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Abstract: 27 

Preclinical investigations have suggested that altered functioning of brainstem pain 28 

modulation circuits may be crucial for the maintenance of some chronic pain conditions. Whilst 29 

some human psychophysical studies show that patients with chronic pain display altered pain 30 

modulation efficacy, it remains unknown if brainstem pain modulation circuits are altered in 31 

individuals with chronic pain. The aim of the present investigation was to determine whether, in 32 

humans, chronic pain following nerve injury is associated with altered on-going functioning of 33 

the brainstem descending modulation systems. Using resting-state functional magnetic 34 

resonance imaging (fMRI), we found that male and female patients with chronic neuropathic 35 

orofacial pain show increased functional connectivity between the rostral ventromedial medulla 36 

(RVM) and other brainstem pain modulatory regions, including the ventrolateral periaqueductal 37 

grey (vlPAG) and locus coeruleus. We also identified an increase in RVM functional connectivity 38 

with the region that receives orofacial nociceptor afferents, the spinal trigeminal nucleus. In 39 

addition, the vlPAG and locus coeruleus displayed increased functional connectivity strengths 40 

with higher brain regions including the hippocampus, nucleus accumbens and anterior cingulate 41 

cortex in individuals with chronic pain. These data reveal that chronic pain is associated with 42 

altered on-going functioning within the endogenous pain modulation network. These changes 43 

may underlie enhanced descending facilitation of processing at the primary synapse resulting 44 

in increased nociceptive transmission to higher brain centres. Further, our findings show that 45 

higher brain regions interact with the brainstem modulation system differently in chronic pain, 46 

possibly reflecting top-down engagement of the circuitry alongside altered reward processing in 47 

pain conditions. 48 

 49 

 50 

 51 

 52 
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Significance Statement: 54 

Experimental animal models and human psychophysical studies suggest that altered 55 

functioning of brainstem pain modulation systems contributes to the maintenance of chronic 56 

pain. However, the function of this circuitry has not yet been explored in humans with chronic 57 

pain. In this study, we report that individuals with orofacial neuropathic pain show altered 58 

functional connectivity between regions within the brainstem pain modulation network. We 59 

suggest that these changes reflect largely central mechanisms that feed back onto the primary 60 

nociceptive synapse and enhance the transfer of noxious information to higher brain regions, 61 

thus contributing to the constant perception of pain. Identifying the mechanisms responsible for 62 

the maintenance of neuropathic pain is imperative in order to develop more efficacious 63 

therapies.  64 

 65 

 66 
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Introduction:  68 

Experimental animal studies have revealed that the brainstem contains multiple neural 69 

circuits that can profoundly inhibit or facilitate incoming nociceptive information at the level of 70 

the primary afferent synapse. These descending modulatory circuits include direct and indirect 71 

descending projections to the dorsal horn and spinal trigeminal nucleus (SpV) from regions such 72 

as the midbrain periaqueductal grey matter (PAG), rostral ventromedial medulla (RVM), locus 73 

coeruleus (LC) and the subnucleus reticularis dorsalis (SRD) (Basbaum and Fields, 1984; 74 

Heinricher et al., 2009; Ossipov et al., 2010; Mason, 2012). In addition to a presumed role in 75 

modulating acute noxious stimuli, recent preclinical data suggests that the activity of these 76 

circuits might be involved in the generation and maintenance of chronic pain, particularly that 77 

following nerve damage or presumed damage, i.e. chronic neuropathic pain (Burgess et al., 78 

2002; Pertovaara, 2013; Wang et al., 2013). 79 

While it remains unknown if the function of these brainstem modulatory circuits is altered 80 

in humans with chronic pain, multiple psychophysical investigations have suggested that they 81 

are. For example, some studies employing conditioned pain modulation, in which the perceived 82 

pain intensity of one noxious stimulus is modified by another at a distant site, have provided 83 

evidence that the effectiveness of these pain modulation circuits is significantly altered in 84 

individuals with various chronic pain conditions (Yarnitsky, 2010; Garrett et al., 2013; Nasri-Heir 85 

et al., 2015). There is evidence from both experimental animal and human studies that the 86 

effects of these pain modulatory systems are mediated by structures in the brainstem, in 87 

particular the area of the SRD (Le Bars et al., 1979; De Broucker et al., 1990; Youssef et al., 88 

2016). These studies strongly suggest that alterations in the on-going functioning of brainstem 89 

nociceptive modulation systems may play a critical role in the initiation and/or the maintenance 90 

of various human chronic pain conditions.  91 

To date, no study has focused on the on-going function of brainstem nociceptive 92 

modulation circuits, including the PAG, RVM, LC and SRD in humans with chronic pain. The 93 

aim of the present study was to use resting state functional magnetic resonance imaging (fMRI) 94 
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to explore the on-going function of these brainstem circuits in individuals with painful trigeminal 95 

neuropathy (PTN), a chronic orofacial neuropathic pain disorder. We hypothesize that 96 

individuals with PTN would display enhanced fMRI signal covariation between regions that are 97 

involved in endogenous pain modulation such as the ventrolateral PAG (vlPAG), RVM, LC and 98 

SRD and the region where orofacial nociceptive information enters the central nervous system, 99 

i.e. the SpV. Such changes may result in greater facilitation of on-going activity within the SpV, 100 

enhanced noxious information transfer to higher brain centres, and the constant perception of 101 

pain. Furthermore, these brainstem circuits can be engaged by higher brain regions such as the 102 

orbitofrontal cortex and ventral striatum (Bandler et al., 2000; Floyd et al., 2000) and so we 103 

hypothesise that PTN subjects will display altered functional connectivity strengths between 104 

these rostral brain regions and the PAG and LC. 105 

 106 

Materials and methods:   107 

 108 

Subjects and pain measures: 109 

Twenty-four subjects with PTN (8 males, mean [±SEM] age: 46±3 years; range 19–71 110 

years) and 46 pain-free subjects (17 males, age: 42±2 years; range 22–66 years) were recruited 111 

for the study between 2011 and 2017. There was no significant difference in age (t test; p>0.05) 112 

or gender distribution (χ2 test, p>0.05) between the two subject groups. PTN subjects were 113 

recruited and diagnosed in accordance with the Liverpool criteria (Nurmikko and Eldridge, 2001) 114 

by clinicians (C.C.P, E.R.V, G.M.M) in the research group. Control participants were recruited 115 

by word of mouth. Informed written consent was obtained for all procedures, which were 116 

conducted under the approval by local Institutional Human Research Ethics Committees and 117 

consistent with the Declaration of Helsinki. Other data from several subjects used in this 118 

investigation have been used in previous studies (Gustin et al., 2011; Henderson et al., 2013; 119 

Wilcox et al., 2015a; Alshelh et al., 2016).  120 
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 The PTN subjects assessed the intensity of their on-going pain using a visual analogue 121 

scale (VAS) (0 = no pain to 10 = worst pain imaginable) three times per day for seven 122 

consecutive days during the week of the scanning session. The average of these pain ratings 123 

was taken as a measure of current pain intensity. Subjects also described their pain distribution 124 

by outlining the area of their chronic pain on a standard drawing of the face and described the 125 

quality of their on-going pain by completing a McGill Pain Questionnaire (MPQ).  126 

 127 

MRI scans: 128 

Each subject was positioned supine onto the MRI scanner bed and placed into a 3 Tesla 129 

MRI scanner (Achieva, Philips Medical Systems, The Netherlands), with the head immobilized 130 

in a 32-channel head coil to which padding was added to prevent head movement. A series of 131 

180 gradient echo echo-planar image sets with Blood Oxygen Level Dependent (BOLD) contrast 132 

were collected. Each image volume was positioned to cover the entire brain and extend caudally 133 

to include the caudal brainstem (37 axial slices, repetition time=2000ms, echo time=30ms, raw 134 

voxel size=3.0x3.0x4.0mm thick). In all 70 subjects, a high-resolution T1-weighted anatomical 135 

image of the entire brain was also collected (288 axial slices, repetition time = 5600ms, raw 136 

voxel size = 0.87x0.87x0.87mm thick).  137 

 138 

MRI and statistical analysis: 139 

Image preprocessing 140 

Using SPM12 (Friston et al., 1995) and custom software, fMRI images were realigned 141 

and movement parameters examined to ensure no subject displayed >1mm volume-to-volume 142 

movement in the X, Y and Z planes and 0.05 radians in the pitch, roll and yaw directions. 143 

Physiological (i.e. cardiovascular and respiratory) noise was modelled and removed using the 144 

drifter toolbox (Särkkä et al., 2012). The fMRI images were detrended to remove global signal 145 

intensity changes and then co-registered to the same subject’s T1-weighted anatomical image. 146 

The T1-weighted image was then spatially normalized to the Montreal Neurological Institute 147 

(MNI) template and the normalization parameters then applied to the fMRI images. This process 148 
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resulted in the fMRI images being resliced into 2x2x2mm voxels. To improve brainstem 149 

normalization accuracy, the brainstems of the fMRI images sets were isolated using the SUIT 150 

toolbox in native space (Diedrichsen, 2006). Binary masks of the brainstem were created and 151 

these masks were then used to spatially normalize each image set to the SUIT brainstem 152 

template in MNI space. The resulting normalized fMRI images remained unsmoothed so as to 153 

maintain spatial accuracy of small brainstem structures. 154 

 155 

Resting functional connectivity analysis 156 

Voxel-by-voxel analysis: 157 

We performed brainstem-only functional connectivity analyses using the RVM region as 158 

the seed. Our previous investigations have shown that the nucleus raphe magnus within the 159 

RVM region displays anatomical changes in individuals with chronic pain (Wilcox et al., 2015b). 160 

The RVM seeding region comprised 6 contiguous voxels, 2 voxels at 3 rostro-caudal levels from 161 

z co-ordinate -53 to -49 in MNI space (Figure 1). In each subject, signal intensity changes were 162 

extracted from this RVM seed and voxel-by-voxel analyses were performed to determine which 163 

brainstem areas displayed significant signal intensity covariations with the RVM. The movement 164 

parameters derived from the realignment step were included as nuisance variables. The 165 

connectivity maps were smoothed using a 2mm full-width-half-maximum Gaussian filter and 166 

then placed into a second level, random-effects procedure to determine significant differences 167 

in RVM connectivity strength between PTN and control subjects. Following an initial uncorrected 168 

threshold of p<0.001, small volume corrections were applied on the PAG, RVM, LC, SRD and 169 

SpV using 40mm3 hyper-rectangles centred at the location of each region based on the 170 

Duvernoy Brainstem Atlas (Naidich et al., 2009).  171 

The resulting clusters of significant difference were used to extract connectivity strength 172 

values in each subject, and the mean (±SEM) values were plotted to provide a measure of 173 

connectivity direction. In PTN subjects, we investigated the significance of relationships between 174 

RVM connectivity strengths and pain characteristics, i.e. pain intensity and duration, using 175 

regression analyses (Pearson r, p<0.05).  176 
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The brainstem RVM connectivity analysis resulted in a significant cluster in the region of 177 

the LC. Since this region is known to be involved in nociceptive modulation (Taylor and 178 

Westlund, 2017), we also explored the resting connectivity of this brainstem region. The LC 179 

seeding region comprised 6 contiguous voxels, 2 voxels at 3 rostro-caudal levels from z co-180 

ordinate -23 to -19 in MNI space (Figure 1). We performed a brainstem resting connectivity 181 

analysis of the right LC in the same way as that described above for the RVM. Additionally, in 182 

PTN subjects, the significance of relationships between LC connectivity strengths and pain 183 

characteristics, i.e. pain intensity and duration, were determined for significant clusters using 184 

regression analyses (Pearson r, p<0.05). 185 

In addition to brainstem specific analyses, resting connectivity strengths from the PAG 186 

and LC to higher brain regions were explored. Resting signal intensities from the right LC seed 187 

used for the brainstem analysis and from a right PAG seed (6 voxels in size, derived from RVM 188 

connectivity analysis and spread across z co-ordinates -11, -9, -7) were extracted and voxel-by-189 

voxel analyses performed to determine connectivity strengths with higher brain regions. 190 

Movement parameters were included as nuisance variables and the resultant connectivity maps 191 

were smoothed using a 6mm full-width-half-maximum Gaussian filter. These connectivity maps 192 

were placed into a second level, random-effects procedure to determine significant differences 193 

in connectivity strengths between PTN and control subjects. Following an initial uncorrected 194 

threshold of p<0.001, we applied small volume corrections (family wise error p<0.05). The 195 

resulting clusters of significant difference were used to extract connectivity strength values in 196 

each subject and the mean (±SEM) values plotted to provide a measure of connectivity direction. 197 

In PTN subjects, the significance of relationships between LC and PAG connectivity strengths 198 

and pain characteristics, i.e. pain intensity and duration, were determined for significant clusters 199 

using regression analyses (Pearson r, p<0.05). 200 

 201 

Subdivision analysis: 202 

To determine if there are variations in rostro-caudal connectivity strengths within the 203 

ventrolateral region of the PAG (vlPAG) and SpV, we examined resting functional connectivity 204 
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between these regions and both the RVM and LC. Rostro-caudal subdivisions of the vlPAG and 205 

SpV were created based on our voxel-by-voxel analyses and the Duvernoy Human Brainstem 206 

Atlas (Naidich et al., 2009). As illustrated in Figure 1, for the vlPAG, five 4-voxel volumes of 207 

interest were created along the rostro-caudal axis on the left and right sides, extending from the 208 

caudal vlPAG at z co-ordinate -13, rostrally to z co-ordinate -5. Similarly, for the SpV, fourteen 209 

4-voxel volumes of interest were created along the rostro-caudal axis on the left and right sides, 210 

extending from the caudal SpV at z co-ordinate -61, rostrally to z co-ordinate -35. RVM and LC 211 

connectivity strengths of these vlPAG and SpV volumes of interest were extracted and 212 

differences between controls and PTN subjects determined (p<0.05, 2-sample t-test, Bonferroni 213 

corrected for multiple comparisons). Two PTN subjects were excluded from the SpV subdivision 214 

analyses due to their fMRI images not covering the entire caudal brainstem at z level -61. 215 

 216 

Results: 217 

 218 

Pain characteristics: 219 

Individual PTN subject characteristics are shown in Table 1. All of the 24 PTN subjects 220 

were classified as having posttraumatic neuropathy. In 19 of the PTN patients, chronic pain was 221 

unilateral (7 right, 12 left), and the remaining 5 PTN subjects reported bilateral pain. In all PTN 222 

subjects, pain was located in the 2nd and 3rd trigeminal nerve divisions, with one patient also 223 

reporting pain in the 1st division. Their mean (±SEM) pain intensity was 3.5±0.4 out of 10 and 224 

their mean duration of pain was 82.2±12.5 months. Using the MPQ, PTN subjects most 225 

frequently described their pain as throbbing (58%), shooting (54%) and nagging (67%).  226 

 227 

Brainstem resting functional connectivity: 228 

RVM voxel-by-voxel analysis: 229 

The brainstem voxel-by-voxel analysis revealed several key areas that display altered 230 

resting RVM functional connectivity in PTN subjects compared with controls (Figure 2, Table 2). 231 

PTN subjects showed a significant increase in RVM connectivity strength in the region 232 
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encompassing the right vlPAG (mean±SEM functional connectivity: control: -0.19±0.05, PTN: 233 

0.11±0.09), the region of the LC bilaterally (control: -0.12±0.04, PTN: 0.18±0.07), the right 234 

dorsomedial medulla in the area of the SRD (control: 0.11±0.03, PTN: 0.29±0.06) and in the 235 

region encompassing the left SpV (control: 0.23±0.03, PTN: 0.42±0.05). In no brainstem region 236 

did controls show significantly greater RVM connectivity than PTN patients. In PTN subjects, 237 

there were no significant correlations between RVM connectivity strength in these brainstem 238 

regions and pain intensity (vlPAG: r=0.21; LC: r=0.11; SRD: r=0.15; SpV: r=0.03 all p > 0.05) or 239 

pain duration (vlPAG: r=0.18; LC: r=0.05; SRD: r=0.19; SpV: r=0.38 all p > 0.05).  240 

 241 

RVM to vlPAG and SpV subdivision analysis: 242 

The subdivision analysis of RVM connectivity over the rostro-caudal extent of the 243 

bilateral vlPAG revealed that PTN subjects showed a trend towards higher RVM connectivity, 244 

however this did not reach significance at the threshold we set (Figure 3). In no vlPAG 245 

subdivision did controls show greater RVM connectivity than PTN subjects. In contrast, RVM-246 

SpV subdivision analysis revealed that PTN subjects displayed greater connectivity strength 247 

with the left SpV (Figure 3). This significantly greater RVM connectivity strength was restricted 248 

to the SpV within the region of the subnucleus interpolaris (SpVi: z -53: control: 249 

0.24±0.03, PTN: 0.46±0.06, p<0.001) and subnucleus oralis (SpVo: z-51: control: 250 

0.27±0.03, PTN: 0.46±0.06, p=0.002). There were no differences between groups in RVM-SpV 251 

connectivity strength on the right side and, again, in no SpV region did controls show greater 252 

connectivity than PTN subjects.  253 

 254 

LC voxel-by-voxel analysis: 255 

 The brainstem voxel-by-voxel analysis revealed two brainstem regions in which PTN 256 

subjects displayed greater LC connectivity compared with controls (Figure 4, Table 2). 257 

Significantly greater LC connectivity in PTN subjects occurred within the left caudal SRD 258 

(control: 0.02±0.03, PTN: 0.21±0.06) and in the region of the RVM (control: -0.06±0.05, PTN: 259 

0.21±0.06). In contrast, PTN subjects showed significantly reduced LC connectivity strength with 260 
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the right rostral vlPAG (control: 0.21±0.04, PTN: -0.03±0.05). In PTN subjects, there were no 261 

significant correlations between LC connectivity strength in these three brainstem regions and 262 

pain intensity (SRD: r=0.26; RVM: r=0.06; vlPAG: r=0.33; all p > 0.05) or pain duration (SRD: 263 

r=0.11; RVM: r =0.12; vlPAG: r=0.21; all p > 0.05).  264 

 265 

LC to vlPAG and SpV subdivision analysis: 266 

The subdivision analysis revealed that, in direct contrast to the RVM, LC connectivity 267 

strength with the right vlPAG was significantly reduced in PTN subjects (Figure 5). PTN subjects 268 

showed significantly reduced LC connectivity strength in a discrete region of the rostral vlPAG 269 

(z -5: control: 0.25±0.05, PTN: -0.04±0.07, p<0.001).There were no differences between groups 270 

in LC-vlPAG connectivity strength on the left side and in no vlPAG region did controls show 271 

greater LC connectivity than PTN subjects. In contrast, the LC-SpV subdivision analysis 272 

revealed that PTNs did not differ from controls in LC connectivity strength at any region of the 273 

SpV.  274 

 275 

Wholebrain resting functional connectivity: 276 

PAG voxel-by-voxel analysis: 277 

The wholebrain voxel-by-voxel analysis revealed several key areas that display altered 278 

resting vlPAG functional connectivity in PTN subjects compared with controls (Figure 6, Table 279 

3). PTN subjects showed a significant increase in vlPAG connectivity strength in the region of 280 

the left nucleus accumbens (NAc) (control: -0.02±0.03, PTN: 0.16±0.04), the bilateral posterior 281 

hippocampus (left, control: -0.01±0.03, PTN: 0.18±0.05; right, control: 0.003±0.02, PTN: 282 

0.17±0.06), the bilateral thalamus in the region of the mediodorsal nucleus (left, control: 283 

0.02±0.04, PTN: 0.26±0.06; right, control: -0.03±0.03, PTN: 0.17±0.06) and in the bilateral 284 

anterior hippocampus (left, control: -0.01±0.03, PTN: 0.24±0.06; right, control: -0.01±0.02, PTN: 285 

0.18±0.04). In PTN subjects, there were no significant correlations between vlPAG connectivity 286 

strength in these brain regions and pain intensity (NAc: r=0.09; left posterior hippocampus: 287 

r=0.32; right posterior hippocampus: r=0.027; left thalamus: r=0.04; right thalamus: r=0.27; left 288 
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anterior hippocampus: r=0.15; right anterior hippocampus: r=0.08; all p > 0.05) or pain duration 289 

(NAc: r=0.31; left posterior hippocampus: r=0.21; right posterior hippocampus: r=0.20; left 290 

thalamus: r=0.14; right thalamus: r=0.09; left anterior hippocampus: r=0.17; right anterior 291 

hippocampus: r=0.06; all p > 0.05) . 292 

 293 

LC voxel-by-voxel analysis: 294 

The wholebrain voxel-by-voxel analysis revealed several regions in which PTN subjects 295 

displayed greater LC connectivity compared with controls (Figure 6, Table 3). Significantly 296 

greater LC connectivity in PTN subjects occurred within the left insula (control: -0.001±0.02, 297 

PTN: 0.11±0.04), the left NAc (control: 0.003±0.03, PTN: 0.16±0.04), the right anterior cingulate 298 

cortex (ACC) (control: 0.02±0.01, PTN: 0.08±0.02), and within the bilateral frontal cortex (left, 299 

control: 0.02±0.02, PTN: 0.15±0.03; right, control: 0.002±0.02, PTN: 0.13±0.04). In PTN 300 

subjects, there was a significant positive correlation between LC-ACC connectivity strength and 301 

pain intensity (r = 0.42, p = 0.047). That is, the greater the pain intensity, the greater the LC-302 

ACC connectivity strength. No other significant correlations were observed. 303 

 304 

Discussion:  305 

The results of this study demonstrate that PTN, a chronic neuropathic pain condition, is 306 

associated with on-going functional alterations within the brainstem endogenous pain 307 

modulation circuitry. Specifically, PTN patients showed increased functional connectivity 308 

between the RVM and the vlPAG, SRD and LC, as well as with the brainstem region that 309 

receives orofacial nociceptor afferents, the SpV. Furthermore, PTN subjects showed increased 310 

functional connectivity strengths between these brainstem circuits and higher brain regions such 311 

as the hippocampus, NAc and ACC. These data show that chronic neuropathic pain is 312 

associated with on-going functional changes in brainstem pain modulation circuits that are likely 313 

involved in maintaining pain following nerve injury.  314 

It is well known from experimental animal investigations that the vlPAG can evoke an 315 

opioid-mediated analgesia and that this effect is mediated by a projection to the spinal dorsal 316 
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horn and SpV via the RVM (Basbaum and Fields, 1984; Fields and Heinricher, 1985; Bandler 317 

and Shipley, 1994). Whilst it is well known that the RVM can inhibit incoming noxious 318 

information, it can also facilitate it and it has been suggested that opposing RVM inhibitory and 319 

facilitatory effects are finely balanced at rest in pain-free individuals (Fields and Heinricher, 320 

1985; Heinricher et al., 2009; Ossipov et al., 2010). In contrast, in individuals with neuropathic 321 

pain, it has been proposed that this brainstem circuitry shifts to favour pro-nociceptive processes 322 

which contribute significantly to the maintenance of chronic pain (Pertovaara et al., 1996; 323 

Burgess et al., 2002; Vera–Portocarrero et al., 2006; Wang et al., 2013). Indeed, in rodents, 324 

deactivation of the PAG or RVM eliminates the hyperalgesia, allodynia and spontaneous pain 325 

evoked by spinal nerve ligation (Pertovaara et al., 1996; Burgess et al., 2002; Wang et al., 2013). 326 

This functional shift appears to influence only the primary synapse ipsilateral to the side of nerve 327 

injury, since these analgesic effects are produced following interruption of the ipsilateral but not 328 

the contralateral RVM-dorsal horn pathway (Wang et al., 2013). Furthermore, this pro-329 

nociceptive shift in RVM function appears to be strictly related to the presence of pain 330 

behaviours, and not the nerve injury itself (De Felice et al., 2011). 331 

The increased resting functional coupling between the PAG–RVM–SpV reported in 332 

neuropathic pain subjects in this study is consistent with these preclinical findings and may 333 

reflect a state of continuous descending facilitation of nociceptive transmission at the SpV that 334 

is driven by the vlPAG via the RVM. Interestingly, in PTN subjects we found increased RVM 335 

connectivity specifically within the transition between the interpolaris and oralis regions of the 336 

left SpV. This was expected given that the majority of our PTN subjects reported left sided pain 337 

and the location of these functional coupling changes overlaps with our previous reports of 338 

structural changes at the SpVi and SpVo in PTN patients (Wilcox et al., 2015a). 339 

Alongside the vlPAG and RVM, the LC can also directly and indirectly modulate 340 

nociceptive transmission at the dorsal horn and SpV (Sasa et al., 1979; Jones and Gebhart, 341 

1986; Tsuruoka et al., 2003; Pertovaara, 2006; Kaushal et al., 2016). The LC has reciprocal 342 

connections with the vlPAG and the SpV (Sasa and Takaori, 1973; Jones and Moore, 1977; 343 

Cedarbaum and Aghajanian, 1978; Mantyh, 1983), and indeed we found a decrease in right LC 344 



 

 

14 

14 

connectivity strength with the rostral region of the ipsilateral vlPAG. However, we found no 345 

difference in LC connectivity strength with the SpV in the PTN subjects. This is surprising, since 346 

facilitation by the noradrenergic system contributes to mechanical hypersensitivity in animal 347 

models of neuropathic pain (Brightwell and Taylor, 2009; Kaushal et al., 2016). However, it has 348 

been proposed that the LC inhibitory effects are engaged through a direct connection to the 349 

dorsal horn and SpV (Sasa et al., 1974), whereas LC pro-nociceptive effects may be mediated 350 

via the SRD (Martins et al., 2013; Taylor and Westlund, 2017). Our results are consistent with 351 

this idea, as PTN subjects displayed enhanced LC-SRD connectivity strength and no change in 352 

LC-SpV connectivity strength. Alongside a decrease in LC-vlPAG connectivity, we found that 353 

PTN subjects display greater LC-RVM connectivity strength than controls, raising the prospect 354 

that the endogenous opioid and noradrenergic pain modulation systems interact differently in 355 

individuals with neuropathic pain. Although tract tracing studies have shown that direct 356 

connections between the RVM and LC are modest (Clark and Proudfit, 1991), it has been 357 

demonstrated that the vlPAG-RVM and noradrenergic pain systems interact in experimental 358 

pain states to produce inhibitory effects at the dorsal horn (Aimone et al., 1987). 359 

We cannot infer directionality from functional connectivity analyses, and thus ascending 360 

signal transmission may also contribute to the alterations in fMRI signal coupling observed in 361 

PTN patients. Indeed, there are ascending projections from the SpV to the PAG, RVM and LC 362 

(Craig, 1992; Bandler and Shipley, 1994; Sugiyo et al., 2005). Whilst these ascending influences 363 

may be important, we suggest that the changes in brainstem connectivities that occur in PTN 364 

subjects most likely represent changes in descending modulation of SpV since previous 365 

investigations suggest that neuropathic pain can be maintained solely by central 366 

mechanisms even if initiated by a peripheral nerve injury (Burgess et al., 2002; Henderson et 367 

al., 2013; Wang et al., 2013). 368 

Whilst the brainstem contains the neural circuitry necessary for pain modulation, 369 

this system can be engaged by higher brain regions (Heinricher et al., 2009).  Interestingly, we 370 

found increased resting connectivity strengths between the PAG, mediodorsal thalamus and 371 

hippocampus in PTN subjects compared with controls. Whilst it is possible that these regions 372 
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represent top-down modulation of brainstem circuits, it has been suggested that the midline 373 

thalamic nuclei, such as the mediodorsal nuclei, receive ascending communication from the 374 

PAG which is transferred to the ventral hippocampus to influence pain-related behaviours 375 

(Ballesteros et al., 2014). Furthermore, the hippocampus sends extensive projections to the NAc 376 

(Viard et al., 2011), another region displaying increased connectivity in PTN subjects and which 377 

is involved in mediating reward processing and goal-directed behaviour, both of which are 378 

disrupted in individuals with chronic pain (Navratilova and Porreca, 2014; Navratilova et al., 379 

2016). Our PTN patients also displayed enhanced LC connectivity with the NAc and ACC, two 380 

regions that are involved in the rewarding effects of pain relief (Navratilova et al., 2016). Indeed 381 

the only significant linear relationship occurred between LC-ACC connectivity strength and pain 382 

intensity in PTN subjects. 383 

There are a number of limitations worth noting. Firstly, given the small size of brainstem 384 

nuclei and the limited spatial resolution of current functional human brain imaging techniques, it 385 

is difficult to assign significant clusters to specific brainstem nuclei. This does not however 386 

preclude undertaking such research, or the validity of our results when placed into context. That 387 

is, our brainstem clusters overlap with regions that have been shown in preclinical studies to be 388 

critical for the expression of analgesia and our a priori hypothesis was that the function of these 389 

regions would be altered in PTN subjects. Furthermore, we did not smooth our images so that 390 

we could maintain spatial accuracy, though all of these factors do not eliminate the possibility 391 

that closely neighbouring nuclei are responsible for the reported differences. Secondly, the 392 

brainstem is susceptible to physiological noise and movement-related artefacts. To limit the 393 

potential influence of these factors we applied a physiological noise correction and included 394 

movement parameters as nuisance variables. A further potential limitation is the use of unflipped 395 

brain images for the PTN subjects. As the majority of subjects reported unilateral pain, it is 396 

unlikely that we are able to visualise connectivity changes bilaterally. Finally, a possible limitation 397 

is that when reporting between-group differences, we used a statistical threshold that was not 398 

corrected for multiple comparisons. Although this may introduce Type II errors, we limited this 399 
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possibility by applying small volume corrections. As detailed above, since numerous 400 

experimental animal investigations have reported that the RVM, PAG, LC and SRD are critically 401 

involved in analgesic responses, we strongly suggest that small volume corrections of these 402 

brainstem regions are entirely appropriate. Despite these limitations, we are confident that the 403 

altered brainstem connectivity presented here represents a functional difference associated with 404 

the presence of chronic neuropathic pain. 405 

Overall, our findings show that chronic neuropathic pain in humans is associated with 406 

on-going functional alterations in the brainstem endogenous pain modulation system. These 407 

findings complement a wealth of experimental animal data suggesting that the functioning of 408 

brainstem modulation systems shifts to promote the maintenance of pain behaviours following 409 

nerve injury (Burgess et al., 2002; Ossipov et al., 2010; Wang et al., 2013). Furthermore, it is 410 

likely that the resting functioning of these brainstem circuits sets the on-going gain of nociceptive 411 

processing, and may promote maladaptive responses to experimental noxious stimuli that are 412 

observed in various pain conditions (King et al., 2009; Yarnitsky, 2010; Granovsky, 2013). Our 413 

findings also suggest that higher brain regions such as the hippocampus, NAc and ACC interact 414 

with the brainstem modulation circuitry differently in patients with neuropathic pain, possibly 415 

reflecting a top-down engagement of the circuitry alongside altered reward circuit functioning in 416 

chronic pain states. 417 

 418 
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 Table 1. PTN subject characteristics 567 

Subject Age 
(yrs) 

Gen-
der Site 

Pain 
Intensity 
(VAS) 

Pain 
duration 
(months) 

Medications 

1 56 M Right lower jaw 2.4 72 Amitriptyline 

2 45 F Bilateral (Left jaw and 
temple) 4.8 132 Carbamazepine 

3 45 F Left upper jaw 4.5 42 None 

4 42 F Bilateral lower jaw  4.0 42 Paracetamol, ibuprofen 

5 67 F Left upper jaw and 
temple 8.4 168 None 

6 43 M Left upper jaw and 
temple 5.8 192 Desvenlafaxine 

7 44 F Bilateral upper and 
lower jaw  1.2 18 Ibuprofen, codeine 

phosphate, paracetamol 
8 65 F Left face and neck 2.5 84 Amitriptyline, paracetamol 

9 50 F Right lower jaw 0.1 84 None 

10 67 F Right upper jaw 3.9 240 

Thyroxine sodium, 
rosuvastatin, venlafaxine, 
pregabalin, 
phenylethylamine, 
ergotamine 

11 27 F Left upper jaw 6.9 29 Ibuprofen, duloxetine 

12 65 M Bilateral - left lower and 
right upper jaw 0.4 26 Amitriptyline 

13 38 F Left lower jaw 3.4 96 Gabapentin, amitriptyline 

14 45 F Bilateral jaw  2.8 17 Ibuprofen 

15 19 M Right upper jaw 5.0 88 None 

16 59 F Left lower jaw 4.4 115 None 

17 59 F Left upper jaw 4.4 120 None 

18 27 M Left upper jaw and 
under eye 3.6 8 

Palmitoylethanolamide, 
paracetemol, 
benzodiazepines 

19 71 F Left upper jaw 5.1 9 Meloxicam, paracetamol, 
gabapentin, nortriptyline 

20 37 M Left upper jaw and 
under eye 2.0 84 Oxycodone, gabapentin, 

paracetamol 
21 35 F Bilateral upper jaw  6.1 27 Flavonoids, paracetamol 

22 27 M Right upper and lower 
jaw 0.5 41 Palmitoylethanolamide, 

sertraline 
23 21 F Right upper jaw 1.3 144 Palmitoylethanolamide  

24 35 M Right upper jaw 1.5 96 Palmitoylethanolamide  
 568 
 569 

 570 
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Table 2. Location of clusters in Montreal Neurological Institute (MNI) space, t-values and sizes 571 

of clusters that had significantly different resting rostral ventromedial medulla (RVM) and locus 572 

coeruleus (LC) connectivity strengths in subjects with painful trigeminal neuropathy (PTN) 573 

compared to control subjects.  574 

 575 
 MNI coordinates  
 
 X Y Z t value cluster 

size 
RVM connectivity      

PTN > Control      

right ventrolateral periaqueductal grey 4 -32 -9 2.72 9 

locus coeruleus 
right 
left 

4 
-2 

-38 
-36 

-23 
-21 

3.92 
3.67 

24 

right subnucleus reticularis dorsalis 6 -44 -41 2.81 2 

 left spinal trigeminal nucleus -6 -42 -53 3.22 6 

Right LC connectivity        

PTN > Control      

left subnucleus reticularis dorsalis 4 -44 -55 2.71 1 

RVM  0 -36 -47 3.11 6 

Control > PTN  

right ventrolateral periaqueductal grey 6 -28 -5 3.10 28 

 576 
 577 

  578 
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Table 3. Location of wholebrain clusters in Montreal Neurological Institute (MNI) space, t-values 579 

and sizes of clusters that had significantly different resting ventrolateral periaqueductal grey 580 

(vlPAG) and locus coeruleus (LC) connectivity strengths in subjects with painful trigeminal 581 

neuropathy (PTN) compared to control subjects.  582 

 583 
 MNI coordinates  
 
 X Y Z t value cluster 

size 

Right vlPAG connectivity      

PTN > Control 

left nucleus accumbens -18 2 -16 3.44 25 

posterior hippocampus 
left 
right  

 
-14 
22 
30 

 
-36 
-36 
-30 

 
6 
4 

-12 

 
4.29 
3.29 
3.98 

 
43 
3 

14 

thalamus 
left 
right  

 
-6 
6 
 

-12 
-12 

0 
2 

3.30 
3.10 

9 
3 

anterior hippocampus 
left 
right  

 
-24 
36 
26 

 
-14 
-16 
-12 

 
-24 
-22 
-20 

4.17 
4.17 

67 
50 

Right LC connectivity        

PTN > Control      

left insula -24 20 -12 3.26 8 

left nucleus accumbens -18 8 -16 3.47 17 

right anterior cingulate cortex 12 32 16 3.41 2 

frontal cortex 
left 
right 

-14 
16 

16 
12 

62 
62 

3.11 
3.37 

 
7 

13 
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Figure Legends: 587 

 588 

Figure 1: 589 

Locations of functional connectivity seeds overlaid onto axial slices of a wet specimen, a 590 

representative T1-weighted anatomical image and a representative brainstem fMRI image 591 

normalized to the SUIT template. Slice locations in MNI space are indicated at the top right. The 592 

present study focused on the following regions of interest: the midbrain ventrolateral 593 

periaqueductal grey (vlPAG), locus coeruleus (LC), rostral ventromedial medulla (RVM) and 594 

spinal trigeminal nucleus (SpV).  595 

 596 

Figure 2:  597 

Regions within the brainstem endogenous analgesic pathways that show significantly greater 598 

rostral ventromedial medulla (RVM) functional connectivity in subjects with PTN compared to 599 

pain-free controls. Left, diagram of the endogenous analgesic pathways that modulate 600 

nociceptive transmission at the spinal dorsal horn (DH) and spinal trigeminal nucleus (SpV). 601 

Yellow, nociceptor afferent projection; blue, efferent projections from ventrolateral 602 

periaqueductal grey (vlPAG); red, efferent projections from locus coeruleus (LC); green, efferent 603 

projections from RVM. Middle, regions with enhanced RVM functional connectivity in subjects 604 

with PTN (hot colour scale) overlaid onto template axial T1-weighted images. Slice locations in 605 

MNI space are indicated at the top right of each slice. The location of the RVM seed is indicated 606 

in green. Subjects with PTN show an increase in RVM connectivity with the right vlPAG, bilateral 607 

LC, right subnucleus reticularis dorsalis (SRD) and left SpV. Right, bar graphs of mean (±SEM) 608 

RVM connectivity strengths with significant clusters identified in the voxel-by-voxel analysis. 609 

*Significant difference determined in the voxel-by-voxel analysis.  610 

 611 

Figure 3:  612 

Subjects with PTN show increased RVM functional connectivity in discrete regions within the 613 

ventrolateral PAG (vlPAG) and spinal trigeminal nucleus (SpV). Middle, locations of rostro-614 
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caudal vlPAG and SpV volumes of interest are indicated in green, with slice locations in MNI 615 

space indicated at the top left of each slice. Upper panels, RVM connectivity strengths along the 616 

rostro-caudal axis of the left and right vlPAG in subjects with PTN and healthy controls. 617 

Compared to controls, PTN subjects show a trend towards increased RVM connectivity with the 618 

vlPAG, however this did not reach statistical significance. Lower panels, RVM connectivity 619 

strengths in PTN and control subjects with the left and right SpV. Compared to controls, subjects 620 

with PTN show enhanced RVM connectivity within the left SpV interpolaris (SpVi) (z level -53) 621 

and SpV oralis (SpVo) (z level -51), and no connectivity differences within the SpV caudalis 622 

(SpVc). *p<0.05, Bonferroni corrected for multiple comparisons. 623 

 624 

Figure 4:  625 

Regions within the brainstem pain modulation system in which subjects with PTN show altered 626 

LC functional connectivity compared to pain-free controls. Areas with enhanced (hot colour 627 

scale) and reduced (cool colour scale) LC connectivity in PTN subjects are overlaid onto 628 

template axial T1-weighted images. Slice locations in MNI space are indicated at the top right 629 

of each slice, with the location of the LC seed indicated in green. Subjects with PTN showed an 630 

increase in LC connectivity with the left caudal subnucleus reticularis dorsalis (SRD) and the 631 

rostral ventromedial medulla (RVM), as well as a decrease in LC connectivity with the right 632 

ventrolateral periaqueductal grey (vlPAG). Right, bar graphs of mean (±SEM) LC connectivity 633 

strengths with significant clusters identified in the voxel-by-voxel analysis. *Significant difference 634 

determined in the voxel-by-voxel analysis.  635 

 636 

Figure 5: 637 

LC connectivity strengths along the rostro-caudal axis of the ventrolateral PAG (vlPAG) and SpV 638 

in subjects with PTN compared to pain-free controls Middle, locations of rostro-caudal vlPAG 639 

and SpV volumes of interest are indicated in green, with slice locations in MNI space indicated 640 

at the top left of each slice. Upper panels, subjects with PTN show reduced LC connectivity with 641 

the right rostral vlPAG at z level -5. Lower panels, LC connectivity with the left and right SpV 642 
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does not differ between subjects with PTN and controls at any point along the SpVc, SpVi or 643 

SpVo subdivisions. *p<0.05, Bonferroni corrected for multiple comparisons. 644 

 645 

Figure 6: 646 

Rostral brain regions in which subjects with PTN show increased vlPAG and LC functional 647 

connectivity compared to healthy controls. Areas in which subjects with PTN display enhanced 648 

vlPAG or LC connectivity (hot colour scale) are overlaid onto template axial and coronal T1-649 

weighted images. Slice locations in MNI space are indicated at the top right of each slice, with 650 

the location of vlPAG and LC seeds indicated in green on the far left. Upper panels, subjects 651 

with PTN show enhanced vlPAG connectivity with the left nucleus accumbens (NAc), bilateral 652 

posterior hippocampus (pHipp), bilateral anterior hippocampus (aHipp) and bilateral thalamus. 653 

Lower panels, subjects with PTN show increased LC connectivity with the left insula and NAc, 654 

right anterior cingulate cortex (ACC) and bilateral frontal cortex. Below brain slices, plots of 655 

mean (±SEM) vlPAG and LC connectivity strengths in significant clusters identified in the voxel-656 

by-voxel analysis. *Significant difference determined in the voxel-by-voxel analyses.  657 

 658 














