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ARTICLE INFO ABSTRACT

Keywords: Although the mechanisms responsible for migraine initiation remain unknown, recent evidence shows that brain
Resting state functional magnetic resonance function is different immediately preceding a migraine. This is consistent with the idea that altered brain
imaging

function, particularly in brainstem sites, may either trigger a migraine or facilitate a peripheral trigger that
activates the brain, resulting in pain. The aim of this longitudinal study is therefore to expand on the above
findings, and to determine if brainstem function oscillates over a migraine cycle in individual subjects. We
performed resting state functional magnetic resonance imaging in three migraineurs and five controls each
weekday for four weeks. We found that although resting activity variability was similar in controls and interictal
migraineurs, brainstem variability increased dramatically during the 24-hour period preceding a migraine. This
increase occurred in brainstem areas in which orofacial afferents terminate: the spinal trigeminal nucleus and
dorsal pons. These increases were characterized by increased power at infra-slow frequencies, principally be-
tween 0.03 and 0.06 Hz. Furthermore, these power increases were associated with increased regional homo-
geneity, a measure of local signal coherence. The results show within-individual alterations in brain activity
immediately preceding migraine onset and support the hypothesis that altered regional brainstem function

Spinal trigeminal nucleus
Dorsal pons

Infra-slow oscillations
Astrocytes

before a migraine attack is involved in underlying migraine neurobiology.

1. Introduction

The pathophysiology of migraine has been hotly debated for years as
either originating from vascular and/or centrally-driven mechanisms.
The most prevalent hypothesis for the initiation of a migraine attack
centres around the idea that sensitization of meningeal nociceptors leads
to activation of trigeminovascular neurons that enter the central nervous
system and evoke debilitating head pain (Bernstein and Burstein, 2012;
Borsook and Burstein, 2012). More recently, an alternative idea of a
“central generator” has been proposed, which posits that changes within
the central nervous system initiate migraine attacks, even though the
idea that a peripheral cerebrovascular trigger is not necessary for
migraine initiation has been vigorously debated (Borsook and Burstein,
2012). Indeed, it has been suggested that cerebrovascular inputs may
only trigger a migraine if the brain, in particular brainstem regions
involved in mediating head pain, are in a sensitive state (Burstein et al.,

2015). That is, the brainstem oscillates between a state where incoming
cerebrovascular inputs can evoke head pain to a state where the same
inputs are prevented from travelling to the cortex and evoking head
pain.

Consistent with this brainstem oscillation theory, we recently
explored the notion of cyclic changes throughout the migraine cycle in a
series of cross-sectional studies. We found that during the 24-hour
period immediately before a migraine attack, brain regions that pro-
cess orofacial noxious information such as the spinal trigeminal nucleus
(SpV), midbrain periaqueductal gray matter (PAG), dorsal pons and
hypothalamus display increases in resting signal variations in the infra-
slow frequency range (Meylakh et al., 2018). Furthermore, during this
24-hour period there is an increased coupling strength between activity
in the PAG and the hypothalamus. Interestingly, these same brainstem
regions have been shown to be activated during a migraine itself (Afridi
et al., 2005a; Bahra et al., 2001; Denuelle et al., 2007; Matharu et al.,
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2004), raising the prospect that the changes in activity within the tri-
geminal pain pathway immediately prior to a migraine are precursors to
subsequent activity increases and the development of migraine head
pain.

Whilst we have shown resting brainstem activity pattern changes
immediately prior to a migraine in cross-sectional studies, it remains
unknown if these changes also occur in individuals over a full migraine
cycle. It is possible that changes in resting activity patterns occur on a
daily basis, being more variable in migraineurs and trigger a migraine
attack only when coupled to an appropriate external trigger. Though
there are obvious logistical difficulties in exploring brain function in an
individual subject over weeks, given the individual variability in
migraine attack occurrence, direct evidence of within-person alterations
prior to migraine onset would strengthen the evidence of a precursor
state. Indeed, recent longitudinal fMRI studies over the migraine cycle
have shown activation of the hypothalamus as a result of painful tri-
geminal stimulation within the 48 h preceding a migraine headache
(Schulte et al., 2020a), as well as increased functional connectivity be-
tween the nucleus accumbens and the dorsal rostral pons within the 24 h
preceding a migraine headache (Schulte et al., 2020b). The aim of this
longitudinal investigation is therefore to expand on the above findings,
and to determine if brainstem function oscillates over a migraine cycle in
individual subjects. We hypothesise that, consistent with our cross-
sectional results, the pattern of resting signal intensity characterized
by increased resting activity variability and infra-slow oscillations will
occur in the ascending trigeminal pathway immediately prior to a
migraine attack.

2. Methods
2.1. Subjects

Three subjects with migraine (2 females, ages 21 and 26; 1 male, age
25) and five pain-free controls (3 females, 2 males; mean age 30.4 + 4.2
years [+SEM]) were recruited for the study from the general population
using an advertisement. There were no statistically significant differ-
ences in age (t-test, p > 0.05) or sex (chi-squared test, p > 0.05) between
the two subject groups. Migraine subjects were diagnosed according to
the IHS Classification ICHD-3 BETA criteria and none of the migraine
subjects reported an aura associated with their migraine attacks.
Migraine subject characteristics, including medication use are shown in
Table 1.

All three migraineurs had episodic migraine. We attempted to scan
each migraineur daily, from Monday to Friday over four weeks. Two
migraineurs completed all 20 scanning sessions and one migraineur
completed 19 scanning sessions. All three migraineurs were scanned
during three migraine periods: (i) interictal, at least 72 h after and 24 h
prior to a migraine attack; (ii) immediately (within 24 h) prior to an
attack; (iii) immediately (within 72 h) following an attack. Subjects did
not report experiencing any prodromal symptoms during the 24-hour
period prior to an attack. Migraine subject 1 (M1) was scanned a total
of 20 times; 15 interictal periods, 2 immediately prior to a migraine (2
and 20 h before start of a migraine) and 2 immediately following a
migraine (20 and 48 h following the end of a migraine). The last session
was excluded due to image acquisition issues. Migraine subject 2 (M2)
was scanned 20 times; 12 interictal periods, 2 immediately prior to a
migraine (1 h and 5 h before start of a migraine) and 4 immediately
following a migraine (12 and 36 h following the end of each migraine).

Table 1
Migraine subject characteristics.
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The last session was also excluded due to image acquisition issues.
Migraine subject 3 (M3) was scanned 19 times; 16 interictal periods, 1
immediately prior to a migraine (14 h before start of a migraine) and 1
immediately following a migraine (53 h following end of a migraine).
One session was excluded due to image acquisition difficulties.

Exclusion criteria for controls were the presence of any pain condi-
tion including family history of migraines, current use of analgesics, or
any neurological disorder. Exclusion criteria for migraineurs were any
other pain condition or neurological disorder. No migraineur was
excluded based on their medication use and no migraine or control
subject had an incidental neurological finding. All migraineurs indicated
the intensity (6-point visual analogue scale; 0 = no pain, 5 = most
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
current treatments used to prevent or abort a migraine once started.
Informed written consent was obtained for all procedures according to
the Declaration of Helsinki and the local Institutional Human Research
Ethics Committees approved the study.

2.2. MRI acquisition

Subjects lay supine on the bed of a 3 Tesla magnetic resonance im-
aging (MRI) scanner (Philips, Achieva) with their head immobilized in a
32-channel transmit-receive head coil. Scans were acquired five days a
week (Monday-Friday) for four weeks. For the first scan only, with each
subject relaxed and at rest, a high-resolution 3D T1-weighted anatom-
ical image set, covering the entire brain, was collected (turbo field echo;
field of view = 250x250mm, matrix size = 288x288, slice thickness =
0.87 mm, repetition time = 5600 ms; echo time = 2.5 ms, flip angle =
8°). Following this, during the first scanning session, and on every
consecutive scan, a series of 180 gradient echo echo-planar functional
MRI image volumes using blood oxygen level dependent (BOLD)
contrast were collected. Each image volume contained 35 axial slices
covering the entire brain (field of view = 240 x 240 mm, matrix size =
80 x 78, slice thickness = 4 mm, repetition time = 2000 ms; echo time
= 30 ms, flip angle = 90°).

2.3. Image preprocessing

Using Statistical Parametric Mapping version 12 (SPM12) (Friston
et al., 1995) and custom Matlab software, all functional MRI (fMRI)
images were realigned and effects of movement modelled and removed
from the resting signal intensity of each voxel. In no subject’s scan was
there significant movement (>0.5 mm in any direction) and all sessions
were used for the subsequent analysis. Images were then processed using
the Dynamic Retrospective Filtering algorithm (Sarkka et al., 2012), a
Bayesian method for physiological noise correction to reduce the po-
tential effects of physiological noise on results. A cardiac frequency band
of 60-120 beats per minute (+1 harmonic) and a respiratory frequency
band of 8-25 breaths per minute (+1 harmonic) were removed. Global
signal intensity changes were removed using the method described by
Macey and colleagues (Macey et al., 2004), and the images were then co-
registered to each individual’s T1-weighted anatomical image set. Using
brainstem-specific isolation software (SUIT toolbox) (Diedrichsen,
2006), a mask of the brainstem was created on the T1-weighted
anatomical image set and each of the subject’s fMRI image sets. Using
these masks, the brainstem of the T1 and each of the fMRI image sets

Subject Age Sex Years suffering Pain Side Aura Migraine/month Intensity (0-5) Medication taken during migraine Daily medication

M1 21 Female 1.5 left no 2 3 Ibuprofen, paracetamol, codeine oral contraceptive pill
M2 25 Male 12 left no 2 4 Paracetamol Ciprimal

M3 26 Female 9 right no 1 3 Ibuprofen Levlen ED
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were isolated and then spatially normalised to a brainstem-specific
template in Montreal Neurological Institute (MNI) space. In all ana-
lyses, the anatomical locations of significant clusters were confirmed
using the Atlas of the Human Brain (Mai et al., 2007) and the Atlas of the
Human Brainstem (Paxinos and Huang, 1995).

2.4. Resting brainstem variability

To assess resting variability of each fMRI scan, a brainstem map of
resting signal variation as measured by the standard deviation was
created for each daily fMRI scan in each migraineur and control subject.
These signal variability maps were smoothed using a 3 mm full-width-
half-maximum (FWHM) Gaussian filter and the three migraineurs’
image sets were then placed into a voxel-by-voxel fixed effects analysis.
Using a boxcar model design where days immediately prior to a
migraine were set to “1” and all other days “0”, significant increases and
decreases in variability were determined across all three migraineurs (p
< 0.05, false discovery rate (FDR) corrected, minimum 5 contiguous
voxels). For each significant cluster, the variability was extracted for
each session in each control and migraineur, the average (+SEM) vari-
ability calculated and plotted for controls and migraineurs during the
interictal, immediately prior to migraine and immediately following
migraine days.

The signal variability of the entire brainstem was also determined
and plotted for each session in each control and migraineur subject. In
addition, for each significant cluster, power spectra were calculated
from the resting state signals, and the interictal period was subtracted
from power immediately prior to migraine in all three migraineurs. The
resulting plot of power difference revealed, as we have previously
shown, areas such as the SpV and dorsal pons displaying greater power
in the 0.03-0.06 Hz frequency band during the period immediately prior
to a migraine compared with the interictal period. To ensure that any
variability difference during the period immediately prior to a migraine
was not due to differences in head movement, we measured the vari-
ability as standard deviation of each migraine and control subject, and 6
movement parameters were created during the realignment pre-
processing step (X, y, z, yaw, roll, tilt). Significant differences between
controls and each migraine period (2 sample t-tests, p < 0.05) and be-
tween migraine periods (paired t-tests, p < 0.05) were then determined.

2.5. Resting infra-slow (0.03-0.06 Hz) oscillation power

Using the DPARSFA toolbox, raw infra-slow oscillation (ISO) power
between 0.03 and 0.06 Hz was calculated for each brainstem voxel for
each session of each migraineur and control subject. The resulting ISO
power maps were smoothed using a 3 mm FWHM Gaussian filter and the
three migraineurs’ image sets were placed into a voxel-by-voxel fixed
effects analysis. Using a boxcar model design identical to that described
above, significant increases and decreases in power were determined
across all three migraineurs (p < 0.001, minimum 5 contiguous voxels).
For each significant cluster, power values were extracted for each ses-
sion in each control and migraineur, and the average (:-SEM) power was
calculated and plotted for controls and migraineurs during the interictal,
immediately prior to migraine and immediately following migraine
days. In addition, for each significant cluster, power spectra were
calculated from the resting state signals during the interictal and
immediately prior to migraine periods in all three migraineurs. The
power spectra from these clusters were then plotted. In addition, to
assess potential laterality, we reflected significant clusters across the
midline and extracted ISO power values ipsilateral and contralateral to
the migraine headache side.

2.6. Regional homogeneity

To assess local signal covariation, we assessed regional homogeneity,
i.e., the similarity of time series within each voxel and its 19 nearest
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neighbours were measured by calculating Kendall’s coefficient of
concordance. The resulting brainstem maps were smoothed using a 3
mm FWHM Gaussian filter and the three migraineurs’ image sets were
placed into a voxel-by-voxel fixed effects analysis. Using a boxcar model
design identical to that described above, significant increases and de-
creases in homogeneity were determined across all three migraineurs (p
< 0.001, minimum 5 contiguous voxels). For each significant cluster,
regional homogeneity values were extracted for each session in each
control and migraineur, and the average (+SEM) homogeneity calcu-
lated and plotted for controls and migraineurs during the interictal,
immediately prior to migraine and immediately following migraine
days. The overlap between changes in ISO and regional homogeneity
was also determined. Regional homogeneity and ISO values were
extracted from each of these clusters in each migraineur and plotted and
significant linear relationships determined (Pearson correlation p <
0.05).

3. Results

All three migraineurs had at least one migraine attack during the four
week scanning period, although none were being scanned at the time of
the migraine itself. Analysis of brainstem resting activity variability
revealed significantly increased standard deviation of the resting signal
specifically during the 24-hour period immediately prior to a migraine
in important brainstem pain processing regions (Chudler and Dong,
1995; DaSilva et al., 2002; Fields and Heinricher, 1985; Ossipov et al.,
2010) including the left SpV (mean + SEM variability: controls: 30.6 +
4.6; interictal: 29.2 + 7.8; immediately prior to migraine 67.6 + 48.4;
immediately following migraine 32.8 + 7.3), right SpV (controls: 21.1 +
1.0; interictal: 20.7 + 2.3; immediately prior to migraine 46.4 + 29.3;
immediately following migraine 20.2 + 2.5), PAG (controls: 15.8 + 1.4;
interictal: 15.0 £ 0.9; immediately prior to migraine 24.8 + 12.1;
immediately following migraine 16.6 + 1.5) and left substantia nigra
(SN) (controls: 13.0 + 1.4; interictal: 8.3 + 1.8; immediately prior to
migraine 15.5 + 11.4; immediately following migraine 7.8 £+ 1.6) as
well as one of the key regions implicated in migraine pathophysiology
(Afridi et al., 2005a; Denuelle et al., 2007; Meylakh et al., 2018); the left
dorsolateral pons (d1Pons) (controls: 11.6 + 0.3; interictal: 13.8 + 1.6;
immediately prior to migraine 23.4 + 7.2; immediately following
migraine 12.8 &+ 1.3), and right dlPons (controls: 16.5 + 0.6; interictal:
16.2 + 1.5; immediately prior to migraine 31.0 + 19.2; immediately
following migraine 15.9 + 2.0) (Fig. 1A, Table 2). In no region was
variability significantly reduced during the period immediately prior to
a migraine.

Plots of individual subjects’ total brainstem variability revealed that
the day-to-day variability of resting brainstem signal intensity was
relatively consistent between controls and migraineurs (Fig. 1B). How-
ever, in each migraineur there was a large increase in total brainstem
variability on one or two days, which were, as evidenced by the results
above, only on those days immediately prior to a migraine. In accor-
dance with our previous cross-sectional studies, plots of the power dif-
ferences in significantly different clusters between the immediately
prior to migraine and interictal periods revealed a consistent increase in
power between 0.03 and 0.06 Hz in the left and right SpV and the left
and right dlPons (Fig. 1C). These variability differences were not related
to head movement since we found no significant difference between the
variability of x, y, z, yaw, roll or tilt movement parameters between
controls and any migraine period, or between any of the migraine pe-
riods (all p > 0.05).

A targeted voxel-by-voxel analysis of ISO power (0.03-0.06 Hz)
revealed a similar pattern of difference (Fig. 2, Table 2). Increased ISO
power occurred in numerous brainstem regions immediately prior to a
migraine, including the right SpV (mean + SEM 0.03-0.06 Hz power:
controls: 3.72 £ 0.13; interictal: 3.71 + 0.13; immediately prior to
migraine 5.00 + 0.81; immediately following migraine 3.89 + 0.18) left
dlPons (controls: 2.82 + 0.03; interictal: 3.33 £ 0.37; immediately prior
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Fig. 1. A: Significant increases (hot colour scale) in resting signal variability in migraineurs during the 24-hour period prior to the onset of a migraine. Increases are
overlaid onto axial slices of a T1-weighted anatomical template of the brainstem. Below are plots of mean (+SEM) variability (standard deviation) in controls and
migraineurs for the left spinal trigeminal nucleus (SpV), right SpV, right dorsomedial/dorsolateral pons (dm/dlPons), left substantia nigra (SN) and midbrain
periaqueductal gray matter (PAG). The slice locations in Montreal Neurological Institute space are indicated at the top right of each slice. B: Plots of total brainstem
variability in five controls (C1-5) and three migraine subjects (M1-3) for each scanning session. C: Plots of the power differences between the immediately prior to
migraine and interictal periods for the left and right SpV and left and right dIPons. Positive values indicate greater power immediately prior to a migraine compared
with the interictal period. The grey shading indicates the frequency band 0.03-0.06 Hz. *p < 0.05 voxel-by-voxel analysis.

to migraine 4.43 + 0.50; immediately following migraine 3.25 + 0.33),
right dIPons/dorsomedial pons (controls: 2.69 + 0.04; interictal: 3.19 +
0.51; immediately prior to migraine 4.15 + 0.89; immediately following
migraine 3.10 + 0.42) and the left SN (controls: 2.76 + 0.04; interictal:
2.51 + 0.06; immediately prior to migraine 3.21 + 0.64; immediately
following migraine 2.41 £ 0.12). The PAG did not display any signifi-
cant difference at this restricted frequency band. Notably, in no region
was ISO power significantly reduced in the period immediately prior to a
migraine. Assessment of ISO power with respect to migraine side
revealed that in 4 of the 5 immediately prior to migraine scans, ISO
power was greater in the ipsilateral compared with contralateral SpV.
Similarly, for the dlPons, 4 of the 5 scans were consistently greater on
the ipsilateral side for one cluster and contralateral for the other dIPons
cluster.

Plots of individual power spectra revealed a consistent power in-
crease in low infra-slow frequencies immediately prior to a migraine
compared with the interictal period (Fig. 3). In particular, this power
increase occurred at frequencies between 0.03 and 0.06 Hz in the SpV
and dIPons in all three migraineurs. In two of the migraineurs (subjects
M1 and M3) these power increases appeared to peak at regular fre-
quency intervals; for subject M3 these peaks occurred in the SpV with
remarkable regularity at approximately 0.025 Hz apart. In addition,
plots of ISO power in each migraineur during the 20 day scanning period
revealed that power consistently increased immediately prior to a

migraine in the SpV and dlPons (Fig. 4).

Finally, an analysis of regional homogeneity revealed that immedi-
ately prior to a migraine, significant increases occurred in most of the
same brainstem regions in which there were increases in variability and
infra-slow oscillations (Fig. 5). That is, increases occurred in the region
of the right SpV (mean + SEM regional homogeneity: controls: 1.78 +
0.03; interictal: 1.87 + 0.10; immediately prior to migraine 2.50 + 0.41;
immediately following migraine 1.91 + 0.15), right dl/dmPons (con-
trols: 2.64 + 0.03; interictal: 2.91 + 0.07; immediately prior to migraine
3.49 + 0.15; immediately following migraine 2.84 + 0.03) and the left
SN (controls: 2.19 + 0.09; interictal: 2.32 £ 0.16; immediately prior to
migraine 2.71 + 0.06; immediately following migraine 2.34 + 0.20). In
no region was regional homogeneity significantly reduced in the period
immediately prior to a migraine. Finally, we assessed whether there
were brainstem areas that displayed increases in both regional homo-
geneity and ISO and three regions emerged: the right SpV, right dl/
dmPons and the left SN. Interestingly, in all three migraineurs, there
were significant positive relationships between regional homogeneity
and ISO in the right SpV (subject M1: r = 0.56p = 0.01; subject M2: r =
0.80p < 0.001; subject M3: r = 0.76p < 0.001) and right dl/dmPons
(subject M1: r = 0.60p = 0.006; subject M2: r = 0.87p < 0.001; subject
M3: r = 0.66p = 0.003) but not the left SN (subject M1: r = -0.07p =
0.76; subject M2: r = -0.17p = 0.48; subject M3: r = 0.10p = 0.71).
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Table 2

Montreal Neurological Institute (MNI) coordinates, cluster size and t-score for
regions of significant increases in resting variability, amplitude of infra-slow
oscillations and regional homogeneity immediately prior to a migraine.

Brain region MNI Co-ordinate Cluster t-
size score

X y z

Variability

Midbrain periaqueductal gray 0 -38 -19 12 5.73

matter

Left substantia nigra -2 —14 -21 83 9.34

Right dorsolateral pons 10 -18 37 153 8.56

Left dorsolateral pons -8 -44 -35 17 6.31

Right spinal trigeminal nucleus 4 —40 —61 118 12.22

Left spinal trigeminal nucleus -6 —40 -61 20 9.99

Infra-slow oscillations

(0.03-0.06 Hz)

Left substantia nigra -4 -16 -7 14 3.43

Right dorsolateral pons 6 -34 -35 8 3.08

Left dorsolateral pons -8 —44 -35 16 4.23

Right spinal trigeminal nucleus 4 -40 -60 19 4.14

Right spinal trigeminal nucleus 8 —-38 —47 16 3.74

Regional homogeneity

Left substantia nigra -4 -10 -7 112 7.72

Right substantia nigra 12 -18 -5 34 3.96

Right dorsolateral/medial pons 10 —-32 -29 17 3.79

Right spinal trigeminal nucleus 4 —-46 55 25 5.33
8 -38 —47 16 3.74

4. Discussion

Our findings show that individual migraineurs’ brainstem function
alters through the migraine cycle. In particular, we found significantly
greater variability in resting activity in the 24-hour period immediately
prior to a migraine attack in brainstem regions that process head pain
and that have been shown to be activated during a migraine itself (Afridi
et al., 2005a; Denuelle et al., 2007; Weiller et al., 1995). This increase in
resting state variability is characterized by increased power at infra-slow
frequency ranges and is associated with increased regional homogene-
ity, a marker of local signal coupling. Since these changes occur
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immediately prior to a migraine and whilst the individual is not in pain,
we suggest they are consistent with the idea that brainstem function
alters over the migraine cycle. These brainstem functional changes can
then lead to a migraine directly via projections to higher cortical areas
that can activate head pain, or by facilitating an incoming cerebrovas-
cular trigger to activate higher brain centres resulting in head pain.

Whilst numerous studies have reported that activity increases in
areas of the brainstem, including the dorsal pons, during migraine at-
tacks (Afridi et al., 2005a, 2005b; Denuelle et al., 2007; Weiller et al.,
1995), few studies have investigated whether functional changes occur
in the brainstem immediately prior to a migraine. Of course exploring
function prior to a migraine is extremely difficult since it is not possible
to predict when a migraine will occur. Whilst the hypothesis that a ce-
rebrovascular trigger is required to initiate a migraine attack has been
circulating for many decades (Borsook and Burstein, 2012; Burstein
et al., 2015, 2012), more recently it has been proposed that migraine
results from dysfunction in subcortical sites which results in the
perception of pain from “basal levels of primary traffic” (Goadsby and
Akerman, 2012). Others have suggested that brainstem function oscil-
lates and only when the brainstem is in a receptive state can an incoming
trigger activate central pathways and evoke head pain (Borsook and
Burstein, 2012).

Our findings show that brainstem function alters within a given in-
dividual throughout the migraine cycle, specifically in the SpV where
trigeminovascular afferents terminate (Noseda and Burstein, 2013), as
well as in the dorsolateral/medial pons, an area shown to be activated
during a migraine attack. There is also preclinical evidence that trige-
minovascular afferents terminate more rostrally in the SpV, in the
interpolaris and oralis divisions (Burstein et al., 1998; Davis and Dos-
trovsky, 1988; Knight et al., 2005) and therefore the dlPons changes
reported here may reflect changes in the activity of these more rostral
SpV divisions. Strikingly, in both the SpV and dlPons, the variability of
resting signal fluctuations immediately prior to a migraine dramatically
increased during the 24-hour period prior to a migraine before returning
to controls’ levels during the interictal period. Indeed, overall brainstem
variability in migraineurs is remarkably similar to that in controls with
respect to day-to-day fluctuations; however only in migraineurs did
dramatic increases occur, and they occurred just before a migraine.

! right

right left SN

dm/dIPons

ol ok e

B immediately prior to migraine

B immediately following migraine

Fig. 2. Significant increases (hot colour scale) in resting infra-slow oscillation (ISO) power (0.03-0.06 Hz) in migraineurs during the 24-hour period prior to the
onset of a migraine. Increases are overlaid onto axial slices of a T1-weighted anatomical template of the brainstem. Below are plots of mean (+SEM) ISO power in
controls and migraineurs for the right spinal trigeminal nucleus (SpV), left dorsolateral pons (dlPons), right dorsomedial/dorsolateral pons (dm/dlPons) and left
substantia nigra (SN). The slice locations in Montreal Neurological Institute space are indicated at the top right of each slice. *p < 0.05 voxel-by-voxel analysis.
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Fig. 3. Plots of power spectra of significant ISO clusters in the three migraineurs (M1, M2, M3). Mean power spectra during the interictal and immediately prior to
migraine periods are plotted for each subject for the right spinal trigeminal nucleus (SpV), left dorsolateral pons (dlPons), right dorsomedial/dorsolateral pons (dm/
dlPons) and left substantia nigra (SN). Note that particularly for the SpV, dlPons and dm/dIPons, power is greater during the period immediately prior to migraine.
These increases encompass the frequency band 0.03-0.06 Hz as indicated by the grey shading.

Importantly, during the period of increased variability, subjects were not
experiencing head pain, and reported feeling no different to other
interictal days. Whilst immediately before a migraine some individuals
report fatigue, dizziness and reduced concentration (Giffin et al., 2003),
our subjects did not report such changes and the changes in brainstem
variability that occurred during this period were not associated with
differences in head movements. This supports that the altered resting
activity may be a centrally initiated phenomenon, whereby changes
occur in the activity of brainstem regions including the SpV, pons and
PAG, resulting in the activation of higher cortical regions leading to the
experience of head pain. These changes may occur as a result of cyclic
oscillations in brainstem function, or may alter for other unknown rea-
sons potentially mediated by dysfunctional hypothalamic activity
(Akerman et al., 2011; Drummond and Lance, 1984; Kagan et al., 2013;
Meylakh et al., 2018; Schulte et al., 2017), thus ascending to alter levels
of basal firing traffic and subsequent activation of central structures
leading to head pain (Goadsby and Akerman, 2012).

The increased variability during the 24-hour period immediately
preceding a migraine is characterized by increased power at infra-slow

frequency ranges and included the frequency band 0.03-0.06 Hz. In
addition to previously showing increases in 0.03-0.06 Hz power in
migraineurs immediately before a migraine in cross-sectional studies
(Meylakh et al., 2018), we have also shown that individuals with chronic
trigeminal neuropathic pain display increases in resting 0.03-0.06 Hz
oscillations in the trigeminal pain pathway including in the SpV (Alshelh
et al., 2016). We have previously hypothesised that increased ISOs at
frequencies between 0.03 and 0.06 Hz may reflect increased modulatory
activity on local neurons by increased cyclic gliotransmitter release
(Halassa et al., 2007; Parri and Crunelli, 2001). Astrocytes display cal-
cium wave oscillations at infra-slow frequency ranges similar to those
seen here in migraineurs immediately prior to a migraine and these
infra-slow astrocyte calcium waves can propagate among surrounding
astrocytes (Crunelli et al., 2002). Indeed, it has been suggested that, in
pathological situations, greater numbers of astrocytes may display
enhanced calcium wave synchrony, amplitude and NMDA-receptor
function (Halassa et al., 2007; Parri and Crunelli, 2001). Furthermore,
increased infra-slow oscillations are associated with paroxysmal events
and coupled to high frequency power fluctuations in the cortex (Hughes,
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Lorincz, Parri, and Crunelli, 2011; Mantini et al., 2007; Vanhatalo et al.,
2004).

Consistent with the idea that astrocytes may modulate neural ac-
tivity immediately prior to a migraine is our finding of increased
regional homogeneity in the same period of the migraine cycle. We
found a significant positive relationship between regional homogeneity
and infra-slow oscillation power in the SpV and dorsal pons assessed
over the entire scanning period. Regional homogeneity evaluates the
similarity or synchronization between the time series of a given voxel
and its nearest neighbours (Zang et al., 2004). Whilst there is no evi-
dence of a direct relationship between regional homogeneity and
astrocytic gliotransmission, the idea that astrocyte activation results in
greater and strong synchronicity between astrocytes and thus neigh-
bouring synapses, is consistent with such a positive relationship. Indeed,
it has been proposed that calcium oscillation in astrocytes contributes to
the propagation of cortical spreading depression (Nedergaard et al.,
1995) and evidence from a genetic form of migraine, Familial Hemi-
plegic Migraine, also points to a critical role of astrocytes in migraine
(Benarroch, 2005). More insight into the possible role of astrocytes in
migraine can be gathered from neuropathic and inflammatory pain in-
vestigations. It has been shown that neuropathic pain is associated with
astrocyte activation within regions of the ascending pain pathway (Ji
et al., 2013b; Okada-Ogawa et al., 2009; Shi et al., 2012). Given the link
between the rhythm of infra-slow oscillations and astrocytes, growing
evidence suggests that the origin of these changes takes place in the
primary afferent synapse (Alshelh et al., 2016). Such evidence stems

from preclinical neuropathic pain models and human post-mortem
studies displaying an association between neuropathic pain and astro-
cyte activation in the dorsal horn/SpV (Garrison et al., 1991; Okada-
Ogawa et al., 2009; Shi et al., 2012). Further, in an experimental ani-
mal model of neuropathic pain, infra-slow oscillatory activity in the
somatosensory thalamus was eliminated by severing the connection
between the primary afferent synapse and the thalamus (Iwata et al.,
2011). Similarly, altered astrocyte function has also been implicated in
trigeminal inflammatory pain models (Shinoda et al., 2020) and is
associated with exaggerated nociceptive response to injury or inflam-
mation (Chiang et al., 2011). Indeed, activated astrocytes have been
identified in the SpV within one day after induction of trigeminal
chronic inflammation as well as trigeminal nerve injury (Guo et al.,
2007; Okada-Ogawa et al., 2009; Piao et al., 2006). Furthermore, inhi-
bition of astrocyte activation in the SpV blocks the development of
sensitization of SpV nociceptive neurons in the acute tooth pulp in-
flammatory model (Chiang et al., 2005; Xie et al., 2007). As a result,
central changes in astrocyte function in the SpV may play an important
role in neuropathic and inflammatory pain conditions, and perhaps in
migraine.

Importantly, we found that overall brainstem variability was similar
in migraineurs during the interictal period as that of controls, suggesting
that migraineurs do not simply have increased signal variability but
rather that variability is specifically altered immediately prior to a migraine
attack. One plausible theory is that altered astrocyte modulation of
neural activity within the brainstem drastically changes function which
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then either triggers a migraine itself or provides a permissive brainstem
state so that an external cerebrovascular trigger can activate higher
brain centres and initiate a migraine attack. Interestingly, we recently
found that in the 24-hour period before a migraine, the perceived in-
tensity of acute noxious orofacial stimuli are diminished, which appears
contrary to the idea that immediately prior to a migraine the brainstem
becomes more permissive to incoming orofacial stimuli (Marciszewski
et al., 2018). Therefore, it is possible that astrocytic activity in migraine
conditions is similar to what has been found to occur in neuropathic and
inflammatory pain models, however in the case of the migraine this
activity, particularly within the SpV, is more transient, thus only
occurring within 24 h preceding a migraine attack. This requires further
exploration.
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Fig. 5. A: Significant increases (hot colour scale) in
resting regional homogeneity (ReHo) in migraineurs
during the 24-hour period prior to the onset of a
migraine. Increases are overlaid onto axial slices of a
T1-weighted anatomical template of the brainstem.
Below are plots of mean (+SEM) ReHo in controls
and migraineurs for the right spinal trigeminal nu-
cleus (SpV), right dorsomedial/dorsolateral pons
(dm/dlPons) and left substantia nigra (SN). The slices
g ht locations in Montreal Neurological Institute space are

indicated at the top right of each slice. *p < 0.05
voxel-by-voxel analysis. B: Areas in which ReHo and
infra-slow oscillation (ISO) power were increased
during the period immediately prior to a migraine
(red colour shading). Below are plots of ReHo against
ISO power for each cluster in each of the three
migraineurs (M1, M2, M3). Note that for the right
SpV and right dm/dIPons ReHo and ISO were
significantly positively correlated in all three
migraineurs. *p < 0.05 Pearsons correlation. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

W &

Whilst this is the first study to explore resting signal fluctuations in
the brainstem over the migraine cycle in individual subjects, three
previous studies have explored functional activity over the migraine
cycle. In a case study of one migraineur over the course of 30 days,
Schulte and May (Schulte and May, 2016) reported that during the
period immediately prior to a migraine, greater functional coupling
occurred between the hypothalamus and SpV, whilst during a migraine
attack, greater functional coupling occurred between the hypothalamus
and dorsal rostral pons. While we did not explore hypothalamic function
in the current study, these coupling changes are consistent with our data
in that brainstem function changes in the period immediately prior to a
migraine. If, for example, such functional changes are related to altered
astrocyte modulation of local neural function, it may be possible to
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prevent a migraine from occurring by preventing such astrocyte
changes. Furthermore, Schulte and May (Schulte et al., 2020b) later
corroborated their findings by demonstrating increased functional
connectivity between the nucleus accumbens and dorsal rostral pons
during the period immediately prior to a migraine. In addition, they also
found that activation of the hypothalamus was present within 48 h prior
to a migraine headache following painful trigeminal stimulation
(Schulte et al., 2020a). Therefore, the findings from the current study
support that functional activity is altered in the period immediately
prior to a migraine headache.

Given the consistency between the results of this longitudinal study
and our previous cross-sectional studies we are confident that our
findings are robust. However, there are several important limitations to
note. Firstly, since we focussed on the brainstem we have not provided
any insight into diencephalic or higher cortical areas in this present
study, though we are aware of the importance of these regions in
migraine. Secondly, despite using spatial normalization techniques
designed specifically for the brainstem, given the relatively low spatial
resolution of resting state fMRI and the intricate parcellation of the
brainstem, some clusters likely encompass multiple brainstem regions.
Thirdly, due to the difficulty of recruiting patients with the availability
or willingness to perform multiple MRI sessions we were only able to
recruit three migraineurs and five controls. Given this, we were not able
to determine potential age and gender effects, although age and gender
were not different between groups. Whilst we were also not able to
robustly determine laterality effects with respect to migraine headache
side, we did find that the ISO power changes within the SpV and dIPons
were related to the side of subsequent migraine. Furthermore, the
migraine subjects in the current study experienced very few migraine
attacks, thus these data require confirmation from patients with higher
migraine frequency. Additional subjects and migraine events would
provide the opportunity to explore the relationship between migraine
severity and changes in brainstem function. Finally, one subject was
taking selective serotonin reuptake inhibitors which might have influ-
enced the resting activity in this subject, thus impacting the results.
Again, recruiting a larger population of patients would help to validate
the findings. Nevertheless, the large number of repeated measures per
subject, together with the corroboration by our previous cross-sectional
studies, helps to ensure the findings are robust.

The findings of this study clearly show that resting brainstem func-
tion fluctuates over the migraine cycle in a given individual, with
functional changes reflected particularly in the period immediately
preceding a migraine. We suggest that this change in brainstem function
could result from altered synaptic transmission evoked by increased
gliotransmission, which could evoke a migraine by either an increase in
basal firing or by creating a permissive state whereby an external trigger
can activate trigeminal pain pathways. These data provide a target
timeframe and biological process for prophylactic treatments for
migraine. Whether this includes novel treatments targeting glio-
transmission remains to be seen. To understand this further, studies
investigating the role of human glia in pain control is imperative (Ji
et al., 2013a).
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