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O R I G I N A L  R E S E A R C H

Altered Brainstem Pain-Modulation Circuitry 
Connectivity During Spontaneous Pain Intensity 
Fluctuations

This article was published in the following Dove Press journal: 
Journal of Pain Research
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Background: Chronic pain, particularly that following nerve injury, can occur in the absence of 
external stimuli. Although the ongoing pain is sometimes continuous, in many individuals the 
intensity of their pain fluctuates. Experimental animal studies have shown that the brainstem 
contains circuits that modulate nociceptive information at the primary afferent synapse and these 
circuits are involved in maintaining ongoing continuous neuropathic pain. However, it remains 
unknown if these circuits are involved in regulating fluctuations of ongoing neuropathic pain in 
humans.
Methods: We used functional magnetic resonance imaging to determine whether in 19 
subjects with painful trigeminal neuropathy, brainstem pain-modulation circuitry function 
changes according to moment-to-moment fluctuations in spontaneous pain intensity as rated 
online over a 12-minute period.
Results: We found that when pain intensity was spontaneously high, connectivity strengths 
between regions of the brainstem endogenous pain-modulating circuitry—the midbrain periaque-
ductal gray, rostral ventromedial medulla (RVM), and the spinal trigeminal nucleus (SpV)—were 
high, and vice-versa (when pain was low, connectivity was low). Additionally, sliding-window 
connectivity analysis using 50-second windows revealed a significant positive relationship between 
ongoing pain intensity and RVM-SpV connectivity over the duration of the 12-minute scan.
Conclusion: These data reveal that moment-to-moment changes in brainstem pain-modula-
tion circuitry functioning likely contribute to fluctuations in spontaneous pain intensity in 
individuals with chronic neuropathic pain.
Keywords: midbrain periaqueductal gray matter, rostral ventromedial medulla, spinal 
trigeminal nucleus, dynamic connectivity, functional connectivity, spontaneous pain

Significance Statement
Preclinical studies have shown that brainstem circuits can modulate incoming nociceptive 
information. It remains unknown if these circuits regulate ongoing pain intensity fluctua-
tions in humans with chronic neuropathic pain. Using functional magnetic resonance 
imaging, we found that changes in brainstem pain-modulation circuitry are associated 
with fluctuations in spontaneous pain intensity in individuals with chronic neuropathic 
pain. Modulation of these circuits may provide a way to reduce ongoing chronic pain.

Introduction
Whilst pain often resolves as the initial injury heals, in some individuals, it can 
persist and develop into a chronic pain condition.1 Chronic pain, particularly that 
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following nerve injury, i.e. neuropathic pain, can occur in 
the absence of external stimuli and although the pain can 
be continuous, in many individuals the intensity of their 
pain fluctuates throughout the day and from moment-to- 
moment.2,3 Whilst the underlying mechanisms responsible 
for pain intensity fluctuations in individuals with neuro-
pathic pain are unclear, there is evidence in non-neuro-
pathic chronic back pain that central neural processes 
contribute to spontaneous fluctuations in chronic pain 
intensity.4,5

Preclinical studies have shown that the brainstem con-
tains multiple circuits that can modulate nociceptive infor-
mation at the primary afferent synapse. For example, the 
midbrain periaqueductal gray (PAG) can either inhibit or 
facilitate activity at the dorsal horn and spinal trigeminal 
nucleus (SpV) via a relay in the rostral ventromedial 
medulla (RVM).6–8 Furthermore, it is likely that these 
circuits are involved in maintaining ongoing chronic neu-
ropathic pain, as experimental animal studies suggest that 
there is a pro-nociceptive shift in the function of this 
system that is important for the initiation and/or mainte-
nance of spontaneous and evoked pain following nerve 
injury.9–13 Consistent with this preclinical evidence, we 
recently revealed that individuals with painful trigeminal 
neuropathy display stronger resting functional magnetic 
resonance imaging (fMRI) signal coupling between the 
RVM and other brainstem areas involved in pain modula-
tion compared with pain-free controls.14 In addition to 
maintaining spontaneous pain, it is possible that moment- 
to-moment alterations in these brainstem circuits alter 
nociceptive processing at the primary afferent synapse, 
resulting in variations in spontaneous pain intensity. 
Determining the nature of these connections and whether 
they underlie spontaneous changes in ongoing pain inten-
sity will provide additional evidence for a role of the 
brainstem modulation system in maintaining and modulat-
ing the intensity of spontaneous pain in individuals with 
chronic neuropathic pain.

The aim of this investigation was to use fMRI to 
determine whether in subjects with painful trigeminal neu-
ropathy, the function of brainstem pain-modulation circuits 
changes according to fluctuations in spontaneous pain 
intensity. More specifically, in subjects who report fluctu-
ating pain, we aimed to determine the strength of RVM 
signal coupling (functional connectivity) with other brain-
stem regions during periods of low versus high pain. 
Additionally, we aimed to determine whether RVM 
dynamic functional connectivity tracks changes in 

spontaneous pain intensity over the course of the fMRI 
scan. We hypothesize that patients will show stronger 
RVM functional connectivity with other pain-modulation 
regions, including the PAG and SpV, during the period of 
highest pain and that dynamic RVM connectivity with 
pain-modulation areas will positively correlate with spon-
taneous changes in pain intensity.

Materials and Methods
Subjects and Pain Measures
Nineteen subjects with painful trigeminal neuropathy 
(PTN; 6 males, mean [±SEM] age: 47±3 years; range 
28–78 years) were recruited for the study. PTN subjects 
were recruited and diagnosed in accordance with the 
Liverpool criteria15 by a clinician (E.R.V) in the research 
group. Inclusion criteria included a primary pain complaint 
of PTN and pain intensity on the day of scanning >0. 
Informed written consent was obtained for all procedures, 
which were conducted under the approval by the 
University of Sydney Human Research Ethics Committee 
and consistent with the Declaration of Helsinki. Other data 
from the subjects recruited for this investigation have been 
used in a previous study (Alshelh et al, 2019).16

The PTN subjects recorded the intensity of their 
ongoing pain using a visual analogue scale (VAS) (0=no 
pain to 10=worst pain imaginable) three times per day for 
seven consecutive days during the week of the scanning 
session. The average of these pain ratings was taken as a 
measure of “diary pain intensity”. Subjects also described 
their pain distribution by outlining the area of their chronic 
pain on a standard drawing of the face and described the 
quality of their ongoing pain by completing a McGill Pain 
Questionnaire.

MRI Scans
Each subject was positioned supine onto the MRI scanner 
bed and placed into a 3 Tesla MRI scanner (Achieva, 
Philips Medical Systems, The Netherlands), with their 
head in a 32-channel head coil to which padding was 
added to prevent head movement. With the subject 
relaxed, a high-resolution T1-weighted anatomical image 
of the entire brain was collected (288 axial slices, repeti-
tion time = 5600ms, raw voxel size = 0.87×0.87×0.87mm 
thick). Following this, a series of 360 gradient-echo echo- 
planar brain volumes with blood oxygen level dependent 
(BOLD) contrast (37 axial slices, repetition time=2000ms, 
echo time=30ms, raw voxel size=3.0x3.0x4.0mm thick) 
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was collected. During this scan, each subject rated the 
intensity of their ongoing pain using a Computerized 
Visual Analogue Scale device (CoVAS, Medoc, Israel). 
The CoVAS is a 10cm subject-controlled horizontal slider 
which allows pain intensity to be continuously recorded 
throughout the experiment. Throughout the entire fMRI 
scan, the participants used the CoVAS to record their pain 
intensity (0 = no pain, 10 = worst imaginable pain).

MRI and Statistical Analysis
Image Preprocessing
Using SPM1217 and custom software, fMRI images were 
realigned and movement parameters examined to ensure 
no subject displayed >1mm volume-to-volume movement 
in the X, Y and Z planes and 0.05 radians in the pitch, roll 
and yaw directions. Movement parameters were modelled 
and removed from the fMRI signal by removing any signal 
correlated with the movement parameters, similar to the 
LMGS detrending method.18 Cardiac (frequency band of 
60–120 beats per minute +1 harmonic) and respiratory 
(frequency band of 8–25 breaths per minute +1 harmonic) 
noise was modelled and removed using the Dynamic 
Retrospective Filtering (DRIFTER) toolbox.19 The fMRI 
images were then linear detrended to remove global signal 
intensity changes and co-registered to each subject’s T1- 
weighted anatomical image. The T1-weighted image was 
spatially normalized to the Montreal Neurological Institute 
(MNI) template and the normalization parameters applied 
to the fMRI images. This process resulted in the fMRI 
images being resliced into 2x2x2mm voxels.

To improve brainstem normalization accuracy, the 
brainstems of the fMRI image sets were isolated using 
the SUIT toolbox in native space.20 Binary masks of the 
brainstem were created and used to spatially normalize 
each image set to the SUIT brainstem template in MNI 
space. The resulting normalized fMRI images remained 
unsmoothed in order to maintain spatial accuracy of small 
brainstem structures. Finally, for the functional connectiv-
ity analyses, we applied a temporal high-pass filter with a 
cut-off frequency of 0.02 Hz to the unsmoothed fMRI 
images to remove the low-frequency signals that cannot 
be resolved using 50-second windows.21

Pain Ratings
Inspection of the pain intensity rating traces over the fMRI 
scan revealed a group of subjects in which pain fluctuated 
greatly and a group where pain was stable. In 7 subjects, 
pain remained stable, with these subjects reporting an 

average difference between minimum and maximum pain 
of 0.30 out of 10 on the VAS (stable group). In the 
remaining 12 subjects, pain varied considerably, with 
these subjects reporting an average difference between 
minimum and maximum pain of 2.6 on the VAS over the 
12-minute recording period (fluctuating group). For the 
fMRI analysis, in order to match pain intensity changes 
with changes in BOLD signal intensity and coupling, 
ongoing pain intensity ratings for each subject were shifted 
by 6 seconds (3 brain volumes). This accounted for the 
approximate haemodynamic delay since fMRI measures 
the demand for oxygen that follows 5–6 seconds after 
the neuronal response.

RVM Functional Connectivity
To study the function of the brainstem pain-modulation 
system, we performed functional connectivity analyses 
using a “seed” region in the rostral ventromedial medulla 
(RVM). The RVM is in the center of several pain-modula-
tion circuits (Figure 1A) and a previous investigation has 
shown that PTN patients display altered RVM functional 
connectivity with other pain-modulation regions compared 
to healthy control subjects.14 In the current study, the 
RVM seed comprised six contiguous voxels, two voxels 
at three rostrocaudal levels from z co-ordinate −53 to −49 
in MNI space. The fMRI signal from each voxel within the 
seed was averaged to represent the RVM seed fMRI 
signal.

To study functional connections with the RVM, we 
performed separate functional connectivity analyses. We 
first calculated the RVM connectivity within pre-defined 
time periods (blocks) corresponding to low and high pain 
intensities (Figure 1B). Secondly, we achieved additional 
temporal information about these connections by using a 
sliding-window dynamic connectivity analysis to assess 
the relationship between RVM connectivity and pain inten-
sity throughout the 12-minute scan period (Figure 1C).

RVM High versus Low Pain Block Functional 
Connectivity
Firstly, we wished to determine whether RVM functional 
connectivity with other brainstem areas changes according 
to when patients experienced highest versus lowest spon-
taneous pain. For each of the 12 fluctuating pain subjects, 
we calculated RVM connectivity in two separate 50-sec-
ond (25-volume) time periods (blocks) – one representing 
the period during which the patient experienced their low-
est pain during the scan, and the other representing the 
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period of highest pain (Figure 1B). Importantly, to mini-
mize effects of movement, we calculated connectivity 
during blocks of relatively stable pain in each individual 
and avoided periods during which subjects reported sharp 
changes in pain that would result in large (>1cm) volume- 
to-volume movements along the CoVAS. For each block, 
using the subject’s brainstem images, we used the Data 
Processing Assistant for Resting-State fMRI (DPARSF) 
toolbox22 to calculate the Pearson’s correlation coefficient 
between the RVM fMRI signal and that of every other 
voxel in the brainstem. The resulting RVM connectivity 
maps were smoothed using a 2mm full-width-at-half-max-
imum Gaussian filter and significant differences between 
highest and lowest pain were determined in a paired ran-
dom-effects analysis for 12 fluctuating pain subjects. We 
set a threshold of p<0.05 family-wise error (FWE) cor-
rected after small volume correction (svc).

Several areas were specified as independent regions of 
interest (ROI) for svc based on areas involved in orofacial 
pain modulation. Previous investigations into acute and 
chronic orofacial pain have identified structural and func-
tional changes along the SpV which runs along the dorso-
lateral medulla and caudal part of the dorsal pons. As such, 
we set svc based on peak coordinates of clusters 

encompassing the SpV at different rostrocaudal levels 
from previous investigations, including the SpV caudalis 
(±4, −40, −59)23 and SpV interpolaris (±6, −42, −53).14 

Additional regions for svc included other brainstem pain- 
modulation areas that have previously shown enhanced 
RVM connectivity in PTN patients compared to controls 
– specifically, the ventrolateral PAG (±4, −32, −9), locus 
coeruleus (±4, −38, −23) and rostral SRD (±6, −44, 
−41).14,24 Given the small cross-sectional size of the brain-
stem nuclei, all spheres for svc had a radius of 3mm. For 
other brainstem regions excluding the ROIs, we set a 
threshold of p<0.05 FWE corrected. For showing a partial 
equivalent of effect size and for visualization purposes, we 
present statistical maps of the brainstem at a threshold of 
p<0.001 uncorrected.

Within each significant cluster, we extracted connec-
tivity strength values for both lowest- and highest-pain 
blocks in each fluctuating pain subject and plotted mean 
(±SEM) functional connectivity strengths to provide a 
measure of connectivity direction (i.e. positive or nega-
tive). In each of the regions identified in the highest versus 
lowest pain analysis as well as for the RVM, we also 
extracted the percentage change (relative to the entire 12- 
minute scan) in fMRI signal intensity for each significant 

Figure 1 (A) Diagram of endogenous pain-modulation pathways that regulate nociceptive transmission at the spinal trigeminal nucleus. Orange, nociceptor afferent 
projection; blue, efferent projection from the periaqueductal gray matter; green, efferent projection from the rostral ventromedial medulla (RVM). (B) A single-subject, 
single-voxel representation of a block analysis used to assess brainstem connectivity during fluctuations in spontaneous pain. In this analysis, connectivity between the RVM 
and every other voxel in the brainstem was determined during two 50-second periods, one during an individual subject’s lowest pain (blue shading) and a second during their 
highest pain (pink shading). Pain intensity was assessed on a visual analogue scale (VAS) from 0 = no pain to 10 = highest imaginable pain. (C) In addition to the block analysis, 
a sliding-window analysis was performed in which RVM connectivity was assessed during a 50-second period (window 1 grey box) which was then moved forward by 2 
seconds (window 2 black box) and another connectivity strength value calculated. These RVM connectivity values were compared to corresponding sliding-window pain 
ratings by linear regression.
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cluster to determine whether signal intensity changed sig-
nificantly between lowest and highest pain blocks (p<0.05, 
paired t-tests Bonferonni corrected for multiple tests).

In addition, where possible we assessed pain intensity 
and connectivity in a “dose-response” manner. In fluctuat-
ing pain subjects who reported multiple pain intensity 
changes throughout the scan, we calculated RVM connec-
tivity in an additional one or two blocks during increas-
ingly intense pain. The number of additional blocks 
depended upon the number of pain intensity changes 
reported by each individual subject. After smoothing 
these additional functional connectivity maps using a 
2mm Gaussian filter, we extracted and plotted mean func-
tional connectivity values from significant clusters identi-
fied in the highest versus lowest pain analysis. This 
resulted in maximum of four RVM functional connectivity 
blocks for each cluster that represented fluctuating pain 
during lowest (Block 1) to highest (Block 4) pain in each 
subject.

Since equal numbers of fluctuating pain patients 
experienced unilateral left- and right-sided pain, we used 
post-hoc analyses to explore whether RVM connectivity in 
the four blocks of increasing pain depended upon the side 
of pain. We calculated mean (±SEM) functional connec-
tivity strengths in each region identified in the highest 
versus lowest pain analysis in the groups of left- and 
right-sided fluctuating pain patients (no further statistical 
comparison due to small group size). Furthermore, the 
highest versus lowest pain analysis revealed significant 
pain-related changes in the region of the SpV. Since this 
region receives ipsilateral nociceptor afferents from the 
site of orofacial pain, we wished to determine whether a 

similar pattern of RVM connectivity changes occurred 
bilaterally. We created an additional ROI in which we 
mirrored the SpV cluster in the X plane, and extracted 
RVM connectivity strengths with the contralateral SpV in 
the four blocks of increasingly intense pain in all fluctuat-
ing pain patients. We determined whether this region also 
showed significantly different RVM connectivity strengths 
during highest versus lowest pain (p<0.05, paired t-test). 
Finally, to explore the effect of pain side, we calculated 
mean (±SEM) functional connectivity strengths in the 
contralateral SpV in the fluctuating pain patients separated 
into subgroups of left- and right-sided pain.

To assess RVM connectivity change over time in the 7 
subjects who displayed stable pain over the 12-minute 
scanning period, we calculated RVM connectivity in four 
equally spaced 25-volume blocks (Figure 2). For each 
significant cluster revealed by the high versus low pain 
analysis in the fluctuating pain subjects, we extracted and 
plotted the mean RVM connectivity values for all four 
blocks in the stable subjects.

RVM Sliding-Window Functional Connectivity
In addition to exploring blocks of connectivity during 
different pain intensities, we also determined if there was 
a continuous relationship between fluctuating spontaneous 
pain intensity and RVM connectivity strength. Ten of the 
12 fluctuating pain subjects displayed multiple pain inten-
sity changes throughout the 12-minute scanning period. 
Using the Dynamic BC toolbox,25 in each of these 10 
fluctuating pain subjects, their brainstem fMRI image 
sets were divided into 50-second (25-volume) windows 
with a TR of 2 seconds, resulting in 336 sliding windows 

Figure 2 Ongoing pain intensity ratings during the 12-minute functional magnetic resonance imaging scan in 19 subjects with painful trigeminal neuropathy. Pain intensity was 
assessed on a visual analogue scale (VAS) from 0 = no pain to 10 = highest imaginable pain. The 12 subjects in which pain fluctuated throughout the scan are shown on the 
left and it is clear that they all display pain intensity changes throughout the entire scanning period. In contrast, plotted on the right are the 7 stable pain subjects. Apart from 
an initial change in 2 subjects, pain intensity remains relatively stable in all subjects throughout the 12-minute scanning period. The grey shading represents the evenly-spaced 
periods during which RVM functional connectivity was calculated for the stable pain subjects.
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(Figure 1C). For each window, a Pearson’s correlation 
coefficient was calculated between the RVM seed and 
each brainstem voxel, yielding 336 dynamic RVM con-
nectivity maps per subject. The resultant connectivity 
maps were spatially smoothed using a 2mm full-width- 
at-half-maximum Gaussian filter. These dynamic RVM 
functional connectivity maps were then entered into a 
first-level linear regression analysis in which RVM 
dynamic functional connectivity was compared with 336 
corresponding sliding-window ongoing pain intensity 
ratings.

The resulting Pearson correlation maps were entered 
into a group-level one sample t-test to determine brainstem 
regions in which dynamic RVM functional connectivity 
significantly correlated with pain (p<0.05 FWE following 
svc in a priori regions of interest). For brainstem regions 
excluding the ROIs, we set a threshold of p<0.05 FWE 
corrected. For visualization purposes, we present statistical 
maps of the brainstem at a threshold of p<0.001 uncor-
rected. In clusters that showed a significant correlation 
between pain and RVM dynamic functional connectivity, 
we extracted dynamic connectivity strength values from a 
2mm sphere surrounding the peak voxel using each sub-
ject’s 336 dynamic functional connectivity maps. We 

temporally smoothed each subject’s dynamic connectivity 
values by applying a 12 second moving average and 
plotted individual sliding-window pain versus RVM con-
nectivity for each significant cluster.

Results
Pain Characteristics
Individual PTN subject characteristics are shown in 
Table 1. Their mean (±SEM) diary pain intensity (n=18) 
was 4.0±0.5 out of 10 and mean pain duration 5.4±1.5 
years. All PTN subjects reported pain on the day of the 
scan and most frequently described their pain as throbbing 
(47%), sharp (32%) and exhausting (42%). Behavioural 
data showed that 12 patients reported fluctuations in their 
spontaneous pain intensity, whereas 7 subjects reported 
stable pain intensity throughout the fMRI scan 
(Figure 2). Of the 12 fluctuating pain patients, 6 reported 
unilateral left pain and 6 reported unilateral right pain 
(Table 1), and of the 7 stable pain patients, 6 reported 
unilateral pain (left: n=4; right: n=2) and 1 reported bilat-
eral pain. In the 12 fluctuating pain subjects, mean 
(±SEM) pain intensity during the 4 pain blocks used for 
the connectivity analysis were: Block 1 (lowest pain; 
n=12) 2.8±0.7; Block 2 (n=9) 3.9±0.7; Block 3 (n=10) 

Table 1 Painful Trigeminal Neuropathy Subject Characteristics

Subject Age 
(Yrs)

Gender Side of 
Pain

Diary Pain Intensity 
(VAS)

Pain Duration 
(Months)

Current Drug Use

1 29 F Left 5.3 49 –

2 45 M Left 3.1 21 –
3 35 M Right 1.5 96 PEA

4 78 F Left 1.9 314 Paracetamol, ostelin, pritiq, somac

5 47 F Right 2.1 13 PEA
6 34 M Right 3.7 10 PEA, mersyndol

7 66 M Left 3.9 48 –

8 44 F Right – 5 Valium, panadine forte
9 47 F Right 4.1 7 –

10 44 F Left 8.1 75 PEA

11 46 F Left 7.5 27 Endep
12 28 F Right 5.8 52 –

13 69 F Right 3.9 259 Endep, lyrica, oroxine, crestor, effexor, folic 

acid, pregnisone
14 45 F Bilateral 2.8 24 Duloxetine

15 66 M Right 1.8 81 Endep

16 36 F Left 1.9 37 PEA
17 40 F Left 5.8 33 –

18 58 F Left 4 11 Namipril, Zoloft, Panadol, PEA

19 35 M Left 4.2 60 –

Note: Subjects 1–12 were placed into the fluctuating pain group and subjects 13–19 into the stable pain group. 
Abbreviations: PEA, palmitoylethanolamide; VAS, Visual Analogue Scale.
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4.8±0.7; Block 4 (highest pain; n=12) 5.1±0.7. In the 7 
stable pain subjects, mean pain intensity throughout the 
entire scan was 2.6±0.7. There was no significant differ-
ence in the mean diary (7 days) pain intensities between 
the fluctuating pain and stable pain groups (fluctuating 
pain: 4.3±0.7; stable pain: 3.5±0.5; p>0.05 two-sample 
t-test), nor was there a significant difference in the varia-
bility of diary pain ratings between the fluctuating pain 
and stable pain groups (mean variability: fluctuating pain, 
n=11: 1.3±0.3; stable pain, n=7: 0.7±0.1, p>0.05, two- 
sample t-test).

RVM High versus Low Pain Block 
Functional Connectivity
Fluctuating Pain – Highest versus Lowest
The RVM voxel-by-voxel functional connectivity analysis 
between highest and lowest pain in fluctuating pain sub-
jects revealed two brainstem regions that displayed pain- 
related changes (Figure 3, Table 2). Significantly greater 
RVM connectivity strengths during highest versus lowest 
pain occurred in the region of the midbrain PAG (mean 
±SEM Pearson’s correlation co-efficient: lowest pain: 
−0.12±0.07, highest pain: 0.16±0.06), and in a region 

encompassing the left caudalis division of SpV (SpVc: 
lowest pain: −0.10±0.08, highest pain: 0.22±0.08). Plots 
of individual subject RVM-PAG and RVM-SpVc connec-
tivity strengths show that these changes are consistent 
across subjects, with connectivity strengths increasing 
from low to high pain in 11 of the 12 fluctuating pain 
subjects for the RVM-PAG connection, and 9 subjects for 
the RVM-SpVc connection. For the PAG and SpVc clus-
ters, percentage changes in signal intensity were also cal-
culated for the lowest and highest pain periods. Despite 
significant changes in RVM-PAG and RVM-SpVc connec-
tivity there were no significant changes in the magnitude 
of fMRI signal intensity in these regions during lowest 
compared with the highest pain periods (mean±SEM % 
signal intensity: PAG: lowest pain: −0.23±0.17, highest 
pain: 0.15±0.16; RVM: lowest pain: 0.03±0.15, highest 
pain: −0.31±0.16; SpVc: lowest pain: 0.21±0.16, highest 
pain: −0.04±0.12).

For the PAG and SpVc clusters, RVM connectivity 
strengths were also extracted from additional blocks of 
increasing pain. The mean RVM connectivity strength in 
the PAG for Block 2 was −0.06±0.08 and for Block 3 was 
−0.02±0.07. A similar pattern of increasing strength 

Figure 3 Significant differences in rostral ventromedial medulla (RVM) functional connectivity (FC) strength between periods of high versus low pain in 12 fluctuating pain 
subjects. The overlay on the left shows the RVM seed in blue and shows regions in which RVM FC strength was greater during high compared with low pain (hot color scale) 
overlaid onto axial slices of the SUIT template in the 12 fluctuating pain subjects. The slice locations in Montreal Neurological Institute space are shown at the top left of 
each slice. Note that RVM FC was greater during high pain in the region of the midbrain periaqueductal gray matter and the spinal trigeminal nucleus. The plots to the left 
show mean±SEM RVM FC strengths during lowest pain (block 1) and highest pain (block 4). The center plots show the 12 individual subject RVM FC values during lowest and 
highest pain blocks. Note that as pain increases, 11 of the 12 subjects display an increase in RVM FC strength with the periaqueductal gray and 9 subjects show similar 
increases in RVM FC strength with the spinal trigeminal nucleus. The dose-response plots to the right show mean±SEM RVM FC strengths during four blocks of increasing 
pain from lowest pain to highest pain. Note that as pain increases so does RVM FC strength. *Significant difference determined in the voxel-by-voxel analysis.
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emerged in the SpVc cluster, where the mean connectivity 
strength in Block 2 was 0.08±0.07 and in Block 3 was 0.09 
±0.08. That is, as pain intensity increased from low to 
high, so did RVM-PAG and RVM-SpVc connectivity 
strengths. In contrast, RVM connectivity was not greater 
during periods of lowest pain compared to highest pain in 
any brainstem region.

Fluctuating pain subjects experiencing unilateral left- 
and right-sided pain appeared to show a similar pattern of 
pain-related RVM connectivity changes with the SpVc 
(Left: Block 1: −0.07±0.11, Block 2: 0.07±0.12, Block 3: 
0.08±0.07, Block 4: 0.29±0.07; Right: Block 1: −0.14 
±0.13, Block 2: 0.09±0.11, Block 3: 0.11±0.11, Block 4: 

0.16±0.17) and with the PAG (Left: Block 1: −0.25±0.09, 
Block 2: −0.10±0.08, Block 3: −0.02±0.09, Block 4: 0.13 
±0.09; Right: Block 1: 0.00±0.09, Block 2: −0.04±0.18, 
Block 3: 0.05±0.14, Block 4: 0.18±0.06).

We explored whether a similar pattern of pain-related RVM 
connectivity strength increases occurred in the contralateral 
SpVc. Extraction of RVM connectivity strengths from the 
right SpVc indicated that there was no significant difference 
between lowest versus highest pain periods in RVM connec-
tivity with this region (lowest pain: 0.11±0.09, highest pain: 
0.08±0.08, p>0.05 paired t-test). Furthermore, there was no 
pattern of altered RVM connectivity with the right SpVc as 
pain intensity increased (Block 2: 0.26±0.08, Block 3: 0.05 

Table 2 Montreal Neurological Institute (MNI) Coordinates, Cluster Sizes and t-Values for Regions of Significant Increases in RVM 
Block Functional Connectivity (FC) During Highest Pain Compared to Lowest Pain in Fluctuating Pain Subjects (n=12)

MNI Coordinate Cluster Size t-value

x y z

RVM block FC

Highest > lowest pain

Left spinal trigeminal nucleus (caudalis) −4 −42 −59 2 3.52*
Right periaqueductal gray 4 −32 −11 2 3.13*

RVM sliding window FC and pain

Positive correlation

Left spinal trigeminal nucleus (caudalis) −6 −42 −59 1 3.40*

Note: *p<0.05 (FWE corrected after small volume correction).

Figure 4 Plots of mean±SEM rostral ventromedial medulla (RVM) functional connectivity (FC) strength during four blocks evenly spaced during the 12-minute scan in the 7 
stable pain subjects. The region of the midbrain periaqueductal gray matter and spinal trigeminal nucleus that were examined are indicated by the black shading and arrow on 
the overlays to the left.
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±0.07). This is not related to the side of pain, since the pattern 
of RVM connectivity strengths with the right SpVc appeared 
similar between individuals with left- and right-sided pain 
(Left: Block 1: 0.14±0.08, Block 2: 0.22±0.11, Block 3: 0.12 
±0.10, Block 4: 0.15±0.04; Right: Block 1: 0.08±0.19, Block 2: 
0.28±0.13, Block 3: 0.05±0.20, Block 4: 0.13±0.15).

Stable Pain – Functional Connectivity Over Time
In the PAG and SpVc clusters revealed in the fluctuating pain 
analysis, we determined the nature of RVM connectivity over 
time the 7 stable pain subjects (Figure 4). RVM-PAG con-
nectivity strength was stable (mean±SEM Block 1 [early]: 
0.07±0.11; Block 2: −0.02±0.08; Block 3: −0.05±0.10; Block 
4 [late]: −0.09±0.034), whilst RVM-SpV connectivity varied 
slightly (Block 1: 0.14±0.09; Block 2: −0.04±0.10; Block 3: 
0.10±0.11; Block 4: 0.01±0.11). There were no significant 
differences between early versus late RVM-PAG or RVM- 
SpVc connectivity strengths (p>0.05, paired t-tests).

RVM Sliding-Window Functional 
Connectivity
The dynamic functional connectivity linear regression ana-
lysis revealed that in the group of 10 fluctuating pain 
subjects, RVM dynamic functional connectivity was 

positively correlated with sliding-window pain intensity 
over the entire scan in the region of the left SpVc 
(Figure 5, Table 2). We extracted and temporally smoothed 
the RVM dynamic connectivity values within a 2mm 
sphere around the SpVc cluster and found that 9 of the 
10 fluctuating pain subjects showed a significant (p<0.05) 
positive correlation between pain intensity and RVM- 
SpVc connectivity. Three individual subject plots of pain 
versus RVM-SpVc connectivity are shown in Figure 5. In 
no brainstem region did RVM dynamic connectivity show 
a negative relationship with pain intensity.

Discussion
The results of this study demonstrate that in individuals with 
chronic neuropathic pain, fluctuations in spontaneous pain 
are associated with fluctuations in brainstem pain-modula-
tion circuitry connectivity. That is, when pain intensity was 
spontaneously high, RVM-PAG and RVM-SpVc functional 
connectivity strengths were high and vice versa. 
Additionally, the sliding window connectivity analysis 
revealed that individuals with relatively rapidly fluctuating 
pain showed a positive correlation between ongoing pain 
intensity and RVM-SpVc connectivity over the duration of 
the 12-minute scan. These connectivity changes were not 

Figure 5 Brainstem region in which rostral ventromedial medulla (RVM) dynamic functional connectivity (FC) strength covaries significantly with ongoing pain in 10 
fluctuating pain subjects. The overlay on the left shows the region of the spinal trigeminal nucleus (SpV) where RVM dynamic connectivity covaries positively (hot color scale) 
with pain measured on a visual analogue scale (VAS) from 0 = no pain to 10 = highest imaginable pain. Slice location in Montreal Neurological Institute space is shown at the 
top left of the axial slice. To the right are plots of pain intensity (orange line) and RVM-SpV connectivity strength (blue line) in three subjects. Note the ongoing relationship 
between changes in pain intensity and RVM-SpV connectivity strength.
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associated with changes in overall activity levels. These data 
show that there are moment-to-moment changes in brainstem 
pain-modulation circuit coupling and these likely contribute 
to fluctuations in spontaneous pain intensity in individuals 
with chronic neuropathic pain.

It is well established from experimental animal models 
that the ventrolateral PAG can modulate ascending noci-
ceptive transmission at the dorsal horn and SpV via a 
projection with the RVM.6,26 Within the RVM, distinct 
populations of neurons termed “off” and “on” cells can 
profoundly inhibit and facilitate neurotransmission at the 
primary nociceptive synapse, respectively.7,27,28 In pain- 
free individuals, it is thought that this descending system is 
finely balanced and that subtle variations in spontaneous 
RVM on- and off-cell firing leads to fluctuations in the 
nociceptive threshold.28 In contrast, in individuals with 
chronic neuropathic pain, it has been suggested that there 
is a shift in pain-modulation system functioning, such that 
it favors pro-nociception and thus contributes to the main-
tenance of ongoing pain.12,29 Indeed, experimental animal 
models of neuropathic pain show that the deactivation of 
either the PAG or RVM eliminates evoked and sponta-
neous pain following spinal nerve ligation.10,12,30 

Additionally, RVM neuronal populations display altered 
firing properties in several experimental animal models 
of pain; for instance, on- and off-cells develop enhanced 
responses to evoked stimuli following nerve injury31 and 
demonstrate altered spontaneous firing patterns in inflam-
matory pain conditions.32

Consistent with experimental animal literature, recent 
clinical studies suggest that the brainstem pain-modulation 
network is disrupted in chronic pain states. Human psy-
chophysical studies indicate that patients with painful per-
ipheral neuropathies and atypical trigeminal neuralgia 
show reduced conditioned pain modulation analgesia,33– 

35 a process that relies on effective descending inhibition 
from the brainstem.36 Furthermore, previous findings from 
our laboratory indicate that compared to pain-free indivi-
duals, individuals with PTN show enhanced positive RVM 
functional connectivity with several brainstem regions 
involved in pain modulation, including the PAG and SpV 
interpolaris.14

Enhanced RVM-PAG and RVM-SpV connectivity dur-
ing periods of spontaneous high compared to low pain in 
PTN subjects are consistent with these previous findings 
and suggests that the PAG, via the RVM, facilitates tran-
sient increases in nociceptive transmission at the SpV. 
More specifically, in fluctuating pain subjects, we 

identified pain-related changes in RVM connectivity with 
SpV caudalis near the caudalis/interpolaris transition zone. 
This region was marginally caudal to the RVM-SpV inter-
polaris connectivity strength changes observed previously 
between PTN patients and pain-free individuals,14 

although both SpV regions receive orofacial nociceptor 
afferents as well as descending input from the RVM.37,38 

Interestingly, we found that the lowest-pain period was 
associated with negative RVM-SpV and RVM-PAG func-
tional connectivity which may reflect periods of descend-
ing inhibition or reduced facilitation, although there is 
ongoing debate surrounding the origins of negative func-
tional connectivity.39 Given that RVM inhibitory and facil-
itating neurons show altered firing properties in 
experimental animal models of chronic pain,31,32 it is 
conceivable that transient changes in descending modula-
tion output influences the perceived intensity of sponta-
neous pain in various chronic pain conditions. Whilst we 
cannot study such pain intensity fluctuations in experimen-
tal animal models, the sliding-window analysis in this 
study suggests that there are indeed transient changes in 
the coupling of descending modulatory circuits, which 
may contribute to spontaneous fluctuations in perceived 
pain intensity. Interestingly, we found no change in abso-
lute levels of activity in these brainstem regions indicating 
that spontaneous changes in pain are associated with 
changes in brainstem coupling and not overall activity 
levels. Furthermore, we found that the fluctuations in 
RVM-SpV caudalis connectivity occurred only on the 
left side, despite equal numbers of fluctuating pain patients 
reporting left- and right-sided pain. It is unclear why these 
changes occur contralaterally for patients with right-sided 
pain, since experimental studies suggest that changes in 
the RVM following nerve injury affect nociceptive proces-
sing in the dorsal horn exclusively ipsilateral to the injury 
site.31 However, in the trigeminal system, tract-tracing 
studies show that some nerve fibers possess terminals in 
the bilateral SpV caudalis,40 and RVM lesions reduce 
mechanical sensitivity in orofacial areas bilaterally follow-
ing unilateral inflammation.41 However, given the low 
sample size of patients in each subgroup of individuals 
with left- and right-sided pain in the present study, this 
requires further exploration.

Although this is the first study to investigate sponta-
neous pain fluctuations in individuals with orofacial neu-
ropathic pain, several previous studies have reported on 
the temporal properties of pain in patients with post-her-
petic neuralgia2,3 and chronic low back pain.3–5,42–44 
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Unlike our study, these investigations do not report on 
patients whose pain remains stable throughout the test 
period and also did not explore coupling between the 
RVM and the region of the primary afferent synapse. 
Several investigations exploring spontaneous pain fluctua-
tions have used fMRI or EEG to study the neural repre-
sentation of ongoing chronic pain intensity, and these 
studies suggest that spontaneous pain fluctuations are 
related to activity levels in the cingulate cortex and pre-
frontal cortex.4,5 Some have suggested that the intensity of 
ongoing back pain is represented in regions coding the 
cognitive/emotional aspects of pain rather than sensory 
processes,4,44 whereas a post-herpetic neuralgia investiga-
tion found activity within affective and somatosensory 
processing regions are important for coding spontaneous 
neuropathic pain.2 Whilst it is known that brain regions 
such as the prefrontal and cingulate cortices can modulate 
PAG activity, it is possible that changes in somatosensory 
regions also contribute to fluctuations in various forms of 
ongoing pain, since neuropathic pain conditions are asso-
ciated with functional and structural changes along the 
somatosensory pathways45–47.

There are several limitations worth noting. Firstly, in 
several previous studies that explored brain activity and 
pain intensity simultaneously, a visual control method 
was applied to ensure that the rating task itself did not 
account for brain activity changes during pain recordings. 
We did not employ a visual control in the present study 
and argue that the evaluation of within-subjects differ-
ences in connectivity between the period of highest and 
lowest pain is a controlled experiment since the task is 
identical in both conditions. Secondly, small movements 
along the CoVAS slider would produce motor activation 
which may alter our interpretation; however, we avoided 
analyzing connectivity during periods in which subjects 
reported a sharp change in pain. Furthermore, potential 
movement-related changes in connectivity are unlikely to 
be revealed during the dynamic connectivity analysis 
since the sliding-window takes the average connectivity 
over the 50-second period, and so transient effects are 
likely reduced. A further potential limitation is the rela-
tively small sample size of both fluctuating and stable 
pain groups. However, this sample size is similar to 
previous studies into ongoing pain fluctuations.2,3,5,44 

Finally, it remains unclear whether functional connectiv-
ity in shorter (e.g. 50 second) periods represents the same 
underlying mechanism as functional connectivity taken 
over the entire scan (termed “static” connectivity). 

Despite this, several investigations have linked sliding- 
window connectivity with a physiological or behavioural 
variable.48,49 This is considered a useful approach as it 
provides a link between dynamic connectivity and 
function,50 and here we have used a similar linear regres-
sion approach to Chang et al to study whether RVM 
connectivity tracks fluctuating pain over time.

Conclusions
Overall, our findings show that functional connectivity 
within the brainstem pain-modulation system changes 
according to pain intensity fluctuations in the order of 
seconds in individuals with chronic orofacial neuropathic 
pain. These findings support experimental animal data 
showing that descending circuits can both inhibit and 
facilitate nociceptive transmission at the dorsal horn and 
SpV. Specifically, the enhanced positive connectivity 
between the RVM and both the PAG and SpV during the 
period of highest compared with lowest pain provides 
support for the pro-nociceptive function of brainstem 
pain-modulation circuits following nerve injury.10,12,30 

The change in connectivity direction between the period 
of highest- to lowest-pain may also reflect transient fluc-
tuations in descending modulation output at the SpV, a 
process that likely contributes to spontaneous pain fluctua-
tions by regulating ascending nociceptive transmission to 
the thalamus and cortical areas such as the prefrontal 
cortex.5 Therefore, the functional state of the brainstem 
circuitry may contribute to the pathology underlying 
chronic neuropathic pain in humans.
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