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The neural mechanism responsible for migraine remains unclear. While an external trigger has been proposed to initiate a migraine, it
has also been proposed that changes in brainstem function are critical for migraine headache initiation and maintenance. Although the
idea of altered brainstem function has some indirect support, no study has directly measured brainstem pain modulation circuitry
function in migraineurs particularly immediately before a migraine. In male and female humans, we performed fMRI in 31 controls and
31 migraineurs at various times in their migraine cycle. We measured brainstem function during noxious orofacial stimulation and
assessed resting-state functional connectivity. First, we found that, in individual migraineurs, pain sensitivity increased over the inter-
ictal period but then dramatically decreased immediately before a migraine. Second, despite overall similar pain intensity ratings
between groups, in the period immediately before a migraine, compared with controls and other migraine phases, migraineurs displayed
greater activation in the spinal trigeminal nucleus during noxious orofacial stimulation and reduced functional connectivity of this
region with the rostral ventromedial medulla. Additionally, during the interictal phase, migraineurs displayed reduced activation of the
midbrain periaqueductal gray matter and enhanced periaqueductal gray connectivity with the rostral ventromedial medulla. These data
support the hypothesis that brainstem sensitivity fluctuates throughout the migraine cycle. However, in contrast to the prevailing
hypothesis, our data suggest that, immediately before a migraine attack, endogenous analgesic mechanisms are enhanced and incoming
noxious inputs are less likely to reach higher brain centers.
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Introduction
Migraine is a common, distressing disorder characterized by
headaches often accompanied by aura, nausea, and sensitivity to

light and sound. While the exact neural mechanisms surrounding
migraine head pain are still debated, human brain imaging inves-
tigations have shown that, during a migraine attack, activity in-
creases in a number of cortical areas, such as the cingulate cortex,
insula, thalamus, and hypothalamus, as well as brainstem nuclei,
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Significance Statement

It has been hypothesized that alterations in brainstem function are critical for the generation of migraine. In particular, modula-
tion of orofacial pain pathways by brainstem circuits alters the propensity of external triggers or ongoing spontaneous activity to
evoke a migraine attack. We sought to obtain empirical evidence to support this theory. Contrary to our hypothesis, we found that
pain sensitivity decreased immediately before a migraine, and this was coupled with increased sensitivity of the spinal trigeminal
nucleus to noxious stimuli. We also found that resting connectivity within endogenous pain modulation circuitry alters across the
migraine cycle. These changes may reflect enhanced and diminished neural tone states proposed to be critical for the generation
of a migraine and underlie cyclic fluctuations in migraine brainstem sensitivity.
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such as the spinal trigeminal nucleus (SpV), dorsal pons, and
midbrain periaqueductal gray matter (PAG) (Bahra et al., 2001;
Denuelle et al., 2007; Tajti et al., 2012; Borsook et al., 2016; Cop-
pola et al., 2016). These sites are particularly important in pain
processing because the SpV is the site of orofacial nociceptor
afferent termination and the PAG is involved in the modulation
of noxious inputs and generation of autonomic and behavioral
consequences of pain (Sessle, 2000; Keay and Bandler, 2002).
Additionally, several studies have shown that, even between at-
tacks, migraineurs display neural changes, such as decreased gray
matter volume density, altered sensitivity to somatosensory stim-
uli, and changes in brainstem, thalamic, and cortical oscillatory
activity (Mathur et al., 2016; Chong et al., 2017; Porcaro et al.,
2017; Marciszewski et al., 2018; Meylakh et al., 2018).

A recent review has proposed that these observed changes are
not permanent, but dynamic in nature (May, 2017). Building on
the current focus of migraine research in identifying a structure
in the brainstem pain-modulation system that may be associated
with the initiation of a migraine attack (Akerman et al., 2011;
Schulte and May, 2017), this review suggests that the initiation
and maintenance of migraine attacks are unlikely to be caused by
one area of the brainstem. It is far more likely that spontaneous
fluctuations of complex networks involving the hypothalamus,
brainstem pain-modulation circuitry, and possibly higher corti-
cal areas lead to the initiation and termination of headache
attacks. While several independent functional studies have iden-
tified activation of brainstem sites thought to be involved in en-
dogenous pain-modulatory function, both during and between
attacks (Weiller et al., 1995; Stankewitz et al., 2011), few studies
have tracked changes in brain sensitivity, activity, and volume
throughout all stages of the migraine cycle. Importantly, few have
explored the critical 24 h period preceding a migraine, which is
essential if we are to understand how migraines are initiated.

Using fMRI, we recently reported increased resting infra-slow
oscillatory activity (0.03– 0.06 Hz) and altered hypothalamic-
brainstem functional connectivity in migraineurs only in the pe-
riod immediately before a migraine attack, when individuals were
not in pain (Meylakh et al., 2018). Importantly, these changes did
not occur immediately after the migraine when individuals were
recovering from an attack, or during the interictal phase. These
data are consistent with the idea that the initiation of a migraine
is associated with changes in brain function, in particular,
changes within the brainstem. Indeed, it has been hypothesized
that changes in sensitivity of brainstem regions to noxious oro-
facial inputs are critical for the initiation of a migraine. More
specifically, in migraineurs, brainstem function oscillates be-
tween (1) an “enhanced” neural tone state during which the ef-
fectiveness of endogenous analgesic mechanisms is too great to
allow incoming noxious inputs to evoke head pain and (2) a
“diminished” state during which endogenous analgesic mecha-
nisms are limited and incoming noxious inputs can evoke head
pain (Burstein et al., 2015). Currently, there is little neural evi-
dence to support the idea of altered brainstem endogenous mod-
ulation of SpV immediately before a migraine.

The aim of this investigation is to determine whether func-
tional connectivity within the brainstem endogenous pain-
modulating circuitry is altered throughout the migraine cycle.
Furthermore, we aim to determine whether individuals with mi-
graine show altered sensitivity and neural activity to noxious
stimuli applied to the trigeminal nerve distribution in different
stages of the migraine cycle. We hypothesize that migraineurs will
show increased sensitivity and SpV activation to noxious stimuli

and reduced functional connectivity within the brainstem pain
modulation circuitry immediately before a migraine attack.

Materials and Methods
Subjects. Thirty-one subjects with migraine (6 males, mean � SEM age:
29.6 � 1.7 years, range 19 –55 years) and 60 pain-free controls (20 males;
mean � SEM age: 26.2 � 0.9 years, range 19 –56 years) were recruited
from the general population using an advertisement. Migraine subjects
were diagnosed according to the criteria set by the International Head-
ache Classification Committee of the International Headache Society
(IHS, 2013) (Ed 3, Sections 1.1 and 1.2). Seven migraineurs reported
experiencing aura with their migraines, and the remaining 24 reported
no aura. Of the 31 migraineurs, 28 were scanned during the interictal
period (6 males, mean � SEM age: 29.6 � 1.8 years); that is, between 72 h
after and 24 h before a migraine attack; 10 during the 24 h period imme-
diately before a migraine (3 males, age 29.1 � 3.4 years) and 10 within the
72 h period following a migraine (1 male, age 31 � 3.1 years). For subjects
scanned before an attack, there was no predicting factor that they were
within 24 h of a migraine. Six migraineurs were scanned during all 3
phases, and another 5 migraineurs were scanned during 2 of 3 phases.

All migraine subjects indicated the pain intensity (6 point visual analog
scale; 0 � no pain, 5 � most intense imaginable pain) and facial distri-
bution (drawing) of pain they commonly experience during a migraine
attack. Each subject described the qualities of their migraines and indi-
cated any current treatments used to prevent or abort a migraine once
started. Exclusion criteria for controls were the presence of any current
pain or chronic pain condition, current use of analgesics, and any neu-
rological disorder. Exclusion criteria for migraineurs were any pain con-
dition other than migraine, and any other neurological disorder.
Informed written consent was obtained for all procedures according to
the Declaration of Helsinki seventh revision and local Institutional Hu-
man Research Ethics Committees approved the study. Data from 25 of
the 29 migraineurs were used in a previous investigation (Marciszewski
et al., 2018).

MRI acquisition. In all subjects, before entering the MRI scanner, a 3 �
3 cm MRI-compatible thermode (Medoc, Ramat Yishai, Israel) was
placed on the right side of the mouth covering the upper and lower lips
for each subject. In migraineurs, this was done on the side most com-
monly experiencing headaches (5 left-sided, 23 right-sided). Care was
taken to secure the thermode in the same location in each individual
subject and to ensure it did not cross the midline. A temperature that
evoked moderate pain ratings was determined for each individual subject
with a Thermal Sensory Analyzer (TSA-II, Medoc), from a resting tem-
perature of 32°C to temperatures at 0.5°C intervals between 44°C and
49°C. Temperatures were randomly applied in 15 s intervals for 10 s
during which each subject rated the pain intensity using a 10 point Com-
puterised Visual Analog Scale (CoVAS, Medoc; 0 � no pain, 10 � worst
imaginable pain). The temperature at which individuals indicated a
pain intensity rating of �6 of 10, was used for the remainder of the
experiment.

All subjects then lay supine on the bed of a 3T MRI scanner (Philips,
Achieva) with their head immobilized in a 32-channel head coil. With
each subject relaxed and at rest, a high-resolution 3D T1-weighted ana-
tomical image set covering the entire brain was collected (turbo field
echo; FOV 250 � 250 mm, matrix size � 288 � 288, slice thickness �
0.87 mm, repetition time � 5600 ms, echo time � 2.5 ms, flip angle �
8°). A series of 180 gradient-echo echo planar resting-state fMRI vol-
umes, using BOLD contrast, was then collected. Each image volume
contained 35 axial slices covering the entire brain (FOV � 240 � 240
mm, matrix size � 80 � 78, slice thickness � 4 mm, repetition time �
2000 ms; echo time � 30 ms, flip angle � 90°). Following this resting state
fMRI series, a series of 140 gradient-echo echo planar fMRI image vol-
umes with BOLD contrast was collected with each image volume cover-
ing the entire brain (38 axial slices, repetition time � 2500 ms, raw voxel
size 1.5 � 1.5 � 4.0 mm thick). Following a 30-volume baseline period,
8 noxious thermal stimuli were delivered (see Fig. 1A). Each noxious
stimulus was delivered for 15 s (including ramp up and down periods of
2.5 s each), followed by a 6 volume baseline (32°C) period. During each
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period of noxious stimulation, the subject was asked to rate the pain
intensity online using the CoVAS.

Pain rating analysis. For each subject, the mean pain intensity ratings
during each of the 8 noxious stimulus periods were calculated and plot-
ted. Our aim was to explore changes in brain activation patterns over the
migraine cycle compared with controls. Because we found that overall
the control group rated the pain intensity higher than the migraineurs,
we removed those controls with higher pain ratings to match pain inten-
sities across all control and migraine groups (see Fig. 1 B, C). In addition,
for the pain activation protocol, we removed 7 migraineurs scanned
during the interictal, 3 scanned immediately before migraine phase and 2
scanned immediately following migraine phase, due to excessive head
motion (�1 mm volume-to-volume movement in the X, Y, and Z planes
and 0.05 radians in the pitch, roll, and yaw directions). There was no
significant difference in applied thermode temperature (°C) between the
groups after removal of these subjects (see Fig. 1D).

The thermal stimulation analysis was conducted on a control group of
31 subjects (10 males, mean � SEM age: 26.5 � 1.2 years), interictal
migraine group of 21 subjects (4 males, mean age: 29.8 � 2.1 years),
immediately before migraine group of 7 subjects (2 males, mean age:
30.4 � 4.7 years), and immediately following migraine group of 8 sub-
jects (1 male, mean age: 29.4 � 1.9 years). There was no significant
difference in age (t test; p � 0.05), gender composition (� 2 test, p � 0.05),
pain rating (t test; p � 0.05), or stimulus temperature (t test; p � 0.05).
To explore changes throughout the migraine cycle, we plotted the
mean � SEM pain intensity ratings for the following periods: �30 d until
next migraine (n � 12), 30 to 10 d until next migraine (n � 4), 9 to 2 d
until next migraine (n � 5), 1 d until next migraine (n � 7), and 1 to 3 d
following a migraine (n � 8). In addition, in 5 subjects, thermal stimu-
lation testing was performed during both the interictal and immediately
before migraine phases, and in another subject 4 sessions including one
2 d before a migraine were collected. For these subjects, their pain inten-
sity ratings during each session were plotted individually. Finally, we
used the same subjects to run the resting state connectivity analysis but
only needed to remove 3 control subjects due to excessive head move-
ment (28 controls, 28 interictal migraineurs, 10 immediately before a
migraine, 10 immediately following migraine; no significant differences
in age or gender).

MRI analysis. Using SPM12 (Friston et al., 1994) and custom software,
all fMRI images in the resting-state and the thermal stimuli protocol were
motion corrected, and subjects with excessive head movement were re-
moved as described above. Five migraineurs experienced migraines most
commonly on the left side, and the thermode was placed on the left side
of the mouth; therefore, their images were reflected in the X plane
(“flipped”) so that fMRI signals could be assessed ipsilateral and con-
tralateral to the most common side of migraine. The effect of movement
on signal intensity was modeled and removed, and physiological (i.e.,
cardiovascular and respiratory) noise was modeled and removed using
the DRIFTER toolbox (Särkkä et al., 2012). The fMRI images were linear
detrended to remove global signal intensity changes, and each subject’s
fMRI image set was coregistered to their own T1-weighted anatomical
image set so that the T1-weighted and fMRI images were in the same
locations in 3D space. Using brainstem-specific isolation software (SUIT
toolbox) (Diedrichsen, 2006), a mask of the brainstem was created indi-
vidually for each subject for both the T1 and fMRI image sets. Using these
masks, the brainstem of the T1 and fMRI image sets was isolated and then
spatially normalized to a brainstem-specific template in MNI space and
spatially smoothed using a 3 mm FWHM Gaussian filter.

Noxious thermal stimuli, experimental design, and statistical analysis.
Significant changes in signal intensity during the 8 test stimuli were de-
termined using a repeated box-car model convolved with a canonical
hemodynamic response function and time dispersions. First, we assessed
regional signal intensity increases and decreases across all four subject
groups, primarily to verify that orofacial noxious stimuli activate the
region of the SpV (random effects conjunction ANOVA, p � 0.05,
family-wise error corrected for multiple comparisons). Following this,
significant differences in brainstem activation patterns were determined
between (1) controls and interictal migraineurs, (2) controls and mi-
graineurs during the phase immediately before a migraine, and (3) con-

trols and migraineurs during the phase immediately following a migraine
(two-group random-effects analysis, p � 0.001 uncorrected for multiple
comparisons, minimum cluster size 2 contiguous voxels, age and gender
included as nuisance variables). Given we hypothesized that noxious
thermal stimuli would be associated with activation in brainstem regions
such as the SpV and PAG, we created ROIs comprising 3 mm-radius
spheres in these brainstem sites based on the atlas by Paxinos and Huang
(1995). Following the initial uncorrected threshold of p � 0.001, we
applied small volume corrections using these ROIs ( p � 0.05) to reduce
the likelihood of Type II errors.

Significant clusters were overlaid onto a standard brainstem template
in MNI space. For each significant cluster, the percentage change in
signal intensity was extracted by comparing the signal intensity of the 30
baseline volumes with both the signal intensities during the 8 noxious
thermal stimuli periods (“ON” periods) and signal intensities during the
intervening rest periods (“OFF” periods). These signal intensity changes
were extracted for all four groups and significant differences between
groups determined ( p � 0.05, two-tailed, two-sample t test, Bonferroni
corrected for multiple comparisons). Significant differences between
controls and the group from which the cluster was derived during the
original voxel-by-voxel analysis were not determined, to avoid “double-
dipping.” In addition, to explore changes throughout the migraine cycle,
we plotted the mean � SEM signal changes for the following periods:
�30 d until next migraine (n � 12), 30 to 10 d until next migraine (n �
4), 9 to 2 d until next migraine (n � 5), 1 d until next migraine (n � 7),
and 1 to 3 d following a migraine (n � 8).

Functional connectivity: experimental design and statistical analysis. We
performed brainstem-only functional connectivity analyses using a seed-
ing region encompassing the rostral ventromedial medulla (RVM) to
determine resting connectivity strengths in the well-described PAG-
RVM-SpV pain-modulating pathway (Basbaum and Fields, 1984; Hei-
nricher et al., 2009; Ossipov et al., 2010). The RVM seeding region
comprised 6 contiguous voxels: 2 voxels each at 3 rostrocaudal levels
from z coordinate �53 to �49 in MNI space (see Fig. 4). In each subject,
signal intensity changes were extracted from the RVM seed and voxel-
by-voxel analyses were performed to determine which brainstem areas
displayed significant signal intensity covariations with this region. The
connectivity maps were placed into second level, random-effects proce-
dures to determine significant differences in RVM connectivity strength
between controls and each of the migraine groups. Following an initial
uncorrected threshold of p � 0.001, small volume corrections were ap-
plied on the midbrain PAG, dorsolateral pons (dlPons), and SpV using
40 mm 3 hyper-rectangles centered at the location of each region based
on the Duvernoy’s Brainstem Atlas (Naidich et al., 2009) and the atlas by
Paxinos and Huang (1995).

The resulting clusters of significant difference were used to extract
connectivity strength values in each subject, and the mean � SEM values
were plotted to provide a measure of connectivity direction. Addition-
ally, connectivity strength values were extracted for all four groups and
significant differences between groups determined ( p � 0.05, two-tailed,
two-sample t test, Bonferroni corrected for multiple comparisons). Sig-
nificant differences between controls and the group from which the clus-
ter was derived during the original voxel-by-voxel analysis were not
determined, to avoid “double-dipping.” To explore changes throughout
the migraine cycle, we plotted the mean � SEM connectivity strengths
for the following periods: �30 d until next migraine (n � 16), 30 to 10 d
until next migraine (n � 4), 9 to 2 d until next migraine (n � 8), 1 d until
next migraine (n � 10), and 1 to 3 d following a migraine (n � 10).
Finally, we assessed whether there were any areas that displayed both
altered activation during noxious thermal stimuli and altered functional
connectivity, by determining the intersection of significant brainstem
maps. For regions of overlap, linear relationships between percentage
changes in signal intensity and resting RVM connectivity were deter-
mined (Pearson’s correlation, p � 0.05).

Results
Migraine characteristics
In the 31 migraineurs, 12 reported that their headaches were
more common on the right side, while 5 reported more on the left
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and the remaining 14 reported that they
were mostly bilateral. Migraine subjects
most frequently described their migraine
pain as “throbbing,” “sharp,” and/or
“pulsating” in nature and indicated that
“stress,” “lack of sleep,” and/or “dehydra-
tion” most often triggered their migraine
attacks. The mean estimated frequency of
migraine attacks was 22.2 � 2.1 per year,
mean length of time since the onset of mi-
graine attacks (years suffering) 14.1 � 1.8
years, and mean pain intensity of mi-
graines 3.7 � 0.2 on a 6 point visual
analog scale. Although 19 of the 31 mi-
graineurs were taking some form of daily
medication (mostly the oral contraceptive
pill; 12 migraineurs), none of the mi-
graine subjects was taking prophylactic
medication prescribed for migraine.

Activation during noxious
thermal stimuli
The overall pain intensity ratings during
the 8 brief noxious heat stimuli were sim-
ilar in all four groups (mean � SEM VAS:
controls, 5.3 � 0.4; interictal, 4.7 � 0.5;
immediately before migraine, 4.9 � 0.7;
immediately following migraine, 4.9 �
0.8; two-tailed t test, all p � 0.05). There
was also no significant difference in the
applied thermode temperature used to
evoke these pain levels between groups
(mean temperature: controls, 47.7 �
0.1°C; interictal, 48 � 0.2°C; immediately
before migraine, 47.9 � 0.3°C; immedi-
ately following migraine, 47.9 � 0.4°C;
Fig. 1B–D). While pain intensity ratings
remained constant over the three mi-
graine periods, when intensity ratings
were plotted relative to the next migraine,
there was a gradual increase in pain inten-
sity as the next migraine approached (Fig.
1E). However, strikingly, these ratings did
not continue to increase but instead de-
creased in the period immediately before a
migraine. This change was clear at an in-
dividual level with dramatic decreases in
perceived pain intensities in the period
immediately before a migraine attack de-
spite subjects receiving the same stimuli temperatures during
each testing period (Fig. 1F).

In all subjects, noxious thermal stimuli evoked increases in
signal intensity in various brainstem regions, including the re-
gions of the left and right SpV, left and right dlPons, and in the
medullary raphe (Fig. 2). Comparison of signal intensity changes
evoked by noxious thermal stimuli revealed regional differences
over the migraine cycle. While no significant difference occurred
between controls and migraineurs during the phase immediately
following a migraine, there were significant differences during
the interictal and the phase immediately before a migraine. Dur-
ing the interictal phase of migraine, acute orofacial pain was as-
sociated with significantly reduced activation in the region of the
left and right PAG compared with controls (Fig. 3A; Table 1).

Extraction of signal intensity changes revealed that this decrease
in activation was specific to the interictal phase and did not occur
during the phases immediately before or following a migraine for
both the right PAG (mean percentage change: controls, 0.32 �
0.08; interictal, 0.04 � 0.09; immediately before migraine, 0.35 �
0.11; immediately following migraine, 0.30 � 0.07) and left PAG
(controls, 0.26 � 0.07; interictal, �0.04 � 0.11; immediately
before migraine, 0.22 � 0.15; immediately following migraine,
0.25 � 0.06). Plots of signal intensity changes throughout the
migraine cycle revealed that, in migraineurs, signal intensity
changes in both the left and right PAG remained stable at �0
throughout the interictal period and then increased dramatically
to control levels in the period immediately before a migraine.
Furthermore, there were no significant differences between signal

Figure 1. A, In each participant, a thermode was placed on the corner of the mouth and 8 noxious heat stimuli were delivered.
Each participant rated the pain intensity during each noxious stimulus on a CoVAS, where 0 � no pain and 10 � most pain
imaginable. B, Plots of mean � SEM pain intensity ratings for each subject group. In each subject, pain intensity for each of the 8
noxious stimuli was averaged and these were then averaged across subjects for each group. The control group (n � 60) was
reduced to 31 subjects so that the average pain intensity was not significantly different between controls and each of the three
migraine groups. C, Plots of mean � SEM pain intensity ratings for each of the 8 noxious stimuli for each subject group. D, Plots of
mean � SEM stimulus temperatures for each subject group. E, Plots of pain intensity ratings for individual migraineurs with
respect to their next migraine (black circles). In addition, mean � SEM pain intensity ratings for the following periods: �30 d until
next migraine (n � 12), 30 to 10 d until next migraine (n � 4), 9 to 2 d until next migraine (n � 5), and 1 d until next migraine
(n � 7) are also plotted (red filled squares). F, Plots of pain intensity ratings for 6 individual migraineurs with respect to their next
migraine. Perceived pain intensity increases over the interictal period and then dramatically decreases immediately before their
next migraine.
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intensity changes during the intervening “OFF” periods for both
the right PAG (controls, 0.07 � 0.06; interictal, �0.01 � 0.06;
immediately before migraine, 0.06 � 0.18; immediately follow-
ing migraine, �0.12 � 0.11, all p � 0.05) and left PAG (controls,
0.09 � 0.06; interictal, �0.07 � 0.11; immediately before mi-
graine, �0.08 � 0.14; immediately following migraine, �0.09 �
0.10, all p � 0.05).

In striking contrast, only during the phase immediately before
a migraine was signal intensity significantly greater during nox-

ious stimulation in migraineurs than in controls, with this in-
crease encompassing the region of the right SpV (Fig. 3B; Table
1). Extraction of signal intensity changes revealed a significant
increase in signal intensity within the right SpV only during the
phase that immediately preceded a migraine (controls: 0.17 �
0.05; interictal: 0.11 � 0.05; immediately before migraine: 0.42 �
0.12; immediately following migraine: 0.15 � 0.08). In addition,
during the “off” periods, there was no significant difference be-
tween controls and the interictal phase, although there were sig-

Figure 2. fMRI response to pain. Brainstem activation common to the four subject groups during 8 brief noxious stimuli overlaid onto a series of axial slices of a brainstem T1-weighted anatomical
template. Top right, Location of each sagittal and axial slice in MNI space. Noxious stimuli applied to the right side of the mouth evoked signal intensity increases (hot color scale) in the region of the
SpV bilaterally, the region of the medullary raphe, and in the dlPons.

Figure 3. fMRI response to pain by group. Significant differences in brainstem activation during noxious orofacial stimuli in migraineurs compared with controls. A, Significantly reduced
activation (cool color scale) in migraineurs during the interictal phase compared with controls overlaid onto a sagittal and axial slices of a T1-weighted brainstem template. Top right, Location of each
slice in MNI space (dashed horizontal lines). Plots of mean � SEM percentage signal intensity changes during noxious orofacial stimulation for the left and right midbrain PAG clusters during the
stimulus periods (ON) and baseline periods (OFF) for each of the four subject groups are shown. Right, Plots of mean � SEM signal changes for the following periods: �30 d until next migraine (n �
12), 30 to 10 d until next migraine (n � 4), 9 to 2 d until next migraine (n � 5), 1 d until next migraine (n � 7), and 1 to 3 d following a migraine (n � 8). Note the stability of the signal changes
during the interictal period and the dramatic increases during the phase immediately before a migraine. B, Significantly greater activation (hot color scale) in migraineurs during the phase
immediately before a migraine compared with controls. Signal intensity changes during noxious stimuli in the SpV in all four subject groups during the ON and OFF periods are shown. Right, Plots
of signal changes over the migraine cycle. Note the stability during the interictal period and the dramatic change immediately before a migraine. *p � 0.05, derived from voxel-by-voxel analyses.
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nificantly greater signal intensity reductions during the phases
immediately before and after a migraine (controls: 0.13 � 0.03;
interictal: �0.02 � 0.07; immediately before migraine: �0.17 �
0.12, p � 0.05; immediately following migraine: �0.08 � 0.05,
p � 0.05). Plots of signal intensity changes throughout the mi-
graine cycle revealed that, in migraineurs, signal intensity
changes in the SpV remained stable at approximately control
levels throughout the interictal period and then increased dra-
matically to well above control levels in the period immediately
before a migraine.

Functional connectivity
In addition to brainstem activation patterns during noxious ther-
mal stimuli, we assessed resting functional connectivity of the
endogenous pain modulation circuitry. That is, we assessed the
connectivity of the well-described PAG-RVM-SpV circuitry by
using an RVM seed. Remarkably, we found a very similar pattern
of difference in migraineurs compared with controls to the
above-mentioned activation patterns evoked by noxious stimuli,
albeit in the opposite direction. That is, during the interictal
phase, migraineurs displayed significantly greater connectivity
strength between the left PAG and RVM (Fig. 4A; Table 1). Again,
extraction of connectivity strength values revealed that this dif-
ference in PAG-RVM connectivity occurred during the interictal
phase only and was in the opposite direction to that of the con-
trols and other migraine phases (mean connectivity strength:
controls, �0.11 � 0.04; interictal, 0.09 � 0.03; immediately be-
fore migraine, �0.09 � 0.07; immediately following migraine,
�0.09 � 0.03). Furthermore, the connectivity strength increase
remained relatively stable over the interictal phase and then
decreased dramatically in the period immediately before a mi-
graine. As well as the PAG, connectivity strength was also signif-
icantly greater during the interictal phase in the region of the
dlPons bilaterally (controls: �0.10 � 0.04; interictal: 0.09 � 0.03;
immediately before migraine: �0.03 � 0.05; immediately follow-
ing migraine: �0.04 � 0.05), although the connectivity strength
between this region and the RVM was less stable over the inter-
ictal phase.

In contrast, during the phase immediately before a migraine,
RVM connectivity strength was significantly reduced in the re-
gion of the right SpV (Fig. 4B; Table 1). Extraction of connectivity
strength values confirmed the specificity of this change during
the phase immediately before migraine only (controls: 0.40 �
0.03; interictal: 0.38 � 0.03; immediately before migraine: 0.13 �
0.06; immediately following migraine: 0.36 � 0.05). Further-

more, SpV-RVM connectivity strength remained stable during
the interictal phase and then decreased dramatically during the
24 h period immediately before a migraine.

Noxious stimuli activation and functional
connectivity overlap
The PAG and SpV displayed significant differences in activation
during noxious stimuli and resting state functional connectivity.
That is, the PAG displayed reduced activation and enhanced
RVM connectivity during the interictal phase, whereas the SpV
displayed enhanced activation and reduced RVM connectivity
during the phase immediately before a migraine (Fig. 5). Plots of
RVM connectivity strengths against PAG signal intensity changes
revealed no significant linear relationship in any of the four sub-
ject groups (controls: r � 0.01, p � 0.94; interictal: r � �0.07,
p � 0.77; immediately before migraine: r � 0.28, p � 0.53; im-
mediately following a migraine: r � 0.02, p � 0.96). In contrast,
plots of RVM connectivity strengths against SpV signal revealed a
significant positive relationship during the phase immediately
before migraine only (controls: r � 0.20, p � 0.30; interictal: r �
0.03, p � 0.90; immediately before migraine: r � 0.78, p � 0.03;
immediately following a migraine: r � �0.12, p � 0.78).

Discussion
This study demonstrates that, although sensitivity to applied
noxious stimuli increases over the interictal period, in the 24 h
period before a migraine this sensitivity decreases dramatically.
This decrease in noxious input sensitivity is coupled with altered
function in the brainstem pain modulation circuitry. In the pe-
riod immediately before a migraine attack, migraineurs displayed
greater SpV activation to noxious orofacial stimuli and reduced
functional connectivity between the RVM and SpV, which may
underlie a change in the modulation of trigeminal noxious input
to SpV by the RVM. These functional changes occurred despite
the same applied stimuli and an overall similar perceived inten-
sity level between controls and migraineurs during different
phases of the migraine cycle. Furthermore, during the interictal
phase, migraineurs displayed significantly enhanced resting
functional connectivity between the PAG and RVM. These data
support the hypothesis that brainstem sensitivity fluctuates
across the migraine cycle. However, in combination with individ-
ual subjects’ pain intensity changes, these data suggest that, in
contrast to the idea that immediately before a migraine attack the
brainstem displays diminished “tone,” our data suggest that, dur-
ing this period, endogenous analgesic mechanisms are enhanced
and incoming noxious inputs are less likely to evoke head pain.

An important finding in this investigation is that, at an indi-
vidual level, pain sensitivity in migraineurs increases during the
interictal period but then dramatically decreases in the 24 h pe-
riod before a migraine attack. This finding appears at odds with
the idea that, immediately before a migraine attack, brainstem
endogenous analgesic pathways are in a state as to allow the easy
passage of incoming noxious inputs to reach higher brain centers,
although it is possible that sensitivity may increase during an
actual migraine attack. In concert with the changes in pain sensi-
tivity, we found that, during the period immediately before a
migraine, noxious orofacial stimuli evoked greater SpV activa-
tion despite similar pain intensity ratings between groups. It is
important to note that this increase in SpV sensitivity occurred in
the same location as the signal intensity increases evoked by oro-
facial noxious stimulation in all subjects and was not a separate
part of the relatively long and complex SpV nucleus. Further-
more, we did not find a linear relationship between SpV signal

Table 1. MNI coordinates, cluster size, and t score for regions in which activation
during noxious stimuli or resting RVM connectivity was significantly different
between controls and migraineurs

MNI coordinate

Brain region x y z Cluster size t score

Noxious stimuli activation
Controls � interictals

Left midbrain PAG �2 �36 �11 4 3.28
Right midbrain PAG 4 �38 �13 3 3.32

Immediately prior to migraine � controls
Right spinal trigeminal nucleus 8 �42 �48 3 3.67
Ventral medial medulla �2 �32 �49 4 3.31

Resting rostral ventromedial medulla connectivity
Interictals � controls

Left midbrain PAG �2 �36 �17 5 3.42
Dorsolateral pons 4 �38 �25 9 3.41

Controls � immediately prior to migraine
Right spinal trigeminal nucleus 4 �42 �47 8 3.24
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intensity and pain perception. While this may appear at odds with
some expectations, BOLD signal intensity changes likely repre-
sent summed synaptic activity driven by total oxygen demand
(Logothetis, 2003) and thus SpV signal intensity changes would
represent a combination of afferent drive from the periphery and
feedback from brainstem descending circuitry, including that
arising in regions such as the RVM and subnucleus reticularis
dorsalis.

Although no other investigation has explored brainstem acti-
vation during orofacial noxious stimuli in the phase immediately
before a migraine, Stankewitz et al. (2011) reported that orofacial
noxious stimuli evoked greater SpV signal intensity increases the
closer the migraineur was to their next migraine attack. Although
in this previous study, individuals were only examined as close as
4 d before their next migraine, our data reveal that SpV activation
increases most dramatically in the 24 h period before a migraine.

Figure 4. Resting-state connectivity. Significant differences in RVM resting connectivity in migraineurs compared with controls. A, Significantly greater connectivity (hot color scale) in
migraineurs during the interictal phase compared with controls overlaid onto a sagittal and axial slices of a T1-weighted brainstem template. Top right, Location of each slice in MNI space (dashed
horizontal lines). Plots of mean � SEM connectivity strengths (arbitrary units) for the left midbrain PAG and dlPons clusters for each of the four subject groups are also shown. Right, Plots of
connectivity changes over the migraine cycle. There is stability during the interictal period and the dramatic change immediately before a migraine. B, Significantly reduced connectivity strengths
(cool color scale) in migraineurs during the phase immediately before a migraine compared with controls. Right, Connectivity strengths in the SpV in all four subject groups. *p � 0.05, derived from
voxel-by-voxel analyses. Middle inset, RVM seed used for the analysis. Right, Plots of connectivity changes over the migraine cycle. There is stability during the interictal period and the dramatic
change immediately before a migraine.
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Our finding that pain perception and SpV processing of noxious
stimuli are dynamic raises the prospect that orofacial pain pro-
cessing pathways may also change at the onset or during a mi-
graine itself. Alternatively, because preclinical studies have
reported convergence of dural-sensitive and facial cutaneous af-
ferents in SpV (Burstein et al., 1998; Ellrich et al., 1999), it is
possible that a decrease in noxious cutaneous afferent drive onto
second-order convergent SpV neurons results in an overall in-
crease in dural afferent drive and a change in dural sensitivity.
Although this is speculative, it is unlikely that the changes in SpV
function reported here are involved in other functions in addi-
tion to the processing of orofacial noxious afferents.

The increase in SpV sensitivity immediately before a migraine
was associated with a significant reduction in RVM-SpV connec-
tivity. It is possible that, during the phase immediately before
migraine, RVM inputs to the SpV are reduced, resulting in an
increase in SpV inhibition or reduction in SpV excitation and a
reduction in the propensity for incoming noxious inputs to acti-
vate higher brain centers. Interestingly, we found that the greater
the reduction in RVM-SpV connectivity, the smaller the increase
in SpV sensitivity to noxious inputs. There is considerable evi-
dence that the RVM contains “ON” and “OFF” cells that can
increase and decrease the excitability of neurons in the SpV/dor-
sal horn, respectively (Fields et al., 1983; Fields, 2004; Hellman
and Mason, 2012; Salas et al., 2016). Indeed, it has been suggested
that opposing RVM inhibitory and facilitatory effects are finely
balanced at rest in pain-free individuals (Fields and Heinricher,
1985; Heinricher et al., 2009; Ossipov et al., 2010), but that the
system can switch between inhibitory and facilitating processes

depending on the state of the individual (Fields, 2004). If the
inhibitory effects of RVM on SpV during the interictal phase of
migraine were increased as a migraine becomes imminent, one
would expect that the greater the reduction in connectivity, the
greater the reduction in SpV sensitivity, a situation consistent
with our findings.

Previous investigations have explored brainstem activation in
migraineurs during the interictal phase and reported reduced
dlPons activation during noxious thermal face and hand stimuli
(Moulton et al., 2008). While we did not find altered noxious
stimulus-evoked dlPons activity in this study during the interictal
phase, we did find reduced activation in the PAG. Furthermore,
this reduced activation was associated with an increase in resting
connectivity between the RVM and both the PAG and dlPons.
The PAG region that exhibited altered activation and resting
functional connectivity was located in the region of the ventro-
lateral PAG column, an area that upon activation produces
opiate-mediated analgesia, receives primarily noxious inputs
from deep structures and is thought to mediate the behavioral
responses to pain deemed inescapable (e.g., migraine) (Keay and
Bandler, 2002). Furthermore, preclinical studies have revealed
that superior sagittal sinus stimulation, a key source of noxious
trigeminal input in migraine, activates the ventrolateral PAG and
that ventrolateral PAG stimulation can inhibit SpV activity
evoked by superior sagittal sinus stimulation (Hoskin et al., 2001;
Knight and Goadsby, 2001).

Our data suggest that PAG activity and connectivity set the
RVM-SpV into a state similar to nonmigraine controls because
noxious orofacial activation evoked similar SpV signal intensity

Figure 5. Overlap between alterations in noxious stimulus evoked signal intensity changes and resting connectivity (red shading) overlaid onto axial slices of a T1-weighted brainstem template.
Top left, Location of each slice in MNI space. Right, Plots of connectivity strengths (arbitrary units) against percentage signal intensity changes during noxious stimuli for the midbrain PAG and SpV
in individual subjects for each of the four subject groups. The only significant linear relationship occurred in the SpV in the period immediately before a migraine. That is, the greater the connectivity
to the rostral ventromedial medulla, the greater the noxious stimulus-evoked signal intensity. *p � 0.05, two-tailed t test.
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changes and pain intensity ratings in both controls and in mi-
graineurs during the interictal phase. The precise roles of de-
scending and ascending PAG inputs in altering the functional
state of the PAG during the interictal phase of migraine are yet
to be determined. We have recently shown increased PAG-
hypothalamic connectivity only in the phase immediately before
a migraine (Meylakh et al., 2018), and a recent case study re-
ported that the hypothalamus displayed increased noxious stim-
uli sensitivity and increased functional coupling with the
dorsomedial pons and SpV also during the phase immediately
before an attack (Schulte and May, 2016). Indeed, there is a hy-
pothesis that activity changes within the hypothalamus initiate
migraine attacks, which is not inconsistent with the data pre-
sented here (Schulte et al., 2017).

Previous human brain imaging studies have also reported al-
tered resting PAG connectivity with higher brain regions impli-
cated in pain modulation other than the hypothalamus, such as
the amygdala, prefrontal cortex, and cingulate cortex (Mainero et
al., 2011). Furthermore, there is evidence that, during the inter-
ictal phase, migraineurs displayed significantly reduced endoge-
nous analgesic ability as assessed by diffuse noxious inhibitory
control (Sandrini et al., 2006). While these results suggest that,
during the interictal phase of migraine, pain sensitivity should be
increased, we found no significant difference in pain intensity;
indeed, we found that the temperature needed to evoke moderate
pain were, if anything, greater in migraineurs than controls.
Furthermore, our data suggest that endogenous pain-
modulating circuits are enhanced immediately before a mi-
graine, given that pain sensitivities dramatically decreased
during this period.

While we are confident in the robustness of our results, there
are some limitations that need noting. First, it is possible that our
interpretation of the signal intensity changes to noxious stimuli
and RVM connectivity is not related to alterations in endogenous
pain-modulatory circuitries. For example, it has been shown that
RVM cells that process noxious information are also involved in
micturition and micturition-related neurons have also been
identified in the PAG and hypothalamus (Baez et al., 2005; Nu-
mata et al., 2008). Given that, in many migraineurs, increased
urination occurs immediately before a migraine, it is possible that
the changes reported here relate to symptoms other than the
processing of incoming noxious inputs. Second, given the rela-
tively low spatial resolution of fMRI scans, it is difficult to accu-
rately localize each cluster to a specific brainstem nucleus or
region. However, we used brainstem atlases to determine the
location of each significant cluster, and our brainstem clusters
overlap with regions that have been shown to be involved in
nociceptive transmission. Third, the brainstem is prone to phys-
iological noise and movement-related artifacts. To limit the in-
fluence of these factors, we applied a physiological noise
correction to account for potential cardiac and respiratory noise,
and we modeled and removed effects of movement on signal
intensity. Finally, with mounting evidence of migraine being a
“cycling” brain disorder, scans in individual migraineurs over the
course of a few weeks while measuring pain sensitivity and brain
activity would provide evidence to support such a hypothesis.

In conclusion, it is becoming increasingly clear that the
brainstem pain-modulating circuitry is altered in migraineurs
throughout the migraine cycle. While there is a suggestion that
pain sensitivity increases the closer one is to a migraine, our data
show that indeed pain sensitivity falls dramatically, immediately
before a migraine. While data are consistent with the idea that
brainstem circuits fluctuate from “enhanced” and “diminished”

neural tone states, in light of our data, the timing of these fluctu-
ations needs to be reexamined (Burstein et al., 2015; May, 2017).
We speculate that, during the interictal phase of migraine, the
PAG influences the RVM-SpV circuit to produce a balance of ON
and OFF cell function that is similar to that of controls and
thereby results in similar SpV sensitivities to noxious inputs. In
contrast, as a migraine approaches, the balance of ON and OFF
influences on the SpV shifts to a state dominated by OFF cell
inputs; and, as a result, the SpV becomes less sensitive to incom-
ing noxious inputs. Whether this brainstem state shifts again as a
migraine attack develops is yet to be determined.
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