Hz, slow 3:

0.073–0.198 Hz, slow 4: 0.027–0.073 Hz, and slow 5: 0.01–0.027 Hz).

Significant differences between controls and subjects scanned in inter-

ictal, immediately prior to and immediately following an attack were

then determined for each of these infra-slow oscillatory frequency

bands (p< .05, two-tailed, two-sample t test, Bonferroni corrected for

multiple comparisons).

2.3.3 | Regional homogeneity

To assess regional homogeneity, the similarity of the time series within

each voxel and its 7 nearest neighbors were measured by calculating

Kendall’s coefficient of concordance. Using the unsmoothed fMRI

image sets, subject-level Z-score maps were created by subtracting the

mean Kendall’s coefficient of concordance for the entire brain from

each voxel and dividing by the mean standard deviation. The resulting

brain maps were then smoothed using a 3 mm full-width-half-

maximum Gaussian filter. Significant differences in regional homogene-

ity between controls and migraineurs immediately prior to an attack

were then determined using a two-sample random effects procedure

with age and gender as nuisance variables (p< .05, false discovery rate

corrected, minimum cluster size 5 voxels). In addition, regional homoge-

neity values were extracted for each significant cluster and plotted for

controls and migraineurs during all three phases and significant differ-

ences between controls, and subjects scanned in interictal, immediately

prior to and immediately following an attack were determined (p< .05,

two-tailed, two-sample t test, Bonferroni corrected for multiple com-

parisons). Differences between controls and migraineurs scanned

immediately prior to an attack were not assessed as these comparisons

were performed in the voxel-by-voxel whole-brain analysis. Regional

homogeneity values from the significant clusters were also plotted in

the five migraineurs in which we collected fMRI scans during all three

phases.

2.3.4 | Functional connectivity

Finally, resting functional connectivity was assessed in controls and

migraineurs using a seed located in the midbrain PAG. This seed was

derived from the overlap between increased infra-slow oscillation power

and regional homogeneity in migraineurs immediately prior to an attack.

Mean resting signal intensity changes within this seed were calculated

and a voxel-by-voxel analysis was performed to determine areas that dis-

played significant signal intensity covariations with the seed signal. In each

subject, the 6 direction movement parameters calculated during the

realignment step were included as nuisance variables. The resulting brain

maps were then smoothed using a 3 mm full-width-half-maximum Gaus-

sian filter. Significant differences in functional connectivity strengths

between controls and migraineurs immediately prior to an attack were

then determined using a two-sample random effects procedure with age

and gender as nuisance variables (p< .05, false discovery rate corrected,

minimum cluster size 5 voxels). In addition, connectivity strength values

were extracted for each significant cluster and plotted for controls and
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migraineurs during all three phases and significant differences between

controls, and subjects scanned in interictal, immediately prior to and

immediately following an attack were determined (p< .05, two-tailed,

two-sample t test, Bonferroni corrected for multiple comparisons).

Differences between controls and migraineurs scanned immediately prior

to an attack were not assessed as these comparisons were performed in

the voxel-by-voxel whole-brain analysis. Connectivity values from the

significant clusters were also plotted in the five migraineurs in whom we

collected fMRI scans during all three phases.

3 | RESULTS

3.1 | Infra-slow oscillations

Infra-slow oscillations were measured at rest using fMRI in 78 healthy

controls and 26 migraineurs. Eight of the migraineurs were scanned

immediately prior to an attack (within 24 h), 11 were scanned immedi-

ately following an attack (within 72 h) and all 26 migraineurs were

scanned during the interictal phase (more than 24 h before the next

migraine, and more than 72 h after a migraine).

We first compared resting fMRI signals throughout the entire brain

in migraineurs during all three phases (interictal, immediately prior to

and immediately following an attack) with resting fMRI signals in con-

trols. Fast Fourier Transforms of resting fMRI signal intensity fluctua-

tions were performed and the mean power between 0.03 and 0.06 Hz

determined for each voxel in each subject. Comparison of power

between controls and migraineurs in each voxel revealed a striking

pattern of increased infra-slow oscillatory power in migraineurs only in

the phase immediately prior to an attack (Figure 1a and Table 2). This

increased infra-slow oscillatory power during the phase immediately

prior to an attack was almost entirely restricted to the brainstem, hypo-

thalamus, and thalamus. During the phase immediately prior to an

attack, increased oscillatory power occurred in the region of the right

(ipsilateral to side of most frequent migraine) spinal trigeminal nucleus

(SpV) extending into the rostral ventromedial medulla (RVM), dorsome-

dial pons, midbrain in the region of the PAG, posterior hypothalamus,

and in the thalamus in the region of the somatosensory nucleus (Figure

1b). In no brain region was infra-slow oscillatory power reduced in

migraineurs compared with controls.

Plots of raw power extracted from these regions in controls and

migraineurs during all three phases confirmed the specificity of power

increases during the phase immediately prior to an attack only in the

SpV/RVM (mean6 SEM 0.03–0.06 Hz power: controls: 1.0460.03,

interictal: 1.1960.06, immediately prior to an attack: 1.5460.13,

immediately following an attack: 1.0260.02), dorsomedial pons (con-

trols: 1.0160.03, interictal: 1.0660.04, immediately prior to an

attack: 1.5560.19, immediately following an attack: 1.0360.01), PAG

(controls: 1.0560.03, interictal: 1.0860.05, immediately prior to an

attack: 1.5960.19, immediately following an attack: 1.0360.02)

hypothalamus (controls: 1.1760.03, interictal: 1.2460.05, immedi-

ately prior to an attack: 1.6860.17, immediately following an attack:

1.1760.03) and somatosensory thalamus (controls: 0.9960.02, inter-

ictal: 1.0460.05, immediately prior to an attack: 1.3260.12,

immediately following an attack: 1.0260.02) (Figure 1c). In addition to

the significant power increases in migraineurs in the phase immediately

prior to an attack compared with controls, comparison of power values

within the migraineurs group revealed significant differences between

the phase immediately prior to an attack and the interictal phase in the

dorsomedial pons, PAG, and hypothalamus and a significant difference

between the phases immediately prior to and following an attack in the

SpV/RVM, dorsomedial pons, and PAG.

As raw power can be influenced by an individual’s global infra-slow

oscillatory power, we also calculated fractional power by dividing the

raw 0.03–0.06 Hz power at each voxel by the total power over the

entire frequency range (0–0.25 Hz). For each of the significant clusters

derived from the raw power analysis, we found significantly increased

fractional power during only the phase immediately prior to an attack

compared with controls. These fractional power increases occurred in

the SpV (mean6 SEM: controls: 0.7660.01, interictal: 0.8160.02,

immediately prior to an attack: 0.8760.04, immediately following an

attack: 0.7860.01), dorsomedial pons (controls: 0.9160.01, interictal:

0.9360.01, immediately prior to an attack: 1.0060.02, immediately

following an attack: 0.9160.01), PAG (controls: 0.7860.01, interictal:

0.8360.03, immediately prior to an attack: 0.8960.05, immediately

following an attack: 0.8060.01) and hypothalamus (controls: 0.846

0.01, interictal: 0.8760.02, immediately prior to an attack: 0.936

0.04, immediately following an attack: 0.8360.01). No significant dif-

ferences in fractional power occurred in the somatosensory thalamus

(controls: 0.9560.01, interictal: 0.9660.03, immediately prior to an

attack: 0.9860.04, immediately following an attack: 0.9460.01).

Assessments of four infra-slow oscillatory bands revealed an inter-

esting frequency specificity (Figure 1d). While there were no significant

differences in infra-slow oscillatory power during any migraine phase

and controls for the SpV, in contrast the PAG and hypothalamus dis-

played greater power for band 4 (0.27–0.71 Hz) only in the phase

immediately prior to the migraine compared with controls. This band

includes the infra-slow oscillatory band specifically investigated in this

study (0.03–0.06 Hz). Furthermore, for the dorsomedial pons and thala-

mus, power was significantly greater during the phase immediately

prior to the migraine attack compared with controls for all four infra-

slow oscillatory bands, suggestive of a more widespread increase in

infra-slow oscillatory power.

3.2 | Regional homogeneity

If increased infra-slow oscillation power during the phase immediately

prior to an attack is associated with increased synchronicity of astro-

cyte activation and the subsequent recruitment of surrounding astro-

cytes and neurons, neighboring voxels should display increased signal

intensity synchronization. To determine if there was such an increase

in regional homogeneity, we measured Kendall’s coefficient of concord-

ance (KCC) to evaluate the similarity of the time series within each

voxel to its seven nearest neighbors, in controls and migraineurs. Com-

parison of regional homogeneity between migraineurs and controls at

each voxel in the brain revealed a significant increase during the phase

immediately prior to an attack but no significant differences between
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FIGURE 1 (a) Significant differences in infra-slow oscillation power between controls (n578) and migraineurs during interictal phase
(n526), immediately prior to an attack (n58) and immediately following an attack (n511). Note that only during the phase immediately
prior to an attack was power significantly different to controls and this difference occurred primarily in the brainstem and hypothalamus. (b)
Brain regions in which infra-slow oscillation power was greater in migraineurs immediately prior to a migraine compared with controls (ran-
dom effects, p< .05, false discovery rate corrected). Location of each axial slice in Montreal Neurological Institute space is indicated at the
top right. (c) Plots of mean (6SEM) power between 0.03 and 0.06 Hz in significant clusters extracted from controls and migraineurs during
all three phases. In addition to significant power increases in all clusters during the phase immediately prior to an attack compared with con-
trols (#p< .05 derived from random effects whole-brain analysis), there were significant differences between the phase immediately prior to
an attack and the interictal phase in all clusters except for the thalamus (*p< .05 derived from post-hoc two-sample t test). (d) Plots of
mean (6SEM) power over four standard infra-slow frequency bands: slow 2: 0.198–0.25 Hz, slow 3: 0.073–0.198 Hz, slow 4: 0.027–
0.073 Hz, and slow 5: 0.01–0.027Hz (*p< .05 significantly different to controls derived from post-hoc two-sample t test)
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migraineurs and controls during either the interictal phase or the phase

immediately following an attack. During the phase immediately prior to

an attack, migraineurs had significantly increased regional homogeneity

restricted almost entirely to regions of the PAG, hypothalamus, and

somatosensory thalamus (Figure 2a and Table 2). In no brain region

was regional homogeneity significantly lower in migraineurs than in

controls.

Plots of regional homogeneity extracted from these regions in con-

trols and migraineurs during all three phases revealed regional homoge-

neity increases during only the phase directly prior to an attack in the

PAG (mean6 SEM KCC: controls: 0.4460.01, interictal: 0.4660.01,

immediately prior to an attack: 0.5460.03, immediately following an

attack: 0.4460.05) and thalamus (controls: 0.9260.01, interictal:

0.9760.02, immediately prior to an attack: 1.0960.03, immediately

following an attack: 0.9460.01) and increases during both the interic-

tal phase and the phase immediately prior to an attack compared with

controls in the hypothalamus (controls: 0.9760.01, interictal: 1.036

0.02, immediately prior to an attack: 1.1160.04, immediately follow-

ing an attack: 0.9960.01). The PAG, hypothalamus, and thalamus all

showed increases in both infra-slow oscillatory power and regional

homogeneity in migraineurs during the phase immediately prior to an

attack, compared with controls (Figure 2b). We also extracted these

values from clusters derived from the infra-slow oscillation analysis, to

confirm that there were no changes in regional homogeneity in the

SpV/RVM (controls: 0.9460.01, interictal: 0.9860.02, immediately

prior to an attack: 0.9960.03, immediately following an attack: 0.996

0.02, all p> .05) or dorsomedial pons (controls: 0.9360.01, interictal:

0.9460.01, immediately prior to an attack: 0.9760.03, immediately

following an attack: 0.9560.02, all p> .05).

3.3 | Periaqueductal gray matter connectivity

Given previous reports of altered connectivity between the dience-

phalon and brainstem in migraineurs, we assessed resting functional

connectivity changes using the PAG as a seed. Comparison of PAG

connectivity in the phase immediately prior to an attack in migrai-

neurs with that of controls revealed significant increases in func-

tional connectivity strength between the PAG and the

hypothalamus, thalamus and between the rostral and caudal regions

of the PAG matter (Figure 3 and Table 2). In no region was connec-

tivity strength significantly lower in migraineurs compared with con-

trols. Plots of connectivity strengths extracted from these regions in

controls and migraineurs during all three phases revealed a consist-

ent pattern of difference; all three regions showed significantly

greater connectivity strengths during the phase immediately prior to

an attack than in the interictal phase and in the phase immediately

following an attack in migraineurs, and compared with controls: PAG

(mean6 SEM connectivity strength: controls: 0.346 0.03, interictal:

0.2360.07, immediately prior to an attack: 0.7660.13, immediately

following an attack: 0.3660.02), hypothalamus (controls: 0.3460.05,

TABLE 2 Montreal Neurological Institute (MNI) coordinates, cluster size, and t score for regions of significant difference between control and
migraineurs during the phase immediately prior to an attack

(a) Brain region

(b) MNI co-ordinate

Cluster size t scorex y z

Infra-slow oscillation power (0.03–0.06 Hz)

Immediately prior to an attack > controls

Dorsal pons 8 240 224 817 5.47

Hypothalamus 0 216 210 59 5.31

Midbrain periaqueductal gray 4 232 218 228 5.29

Dorsomedial pons 24 238 236 4.34

Spinal trigeminal nucleus/rostral ventromedial medulla 4 234 246 4.03

Thalamus 26 226 10 5.51

Regional homogeneity

Immediately prior to an attack > controls

midbrain periaqueductal gray 24 228 28 42 4.36

Hypothalamus 2 212 212 6 4.64

Thalamus 212 224 2 10 4.18

Resting functional connectivity

Immediately prior to an attack > controls

Midbrain periaqueductal gray 4 234 218 7 4.82

Hypothalamus 0 216 210 23 4.86

Thalamus 210 224 22 8 4.32
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interictal: 0.3660.09, immediately prior to an attack: 1.0160.12,

immediately following an attack: 0.586 0.05) and thalamus (controls:

0.196 0.03, interictal: 0.246 0.04, immediately prior to an attack:

0.5760.08, immediately following an attack: 0.246 0.02). To ensure

that there was indeed no change in resting functional connectivity

between the PAG and or dorsomedial pons SpV/RVM we extracted

FIGURE 2 (a) Brain regions in which regional homogeneity was significantly different between controls (n578) and migraineurs during the phase
immediately prior to an attack (n58). Location of each axial slice in Montreal Neurological Institute space is indicated at the top right. Significant
increases in regional homogeneity occurred in the rostral brainstem, hypothalamus, and thalamus. Below are plots of mean (6SEM) regional
homogeneity in significant clusters extracted from controls and migraineurs during all three phases. In addition to significant power increases in all
clusters during the phase immediately prior to an attack compared with controls (#p< .05 derived from random effects whole-brain analysis), there
were significant differences between the phases immediately prior to, and following an attack (n511) in the PAG and between controls and interictal
phase in migraineurs (n526), in the hypothalamus (*p< .05 derived from post-hoc two-sample t test). (b) Brain regions in which during the phase
immediately prior to an attack, migraineurs displayed greater infra-slow oscillation power and regional homogeneity compared with controls
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values from these regions and found no significant PAG connectivity

with the SpV/RVM (controls: 20.026 0.02, interictal: 20.1360.11,

immediately prior to an attack: 20.0860.08, immediately following

an attack: 0.016 0.08, all p> .05) or dorsomedial pons (controls:

0.156 0.02, interictal: 0.196 0.07, immediately prior to an attack:

0.336 0.12, immediately following an attack: 0.096 0.07, all

p> .05).

3.4 | Individual subject changes

In five migraineurs, resting fMRI scans were collected during all three

phases, that is, interictal, the phases immediately prior to and following

an attack. To explore individual variations, we plotted infra-slow oscilla-

tory power, regional homogeneity, and connectivity for each subject

during each migraine phase. These plots reveal a remarkably consistent

pattern of changes with greater infra-slow oscillatory power (Figure

4a), increased regional homogeneity (Figure 4b), and greater functional

connectivity strength (Figure 4c) during the phase immediately prior to

an attack compared with the interictal and the phase immediately fol-

lowing an attack.

4 | DISCUSSION

We describe here a series of experimental findings revealing altered

brainstem and hypothalamic function in the period immediately prior to

a migraine headache. These changes include increases in infra-slow

oscillatory activity, hypothalamic-brainstem functional connectivity,

and regional homogeneity. Importantly, these oscillatory and network

alterations only occur directly prior to a migraine headache, while the

individual is not in pain, and do not occur during other migraine phases.

While these results do not provide direct evidence that changes in

these brain regions are subsequently responsible for the initiation of a

migraine attack, they clearly show that brain activity pattern changes

occur immediately prior to a migraine attack while the individual is not

in pain. These data are consistent with the idea that changes within the

central nervous system are potentially involved in the expression of

migraine.

Remarkably, even though we investigated every voxel in the brain

during different phases of migraine, only brainstem, hypothalamic, and

thalamic regions displayed altered oscillatory activity directly prior to a

migraine headache. It is important to emphasize that these alterations

FIGURE 3 Brain regions in which resting functional connectivity was significantly different between controls (n578) and migraineurs
during the phase immediately prior to an attack (n58). Location of each axial slice in Montreal Neurological Institute space is indicated at
the top right. Significant increases in resting connectivity occurred in migraineurs between the PAG and the thalamus, hypothalamus, and
between the rostral and caudal PAG. To the right are plots of mean (6SEM) connectivity strength in significant clusters extracted from
controls and migraineurs during all three phases. In addition to significant increases in connectivity strength in all clusters during the phases
immediately prior to, and following an attack (n511) in migraineurs compared with controls (#p< .05 derived from random effects whole-
brain analysis), there were significant differences between the phases immediately prior to and following an attack in the PAG and between
controls and interictal phase in the hypothalamus. #p< .05 derived from random effects whole-brain analysis (*p< .05 derived from post-
hoc two-sample t test)
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were observed while the individual was not in pain, that is, was not

experiencing a migraine headache. Interestingly, the spatial pattern of

this increase in oscillatory power directly prior to a migraine is remark-

ably similar to that which occurs during a migraine headache itself

(Afridi et al., 2005a, 2005b; Bahra et al., 2001; Denuelle et al., 2007;

Weiller et al., 1995); that is, the dorsal pons, hypothalamus, and possi-

bly PAG. Recent evidence suggests that infra-slow oscillations are

maintained by adenosine receptor-mediated signaling which is itself

associated with cyclic gliotransmitter release (Halassa et al., 2007; Parri

& Crunelli, 2001). It has been proposed that astrocytes can exhibit

pacemaker oscillations at frequencies between 0.03 and 0.06 Hz and

that astrocyte calcium waves can propagate among surrounding astro-

cytes through gap junction-mediated coupling and/or gliotransmitter

release (Cunningham et al., 2006; Lorincz et al., 2009; Parri & Crunelli,

2001). It has been suggested that in pathological cases greater numbers

of astrocytes display enhanced calcium-wave synchrony and amplitude

and enhanced N-methyl-D-aspartate receptor function (Crunelli et al.,

2002; Halassa et al., 2007; Parri & Crunelli, 2001). It is possible that the

increases in infra-slow oscillatory power and in regional homogeneity

within the brainstem and hypothalamus during the phase immediately

prior to an attack results from enhanced amplitude and synchrony of

oscillatory gliotransmitter release. These infra-slow oscillations are

FIGURE 4 (a) Infra-slow oscillation power, (b) regional homogeneity, and (c) resting functional connectivity in migraineurs (n55) during the
interictal phase, and the phases immediately prior to and following an attack. Values were extracted from clusters derived from whole group
analyses. The results indicate that at the individual subject level, the phase immediately prior to an attack is consistently associated with
increased infra-slow power, regional homogeneity, and resting connectivity in the brainstem, hypothalamus, and thalamus
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coupled to high frequency cortical power fluctuations and to the devel-

opment of paroxysmal events (Hughes et al., 2011; Mantini, Perrucci,

Del Gratta, Romani, & Corbetta, 2007; Vanhatalo et al., 2004).

Over the past two decades, numerous studies have focused on the

role of the PAG and its output projections in the pathogenesis of

migraine. The PAG can alter incoming noxious inputs, and migraine-like

episodes can develop following stereotactic placement of electrodes

into the PAG (Veloso, Kumar, & Toth, 1998). The PAG is reciprocally

connected to the hypothalamus and sends descending projections to

the SpV via the RVM (Floyd, Price, Ferry, Keay, & Bandler, 2001; Hol-

stege & Kuypers, 1982; Morgan, Whittier, Hegarty, & Aicher, 2008).

Stimulation of the PAG inhibits incoming neural traffic evoked by dural

stimulation (Knight & Goadsby, 2001) and it is possible that modulation

of the SpV by the PAG results from activation of “on” cells and inhibi-

tion of “off” cells within the RVM (Akerman et al., 2011). Although sig-

nificant activation of the pons, midbrain, and hypothalamus has been

shown to occur during migraine headaches, no activation has been

shown to occur within the SpV (Afridi et al., 2005a, 2005b; Bahra et al.,

2001; Denuelle et al., 2007; Weiller et al., 1995). This lack of activation

might be due to the limited spatial resolution of early brain imaging

techniques as experimental animal studies clearly show SpV activation

during dural stimulation (Strassman, Mason, Moskowitz, & Maciewicz,

1986; Strassman, Mineta, & Vos, 1994). Additionally, consistent with

the idea of oscillating brainstem tone, it was recently shown that SpV

activity during nociceptive stimulation was enhanced the closer the

individual was to their next migraine (Stankewitz, Aderjan, Eippert, &

May, 2011). The results are consistent with our findings of altered

brainstem activity patterns, specifically in areas regulating noxious tri-

geminal inputs. The authors also found increased dorsomedial pontine

activation to noxious trigeminal stimulation during migraine headaches,

further supporting the role of this region in migraine pain.

In support of the theory that infra-slow frequency calcium waves

can propagate among neighboring astrocytes, we found that increased

regional homogeneity, a measure of neighboring synchronization,

occurred in the same regions of the PAG, hypothalamus, and thalamus

during only the phase immediately prior to an attack. Increases in

regional homogeneity did not occur in the dorsal pons or medulla, sug-

gesting that the PAG and hypothalamus are critical for the expression

of migraine. While there is no direct evidence that migraine is associ-

ated with cyclic astrocyte activation, the idea that in some conditions

altered astrocyte function can result in altered neural firing has some

foundation. Persistent neuropathic pain has been found to be associ-

ated with astrocyte activation in the dorsal horn/SpV (Garrison, Dough-

erty, Kajander, & Carlton, 1991; Okada-Ogawa et al., 2009; Shi,

Gelman, Lisinicchia, & Tang, 2012), and with increased infra-slow oscil-

lation power specifically within the trigeminal pathway including the

SpV (Alshelh et al., 2016). Furthermore, inhibiting astrocyte activation

attenuates and even reverses neuropathic pain markers in experimental

animal models (Churi, Abdel-Aleem, Tumber, Scuderi-Porter, & Taylor,

2008; Ji et al., 2013; Morgenweck, Griggs, Donahue, Zadina, & Taylor,

2013). Additionally, there is a large body of evidence, including from

postmortem studies, showing that dysfunctional astrocytes are crucial

players in epilepsy pathogenesis (Hubbard & Binder, 2016). One of the

more effective migraine prophylactic medications is the anti-convulsant

valproic acid (Linde, Mulleners, Chronicle, & McCrory, 2013), whose

anti-epileptic action likely occurs through its ability to reduce the capa-

bility of astrocytes to transmit calcium signaling (Tian et al., 2005;

Wang et al., 2012). Given the episodic nature of both migraine and epi-

lepsy, it might be the case that cyclical regulation of synaptic transmis-

sion by astrocytes results in periods of heightened sensitivity that

results in increased firing in both conditions. Furthermore, a form of

familial hemiplegic migraine (FHM2) is linked to mutations in a gene

that encodes part of the sodium–potassium pump; this gene is

expressed primarily in neurons in infants and in astrocytes in adult-

hood. Curiously, in infancy this mutation manifests as epilepsy, presum-

ably due to neuronal hyperexcitability, but in adults it manifests as

migraine, likely due to impaired astrocyte functioning (Benarroch,

2005). That migraineurs display increased infra-slow oscillations

directly prior to a migraine headache whilst the individual is pain-free,

but in some of the same regions that are subsequently activated during

a painful migraine headache, is consistent with the idea that altered sen-

sitivity in these regions may trigger the migraine itself or alternatively may

reflect altered brainstem “tone” which allows cerebrovascular triggers

to evoke an attack.

The restricted nature of regional homogeneity increases during the

phase immediately prior to an attack, their overlap with increased infra-

slow oscillation power and the increased functional connectivity pro-

vide support for a critical role of a PAG–hypothalamic interaction in

migraine. The PAG and the posterior hypothalamus have direct neural

connections with each other, (Bernard & Bandler, 1998; Floyd et al.,

2001) and the increased functional covariation between these regions

directly prior to a migraine likely occurs via this direct anatomical con-

nection. A recent case study reported that the hypothalamus showed

increased sensitivity to noxious stimuli and greater functional coupling

with the dorsomedial pons and SpV during the phase immediately prior

to an attack (Schulte & May, 2016). In contrast, we found that func-

tional connectivity changes were restricted to the PAG, hypothalamus,

and thalamus during the phase immediately prior to an attack. How-

ever, we did not find connectivity changes within lower brainstem

regions, despite increased oscillatory changes in the dorsomedial pons

and SpV/RVM. A lack of robust signal covariation within the PAG–

RVM–SpV circuity is surprising given its role in modulating incoming

noxious information but may stem from the complex interaction

between the PAG and the “on” and “off” cells within the RVM. Alterna-

tively, it may be that changes in interactions between the PAG, hypo-

thalamus, and thalamus—in addition to increased regional homogeneity

—reflect different roles for these regions in the expression of migraine

compared with the lower brainstem.

Finally, there are a number of limitations that need to be acknowl-

edged. First, given the relatively low spatial resolution of resting-state

fMRI, it is difficult to accurately localize each cluster to a particular

brain nucleus or region. Given that we compared indices across every

voxel in the brain and remarkably, those regions previously implicated

in migraine were almost exclusively different, we are confident that the

locations of the described changes are accurate. However, while we

are confident that the cluster locations described in this study include
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the regions labeled, most clusters encompassed other adjacent regions

and caution must be taken when attributing changes to a single brain

region. A second limitation is the modest group sample size and the

absence of scans during the headache phase of the migraine cycle.

While the results reported here were generated with random-effects,

population-based statistics that were corrected for multiple compari-

sons, future studies with greater sample sizes, particularly in the phase

immediately prior to a migraine and during a migraine attack would be

extremely valuable.

Our findings provide evidence that brainstem and hypothalamic

functions are altered prior to the initiation of the headache, with the

temporal and spatial distributions consistent with altered astrocyte

function. Whether these central changes are enough in themselves to

initiate a migraine attack remains to be determined, although they are

consistent with the idea that altered brainstem and hypothalamic activ-

ity are potentially involved in the expression of a migraine attack.

Understanding how these functional changes precipitate a migraine

attack may lead to the development of treatment strategies aimed at

the astrocytes, rather than neurons. Indeed, as we learn more about

the complexities of glial ion channels and gliotransmission, we may well

find means of targeting other forms of pain.
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