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Abstract

Conditioned pain modulation (CPM), a psychophysical paradigm that is commonly used to infer
the integrity of endogenous pain-altering systems by observation of the effect of one noxious
stimulus on another, has previously identified deficient endogenous analgesia in fibromyalgia
(FM) and other chronic pain conditions. The mechanisms underlying this deficiency, be they
insufficient inhibition and/or active facilitation, are largely unknown. The present cross sectional
study used a combination of behavioral CPM testing, voxel based morphometry (VBM), and
resting state functional connectivity to identify neural correlates of CPM in healthy controls (HC;
n=14) and FM patients (n=15), and to probe for differences that could explain the pain-facilitative
CPM that was observed in our patient sample. VBM identified a cluster encompassing the
periaqueductal gray (PAG) that contained significantly less gray matter volume in FM patients.
Higher resting connectivity between this cluster and cortical pain processing regions was
associated with more efficient inhibitory CPM in both groups, whereas PAG connectivity with the
dorsal pons was associated with greater CPM inhibition only in HC. Greater PAG connectivity to
the caudal pons/rostral medulla, which was pain-inhibitory in HC, was associated with pain
facilitation in FM.

Perspective—These findings indicate that variation in the strength of the PAG's resting
functional connectivity can explain some of the normal variability in CPM. In addition, pain-
facilitative CPM observed in FM patients likely involves both attenuation of pain inhibitory and
amplification of pain facilitative processes in the central nervous system.
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1. Introduction

Conditioned pain modulation (CPM) is a psychophysical paradigm in which two noxious
stimuli are simultaneously applied to remote body locations 71. In healthy individuals, the
noxious conditioning stimulus often reduces the painfulness of the noxious fest stimulus.
There are numerous factors that can facilitate or inhibit pain and determine the magnitude of
pain modulation in CPM, like age 14, sex 20, expectation 4, and experimental paradigm 8. A
lack of inhibitory CPM or even test pain facilitation can occur in healthy individuals

5,55,60, 73,74 byt js more likely to occur in individuals with chronic pain 44, including
fibromyalgia (FM) 34 38, 41,51, 55,60 CpM inhibition is thought to be mediated, at least in
part, by diffuse noxious inhibitory controls (DNIC) 42, which dampen ascending nociceptive
signals in the spinal cord via descending inhibitory projections from the brainstem 7.

Studies measuring pain-evoked brain activity using functional magnetic resonance imaging
(FMRI) have indicated that the CPM paradigm engages multiple descending pain-inhibitory
networks including the anterior cingulate cortex (ACC), as well as brainstem regions
including the periaqueductal gray (PAG) > 3. 63. 73,74 These descending inhibitory
pathways are shared with other forms of endogenous analgesia, including long-term pain
habituation 3 and placebo analgesia 2, but are possibly distinct from those filtering pain
temporally 4. However, it is still unclear what brain abnormalities might be responsible for
deficient CPM inhibition in FM patients.

FM is a chronic condition characterized by widespread musculoskeletal pain, fatigue, sleep
disturbances, and memory deficits °. Research has begun to uncover the central
pathophysiology of FM 31.50. 57 ‘including deficiencies in the endogenous analgesic
circuitry. For example, subjectively-equated noxious pressure evokes significantly less
activity in the rostral ACC of FM patients 32. Furthermore, we recently showed that regional
dysfunction in the p-opioid system in FM is associated with less pain-evoked activity in
numerous anti-nociceptive brain regions 61, which is important considering the known role
of endogenous opioids in CPM 36.63.69_Finally, there is ample evidence from preclinical
research that normally pain-inhibitory brainstem regions like the PAG can shift their
descending output to actively facilitating incoming pain signals in pathological states
25,26,54,64 |t js plausible that pain-facilitating descending output from these brainstem
regions contributes to pain hypersensitivity in humans, but direct confirmation of this in
humans has been scarce [28,41] and in FM not yet existent.

In the present study, we examined the neurobiology of endogenous pain modulation across
its entire range, from strong inhibition to robust facilitation. Next, we assessed the extent to
which the abnormal pain modulation in chronic pain patients is the result of a lack of the
normal inhibition, a pathological facilitation of pain, or a combination of the two. Finally,
we conducted exploratory mediation analyses to test whether our results are compatible with
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models of descending pain modulation. We hypothesized that the strength of functional
connections with pain-inhibitory regions would be associated with CPM inhibition in
healthy individuals, but that these connections (or others) might lead to pain facilitation in
patients.

2. Methods

2.1. Participants

23 female patients diagnosed with FM and 15 age- and sex-matched healthy subjects were
enrolled in this investigation. FM patients were recruited through attendance at a Chronic
Pain Education Seminar hosted by the University of Michigan Chronic Pain and Fatigue
Research Center and through a patient registry. The study was originally powered to identify
mechanisms of action of the drug milnacipran. Healthy subjects were recruited subsequently
by means of community fliers. Inclusion criteria for patients were: 1) meeting the American
College of Rheumatology 1990 criteria for FM 70 and having chronic widespread pain for at
least six months; 2) 18 — 70 years of age; 3) capable of giving written informed consent; 4)
right handed; 5) self-reported pain rated between 40 and 90 mm (inclusive) on a 100 mm
pain Visual Analogue Scale; 6) willing to withdraw from CNS-active therapies marketed as
antidepressants (monoamine oxidase inhibitors, tricyclics, tetracyclics, selective serotonin
reuptake inhibitors, norepinephrine reuptake inhibitors, SNRIs), stimulants, anorectic agents,
or anticonvulsants. Exclusion criteria were: 1) significant risk of suicide; 2) medical
conditions including cardiac diseases, glaucoma, autoimmune disease, systemic infections
(e.g., human immunodeficiency virus, hepatitis), active cancer, pulmonary disease or
dysfunction, unstable endocrine disease (must be stable at least 3 months prior to study
enrolment), unstable diabetes, unstable thyroid disease; 3) pregnant or lactating; 4) any other
severe, acute, or chronic medical or psychiatric conditions that could increase risk or
interfere with trial results; 5) body mass index greater than 36; 6) contraindications with
MRI procedures.

Inclusion criteria for the healthy subjects were: 1) 18 — 75 years old; 2) right handed; 3)
being capable of giving written informed consent; 4) willing to complete all study
procedures, and 5) pain-free at the time of screening. Exclusion criteria were: 1) having any
chronic medical illness, including a psychiatric disorder; 2) diagnosed with a chronic pain
disorder; or 3) pregnant or lactating. Subjects were asked to abstain from taking over-the-
counter analgesics at least 8 hours prior to a study visit.

All study participants gave written informed consent. The study protocol and informed
consent documents were approved by the University of Michigan Institutional Review Board
(Ann Arbor, Michigan, USA) and Forest Laboratories (New York, New York, USA). All
clinical data were verified for accuracy and the database was locked before analysis. All
imaging data were stored, validated, analyzed, and assessed for quality at the University of
Michigan independent of Forest personnel. In the present study, only data obtained at
baseline for a larger treatment study of milnacipran was analyzed, and we do not report on
any effects of milnacipran here. Results correlating pre-treatment fMRI scans with changes
in clinical pain, as well as results pertaining to how milnacipran effects resting state
connectivity, were previously published in a separate manuscript 6.
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From the 23 FM patients, eight were excluded for not completing all of the study
procedures. The detailed reasons for their exclusion and the medication lists of the patients
whose data were analyzed have been previously provided 6. Thus, 15 patients were
included in the VBM analysis, along with 14 age-matched healthy individuals. One healthy
subject was excluded from resting state analyses due to excessive head motion while in the
scanner. Finally, behavioral CPM data from 2 healthy subjects and 1 FM patient was
unusable due to the participants stopping the procedure early, and experimenter error in the
case of 1 FM participant. Thus, the psychophysical data are based on that of 13 patients and
12 healthy subjects.

The demographics of the two groups were largely similar, with the main difference being
their reported levels of clinical pain. See Table 1.

2.2. Procedure

2.2.1. Clinical pain and psychological assessment—Clinical pain was assessed
with the Short Form of the Brief Pain Inventory, which captures both pain severity (BPI Sev)
and interference due to pain (BP!I Int) over the course of the previous week 9. Participants
also reported their level of current clinical pain intensity using a 100mm visual analogue
scale (VAS), where Omm means “no pain” and 100mm means “the most intense pain
imaginable”. The Hospital Anxiety and Depression Scale (HADS) was also administered to
participants, to obtain indications of depression and anxiety in the two groups 6.

2.2.2. Conditioned pain modulation (CPM)—CPM was assessed within 72 hours prior
to neuroimaging. The test and conditioning stimuli were noxious pressure applied to the
right and left thumbnails, respectively, using a multimodal automated sensory testing
(MAST:; Arbor Medical Innovations, Ann Arbor, MI) device 24 (Figure 1a). There were two
runs, a baseline run in which the test stimulus was presented alone and a conditioning runin
which the test stimulus was presented in the presence of the conditioning stimulus. This
protocol was derived from the work of Yarnitsky 72 except modified for mechanical instead
of thermal stimulation. It was previously used by our group to assess pain modulation in
breast cancer survivors 27 and fibromyalgia patients 0. Before CPM testing, the subject
experienced a series of brief pressure pulses on the dominant (right) thumb to determine a
pressure intensity that evokes a moderate intensity pain, defined as a rating of 40-50/100 on
a numerical rating scale (NRS) for use in the procedure. To this end, the MAST system was
used to deliver an ascending series of discrete pressures (5-s duration; 4 kg/cm?2/s ramp rate)
to the dominant thumbnail at 20-s intervals, beginning at 0.50 kg/cm? and increasing in 0.50
kg/cm? steps. Pain intensity was rated after each stimulus on a digital 0-100 NRS (with 0
indicating “no pain” and 100 indicating “most intense pain imaginable”) displayed on a
touchscreen monitor. The test was terminated when subjects reached their maximum
tolerable pain level and requested the test to stop, a pain intensity rating of > 80/100 was
recorded, or the maximum allowable pressure of 10 kg/cm? was reached. In the CPM
baseline run, the test stimulus was applied by the MAST system continuously for 30-s to the
dominant thumbnail at each participant's moderate pain pressure intensity. Participants
verbally rated the intensity of the test stimulus at 10-, 20-, and 30-s on a NRS from 0 to 100.
After the baseline run, CPM was induced 10 min later by applying 60-s of continuous
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moderate pain pressure to the non-dominant (left) thumbnail via a second MAST device as a
conditioning stimulus. Parallel to the last 30-s of conditioning, the moderate pain test
stimulus was reapplied to the dominant thumbnail for 30-s during the conditioning run and
the participants were asked to verbally rate the intensity of the test stimulus at 40-, 50-, and
60-s (Figure 1b).

2.2.3. Neuroimaging—All participants were scanned on a 3 Tesla General Electric,
SIGNA scanner. T1-weighted gradient echo sequences (TR=12.3ms, TE=3.4ms, flip
angle=25°, FOV=256 x 256, yielding 106 sagittal slices with acquired voxel size of 0.94 x
0.94 x 1.5mm and reconstructed to 1 x 1 x 1) using an Eclipse 3.0 T 94 quadrature head
coil. T1-weighted images were used in the voxel-based morphometry (VBM) analysis.
Inspection of them revealed no gross morphological abnormality for any participant.

Resting state functional connectivity data were acquired using a T2*-weighted spiral
sequence encompassing the whole brain (TR = 2.0 s, TE = 30 ms, FA = 90°, matrix size 64
x 64 with 43 ascending sequential axial slices aligned to the anterior commissure — posterior
commissure line, FOV =20 cm and 3.12 x 3.12 x 3 mm voxels, with inhomogeneity field
map correction), using the same scanner as for T1 images. During the 6 min acquisition
period (180 scans), subjects were asked to remain awake with their eyes open and to stare at
a motionless cross presented on the screen.

2.3. Data Analysis

2.3.1. Conditioned pain modulation (CPM)—CPM magnitude was calculated as the
difference in pain evoked by test stimulus across the baseline and conditioning runs. Thus,
the three ratings of test stimulus painfulness during the conditioning run were subtracted
from the three corresponding ratings during the baseline run (i.e. 40/10, 50/20, and 60/30
sec) to generate difference scores at 3 time points. Negative CPM numbers therefore
represent /nhibitory pain modulation, or a reduction in the painfulness of the test stimulus by
the conditioning stimulus, whereas positive numbers represent facilitative pain modulation.
A mixed- model analysis of variance (ANOVA) was employed to determine the effects of
Rating Number (i.e. the 3 pain modulation difference scores) and the between-subjects effect
of Cohort (i.e. healthy or chronic pain). Planned comparisons (independent samples t-tests)
were conducted to determine the extent of group differences in CPM at the three time points.
In addition, we examined (post-hoc) whether the change in CPM over time was significant
for either group separately using one-way ANOVAs. Finally, scores from the 3 time points
were averaged for each subject, to give a more stable indication of CPM magnitude, for use
in correlational analyses with brain attributes. Post-hoc t-tests were also used on these scores
within each group to determine whether there was a significant overall CPM effect in either
group. SPSS version 23 (IBM, Armonk, NY, USA) was used for analysis with alpha level set
to 0.05, two-tailed.

2.3.2. Voxel-based morphometry—Data were processed using Statistical Parametric
Mapping software version 8 (SPM8; Functional Imaging Laboratories, London, UK).
Structural scans were segmented into gray matter, white matter, and CSF using the New
Segment tool in SPM8. Templates were created based on average characteristics of the study
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participants' gray and white matter maps using the diffeometric anatomical registration
through exponentiated lie algebra (DARTEL) toolbox 1 in SPM, with default values. Gray
matter volumetric maps were normalized to Montreal Neurological Institute space using the
DARTEL-generated template. Images were smoothed using a kernel size of 8mm FWHM.

An independent-samples t-test was performed in SPM, using the whole-brain high-
resolution gray matter volume maps, testing for regional differences in gray matter volume
between fibromyalgia patients and controls. Significance was set at the voxel-level to p<.
001, and significance was determined by utilizing a small volume correction based on the
average location of the periaqueductal gray (PAG) reported in over 40 previous studies on
pain 46, Age and total intracranial volume were used as regressors of no interest.

2.3.3. Resting state functional connectivity—The first 6 images of the resting state
scan were discarded from the dataset and not analyzed in order to avoid equilibration effects.
Data were pre-processed and analyzed using FSL version 3.2b (http://www.fmrib.ox.ac.uk/
fsl) and SPMS8, as well as the functional connectivity Conn toolbox (Cognitive and Affective
Neuroscience Laboratory, Massachusetts Institute of Technology, Cambridge, USA) running
under Matlab 7.5b (Mathworks, Sherborn, MA, USA). Upon collection of the functional
data, cardiorespiratory artifacts were corrected for using the RETROICOR 29 52 algorithm
in FSL. Pre-processing steps included brain extraction using the default parameters of the
BET function in FSL, slice time correction using the 10t slice as a reference, motion
correction (realignment to the first image of the time series), normalization to the standard
SPM-EPI template (generating 2 x 2 x 2 mm resolution images) and smoothing
(convolution with an 8 mm FWHM Gaussian Kernel). Participant head motion was assessed
by evaluating three translations and three rotations for each scan. Translational thresholds
were set to 2 mm, while rotational thresholds were limited to £1°. A subject was excluded
from the analysis if head motion exceeded either of these thresholds.

Regions showing differences in gray matter volume between chronic pain patients and
healthy participants were used as seeds for resting functional connectivity. Within the Conn
toolbox, the seed region's time-series was extracted; white matter, cerebrospinal fluid, and
realignment parameters were entered into the analysis as covariates of no interest. A band-
pass filter (frequency window: 0.01-0.1 Hz) was applied, thus removing linear drift artifacts
and high frequency noise. Single sample t-tests were performed using conditioned pain
modulation magnitude as a regressor of interest, first in all subjects together to determine
common correlates of regardless of clinical status. Second, connectivity was compared with
pain modulation scores separately in the two groups. Third, an interaction was performed,
where connectivity was compared across the two groups; in this case, the test was for
clusters whose connectivity had a differential effect on conditioned pain modulation across
groups (e.g., pain inhibition in one group versus pain facilitation in the other). Significance
was set at p<.001 voxel-level, and p<.05 cluster-level FWE-corrected. Areas of interest,
including the perigenual anterior cingulate cortex (pgACC) and the rostroventral medial
medulla (RVM), were probed using small volume corrections, based on a previous study of
resting state connectivity of the PAG in 100 healthy subjects 37. Four regions of interest were
used for small volume correction analyses, and were defined by creating a 6 mm3 with the
origin of each sphere set to the peak MNI coordinate defined in Table 4. Significance was set
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at p <.05 cluster-level FWE-corrected. Finally, significant clusters were extracted and further
analyzed in SPSS.

2.3.4. Assessment of relationships with clinical pain levels—Relationships
between clinical pain measured on the day of the scan (using a VAS) and the behavioral and
neuroimaging outcomes were also assessed. First, a series of partial correlations between
CPM and functional connectivity findings was conducted, controlling for clinical pain, to
examine whether clinical pain levels explained some of these relationships. Second, we
examined whether clinical pain was correlated with functional connectivity of the PAG to
clusters identified in the analysis and with CPM magnitude.

2.3.5. Mediation analyses—To test the hypothesis that functional connectivity
descending from the cortex to the brainstem through the PAG is differentially associated
with the magnitude of CPM in healthy participants and chronic pain patients, mediation
analyses were conducted using MPLUS version 5.2. Models were tested in which the degree
of connectivity between the PAG and insula was both directly associated with the magnitude
of CPM (direct effect) and indirectly associated (indirect mediated effects) with the
magnitude of CPM through PAG-to-LC connectivity, and PAG-to-RVM/pons connectivity.
Models were estimated separately for the two groups using maximum likelihood. Indirect
effects were evaluated using bias-corrected bootstrapped (20,000 resamples) 95%
confidence intervals. Models using PAG-insula connectivity and PAG-ACC connectivity as
independent variables were both evaluated.

3.1. Behavioral conditioned pain modulation (CPM)

The average conditioning stimulus pressures were 3.33 kg (SD=1.18) in healthy controls and
2.69 kg (0.86) in FM patients. An independent-samples t-test showed that these values were
not statistically different across groups [t(22)=1.56,p=.13]. The average painfulness of the
conditioning stimulus (rated at the end of the 1-min conditioning run) was 72.7 (18.1) and
63.9 (23.8) in HC and FM participants, respectively, which was also not significantly
different across groups [t(23)=1.03,p=.32].

Pain modulation magnitudes were compared using a mixed-model analysis of variance
(ANOVA) with Rating Number (i.e. 1-3) as a within-subject variable and Cohort (healthy
participants versus FM patients) as the between-subject variable. The Cohort x Rating
Number interaction was significant [ H2,46)=5.07,p=.01], indicating a significant shift
towards pain inhibition over time in healthy subjects contrasted with a shift towards pain
facilitation in chronic pain patients (Fig. 1¢). Post-hoc one-way ANOVAs showed that the
change in CPM over time was significant in FM patients [ A2,24)=4.5,p=.02], but not in HCs
[A2,22)=2.03,p=.16]. The main effect of Cohorton CPM magnitude was not statistically
significant [ H1,23)=2.46,p=.13], but was in the direction of our hypothesis: increased pain
facilitation in chronic pain patients. The main effect of Rating Numberwas not significant
[A2,46)=0.22,p=.80], indicating no overall shift in pain modulatory magnitude over time.
Post hoc analysis revealed that compared to healthy controls, pain modulation was
significantly more facilitative in chronic pain patients at Time 3 [{23)=2.47, p=.02].
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The between-group difference in CPM between groups is further illustrated by examining
the spread of individual participants in each that experienced inhibition versus facilitation of
the test pain at the end of the test stimulus (Fig. 1d). Six healthy participants (50%)
experienced inhibition of the test pain at the 3 rating point, whereas only one FM patient
(7.7%) experienced inhibition.

The mean test stimulus pain ratings in the two conditions and the overall CPM magnitude of
the 3 time points, which was used for the imaging correlations, are provided in Table 2. Post-
hoc t-tests show that the change in pain between conditions was significant in FM patients
(i.e. facilitative CPM effect) but not in HCs (i.e. no overall CPM effect).

3.2. Voxel based morphometry (VBM)

The results of a whole-brain voxel-to-voxel comparison of the two groups showed a
midbrain region encompassing the PAG that contained greater gray matter volume in healthy
participants compared with individuals with FM (Fig. 2; Table 3), statistically significant
with a small volume correction (SVC) using either average coordinates from a PAG meta-
analysis 46 or those from a previous resting functional connectivity analysis that were
situated more in the ventrolateral subdivision of the PAG 37 (Table 4). This result was
similar when the images were smoothed using smaller Gaussian kernels (e.g. 2, 4mm) that
are more often utilized in brainstem analyses (data not shown). No other significant
differences in gray matter volume between the groups were detected in either direction.

3.3. Resting state functional connectivity of the PAG

3.3.1. Similarities across groups—Since the PAG is known to be an important region
for the descending modulation of pain and because it contained significantly less gray matter
in chronic pain patients, we asked whether the strength of PAG functional connectivity is
associated with individual differences in endogenous pain modulation. We focused on the
PAG's connectivity to brain regions that were previously identified as having strong positive
functional connections with the PAG in a larger sample of 100 healthy participants 37,
including the pgACC and the RVM, and because of their well-established roles in the PAG's
pain modulatory pathway 2 3: 2632, 33,54 See Table 4. We also conducted whole-brain
exploratory analyses using p<.001 uncorrected voxel-level thresholds and cluster-level
corrections for multiple comparisons at p<.05.

First, all subjects were analyzed together, probing common patterns of PAG connectivity that
relate to endogenous pain modulation irrespective of chronic pain status. A PAG-to-whole-
brain analysis revealed a large cluster hitting the left mid insula, where the strength of
functional connectivity was significantly negatively associated with CPM. In addition,
connectivity between the PAG and a cluster in the pgACC was also significantly negatively
correlated with CPM magnitude. Since negative CPM values reflect inhibition, these results
mean that increased strength of functional connectivity between the PAG and these cortical
regions was associated with more pronounced endogenous pain inhibition (or less
endogenous pain facilitation; Fig. 3).
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3.3.2. Differences between groups—There were no significant overall differences
between the groups in resting connectivity of the PAG. To study potential pathology related
to ongoing widespread pain, separate PAG seed-to-whole-brain analyses were conducted for
the two groups of participants. In healthy individuals, there was a strong negative correlation
between endogenous pain modulation and PAG connectivity to a brainstem region
encompassing the LC, where higher connectivity was associated with more endogenous pain
inhibition / less facilitation (Fig. 4a,b). No such relationship between pain modulation and
PAG to LC connectivity was present in individuals with chronic pain (Fig. 4c), and PAG
connectivity was not significantly correlated with pain modulation in the whole-brain search
using only this group.

Finally, the potential pathology of chronic pain was examined by conducting an interaction
between the groups in terms of PAG connectivity's relationship with pain modulation.
Specifically, this tested whether any PAG connectivity had differential effects on pain
modulation across groups (e.g. pain inhibition in healthy individuals and pain facilitation in
chronic pain patients). The results revealed a significant cluster encompassing the RvM and
portions of pons (Fig. 4d), wherein increased PAG connectivity was associated with
endogenous pain inhibition in healthy subjects (Fig. 4e) but endogenous pain facilitation in
chronic pain patients (Fig. 4f).

The two brainstem clusters detected in the above analyses only partially overlapped, the LC
cluster being more rostral and primarily in the left brainstem and the RVM/pons cluster
being more caudal and primarily in the right brainstem (Fig. 4g). Together, these results
strongly suggest that chronic pain patients lack some of the normal pain inhibitory
mechanisms and that there is a shift to active pain-facilitative mechanisms in the brainstem.

3.4 Correlations with clinical pain levels

We considered the possibility that the relationships between CPM and resting functional
connectivity could be explained, at least in part, by differences in clinical pain. Controlling
for current pain levels using a series of partial correlations revealed that clinical pain levels
were unrelated to the observed relationships between CPM and brain connectivity (i.e. the
robustness and significance of the reported effects did not change when controlling for
clinical pain). Clinical pain levels in FM patients were, however, positively associated with
resting PAG-to-Insula connectivity [r=.66, p=.014], but not PAG connectivity to other
identified regions (p>.10 for all). Finally, clinical pain in FM was not significantly related to
CPM, though there was a trend towards higher pain being associated with less facilitation (or
more inhibition) [r=-.52, p=.07]. However, this marginal relationship between CPM and
clinical pain is abolished [r=.02, p=.96] when PAG-to-Insula connectivity is controlled for,
suggesting that the shared variance between them is best explained by their relationship with
brain connectivity, rather than a direct causal link between the two.

3.5. Mediation analyses

Next we conducted exploratory mediation analyses using bootstrapped confidence intervals
to assess the significance of indirect effects. The primary hypothesis was that the association
between cortex-to-PAG connectivity and endogenous pain modulation would be mediated by
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the degree of PAG connectivity to regions of the brainstem. In these analyses, the dependent
variable was endogenous pain modulation, the independent variable was cortex (i.e. either
insula or pgACC)-to-PAG connectivity, and the simultaneous mediators were PAG-to-LC
and PAG-to-RVM/Pons connectivity. By using the two mediators together, we were able to
probe whether the cortical effects on pain modulation were preferentially mediated by one of
the two brainstem pathways. Path analysis was conducted for all models and produced
standardized effect estimates for the measured relationships.

In healthy subjects, insula-to-PAG connectivity was no longer directly associated with the
magnitude of endogenous pain modulation (p = .54) after accounting for the indirect effect
through the LC (B= -.616, 95% CI = -1.056, -.176). In this model, there was no significant
indirect effect through the RVM/Pons (B=.056, 95% CI =-.612, .725). See Figure 5a. In
chronic pain patients, insula-to-PAG connectivity was no longer directly related to
endogenous pain modulation (p =.13), after accounting for the significant indirect effect
through the RVM/Pons (B=-.367, 95% CI = -.727, -.008), and the indirect effect through the
LC was also not significant (B=-.001, 95% CI = -.309, .310). See Figure 5b. For healthy
subjects, a 1-SD increase in insula-to-PAG connectivity equates to a ~9-point reduction in
pain (out of 100) during CPM via the indirect effect of increased PAG-to-LC connectivity.
For FM patients, a 1-SD increase in insula-to-PAG connectivity would result in an
approximately 7-point drop in pain via decreased PAG-to-RVM connectivity. Results of
mediation analyses using pgACC-to-PAG connectivity as the independent variable were
similar in healthy participants (Fig. S1), but in patients neither indirect pathway effect met
statistical significance (Fig. S2).

4. Discussion

The present results show that increased resting connectivity between the PAG and cortical
regions is associated with more effective inhibitory pain control both in healthy individuals
and those with FM. PAG connectivity with the brainstem is associated with greater pain
inhibition in healthy participants, but not in FM patients. In the case of PAG-to-dPons
connectivity, the healthy relationship with CPM inhibition is lacking in the FM group. The
pain-facilitative PAG-to-Pons/RVM effect observed in FM that is functionally opposite that
seen in controls is consistent with decades of preclinical research in animals showing active
pain facilitation in pathological states 25 54, Mediation analyses support the idea that these
functional connections help set the gain control of the descending pain-modulatory brain
circuitry.

4.1. Understanding the normal variability in CPM

The CPM paradigm can produce highly variable results in healthy individuals ranging from
robust analgesia to hyperalgesia 5°. Numerous factors that help explain this variability in
CPM have been uncovered, including expectation 4 19, mood 13, personality traits 49, stress
level 18, genetic polymorphisms 45, and pain-evoked brain activity and functional
connectivity during measurement of CPM 5 53,63, 73,74,

The neural correlates of CPM have also been examined in healthy participants, by measuring
the pain-evoked BOLD responses to both the CPM conditioning and test stimuli. In general,
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the results have shown decreased activation in pro-nociceptive brain regions (e.g. insula) in
response to the test stimulus during CPM, compared with the test stimulus response alone
553,63 stronger conditioning stimulus-evoked activations of descending pain-inhibitory
network regions ° and higher pain-evoked connectivity between these regions have been
found to be associated with stronger CPM inhibition 73. The present study adds to our
understanding of individual variability in CPM by revealing that the strength of connectivity
between pain-modulatory brain regions at rest may reflect the potential of the pain-
modulatory system to engage during noxious stimulation, and specifically during CPM.

Our results are in agreement with the idea that the CPM paradigm engages the descending
pain-modulatory circuitry. Pain-inhibitory CPM effects are thought to be largely mediated
by the descending DNIC pathway, which has been well delineated in animal research 6 7: 42,
While the PAG is not directly involved in the DNIC circuitry 8, it can play a modulatory role
8. Furthermore, CPM in humans is known to involve multiple cerebral mechanisms in
addition to DNIC 3. 63 which might also involve the PAG. Descending projections from the
PAG, which is activated by noxious stimuli 2228, synapse in more caudal areas of the
brainstem including the RVM, which in turn sends its projections predominately to the
dorsal horn, where ascending afferents first synapse 28. The significant and robust
mediations of the cortical-to-PAG effects on CPM by the PAG's connectivity with the
brainstem, particularly the dorsal pons in healthy subjects, are consistent with the idea that
we have measured the strength of functional connections in the descending pain-modulatory
system.

4.2. Possible Underpinnings of Aberrant CPM in FM

This study corroborates previous investigations showing deficient inhibitory (or pain-
facilitative) CPM effects in FM 32. 34, 38, 41,55, 60 anq shows that it can be explained, in part,
by aberrant PAG-to-brainstem connectivity. In healthy participants, the strength of resting
PAG-to-dPons connectivity was strongly associated with CPM pain inhibition, but no such
relationship was uncovered in FM. The dorsal pons contains a number of nuclei involved
with pain modulation including the locus coeruleus (LC), which is a noradrenergic nucleus
that contains ascending projections to numerous cortical regions and descending connections
to the dorsal horn where incoming pain signals can be modulated 4. The measurement of
functional connectivity does not provide an index of directionality of the effect, so PAG-to-
dPons connectivity could have both ascending and descending influences on CPM. The lack
of this relationship in FM patients suggests that their deficient inhibitory CPM might result
from disruption of the normal pain-inhibitory processes that contribute to inhibitory CPM in
healthy individuals.

Finally, the PAG-to-Pons/RVM connectivity results suggest that facilitative CPM in FM not
only involves lack of normal inhibitory mechanisms, but also active pain facilitative
mechanisms. The descending pain modulatory pathway from the PAG through the RVM to
the spinal cord has been well characterized in animals 4. The normally pain-inhibitory
RVM can become pain-facilitative following nerve injury or inflammation, as evidenced by
the reduction in pain behaviors in injured animals when the RVM is inactivated 3% 66, For
individuals with FM, the long-term effects of experiencing pain and activating the pain
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modulatory system may shift the balance of the RVM output to pain-facilitative. It can be
difficult to interpret whether a behaviorally measured increase in pain (e.g. hyperalgesia) is
due to reduced pain inhibition or to increased pain facilitation using neuroimaging, since
increased cortical BOLD activation could result from either. However, these results add to a
growing body of human neuroimaging literature, pioneered by Tracey and colleagues
12,22,30,43,65,68, 75 strongly suggesting that active pain-facilitative central mechanisms
play a role in chronic pain.

Given these results, we conclude that FM is associated with changes in the pain-regulatory
system that involve both a loss of the normal inhibition, as seen with the dorsal pons, and
active facilitation, as seen with the caudal pons / rostral medulla >* %4 (Fig. 6). Chronic pain
may also change PAG morphology as well since patients had less PAG gray matter volume,
a result that is in agreement with previous studies showing brainstem decreases in gray
matter volume in chronic pain patients 16:58.59. 62 Alternatively, it could be that individual
differences in PAG morphology and connectivity contribute to one's propensity to develop
chronic pain (and to deficient CPM inhibition). This possibility is supported by a study
showing that deficient inhibitory CPM predicts propensity to develop chronic pain following
surgery 72,

The fact that increased cortical connectivity with the PAG was associated with stronger pain
inhibition regardless of clinical status suggests that these cortical mechanisms of
endogenous pain control are still functionally intact, though perhaps attenuated, in FM.
Previous imaging studies have observed less pronounced pain-evoked activity and
dysregulated opioidergic signaling in anti-nociceptive brain regions 23: 32: 33,61 jn EM. Thus,
while the present results suggest that higher resting cortex-to-PAG connectivity is associated
with greater CPM inhibition in FM patients (as it is in pain-free individuals), our data do not
rule out the possibility that a failure to properly engage this part of the descending circuit
during experimental pain contributes to deficient inhibitory CPM in FM. Furthermore, the
interpretation of this result is complicated by the fact that Insula-to-PAG connectivity was
positively associated with clinical pain in FM, suggesting that the descending pain-
modulatory system's measured activity at rest might be influenced by a patient's level of
ongoing, spontaneous pain.

4.3. Limitations

The study is somewhat limited by a relatively small sample size, inclusion of only female
participants, and a lack of an overall inhibitory CPM effect in healthy controls. The lack of
overall inhibitory CPM, which is not unique to our study 73 74, in our all-female healthy
sample (average age = 40.7 years) could be due to the known tendency for CPM to be less
inhibitory (or more facilitative) in women and with increasing age 14:20. 21,39, 40,
Nevertheless, the significant group differences in CPM provide good evidence that the CPM
scores reflect meaningful variation in endogenous pain modulatory mechanisms.

Finally, our imaging scans were not optimized for the brainstem, and thus there may have
been some loss of signal especially for some of the more caudal regions reported. Our PAG
cluster appears to be situated more in the dorsal rather than the ventrolateral (vI)PAG, the
latter of which is thought to be more directly involved in the descending antinociceptive
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system. The PAG subdivisions are known to interact 17, and the present results do not rule
out the possibility of VIPAG mediation of these effects. The brainstem nuclei (e.g. LC) and
the subdivisions of the PAG, which can have different functions and anatomical connections
11,15 are generally too small to be precisely localized given our MRI scanner strength and
acquisition parameters, so we are unable to say with much certainty which specific
subcortical regions underlie the effects reported herein. Future imaging studies of CPM in
FM could optimize parameters to more precisely examine subdivisions of the PAG and the
brainstem, as was recently done in healthy subjects 2.

4.4. Conclusions

This study confirms a common finding in the literature: FM patients are tuned more towards
experiencing pain facilitation in a CPM paradigm compared to control subjects. We have
extended this by 1) identifying differences in the descending analgesic circuitry that help
explain the normal variability of CPM in healthy participants, and 2) showing that
disruptions in this circuitry are associated with pain facilitation in FM. More specifically, it
appears that pain-facilitative CPM in FM likely involves both decreases in pain inhibitory
mechanisms and increases in brainstem pain facilitative mechanisms. More research is
needed to determine whether these same mechanisms are disrupted in other chronic pain
conditions and to what extent the deficiencies in these systems can help guide treatment of
chronic pain patients.
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Highlights

Conditioned pain modulation (CPM) facilitation observed in fibromyalgia
patients

Smaller periaqueducal gray (PAG) volume observed in fibromyalgia patients
PAG resting connectivity with cortical areas associated with pain inhibition
PAG-to-brainstem connectivity helps explain CPM facilitation in fibromyalgia

Consistent with pathological pain-facilitative brainstem mechanisms found in
animals
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Figure 1.
Behavioral measurement of conditioned pain modulation (CPM). a) The device used to

measure pressure pain sensitivity and CPM. The piston pressed down onto the middle of the
thumbnail at a pressure intended to produce a pain intensity rating of 40-50 out of 100. b)
First, subjects underwent a baseline run with the test stimulus alone, followed by a
conditioning run where the test stimulus was presented concurrently with a noxious pressure
applied to the contralateral thumb. The thick solid line indicates time when the test stimulus
was applied and the thick dotted line indicates when the conditioning stimulus was applied.
Subjects rated the painfulness of the test stimulus 3 times per run. c) The three time points
represent the painfulness of the test stimulus in the conditioning run subtracted from its
painfulness at the corresponding time in the baseline run (e.g. Time 1 = Rating 4 — Rating
1); thus, negative numbers indicate inhibition of the test pain and positive numbers indicate
test pain facilitation. Error bars represent +/- 1 SEM. *p<.05. d) Individual pain modulation
scores at Time 3, separated by group. Horizontal black lines represent group means.
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Figure 2.
Reduced gray matter volume of periaqueductal gray (PAG) in chronic pain patients. a)

Sagittal, coronal, and axial views of the PAG cluster. b) Scatterplot of PAG gray matter
volume in healthy participants (n=14) and chronic pain patients (n=15), corrected for total
intracranial volume and age. Horizontal black lines indicate group means.
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Conditioned Pain Modulation

Figure 3.
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PAG to pgACC Connectivity

PAG to Insula Connectivity

Functional resting connectivity between the periaqueductal gray (PAG) and cortical
structures explains variance in conditioned pain modulation (CPM). a) Sagittal, coronal, and
axial brain slices are depicted left-to-right, with the left insula cluster and the perigenual
anterior cingulate cortex (pgACC) cluster pictured bottom-left and top-right of each,
respectively. The blue lines on the three bottom-right brains indicate the slice locations, with
the coordinates listed in MNI space. b) Left panel shows the scatterplot of PAG-to-pgACC
connectivity versus pain modulation, while the right panel shows PAG-to-Insula
connectivity's relationship. Black lines show the best-fit regression and blue lines indicate
95% confidence intervals. R values were derived from Pearson's correlations between
extracted connectivity values.
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Figure 4.
PAG connectivity with the brainstem explains variance in conditioned pain modulation

(CPM). a) Significant cluster in the dorsal pons (DPons) that was obtained by correlating
pain modulation scores with PAG-to-whole-brain connectivity only in healthy participants.
Significance is indicated using the warm-colored bar. b) Relationship between DPons
connectivity and CPM in healthy participants. c) DPons relationship with CPM in FM
patients. Black lines show best-fit linear regressions and blue lines show 95% confidence
intervals. d) Significant cluster that extends from the caudal pons into the rostral
ventromedial medulla (RVM), obtained by an interaction model to probe differences in PAG
connectivity's association with CPM that differed across groups. Greater PAG connectivity
to the cluster depicted was associated with pain inhibition in healthy participants but pain
facilitation in chronic fibromyalgia patients. Scatterplots show the relationships in e) healthy
subjects and f) FM patients. Linear regression lines and 95% confidence intervals shown. R
values reported in panels b, c, e, and f were obtained from Pearson's correlations using
extracted connectivity values. g) Descending axial slices through the brainstem illustrate the
locations of the two clusters in the same space.
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Figure 5.

Mediation analyses suggest that the cortical associations with CPM are mediated through the
brainstem. a) In healthy individuals, increased Insula-to-PAG connectivity is associated with
increased PAG-to-dorsal pons (dPons) connectivity, which is associated with pain inhibition.
The inhibitory effect of PAG-to-Pons / rostral ventromedial medulla (RVM) connectivity is
not significant in this model. b) In fibromyalgia patients, the effect of Insula-to-PAG
connectivity is mediated by PAG-to-Pons/RVM connectivity. As Insula-to-PAG connectivity
increases, PAG-to-Pons/RVM connectivity decreases, which would reduce the facilitative
effect on pain in this group. Thus, both mediations show inhibitory effects on pain, via
increasing pain-inhibitory brainstem connectivity in controls and decreasing pain-facilitative
brainstem connectivity in FM. Statistically significant effects are indicated by bold text and
lines. Dotted lines indicate mediation effects; significant mediation statistics are highlighted
in blue. *p<.05
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Figure 6.
Simplified model depicting the effects of periaqueductal gray (PAG) functional connectivity

on endogenous pain modulation. Cortical areas including the insula and the anterior
cingulate cortex (ACC) are functionally connected with the PAG and can signal to brainstem
regions including regions within the dorsal pons (DPons) and caudal pons / rostral
ventromedial medulla (Pons/RVM), which other studies have shown send descending
inhibitory signals to the level of the spinal cord to inhibit incoming pain signals. Our results
show that resting connectivity between the PAG and DPons is more important for pain
inhibition than PAG-to-Pons/RVM connectivity in healthy individuals, despite the fact that
the Pons/RVM was found to be more significantly more pain-inhibitory in healthy
participants in the interaction analysis with patients. In fibromyalgia patients, cortical pain-
inhibitory influences on the PAG seem to be intact, but the strength of PAG-to-DPons
connectivity is not associated with pain inhibition as it is in healthy participants. In addition,
PAG-to-Pons/RVM connectivity is associated with pain facilitation in these patients, an
effect that is in agreement with previous findings in animal models of chronic pain.
Mechanisms such as these may help explain why individuals with chronic pain are less able
to regulate and dampen incoming pain signals, which instead become perceptually
amplified.
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Table 1
Participant demographics
Group Means (StdDev) Inferential Statistics
Healthy (n=14) Fibromyalgia (n=15) t Value p Value
Age 40.7 (11.5) 40.7 (10.2) -0.01 .996
VAS 8.4 (12.5) 68.3 (13.4) -12.42 <.001
BPI Sev 0.5(1.0) 5.6 (1.5) -10.78 <.001
BPI Int 0.1 (0.5) 5.0 (2.5) -7.16 <.001
HADS Dep 2.2(2.8) 49(3.3) -2.31 .029
HADS Anx 4.4(3.1) 6.5(3.5) -1.71 .099

Page 25

Note: VAS=visual analogue scale rating of clinical pain; BPI=brief pain inventory; Sev=severity; Int=interference; HADS=hospital anxiety and

depression subscale; Dep=depression; Anx=anxiety; bold text=p<.05 group difference using independent samples t-test
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Test stimulus ratings (mean of three ratings +/- SD) at baseline and during conditioning stimulation, and

Table 2

overall CPM magnitude score (conditioning run minus baseline run.

Baseline Run [ Conditioning Run | CPM Magnitude | p yajues™
Healthy Control | 52.5 (19.0) 55.9 (23.3) 34(13.8) 408
Fibromyalgia 38.9 (19.7) 52.3 (21.7) 13.4 (17.7) 018
p values? .092 694 130
Note:

#Healthy Control vs. Fibromyalgia;

*
Baseline Run vs. Conditioning Run
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Table 4
Regions used for small volume corrections

Significance of
present result

Brain Region Paper MNI Coordinates Previous Study Findings with 6mm sphere
(p value)
Gray matter volume
. 50 . Average peak voxel of PAG reported in 40 *
s Linnman et al. 2012 1,-29,-10 studies (n=703) on pain. .006
PA
Kong et al. 2010 4-26-14 Ventrolateral PAG seed region that was used o011

in resting functional connectivity analysis

Resting state functional connectivity correlations with endogenous pain
modulation

Significant positive resting functional
pgACC Kong et al. 2010 4,38,6 connectivity between the PAG and this 015
region in sample of 100 healthy subjects

*

*

Pons / RVM Kong et al. 2010 -4,-34,-40 (see above) 009

Note: MNI=Montreal Neurological Institute; PAG=periaqueductal gray; pgACC=perigenual anterior cingulate cortex; RVM=rostral ventromedial
medulla;

*
=p<.05
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