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ABSTRACT 30 

The neural mechanism responsible for migraine remains unclear. Whilst an external 31 

trigger has been proposed to initiate a migraine, it has also been proposed that changes in 32 

brainstem function are critical for migraine headache initiation and maintenance. Although 33 

the idea of altered brainstem function has some indirect support, no study has directly 34 

measured brainstem pain modulation circuitry function in migraineurs particularly 35 

immediately prior to a migraine. In male and female humans, we performed functional 36 

magnetic resonance imaging in 31 control and 31 migraineurs at various times in their 37 

migraine cycle. We measured brainstem function during noxious orofacial stimulation and 38 

assessed resting-state functional connectivity. Firstly, we found that in individual 39 

migraineurs, pain sensitivity increased over the interictal period, but then dramatically 40 

decreased immediately prior to a migraine. Secondly, despite overall similar pain intensity 41 

ratings between groups, in the period immediately prior to a migraine, compared to controls 42 

and other migraine phases, migraineurs displayed greater activation during noxious orofacial 43 

stimulation in the spinal trigeminal nucleus and reduced functional connectivity of this region 44 

with the rostral ventromedial medulla. Additionally, during the interictal phase, migraineurs 45 

displayed reduced activation of the midbrain periaqueductal gray matter and enhanced 46 

periaqueductal gray connectivity with the rostral ventromedial medulla. These data support 47 

the hypothesis that brainstem sensitivity fluctuates throughout the migraine cycle. However 48 

in contrast to the prevailing hypothesis, our data suggest that immediately prior to a migraine 49 

attack, endogenous analgesic mechanisms are enhanced and incoming noxious inputs are 50 

less likely to reach higher brain centres. 51 

 52 

 53 

 54 

 55 
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SIGNIFICANCE STATEMENT 56 

 57 

It has been hypothesised that alterations in brainstem function are critical for the 58 

generation of migraine. In particular, modulation of orofacial pain pathways by brainstem 59 

circuits alter the propensity of external triggers or on-going spontaneous activity to evoke a 60 

migraine attack. We sought to obtain empirical evidence to support this theory. Contrary to 61 

our hypothesis, we found pain sensitivity decreased immediately prior to a migraine and this 62 

was coupled with increased sensitivity of the spinal trigeminal nucleus to noxious stimuli and 63 

resting connectivity within endogenous pain modulation circuitry alters across the migraine 64 

cycle. These changes may reflect enhanced and diminished neural tone states proposed to 65 

be critical for the generation of a migraine and underlie cyclic fluctuations in migraine 66 

brainstem sensitivity. 67 

  68 
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 69 

INTRODUCTION 70 

 71 

Migraine is a common, distressing disorder characterised by headaches often 72 

accompanied by aura, nausea, and sensitivity to light and sound. While the exact neural 73 

mechanisms surrounding migraine head pain are still debated, human brain imaging 74 

investigations have shown that during a migraine attack activity increases in a number of 75 

cortical areas such as the cingulate cortex, insula, thalamus, and hypothalamus, as well as 76 

brainstem nuclei such as the spinal trigeminal nucleus (SpV), dorsal pons, and midbrain 77 

periaqueductal gray matter (PAG) (Bahra et al., 2001; Denuelle et al., 2007; Tajti et al., 78 

2012; Borsook et al., 2016; Coppola et al., 2016). These sites are particularly important in 79 

pain processing since the SpV is the site of orofacial nociceptor afferent termination and the 80 

PAG is involved in the modulation of noxious inputs and generation of autonomic and 81 

behavioural consequences of pain (Sessle, 2000; Keay and Bandler, 2002). Additionally, 82 

several studies have shown that even between attacks, migraineurs display neural changes 83 

such as decreased grey matter volume density, altered sensitivity to somatosensory stimuli, 84 

and changes in brainstem, thalamic and cortical oscillatory activity (Mathur et al., 2016; 85 

Chong et al., 2017; Porcaro et al., 2017; Marciszewski et al., 2018; Meylakh et al., 2018).  86 

A recent review has proposed that these observed changes are not permanent, but 87 

dynamic in nature (May, 2017). Building on the current focus of migraine research in 88 

identifying a structures in the brainstem pain-modulation system that may be associated with 89 

the initiation of a migraine attack (Akerman et al., 2011; Schulte and May, 2017), this review 90 

suggests that the initiation and maintenance of migraine attacks is unlikely to be caused by 91 

one area of the brainstem. It is far more likely that spontaneous fluctuations of complex 92 

networks involving the hypothalamus, brainstem pain-modulation circuitry, and possibly 93 

higher cortical areas, lead to the initiation and termination of headache attacks. While 94 

several independent functional studies have identified activation of brainstem sites thought 95 
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to be involved in endogenous pain-modulatory function, both during and between attacks 96 

(Weiller et al., 1995; Stankewitz et al., 2011), few studies have tracked changes in brain 97 

sensitivity, activity, and volume throughout all stages of the migraine cycle. Importantly, few 98 

have explored the critical 24-hour period preceding a migraine, which is essential if we are to 99 

understand how migraines are initiated. 100 

Using functional magnetic resonance imaging (fMRI), we recently reported increased 101 

resting infra-slow oscillatory activity (0.03-0.06Hz) and altered hypothalamic-brainstem 102 

functional connectivity in migraineurs only in the period immediately prior to a migraine 103 

attack, when individuals were not in pain (Meylakh et al., 2018). Importantly, these changes 104 

did not occur immediately after the migraine when individuals are recovering from an attack, 105 

or during the interictal phase. These data are consistent with the idea that the initiation of a 106 

migraine is associated with changes in brain function, in particular, changes within the 107 

brainstem. Indeed, it has been hypothesized that changes in sensitivity of brainstem regions 108 

to noxious orofacial inputs are critical for the initiation of a migraine.  More specifically, in 109 

migraineurs, brainstem function oscillates between an (i) “enhanced” neural tone state 110 

during which the effectiveness of endogenous analgesic mechanisms is too great to allow 111 

incoming noxious inputs to evoke head pain, and a (ii) “diminished” state during which 112 

endogenous analgesic mechanisms are limited and incoming noxious inputs can evoke head 113 

pain (Burstein et al., 2015). Currently, there is little neural evidence to support the idea of 114 

altered brainstem endogenous modulation of SpV immediately prior to a migraine. 115 

The aim of this investigation is to determine if functional connectivity within the 116 

brainstem endogenous pain modulating circuitry is altered throughout the migraine cycle. 117 

Furthermore, we aim to determine whether individuals with migraine show altered sensitivity 118 

and neural activity to noxious stimuli applied to the trigeminal nerve distribution in different 119 

stages of the migraine cycle. We hypothesise that migraineurs will show increased sensitivity 120 

and SpV activation to noxious stimuli and reduced functional connectivity within the 121 

brainstem pain modulation circuitry immediately prior to a migraine attack. 122 
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 123 

 124 

METHODS 125 

 126 

Subjects: 127 

 128 

Thirty-one subjects with migraine (6 males, mean [±SEM] age: 29.6±1.7 years, range 129 

19-55 years) and 60 pain-free controls (20 males; mean [±SEM] age: 26.2±0.9 years, range 130 

19-56 years) were recruited from the general population using an advertisement. Migraine 131 

subjects were diagnosed according to the criteria set by the International Classification of 132 

Headache Disorders (ICHD) 3rd edition, sections 1.1 and 1.2. Seven migraineurs reported 133 

experiencing aura with their migraines, and the remaining 24 reported no aura. Of the 31 134 

migraineurs, 28 were scanned during the interictal period (6 males, mean [±SEM] age: 135 

29.6±1.8 years), that is, between 72 hours after and 24 hours prior to a migraine attack; 10 136 

during the 24-hour period immediately prior to a migraine (3 males, age 29.1±3.4 years) and 137 

10 within the 72-hour period following a migraine (1 male, age 31±3.1 years). For subjects 138 

scanned prior to an attack, there was no predicting factor that they were within 24 hours of a 139 

migraine. Six migraineurs were scanned during all 3 phases, and another 5 migraineurs 140 

were scanned during 2 of 3 phases. 141 

All migraine subjects indicated the pain intensity (6-point visual analogue scale; 0 = 142 

no pain, 5 = most intense imaginable pain) and facial distribution (drawing) of pain they 143 

commonly experience during a migraine attack. Each subject described the qualities of their 144 

migraines and indicated any current treatments used to prevent or abort a migraine once 145 

started. Exclusion criteria for controls were the presence of any current pain or chronic pain 146 

condition, current use of analgesics, and any neurological disorder. Exclusion criteria for 147 

migraineurs were any pain condition other than migraine, and any other neurological 148 

disorder. Informed written consent was obtained for all procedures according to the 149 
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Declaration of Helsinki 7th revision and local Institutional Human Research Ethics 150 

Committees approved the study. Data from 25 of the 29 migraineurs were used in a previous 151 

investigation (Marciszewski et al., 2018). 152 

 153 

MRI acquisition: 154 

 155 

In all subjects, prior to entering the MRI scanner, a 3x3cm MRI-compatible thermode 156 

(Medoc) was placed on the right side of the mouth covering the upper and lower lips for each 157 

subject. In migraineurs this was done on the side most commonly experiencing headaches 158 

(5 left-sided, 23 right-sided). Care was taken to secure the thermode in the same location in 159 

each individual subject and to ensure it did not cross the midline. A temperature that evoked 160 

moderate pain ratings was determined for each individual subject with a Thermal Sensory 161 

Analyser (TSA-II, Medoc), from a resting temperature of 32oC to temperatures at 0.5oC 162 

intervals between 44 and 49oC. Temperatures were randomly applied in 15 second intervals 163 

for 10 seconds during which each subject rated the pain intensity using a 10-point 164 

Computerised Visual Analogue Scale (CoVAS, Medoc; 0 = no pain, 10 = worst imaginable 165 

pain). The temperature at which individuals indicated a pain intensity rating of approximately 166 

6 out of 10, was used for the remainder of the experiment. 167 

All subjects then lay supine on the bed of a 3T MRI scanner (Philips, Achieva) with 168 

their head immobilised in a 32-channel head coil. With each subject relaxed and at rest, a 169 

high-resolution 3D T1-weighted anatomical image set covering the entire brain was collected 170 

(turbo field echo; field of view 250 x 250 mm, matrix size = 288 x 288, slice thickness = 0.87 171 

mm, repetition time = 5600 ms, echo time = 2.5 ms, flip angle = 8o). A series of 180 gradient-172 

echo echo planar resting-state fMRI volumes, using blood oxygen level-dependent (BOLD) 173 

contrast, was then collected. Each image volume contained 35 axial slices covering the 174 

entire brain (field of view = 240 x 240 mm, matrix size = 80 x 78, slice thickness = 4 mm, 175 

repetition time = 2000 ms; echo time = 30 ms, flip angle = 90o). Following this resting state 176 
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fMRI series, a series of 140 gradient-echo echo planar fMRI image volumes with BOLD 177 

contrast was collected with each image volume covering the entire brain (38 axial slices, 178 

repetition time = 2500 ms, raw voxel size 1.5 x 1.5 x 4.0 mm thick). Following a 30-volume 179 

baseline period, 8 noxious thermal stimuli were delivered (Figure 1A). Each noxious stimulus 180 

was delivered for 15 seconds (including ramp up and down periods of 2.5 seconds each), 181 

followed by a 6-volume baseline (32°C) period. During each period of noxious stimulation, 182 

the subject was asked to rate the pain intensity on-line using the CoVAS. 183 

 184 

Pain rating analysis: 185 

 186 

For each subject, the mean pain intensity ratings during each of the 8 noxious 187 

stimulus periods were calculated and plotted. Our aim was to explore changes in brain 188 

activation patterns over the migraine cycle compared with controls. Since we found that 189 

overall the control group rated the pain intensity higher than the migraineurs, we removed 190 

those controls with higher pain ratings in order to match pain intensities across all control 191 

and migraine groups (Figure 1B and 1C). In addition, for the pain activation protocol, we 192 

removed 7 migraineurs scanned during the interictal, 3 scanned immediately prior to 193 

migraine phase and 2 scanned immediately following migraine phase due to excessive head 194 

motion (>1mm volume-to-volume movement in the X, Y and Z planes and 0.05 radians in the 195 

pitch, roll and yaw directions. There was no significant difference in applied thermode 196 

temperature (oC) between the groups after removal of these subjects (Figure 1D).  197 

The thermal stimulation analysis was conducted on a control group of 31 subjects (10 198 

males, mean [±SEM] age: 26.5±1.2 years), interictal migraine group of 21 subjects (4 males, 199 

mean age: 29.8±2.1 years), immediately prior to migraine group of 7 subjects (2 males, 200 

mean age: 30.4±4.7 years) and immediately following migraine group of 8 subjects (1 male, 201 

mean age: 29.4±1.9 years). There was no significant difference in age (t test; p > 0.05), 202 

gender composition (X2 test, p > 0.05), pain rating (t test; p > 0.05), or stimulus temperature 203 
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(t test; p > 0.05). To explore changes throughout the migraine cycle, we plotted the mean 204 

(±SEM) pain intensity ratings for the following periods: >30 days until next migraine (n=12), 205 

30 to 10 days until next migraine (n=4), 9 to 2 days until next migraine (n=5), 1 day until next 206 

migraine (n=7), and 1 to 3 days following a migraine (n=8). In addition, in 5 subjects, thermal 207 

stimulation testing was performed during both the interictal and immediately prior to migraine 208 

phases and in another subject 4 sessions including one 2 days prior to a migraine were 209 

collected. For these subjects, their pain intensity ratings during each session were plotted 210 

individually. Finally, we used the same subjects to run the resting state connectivity analysis 211 

but only needed to remove 3 control subjects due to excessive head movement (28 controls, 212 

28 interictal migraineurs, 10 immediately prior to a migraine, 10 immediately following 213 

migraine, no significant differences in age or gender).  214 

 215 

MRI Image analysis: 216 

 217 

Using SPM12 (Friston et al., 1994) and custom software, all fMRI images in the 218 

resting-state and the thermal stimuli protocol were motion corrected and subjects with 219 

excessive head movement removed as described above. Five migraineurs experienced 220 

migraines most commonly on the left side and the thermode was placed on the left side of 221 

the mouth, therefore their images were reflected in the X plane (“flipped”) so that fMRI 222 

signals could be assessed ipsilateral and contralateral to the most common side of migraine. 223 

The effect of movement on signal intensity was modelled and removed, and physiological 224 

(i.e. cardiovascular and respiratory) noise was modelled and removed using the DRIFTER 225 

toolbox (Särkkä et al., 2012). The fMRI images were linear detrended to remove global 226 

signal intensity changes and each subject’s fMRI image set was co-registered to their own 227 

T1-weighted anatomical image set so that the T1-weighted and fMRI images were in the 228 

same locations in three-dimensional space. Using brainstem-specific isolation software 229 

(SUIT toolbox) (Diedrichsen, 2006), a mask of the brainstem was created individually for 230 
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each subject for both the T1 and fMRI image sets. Using these masks, the brainstem of the 231 

T1 and fMRI image sets were isolated and then spatially normalised to a brainstem-specific 232 

template in Montreal Neurological Institute (MNI) space and spatially smoothed using a 3mm 233 

full-width half maximum Gaussian filter. 234 

 235 

Noxious thermal stimuli; experimental design and statistical analysis: 236 

Significant changes in signal intensity during the 8 test stimuli were determined using 237 

a repeated box-car model convolved with a canonical haemodynamic response function and 238 

time dispersions. Firstly, we assessed regional signal intensity increases and decreases 239 

across all four subject groups, primarily to verify that orofacial noxious stimuli activate the 240 

region of the SpV (random effects conjunction ANOVA, p < 0.05, family-wise error corrected 241 

for multiple comparisons). Following this, significant differences in brainstem activation 242 

patterns were determined between (i) controls and interictal migraineurs, (ii) controls and 243 

migraineurs during the phase immediately prior to a migraine, and (iii) controls and 244 

migraineurs during the phase immediately following a migraine (two-group random effects 245 

analysis, p<0.001 uncorrected for multiple comparisons, minimum cluster size 2 contiguous 246 

voxels, age and gender included as nuisance variables). Given we hypothesized that 247 

noxious thermal stimuli would be associated with activation in brainstem regions such as the 248 

SpV and PAG, we created regions of interests comprising 3mm-radius spheres in these 249 

brainstem sites based on the atlas by Paxinos and Huang (Paxinos and Huang, 1995). 250 

Following the initial uncorrected threshold of p<0.001, we applied small volume corrections 251 

using these regions of interest (p<0.05) to reduce the likelihood of Type II errors. 252 

Significant clusters were overlaid onto a standard brainstem template in MNI space. 253 

For each significant cluster, the percentage change in signal intensity was extracted by 254 

comparing the signal intensity of the 30 baseline volumes with both the signal intensities 255 

during the 8 noxious thermal stimuli periods (“on” periods) and signal intensities during the 256 

intervening rest periods (“off” periods). These signal intensity changes were extracted for all 257 
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four groups and significant differences between groups determined (p<0.05, two-tailed, two-258 

sample t test, Bonferroni corrected for multiple comparisons). Significant differences 259 

between controls and the group from which the cluster was derived during the original voxel-260 

by-voxel analysis were not determined, to avoid “double-dipping”. In addition, to explore 261 

changes throughout the migraine cycle, we plotted the mean (±SEM) signal changes for the 262 

following periods: >30 days until next migraine (n=12), 30 to 10 days until next migraine 263 

(n=4), 9 to 2 days until next migraine (n=5), 1 day until next migraine (n=7), and 1 to 3 days 264 

following a migraine (n=8). 265 

 266 

Functional connectivity: experimental design and statistical analysis: 267 

We performed brainstem-only functional connectivity analyses using a seeding 268 

region encompassing the rostral ventromedial medulla (RVM) to determine resting 269 

connectivity strengths in the well-described PAG-RVM-SpV pain modulating pathway 270 

(Basbaum and Fields, 1984; Heinricher et al., 2009; Ossipov et al., 2010). The RVM seeding 271 

region comprised 6 contiguous voxels: 2 voxels each at 3 rostro-caudal levels from z co-272 

ordinate -53 to -49 in MNI space (Figure 4). In each subject, signal intensity changes were 273 

extracted from the RVM seed and voxel-by-voxel analyses were performed to determine 274 

which brainstem areas displayed significant signal intensity covariations with this region. The 275 

connectivity maps were placed into second level, random-effects procedures to determine 276 

significant differences in RVM connectivity strength between controls and each of the 277 

migraine groups. Following an initial uncorrected threshold of p<0.001, small volume 278 

corrections were applied on the midbrain PAG, dorsolateral pons, and SpV using 40mm3 279 

hyper-rectangles centred at the location of each region based on the Duvernoy’s Brainstem 280 

Atlas (Naidich et al., 2009) and the atlas by Paxinos and Huang (Paxinos and Huang, 1995). 281 

The resulting clusters of significant difference were used to extract connectivity 282 

strength values in each subject, and the mean (±SEM) values were plotted to provide a 283 

measure of connectivity direction. Additionally, connectivity strength values were extracted 284 
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for all four groups and significant differences between groups determined (p<0.05, two-285 

tailed, two-sample t test, Bonferroni corrected for multiple comparisons). Significant 286 

differences between controls and the group from which the cluster was derived during the 287 

original voxel-by-voxel analysis were not determined, to avoid “double-dipping”. To explore 288 

changes throughout the migraine cycle, we plotted the mean (±SEM) connectivity strengths 289 

for the following periods: >30 days until next migraine (n=16), 30 to 10 days until next 290 

migraine (n=4), 9 to 2 days until next migraine (n=8), 1 day until next migraine (n=10), and 1 291 

to 3 days following a migraine (n=10). Finally, we assessed whether there were any areas 292 

that displayed both altered activation during noxious thermal stimuli and altered functional 293 

connectivity, by determining the intersection of significant brainstem maps. For regions of 294 

overlap, linear relationships between percentage changes in signal intensity and resting 295 

RVM connectivity were determined (Pearson’s correlation, p<0.05). 296 

 297 

 298 

RESULTS 299 

 300 

Migraine characteristics: 301 

 In the 31 migraineurs, 12 reported that their headaches were more common on the 302 

right side, while 5 reported more on the left and the remaining 14 reported that they were 303 

mostly bilateral. Migraine subjects most frequently described their migraine pain as 304 

“throbbing”, “sharp” and/or “pulsating” in nature and indicated that “stress”, “lack of sleep” 305 

and/or “dehydration” most often triggered their migraine attacks. The mean estimated 306 

frequency of migraine attacks was 22.2±2.1 per year, mean length of time since the onset of 307 

migraine attacks (years suffering) 14.1±1.8 years, and mean pain intensity of migraines 308 

3.7±0.2 on a 6-point visual analogue scale. Although 19 of the 31 migraineurs were taking 309 

some form of daily medication (mostly the oral contraceptive pill; 12 migraineurs), none of 310 

the migraine subjects was taking prophylactic medication prescribed for migraine. 311 
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 312 

Activation during noxious thermal stimuli: 313 

 314 

The overall pain intensity ratings in all groups during the 8 brief noxious heat stimuli 315 

were similar in all four groups (mean ± SEM VAS: controls 5.3±0.4; interictal 4.7±0.5; 316 

immediately prior to migraine 4.9±0.7; immediately following migraine 4.9±0.8; two-tailed t 317 

test, all p>0.05). There was also no significant difference in the applied thermode 318 

temperature used to evoke these pain levels between groups (mean temperature: controls 319 

47.7±0.1 oC; interictal 48±0.2 oC; immediately prior to migraine 47.9±0.3 oC; immediately 320 

following migraine 47.9±0.4 oC; Figure 1B, C, D).  Whilst pain intensity ratings remained 321 

constant over the three migraine periods, when intensity ratings were plotted relative to the 322 

next migraine, there was a gradual increase in pain intensity as the next migraine 323 

approached (Figure 1E). However, strikingly, these ratings did not continue to increase but 324 

instead decreased in the period immediately prior to a migraine. This change was clear at an 325 

individual level with dramatic decreases in perceived pain intensities in the period 326 

immediately before a migraine attack despite subjects receiving the same stimuli 327 

temperatures during each testing period (Figure 1F).  328 

In all subjects, noxious thermal stimuli evoked increases in signal intensity in various 329 

brainstem regions, including the regions of the left and right SpV, left and right dorsolateral 330 

pons and in the medullary raphe (Figure 2). Comparison of signal intensity changes evoked 331 

by noxious thermal stimuli revealed regional differences over the migraine cycle. Whilst no 332 

significant difference occurred between controls and migraineurs during the phase 333 

immediately following a migraine, there were significant differences during the interictal and 334 

the phase immediately prior to a migraine. During the interictal phase of migraine, acute 335 

orofacial pain was associated with significantly reduced activation in the region of the left 336 

and right PAG compared with controls (Figure 3A, Table 1). Extraction of signal intensity 337 

changes revealed that this decrease in activation was specific to the interictal phase and did 338 
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not occur during the phases immediately prior to or following a migraine for both the right 339 

PAG (mean % change: controls 0.32±0.08; interictal 0.04±0.09; immediately prior to 340 

migraine 0.35±0.11; immediately following migraine 0.30±0.07) and left PAG (controls 341 

0.26±0.07; interictal -0.04±0.11; immediately prior to migraine 0.22±0.15; immediately 342 

following migraine 0.25±0.06). Plots of signal intensity changes throughout the migraine 343 

cycle revealed that in migraineurs, signal intensity changes in both the left and right PAG 344 

remained stable at approximately zero throughout the interictal period and then increased 345 

dramatically to control levels in the period immediately prior to a migraine. Furthermore, 346 

there were no significant differences between signal intensity changes during the intervening 347 

“off” periods for both the right PAG (controls 0.07±0.06; interictal -0.01±0.06; immediately 348 

prior to migraine 0.06±0.18; immediately following migraine -0.12±0.11, all p>0.05) and left 349 

PAG (controls 0.09±0.06; interictal -0.07±0.11; immediately prior to migraine -0.08±0.14; 350 

immediately following migraine -0.09±0.10, all p>0.05).  351 

In striking contrast, only during the phase immediately prior to a migraine was signal 352 

intensity significantly greater during noxious stimulation in migraineurs than in controls, with 353 

this increase encompassing the region of the right SpV (Figure 3B, Table 1). Extraction of 354 

signal intensity changes revealed a significant increase in signal intensity within the right 355 

SpV only during the phase that immediately preceded a migraine (controls 0.17±0.05; 356 

interictal 0.11±0.05; immediately prior to migraine 0.42±0.12; immediately following migraine 357 

0.15±0.08). In addition, during the “off” periods there was no significant difference between 358 

controls and the interictal phase, although there were significantly greater signal intensity 359 

reductions during the phases immediately prior to and after a migraine (controls 0.13±0.03; 360 

interictal -0.02±0.07; immediately prior to migraine -0.17±0.12 p<0.05; immediately following 361 

migraine -0.08±0.05, p<0.05). Plots of signal intensity changes throughout the migraine 362 

cycle revealed that in migraineurs, signal intensity changes in the SpV remained stable at 363 

approximately control levels throughout the interictal period and then increased dramatically 364 

to well above control levels in the period immediately prior to a migraine.  365 
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 366 

 367 

Functional connectivity: 368 

 369 

In addition to brainstem activation patterns during noxious thermal stimuli, we 370 

assessed resting functional connectivity of the endogenous pain modulation circuitry. That is, 371 

we assessed the connectivity of the well-described PAG-RVM-SpV circuitry by using an 372 

RVM seed. Remarkably, we found a very similar pattern of difference in migraineurs 373 

compared with controls to the above-mentioned activation patterns evoked by noxious 374 

stimuli, albeit in the opposite direction. That is, during the interictal phase, migraineurs 375 

displayed significantly greater connectivity strength between the left PAG and RVM (Figure 376 

4A, Table 1). Again, extraction of connectivity strength values revealed that this difference in 377 

PAG-RVM connectivity occurred during the interictal phase only and was in the opposite 378 

direction to that of the controls and other migraine phases (mean connectivity strength: 379 

controls -0.11±0.04; interictal 0.09±0.03; immediately prior to migraine -0.09±0.07; 380 

immediately following migraine -0.09±0.03). Furthermore, the connectivity strength increase 381 

remained relatively stable over the interictal phase and then decreased dramatically in the 382 

period immediately prior to a migraine. As well as the PAG, connectivity strength was also 383 

significantly greater during the interictal phase in the region of the dorsolateral pons 384 

bilaterally (controls -0.10±0.04; interictal 0.09±0.03; immediately prior to migraine -385 

0.03±0.05; immediately following migraine -0.04±0.05). Although the connectivity strength 386 

between this region and the RVM were less stable over the interictal phase. 387 

In contrast, during the phase immediately prior to a migraine, RVM connectivity 388 

strength was significantly reduced in the region of the right SpV (Figure 4B, Table 1). 389 

Extraction of connectivity strength values confirmed the specificity of this change during the 390 

phase immediately prior to migraine only (controls 0.40±0.03; interictal 0.38±0.03; 391 

immediately prior to migraine 0.13±0.06; immediately following migraine 0.36±0.05). 392 
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Furthermore, SpV-RVM connectivity strength remained stable during the interictal phase and 393 

then decreased dramatically during the 24 hour period immediately prior to a migraine. 394 

 395 

Noxious stimuli activation and functional connectivity overlap: 396 

 397 

The PAG and SpV displayed significant differences in activation during noxious 398 

stimuli and resting state functional connectivity. That is, the PAG displayed reduced 399 

activation and enhanced RVM connectivity during the interictal phase whereas the SpV 400 

displayed enhanced activation and reduced RVM connectivity during the phase immediately 401 

prior to a migraine (Figure 5). Plots of RVM connectivity strengths against PAG signal 402 

intensity changes revealed no significant linear relationship in any of the four subject groups 403 

(controls r=0.01, p=0.94, interictal r=-0.07, p=0.77, immediately prior to migraine r=0.28, 404 

p=0.53, immediately following a migraine r=0.02, p=0.96). In contrast, plots of RVM 405 

connectivity strengths against SpV signal revealed a significant positive relationship during 406 

the phase immediately prior to migraine only (controls r=0.20, p=0.30, interictal r=0.03, 407 

p=0.90, immediately prior to migraine r=0.78, p=0.03, immediately following a migraine r=-408 

0.12, p=0.78). 409 

 410 

 411 

DISCUSSION: 412 

 413 

This study demonstrates that although sensitivity to applied noxious stimuli increases 414 

over the interictal period, in the 24 hour period prior to a migraine, this sensitivity decreases 415 

dramatically. This decrease in noxious input sensitivity is coupled with altered function in the 416 

brainstem pain modulation circuitry. In the period immediately prior to a migraine attack, 417 

migraineurs displayed greater SpV activation to noxious orofacial stimuli and reduced 418 

functional connectivity between the RVM and SpV, which may underlie a change in the 419 
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modulation of trigeminal noxious input to SpV by the RVM. These functional changes 420 

occurred despite the same applied stimuli and an overall similar perceived intensity level 421 

between controls and migraineurs during different phases of the migraine cycle. 422 

Furthermore, during the interictal phase, migraineurs displayed significantly reduced resting 423 

functional connectivity between the PAG and RVM. These data support the hypothesis that 424 

brainstem sensitivity fluctuates across the migraine cycle. However in combination with 425 

individual subject’s pain intensity changes, these data suggest that in contrast to the idea 426 

that immediately prior to a migraine attack the brainstem displays diminished ’tone’, our data 427 

suggests that during this period, endogenous analgesic mechanisms are enhanced and 428 

incoming noxious inputs are less likely to evoke head pain. 429 

 An important finding in this investigation is that at an individual level, pain sensitivity 430 

in migraineurs increases during the interictal period but then dramatically decreases in the 431 

24 hour period prior to a migraine attack. This finding appears at odds with the idea that 432 

immediately prior to a migraine attack, brainstem endogenous analgesic pathways are in a 433 

state as to allow the easy passage of incoming noxious inputs to reach higher brain centres, 434 

although it is possible that sensitivity may increase during an actual migraine attack. In 435 

concert with the changes in pain sensitivity, we found that during the period immediately 436 

prior to a migraine, noxious orofacial stimuli evoked greater SpV activation despite similar 437 

pain intensity ratings between groups. It is important to note that this increase in SpV 438 

sensitivity occurred in the same location as the signal intensity increases evoked by orofacial 439 

noxious stimulation in all subjects and was not a separate part of the relatively long and 440 

complex SpV nucleus. Furthermore, we did not find a linear relationship between SpV signal 441 

intensity and pain perception. Whilst this may appear at odds with some expectations, BOLD 442 

signal intensity changes likely represent summed synaptic activity driven by total oxygen 443 

demand (Logothetis, 2003) and thus SpV signal intensity changes would represent a 444 

combination of afferent drive from the periphery and feedback from brainstem descending 445 
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circuitry including that arising in regions such as the RVM and subnucleus reticularis 446 

dorsalis. 447 

Although no other investigation has explored brainstem activation during orofacial 448 

noxious stimuli in the phase immediately prior to a migraine, Stankewitz and colleagues 449 

reported that orofacial noxious stimuli evoked greater SpV signal intensity increases the 450 

closer the migraineur was to their next migraine attack (Stankewitz et al., 2011). Although in 451 

this previous study, individuals were only examined as close as four days prior to their next 452 

migraine, our data reveals that SpV activation increases most dramatically in the 24-hour 453 

period prior to a migraine. Our finding that pain perception and SpV processing of noxious 454 

stimuli are dynamic raises the prospect that orofacial pain processing pathways may also 455 

change at the onset or during a migraine itself. Alternatively, since preclinical studies have 456 

reported convergence of dural-sensitive and facial cutaneous afferents in SpV (Burstein et 457 

al., 1998; Ellrich et al., 1999) it is possible that a decrease in noxious cutaneous afferent 458 

drive onto second-order convergent SpV neurons results in an overall increase in dural 459 

afferent drive and a change in dural sensitivity. Whilst this is speculative, it is unlikely that the 460 

changes in SpV function reported here are involved in other functions besides the 461 

processing of orofacial noxious afferents. 462 

The increase in SpV sensitivity immediately prior to a migraine was associated with a 463 

significant reduction in RVM-SpV connectivity. It is possible that during the phase 464 

immediately prior to migraine, RVM inputs to the SpV are reduced, resulting in an increase in 465 

SpV inhibition or reduction in SpV excitation and a reduction in the propensity for incoming 466 

noxious inputs to activate higher brain centres. Interestingly, we found that the greater the 467 

reduction in RVM-SpV connectivity the smaller the increase in SpV sensitivity to noxious 468 

inputs. There is considerable evidence that the RVM contains “ON“ and “OFF“ cells that can 469 

increase and decrease the excitability of neurons in the SpV/dorsal horn, respectively (Fields 470 

et al., 1983; Fields, 2004; Hellman and Mason, 2012; Salas et al., 2016). Indeed, it has been 471 

suggested that opposing RVM inhibitory and facilitatory effects are finely balanced at rest in 472 
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pain-free individuals (Fields and Heinricher, 1985; Heinricher et al., 2009; Ossipov et al., 473 

2010), but that the system can switch between inhibitory and facilitating processes 474 

depending on the state of the individual (Fields, 2004). If the inhibitory effects of RVM on 475 

SpV during the interictal phase of migraine were increased as a migraine becomes 476 

imminent, one would expect that the greater the reduction in connectivity the greater the 477 

reduction in SpV sensitivity, a situation consistent with our findings. 478 

 Previous investigations have explored brainstem activation in migraineurs during the 479 

interictal phase and reported reduced dlPons activation during noxious thermal face and 480 

hand stimuli (Moulton et al., 2008). Whilst we did not find altered noxious stimulus evoked 481 

dlPons activity in this study during the interictal phase, we did find reduced activation in the 482 

PAG. Furthermore, this reduced activation was associated with an increase in resting 483 

connectivity between the RVM and both the PAG and dlPons. The PAG region that exhibited 484 

altered activation and resting functional connectivity was located in the region of the 485 

ventrolateral PAG column, an area that upon activation produces opiate-mediated analgesia, 486 

receives primarily noxious inputs from deep structures and is thought to mediate the 487 

behavioural responses to pain deemed inescapable, e.g. migraine (Keay and Bandler, 488 

2002). Furthermore, preclinical studies have revealed that superior sagittal sinus stimulation 489 

– a key source of noxious trigeminal input in migraine – activates the ventrolateral PAG and 490 

that ventrolateral PAG stimulation can inhibit SpV activity evoked by superior sagittal sinus 491 

stimulation (Hoskin et al., 2001; Knight and Goadsby, 2001). 492 

Our data suggests that PAG activity and connectivity sets the RVM-SpV into a state 493 

similar to non-migraine controls, since noxious orofacial activation evoked similar SpV signal 494 

intensity changes and pain intensity ratings in both controls and in migraineurs during the 495 

interictal phase. The precise roles of descending and ascending PAG inputs in altering the 496 

functional state of the PAG during the interictal phase of migraine are yet to be determined. 497 

We have recently shown increased PAG-hypothalamic connectivity only in the phase 498 

immediately prior to a migraine  (Meylakh et al., 2018) and a recent case-study reported the 499 
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hypothalamus displays increased noxious stimuli sensitivity and increased functional 500 

coupling with the dorsomedial pons and SpV also during the phase immediately prior to an 501 

attack (Schulte and May, 2016). Indeed there is a hypothesis that activity changes within the 502 

hypothalamus initiate migraine attacks which is not inconsistent with the data presented here 503 

(Schulte et al., 2017).  504 

Previous human brain imaging studies have also reported altered resting PAG 505 

connectivity with higher brain regions implicated in pain modulation other than the 506 

hypothalamus, such as the amygdala, prefrontal and cingulate cortices (Mainero et al., 507 

2011).  Furthermore, there is evidence that during the interictal phase, migraineurs displayed 508 

significantly reduced endogenous analgesic ability as assessed by diffuse noxious inhibitory 509 

control (Sandrini et al., 2006). Whilst these results suggest that during the interictal phase of 510 

migraine, pain sensitivity should be increased, we found no significant difference in pain 511 

intensity, and indeed we found that the temperature needed to evoke moderate pain were if 512 

anything greater in migraineurs than controls. Furthermore, our data suggests that 513 

endogenous pain modulating circuits are enhanced immediately prior to a migraine given 514 

that pain intensity sensitivities dramatically decreased during this period. 515 

Whilst we are confident in the robustness of our results, there are some limitations 516 

which need noting. Firstly, it is possible that our interpretation of the signal intensity changes 517 

to noxious stimuli and RVM connectivity’s are not related to alterations in endogenous pain 518 

modulatory circuitries. For example, it has been shown that RVM cells that process noxious 519 

information are also involved in micturition and micturition-related neurons have also been 520 

identified in the PAG and hypothalamus (Baez et al., 2005; Numata et al., 2008). Given that 521 

in many migraineurs, increased urination occurs immediately prior to a migraine, it is 522 

possible that the changes reported here relate to symptoms other than the processing of 523 

incoming noxious inputs. Secondly, given the relatively low spatial resolution of fMRI scans, 524 

it is difficult to accurately localise each cluster to a specific brainstem nucleus or region. 525 

However, we used brainstem atlases to determine the location of each significant cluster, 526 
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and our brainstem clusters overlap with regions that have been shown to be involved in 527 

nociceptive transmission. Thirdly, the brainstem is prone to physiological noise and 528 

movement-related artefacts. To limit the influence of these factors, we applied a 529 

physiological noise correction to account for potential cardiac and respiratory noise and we 530 

modelled and removed effects of movement on signal intensity. Finally, with mounting 531 

evidence of migraine being a “cycling” brain disorder, scans in individual migraineurs over 532 

the course of a few weeks whilst measuring pain sensitivity and brain activity would provide 533 

evidence to support such a hypothesis. 534 

In conclusion, it is becoming increasingly clear that the brainstem pain modulating 535 

circuitry is altered in migraineurs throughout the migraine cycle. Whilst there is a suggestion 536 

that pain sensitivity increases the closer one is to a migraine, our data shows that indeed 537 

pain sensitivity falls dramatically immediately prior to a migraine. Whilst  data is consistent 538 

with the idea that brainstem circuits fluctuate from “enhanced” and “diminished” neural tone 539 

states, in the light of our data, the timing of these fluctuations needs to be re-examined 540 

(Burstein et al., 2015; May, 2017). We speculate that during the interictal phase of migraine, 541 

the PAG influences the RVM-SpV circuit to produce a balance of ON and OFF cell function 542 

that is similar to that of controls and thereby results in similar SpV sensitivities to noxious 543 

inputs. In contrast, as a migraine approaches, the balance of ON and OFF influences on the 544 

SpV shifts to a state dominated by OFF cell inputs and, as a result, the SpV becomes less 545 

sensitive to incoming noxious inputs. Whether this brainstem state shifts again as a migraine 546 

attack develops is yet to be determined.  547 

  548 

  549 
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Table 1. Montreal Neurological Institute (MNI) coordinates, cluster size and t-score 654 
for regions in which activation during noxious stimuli or resting rostral ventromedial 655 
medulla connectivity were significantly different between controls and migraineurs. 656 

  657 

 658 

 659 
 660 
  661 

Brain region 
MNI 

Co-ordinate 

cluster 

size 
t-score   

 x y z   

Noxious stimuli activation 

controls>interictals: 

left midbrain periaqueductal gray 

right midbrain periaqueductal gray  

 

immediately prior to migraine>controls: 

right spinal trigeminal nucleus 

ventral medial medulla 

 

-2 

4 

 

 

8 

-2 

 

-36 

-38 

 

 

-42 

-32 

 

-11 

-13 

 

 

-48 

-49 

 

4 

3 

 

 

3 

4 

 

3.28 

3.32 

 

 

3.67 

3.31 

Resting rostral ventromedial medulla connectivity      

Interictals>controls: 

left midbrain periaqueductal gray 

dorsolateral pons 

 

controls>immediately prior to migraine: 

right spinal trigeminal nucleus 

 

-2 

4 

 

 

4 

 

-36 

-38 

 

 

-42 

 

-17 

-25 

 

 

-47 

 

5 

9 

 

 

8 

 

3.42 

3.41 

 

 

3.24 
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FIGURE LEGENDS 662 

 663 

Figure 1: A: In each participant, a thermode was placed on the corner of the mouth and 8 664 

noxious heat stimuli were delivered. Each participant rated the pain intensity during each 665 

noxious stimulus on a Computerised Visual Analogue Scale (CoVAS), where 0=no pain and 666 

10=most pain imaginable. B: Plots of mean±SEM pain intensity ratings for each subject 667 

group. In each subject, pain intensity for each of the 8 noxious stimuli were averaged and 668 

these were then averaged across subjects for each group. The control group (n=60) was 669 

reduced to 31 subjects so that the average pain intensity was not significantly different 670 

between controls and each of the three migraine groups. C: Plots of mean±SEM pain 671 

intensity ratings for each of the 8 noxious stimuli for each subject group. D: Plots of 672 

mean±SEM stimulus temperatures for each subject group. E: Plots of pain intensity ratings 673 

for individual migraineurs with respect to their next migraine (black circles). In addition, 674 

mean±SEM pain intensity ratings for the following periods: >30 days until next migraine 675 

(n=12), 30 to 10 days until next migraine (n=4), 9 to 2 days until next migraine (n=5) and 1 676 

day until next migraine (n=7) are also plotted (red filled squares).  F: Plots of pain intensity 677 

ratings for 6 individual migraineurs with respect to their next migraine. Note that perceived 678 

pain intensity increases over the interictal period and then dramatically decreases 679 

immediately prior to their next migraine. 680 

 681 

Figure 2: fMRI response to pain: Brainstem activation common to the four subject groups 682 

during 8 brief noxious stimuli overlaid onto a series of axial slices of a brainstem T1-683 

weighted anatomical template. The location of each sagittal and axial slice in Montreal 684 

Neurological Institute space is indicated at the upper right of each image. Noxious stimuli 685 

applied to the right side of the mouth evoked signal intensity increases (hot colour scale) in 686 

the region of the spinal trigeminal nucleus (SpV) bilaterally, the region of the medullary 687 

raphe, and in the dorsolateral pons (dlPons).  688 
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 689 

Figure 3: fMRI response to pain by group: Significant differences in brainstem activation 690 

during noxious orofacial stimuli in migraineurs compared with controls. A: Significantly 691 

reduced activation (cool colour scale) in migraineurs during the interictal phase compared 692 

with controls overlaid onto a sagittal and axial slices of a T1-weighted brainstem template. 693 

The location of each slice in Montreal Neurological Institute space is indicated at the upper 694 

right of each image and indicated by the dashed horizontal lines. Plots of mean±SEM 695 

percentage signal intensity changes during noxious orofacial stimulation for the left and right 696 

midbrain periaqueductal gray (PAG) clusters during the stimulus periods (ON) and baseline 697 

periods (OFF) for each of the four subject groups are shown. In addition, to the right are 698 

plots of mean (±SEM) signal changes for the following periods: >30 days until next migraine 699 

(n=12), 30 to 10 days until next migraine (n=4), 9 to 2 days until next migraine (n=5), 1 day 700 

until next migraine (n=7), and 1 to 3 days following a migraine (n=8). Note the stability of the 701 

signal changes during the interical period and the dramatic increases during the phase 702 

immediately prior to a migraine. B: Significantly greater activation (hot colour scale) in 703 

migraineurs during the phase immediately prior to a migraine compared with controls. Signal 704 

intensity changes during noxious stimuli in the spinal trigeminal nucleus (SpV) in all four 705 

subject groups during the on and off periods are shown. In addition, plots of signal changes 706 

over the migraine cycle are shown to the right and again note the stability during the 707 

interictal period and the dramatic change immediately prior to a migraine. *p<0.05 derived 708 

from voxel-by-voxel analyses. 709 

 710 

Figure 4: resting-state connectivity: Significant differences in rostral ventromedial medulla 711 

(RVM) resting connectivity in migraineurs compared with controls. A: Significantly greater 712 

connectivity (hot colour scale) in migraineurs during the interictal phase compared with 713 

controls overlaid onto a sagittal and axial slices of a T1-weighted brainstem template. The 714 

location of each slice in Montreal Neurological Institute space is indicated at the upper right 715 
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of each image and indicated by the dashed horizontal lines. Plots of mean±SEM connectivity 716 

strengths (arbitrary units) for the left midbrain periaqueductal gray (PAG) and dorsolateral 717 

pons (dlPons) clusters for each of the four subject groups are also shown. In addition, plots 718 

of connectivity changes over the migraine cycle are shown to the right and again note the 719 

stability during the interictal period and the dramatic change immediately prior to a migraine. 720 

 721 

B: Significantly reduced connectivity strengths (cool colour scale) in migraineurs during the 722 

phase immediately prior to a migraine compared with controls. The plots to the right are 723 

connectivity strengths in the spinal trigeminal nucleus (SpV) in all four subject groups. 724 

*p<0.05 derived from voxel-by-voxel analyses. The inset in the centre shows the RVM seed 725 

used for the analysis. In addition, plots of connectivity changes over the migraine cycle are 726 

shown to the right and again note the stability during the interictal period and the dramatic 727 

change immediately prior to a migraine. 728 

 729 

Figure 5: Overlap between alterations in noxious stimulus evoked signal intensity changes 730 

and resting connectivity (red shading) overlaid onto axial slices of a T1-weighted brainstem 731 

template. The location of each slice in Montreal Neurological Institute space is indicated at 732 

the upper left of each image. To the right are plots of connectivity strengths (arbitrary units) 733 

against percentage signal intensity changes during noxious stimuli for the midbrain 734 

periaqueductal gray (PAG) and spinal trigeminal nucleus (SpV) in individual subjects for 735 

each of the four subject groups. The only significant linear relationship occurred in the SpV 736 

in the period immediately prior to a migraine. That is, the greater the connectivity to the 737 

rostral ventromedial medulla, the greater the noxious stimulus-evoked signal intensity. 738 
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