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Abstract

Objective;—Pregabalin (PGB) is an a.2p calcium channel subunit ligand that has previously
been shown to reduce chronic pain in multiple conditions. Preclinical studies indicate that PGB
may down-regulate brain glutamate release while also inhibiting astrocyte induction of
glutamatergic synapse formation. Recent clinical research supports PGB modulating glutamatergic
activity and functional brain connectivity in order to produce analgesia. However, no studies have
examined concurrent changes in brain gray matter volume (GMV) or evoked-pain connectivity in
humans receiving PGB.

Methods—Sixteen female fibromyalgia patients completed a randomized double-blind two-
period cross-over study of PGB versus placebo (PBO). Before and after each period, patients had
high-resolution structural and evoked pressure-pain functional brain imaging. GMV was analyzed
using voxel-based morphometry, and functional connectivity during evoked pressure-pain was also
assessed.

Results—PGB administration significantly reduced GMV within the posterior insula bilaterally,
whereas there were no significant changes in insular GMV following PBO treatment. GMV
reductions were also observed when comparing PGB versus PBO treatment in the medial frontal
gyrus, which were associated with reduced clinical pain. These reductions in insular GMV were
associated with concomitant reductions in connectivity to the default mode network (DMN),
which was also associated with reduced clinical pain.
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Both authors contributed equally to this manuscript.
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Conclusion—Short-term PGB treatment alters brain structure and evoked-pain connectivity, and
these decreases were associated with reduced clinical pain. We speculate that these fairly rapid
changes in GMV may be related to brain neuroplasticity. It is unknown if these effects are
generalizable to other chronic pain states.
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Matter Volume

Fibromyalgia (FM) is a chronic pain syndrome characterized by widespread musculoskeletal
pain and multiple concomitant symptoms including fatigue, sleep disturbances, cognitive
dysfunction, and depression(1). FM is estimated to affect approximately 2—8% of the U.S.
population, depending on criteria used(1). Understanding of the disorder has increased
substantially in recent years and research indicates that the primary symptom of FM, chronic
widespread pain, is neurogenic in origin(1). Therapeutic options that target the central
nervous system have some efficacy in FM, including tricyclic antidepressants(2), selective
norepinephrine and serotonin reuptake inhibitors(3) and certain anticonvulsants, such as
gabapentin(4) and pregabalin(5).

Pregabalin (PGB), and its related compound gabapentin, were initially developed as
antiepileptic drugs(6). However, both substances have been shown to be efficacious in
various chronic pain states (4, 7). Pregabalin is indicated for treatment of FM in the U.S.,
Japan, and other countries(8).

PGB and gabapentin bind to the a2p subunit of voltage-gated calcium channels and reduce
calcium influx at nerve terminals, causing a decreased release of neurotransmitters
glutamate(9), norepinephrine(10), and substance P(11). Binding of PGB to a.2p is the
proposed primary mechanism by which this drug acts as an anticonvulsant, anxiolytic, and
analgesic (12). Our recent trial in FM subjects demonstrated that PGB reduces insular
glutamate levels and the degree of resting (or intrinsic) connectivity between this structure
and the Default Mode Network (DMN)(13), a constellation of brain regions known to
support self-referential cognition and auto-biographical memory(14). In addition, these
reductions were associated with decreased clinical pain. However, it remains unknown
whether this compound also alters brain structure and/or functional connectivity during
evoked-pain stimuli.

This study builds upon our previous PGB investigation (13) utilizing the same FM patients.
To better understand the range of PGB’s effects on the brain, we performed Voxel-Based
Morphometry (VBM) and evoked-pain connectivity analyses to quantify levels of regional
brain gray matter volume (GMV) and connectivity, respectively, before and after PGB
treatment in FM patients. While structural brain imaging has been used to explore brain
GMV in chronic pain(15), there is a discrepancy in findings with some studies showing
decreases(16) and others reporting increases(17). While still unverified, these findings may
point towards two complementary processes underlying the pathophysiology of FM:
increases in GMV in pro-nociceptive structures and decreases in anti-nociceptive regions.
Decreases in GMV in areas implicated in pain inhibition could reflect impaired descending
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inhibitory pathways, while increases in other areas could reflect increased pro-nociceptive
activity. Given preclinical and clinical findings of PGB reducing glutamatergic
neurotransmission, we hypothesized that PGB may actually reduce regional GMV in pro-
nociceptive areas. Additionally, since changes seen in chronic pain are thought to be due to
neuroplasticity, we further hypothesized that GMV changes would be reversible following
PGB treatment(18). We were also interested whether regions of altered GMV displayed
changes in evoked-pain connectivity as an effect of PGB. Evoked-pain connectivity is of
interest as it allows us to observe alterations in brain networks in response to stimulated pain
experiences. Previous studies have shown changes in resting state functional magnetic
resonance imaging (fFMRI) in FM, particularly in pain processing regions, such as the
insula(19). However, these studies did not explore how connectivity patterns during evoked-
pain might change within regions showing alterations in GMV. We hypothesized that due to
the effect of gabapentin on blocking excitatory synaptogenesis (20), PGB treatment may
induce reductions in connectivity between pro-nociceptive and DMN regions during evoked-
pain fMRI, and these changes should correlate with reduced clinical pain.

Patients and Methods

Participants

Twenty-three female FM patients (mean age+SD; 38.6+12.2years) from a previously
reported trial(13) participated in the current study. All participants gave written informed
consent and study protocols were approved by the University of Michigan Institutional
Review Board and Pfizer (Groton, CT). Imaging data were stored, validated, analyzed, and
assessed for quality at the University of Michigan independently of Pfizer personnel.
Clinical data were double-entered, quality checked, and databases were locked before
analysis. Full results are reported at clinicaltrials.gov.

FM participants were included if they: 1) met the American College of Rheumatology
(1990) criteria(21) for the diagnosis of FM for >1 year; 2) had continued presence of pain
>50% of days; 3) were willing to limit the introduction of new medications/treatment
modalities for control of FM symptoms during the study; 4) were >18 and up to 70 years
old; 5) were female; 6) were right-handed; and 7) were capable of giving written informed
consent. Participants were excluded if they: 1) had current or history of opioid/narcotic
analgesic use; 2) had a history of substance abuse; 3) had presence of concurrent
autoimmune/inflammatory disease (e.g. rheumatoid arthritis, inflammatory bowel disease,
etc.) that cause pain; 4) had concurrent participation in other therapeutic trials; 5) were
pregnant and nursing mothers; 6) had severe psychiatric illnesses (current schizophrenia,
suicidal ideation, substance abuse within two years); or 7) had current major depression.

Treatment

Patients completed a randomized double-blind two-period cross-over study of PGB versus
placebo (PBO). During PGB treatment, drug concentration was dose-escalated to
450mg/day over the course of 14 days. During PBO, sugar pills were taken over 14 days to
match the PGB period. Before and after each period (PGB/PBO), patients underwent
magnetic resonance imaging (MRI), which included high resolution T1 structural and T2*
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MRI scanning during which patients experienced evoked pressure-pain applied to the
thumbnail bed (Supplementary Figure 1).

Clinical pain was assessed using the Visual Analog Scale (VAS)(22) and Short Form McGill
Pain Questionnaire (SF-MPQ), which included total, as well as sensory and affective pain
sub-domains(23), immediately before and following PGB and PBO scanning as a measure
of present pain. We additionally collected demographics, medication use, and anxiety and
depression data at baseline(24)(Supplementary Table 1). Pre-post changes in behavioral
measures were assessed with paired t-tests.

Experimental pain

Experimental pressure-pain thresholds were determined during the first behavioral visit prior
to scanning, and were held constant for subsequent scans. Thresholds were determined
similarly to a previously published study(25) using a multiple random staircase method(26)
and rated using the Gracely Box Scale (GBS), a 21-box numerical descriptor scale(27).

At each of the four fMRI sessions (pre/post PGB, pre/post PBO), patients underwent two
10-minute evoked-pain functional scans. Pressure-pain was delivered using a pneumatic
system, through which air was delivered to a custom-made stimulation device with a 1-cm?
hard, rubber, circular probe pressed against the left thumbnail bed. Software was created to
interface with the analogue air controller, using Agilent VEE Pro, which regulated
predetermined pressures to be applied. Additionally, the VEE Pro software communicated
with E-Prime v1.0 to maintain accurate timing throughout the experiment.

Identical 10-minute evoked-pain runs delivered four different pressure-pain stimulus
conditions. Conditions were divided into equal 25-second blocks, and were pseudo-
randomized throughout scanning. The first condition was rest, where the probe remained on
the thumb for the full 25 seconds but did not elicit pain, and this condition was interleaved
between the other three conditions wherein pressure was applied to the thumbnail in a
fluctuating manner, applying short stimuli every 2.5 seconds throughout the 25 second
block. These conditions were personalized from each patient’s initial behavioral multiple
random staircase session and contained: “light touch,” consisting of no more than 0.25kg/
cm?; “mild-moderate pain,” eliciting between 7-8 on the GBS; and “slightly-intense pain,”
eliciting between 13-14 on the GBS (Supplementary Figure 2). These values allowed for
comparison of changes in response to subjective pressure-pain levels. To assess evoked-pain
connectivity changes to objective equal stimulus pressure intensity, either “mild-moderate”
or “slightly-intense” pain conditions were adjusted to 2.0kg/cm? for all patients.
Immediately following pressure-pain scanning, patients were asked to rate the lowest and
highest responses to the pressure-pain stimuli using the GBS.

MRI Protocol

MRI was performed on a 3.0T GE Signa Scanner (LX VH3 release, Neuro-optimized
gradients). For structural scanning, T1-weighted gradient echo data set (TR=12.3ms,
TE=3.4ms, flip angle=25°, FOV=256x256, yielding 106 sagittal slices with acquired voxel
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size of 0.94x0.94x1.5mm and resampled to 1x1x1mm) was acquired using an Eclipse 3.0T
94-quadrature head coil. Inspection of individual T1 MR-images revealed no gross
morphological abnormality for any participant. Evoked-pain fMRI scans were collected on
the same 3T GE magnet. We utilized a reverse-spiral gradient echo T2*-weighted blood
oxygenation-level dependent (BOLD) pulse sequence (TR2500ms, TE=30ms, 240 volumes,
48 AC-PC aligned slices, voxel size=3.44x3.44x3.0 mm).

VBM Analyses

SPMS5 software (Functional Imaging Laboratories, London, UK) running under Matlab was
used to pre-process and analyze structural data(28). Estimation of total gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF) was performed by segmenting the
original image into GM, WM and CSF, using the Ibaspm toolbox(29).

Pre-processing of structural images was performed using VBM5.1 (C. Gaser, default
settings), which involved image re-angulation and re-orientation, re-alignment within-
subjects to the first time point, spatial normalization, segmentation, and spatial smoothing
(Gaussian kernel of 12mm full-width at half-maximum for GM images). Un-modulated
images were used for statistical analyses. We utilized a flexible factorial model with age as a
nuisance variable, and performed two VBM analyses. In analysis 1, we analyzed effects of
PGB and PBO treatments independently on regional GMV, and in analysis 2, we looked for
significant regional GMV differences between PGB and PBO treatments (treatment*time
interaction). Significant differences in GMV values between time points and treatment arms
were identified, applying voxel-wise statistics within the general linear model (GLM).
Regions of interest (ROIs) detected from the whole brain group analyses were extracted
using Marsbar(30). Additional exploratory analyses were performed examining the
reversibility of GMV changes throughout the placebo washout period for patients receiving
PGB first. Threshold for VBM significance was set at p<0.001 uncorrected voxel-wise, and
cluster-level significance corrected for multiple comparisons using a family-wise threshold
(FWE) pswe<0.05. For a priori ROIs involved in pain processing (e.g. insula/thalamus) that
did not meet whole brain significance, we utilized a Small Volume Correction (SVC) with
an 8mm sphere and psye< 0.05 approach based on previously published pain literature
coordinates(19, 31)(Supplementary Table 2). Bivariate Spearman correlational analyses were
performed between changes in clinical pain and changes in GMV, with significance set at
p<0.05. No corrections were made for multiple comparisons.

Functional Connectivity (fcMRI) Analyses

During evoked-pain functional scans, physiological data were collected simultaneously as
cardiac and respiratory fluctuations are known to influence fMRI intrinsic connectivity(32).
Respiratory volume data were collected by securing a GE magnetic resonance-compatible
chest plethysmograph around each subject’s abdomen. Cardiac data were collected using an
infrared pulse oximeter (GE) attached to the subject’s right middle finger. Participants’
motion was minimized using foam pads placed around the head. To allow for scanner
stabilization and equilibrium, the first 6 volumes of each functional scan were discarded.
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Raw data acquired from fMRI were corrected for physiological motion effects using the
RETROICOR method(33). Data were preprocessed using standard protocol in SPM8
(Functional Imaging Laboratories, London, UK) through Matlab, including motion
correction via realignment to the first volume in the series, normalization to the Montreal
Neurological Institute (MNI) template, and smoothing with an 8mm FWHM Gaussian
Kernel. Motion during scanning was assessed using three translations and rotations for each
scan. Thresholds for translation were set to £2 mm, and rotation at £1°, and subjects
exceeding these thresholds were excluded from analyses.

Pre-processed data underwent connectivity analyses via the Functional Connectivity
Toolbox v2.0 (CONN)(www.nitrc.org/projects/conn) in SPM8. CONN toolbox utilizes a
component-based noise correction method (CompCor), which increases sensitivity and
selectivity allowing for a high degree of interscan reliability(34). During preprocessing,
WM, CSF, and effects of rest and pain were included as confounds within the GLM. A band
pass filter (.01-.1 Hz) was used to remove high frequency noise and linear drift artifacts.
Regressors of no interest included motion in first-level analyses, and age in second-level
analyses. Using CONN, we assessed seed-to-voxel correlations calculated from the entire
evoked-pain run (first-level analysis). Evoked-pain connectivity analyses utilized seeds
created from clusters identified in VBM analyses, and assessed for connectivity changes
between these regions and other areas using a seed to whole brain approach. For analysis 3,
we examined differences in connectivity during evoked-pain (mild-moderate and slightly-
intense) conditions (pain vs. light touch contrast) fMRI pre and post PGB and PBO
treatments independently, while in analysis 4, we contrasted differences between evoked-
pain connectivity during PGB and PBO treatments utilizing a flexible factorial model. We
applied a voxel-wise p<0.001 uncorrected threshold with cluster-level significance corrected
for multiple comparisons, using a paye<0.05. For a priori ROIs involved in pain processing
(e.g. insula/thalamus) that did not meet whole brain significance, we utilized a SVC with an
8mm sphere and pgye< 0.05 approach based on previously published pain literature
coordinates(19, 31)(Supplementary Table 2). Bivariate Spearman correlational analyses were
performed between changes in clinical pain and changes in connectivity values, with
significance set at p<0.05. No corrections were made for multiple comparisons.

Proton Magnetic Resonance Spectroscopy

As our previously published study showed decreases in glutamate and glutamine (GIx)
following PGB(13), in an exploratory analysis, we also correlated changes in insular Glx
with changes in GMV. GIx levels were acquired through 1H-MRS imaging on a GE 3.0T
magnetic resonance scanner (GE, Milwaukee, WI1) at rest before and after each treatment.
GIx was acquired for the right anterior and posterior insula, with single-voxel point resolved
spectroscopy spectra acquired for each ROI with the following parameters: TR=3000ms,
TE=30ms, 90-degree flip angle, NEX 8, FOX 16, with a voxel size of 2x2x3 cm. In this
study, we correlated changes in insula GMV and evoked-pain connectivity with levels of
GIx. Significance was determined as p<0.05.
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Results

Participants in study

Sixteen (mean age+SD; 37.3+10.5 years) of the 23 FM patients were included in VBM
analyses, and a subset of 15 was included in connectivity analyses. Reasons for exclusion of
participants were: 4 had excessive motion during MRI scanning, 2 subjects missed study
drug at least once, 1 participant had dental work compromising MRI scanning, and 1
participant suffered an injury leading to development of new pain symptoms. One subject
with excessive motion during experimental pain runs had usable structural data and was
included in VBM analyses.

Changes in Clinical Pain

For the 16 subjects participating in VBM analyses 1&2, as expected given the small sample,
there were trends but no significant reductions in clinical pain for PGB (VAS, p=0.114; SF-
MPQ, p=0.216) or PBO (VAS, p=0.223; SF-MPQ, p=0.101) treatments (Supplementary
Figure 3). There were no significant reductions in clinical pain for the 15 VBM subjects
participating in connectivity analyses 3&4, for either PGB (VAS, p=0.183; SF-MPQ,
p=0.328) or PBO (VAS, p=0.101; SF-MPQ, p=0.196) treatments.

PGB Effects on Brain Structure and Connectivity during Evoked-Pain

For analysis 1, FM patients displayed significant decreases in volumetric size in GMV
following PGB treatment within the following regional brain structures: 1) bilateral posterior
insula (right, psye<0.001; left, paye=0.029 (SVC, x=-39, y=-15, z=1)(31)), 2) medial/
superior frontal gyri (psye<0.001), and 3) left precentral/postcentral/middle frontal gyri
(Prwe=0.046). Following PBO treatment, FM patients had significantly lower GMV in the
right superior temporal gyrus (psye=0.018)(Table 1, Figure 1). No regions displayed
increases in GMV for either PGB or PBO.

For the treatment*time interaction in analysis 2, regions displaying reductions in volumetric
size of GMV in PGB more than PBO treatment included the: 1) right medial frontal gyrus
(MFG)(pswe=0.010), 2) left superior temporal gyrus (psye=0.039), 3) left cuneus
(Prwe=0.004), 4) left pre/postcentral gyrus (prye=0.019), and 5) superior frontal gyrus
(Pfwe=0.017). No regions showed significant reductions in PBO more than PGB (Table 1,
Figure 1). Furthermore, reductions in right MFG GMV were correlated with decreased SF-
MPQ total (r=0.545, p=0.029) and sensory (r=0.526, p=0.037) pain scores (Table 3, Figure
1).

In analysis 3, we observed significant decreases in evoked-pain connectivity as an
independent effect of PGB between the right posterior insula (seed) and left anterior insula
(Pfwe=0.046), and left thalamus (psye=0.006 (SVC, x=-10, y=—22, z=6)(19))(Table 2, Figure
2); i.e. the right posterior insula and left anterior insula displayed reduced temporal
correlation during evoked pain following PGB. No increases in connectivity between any
areas in response to evoked-pain connectivity as an effect of PGB were observed. No
decreases or increases in evoked-pain connectivity as a result of PBO were observed.
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Furthermore, no differences in connectivity as an effect of PGB or PBO independently were
found for the remaining VBM seeds, including the MFG and precentral/postcentral gyrus.

For analysis 4, there was significantly decreased evoked-pain connectivity in the PGB period
as compared to PBO for the: 1) left posterior insula(seed)-right inferior parietal lobule (IPL)
(Pfwe<0.001) as well as a cluster encompassing the middle/medial frontal gyrus
(prwe=0.004), 2) right posterior insula(seed)-left anterior insula (psye=0.004) as well as the
cuneus (psye=0.004)(Table 2, Figure 3A&B), and 3) within the left precentral/postcentral
gyrus (psve=0.050). Decreases in insula-MFG connectivity were associated with decreases
in SF-MPQ total (r=0.603; p=0.017) and sensory (r=0.601; p=0.018) pain scores (Table 3,
Figure 3C). We also observed an increase in evoked-pain connectivity in PGB relative to
PBO between the: 1) left posterior insula-middle temporal gyrus (pswe=0.019) and 2) left
precentral/postcentral gyrus-left posterior cingulate/precuneus (psye=0.002).

Relationship between Changes in Brain Structure and Connectivity and Glx

We found no relationship between changes in GMV and changes in GIx in the right posterior
insula (p=0.770). There was no relationship between changes in Glx and changes in the
degree of evoked-pain connectivity between the right posterior insula and left anterior insula
(p=0.211).

Reversal of Gray Matter Volume Changes following PGB Treatment

For the n=7 subjects receiving PGB first, we also explored the reversibility of GMV changes
by choosing pain processing regions identified in VBM analyses (left/right insula, analysis
1) and regions showing correlations to clinical pain (MFG, analysis 2). During the washout
period between post-PGB (period 1) and pre-PBO treatment (period 2), there were
significant increases in GMV for the right posterior insula (p=0.032)(Supplementary Figure
4), the MFG (p=0.020), and a trend for the left posterior insula (p=0.065). Following
washout (pre-PBO), differences in GMV relative to baseline (pre-PGB) were not different
(right posterior insula, p=0.896; left posterior insula, p=0.703; MFG, p=0.464).

Discussion

The aim of this study was to investigate changes in regional brain morphology as well as
seed-based evoked-pain connectivity, associated with changes in GMV, during PGB
treatment in FM patients. Our data are the first to show that after acute PGB administration
(14 days), regional GMV in the MFG and bilateral insula decreased and then increased
within two weeks during washout. \We have also shown that these same regions showing
reductions in GMV as an effect of PGB treatment also displayed reduced connectivity
during evoked-pain stimuli. Perhaps most importantly, changes in GMV and connectivity
during evoked-pain were associated with reductions in clinical pain ratings.

Changes in Brain Gray Matter Volume

Both the main effect of PGB (analysis 1) and the comparison between PGB and PBO
(analysis 2) revealed significant decreases in regional GMV. PGB alone decreased GMV in
the bilateral posterior insula (analysis 1), while the greatest reductions between PGB and
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PBO treatments were found in the MFG (analysis 2). While chronic pain is typically
associated with decreases in GMV/(16), increases have also been noted(17) (see below).

Our group has previously shown that FM patients displayed increased levels of glutamine
+glutamate (GIx) relative to controls, particularly in the right posterior insula, with levels of
GIx being positively correlated with the degree of experimental pain(35). Furthermore, our
previous study using the same group of patients as the current analysis revealed that PGB
treatment lowered GlIx levels in the right posterior insula(13), and reduced connectivity
between the insula and the DMN was in turn correlated to reduced clinical pain. Here, we
extend these findings to effects on brain structure and associated connectivity during evoked-
pain. Based on preclinical data demonstrating that a2 ligands reduce excitatory synapse
formation(20), and our data demonstrating that PGB reduces levels of abnormal GIx in FM,
we speculate that the decreased GMV seen in our study may be due to decreased glutamate
synapse number. While there was no significant correlation between changes in right
posterior insular GMV and changes in Glx as an effect of PGB, we note that this may be due
to the GMV cluster and spectroscopy voxel not directly overlapping, as well as the small
sample size in this pilot study.

The MFG showed the greatest extent of GMV decreases during PGB relative to PBO
treatments (analysis 2). While the role of GMV in the MFG in chronic pain is not well
understood, this region is part of the Default Mode Network (DMN)(36). Increased MFG
connectivity within the DMN in chronic pain has been associated with increased pain
rumination, which could impede chronic pain treatment efficacy(37). We have previously
reported increased baseline connectivity in FM both within the DMN(38) as well as between
the DMN-insula. Specific reductions in DMN-insula connectivity following both non-
pharmacological interventions(39) as well as pharmacologic treatment with PGB(13)
correlated with reduced clinical pain. Here we extend these findings to structural GMV data
showing that DMN GMV reductions as an effect of PGB are also correlated with improved
clinical pain.

We acknowledge that it is somewhat difficult to interpret our results of decreasing GMV
following successful treatment with PGB as the existing literature of structural imaging in
chronic pain shows both increases and decreases in GMV (16, 17). Long-term reductions in
GMV, particularly in the setting of chronic pain, have been speculated to involve neuronal
atrophy associated with inflammatory processes and/or excitotoxicity (16). However, from a
biological perspective, the mechanism of PGB reducing excitatory neurotransmitters is
somewhat in agreement with our results here namely: reduced excitatory neurotransmitters
(13) are observed in the same region as reduced GMV (i.e. right posterior insula). It is also
important to note that our findings originate from an acute within-subject longitudinal
treatment study in patients, and not a cross sectional patient versus control analysis. As we
did not perform PGB administration in pain free controls, extrapolation of our findings to
case-control analyses should be viewed with caution.

That said, Seminowicz et al. performed a non-pharmacological treatment study in chronic
low back pain patients and observed increases in cortical thickness in the dorsolateral
prefrontal cortex which were associated with improved symptoms(40). This result could be
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in alignment with our findings as they observed increases in cortical thickness in a largely
“anti-nociceptive” region while our findings show reduction in GMV in largely “pro-
nociceptive” regions such as the insula. More trials in the same patient population with the
same intervention could verify this interpretation, as could neuroimaging experiments in
animal models of FM treated with PGB.

Evoked-Pain Connectivity fMRI

We also investigated the effect of PGB on evoked-pain connectivity, using seeds showing
decreases in GMV with PGB. Evoked-pain connectivity was of interest since it allowed us to
examine effects of PGB treatment on functional networks during a stimulated pain
experience. In analysis 3, we found that PGB treatment reduced connectivity between the
right posterior insula(seed) and left anterior insula, as well as the thalamus, during evoked-
pain. In analysis 4, significant decreases in evoked-pain connectivity in PGB relative to PBO
were noted between: 1) the left posterior insula (seed) to right IPL, as well as the MFG, and
2) between the right posterior insula(seed) to left anterior insula, a cluster found to largely
overlap that identified in analysis 3.

Prior studies analyzing the effects of PGB have shown that treatment reduced both insular
activity(41), and insula-DMN connectivity was related to decreased clinical pain (13). The
decreased pro-nociceptive evoked-pain connectivity between the posterior insula—anterior
insula in analyses 3 and 4 and posterior insula—thalamus in analysis 3 are consistent with
these findings and extend them to connectivity differences during an evoked-pain state. The
role of the thalamus(42) and insula(43) in pain processing are well documented, with both
displaying abnormal involvement in chronic pain (44-46). Furthermore, the medial dorsal
nucleus of the thalamus identified in our study has been shown to display subtle structural
alterations in chronic pain(47). The direction of insula-thalamus connectivity changes are
consistent with changes in GMV reported in this study, as well as other neural metrics
previously published with this FM cohort (see above) (13).

In analysis 4, we noted decreased connectivity between the left posterior insula-MFG, as
well as the IPL, another DMN region implicated in chronic pain(48). A main difference
between our previous study(13) and the current study findings show altered MFG
connectivity during evoked-pain. The MFG, and more generally frontal lobe activity during
painful experiences, is related to the attentional processing of pain(49). Here, we show that
decreases in insula-MFG connectivity during painful experiences as an effect of PGB are
associated with decreases in clinical pain. We speculate that one of the mechanisms by
which PGB may impart its analgesic effects is by reducing an abnormally elevated level of
attentional pain processing in FM during painful states.

Reversal of GMV changes

Interestingly, we found that GMV decreases did not persist following acute PGB treatment.
There are possible explanations for this reversibility. With neural plasticity playing a role in
chronic pain(18), it may be plausible that PGB affects synapse formation in a reversible
manner, thereby manifesting as plastic changes in brain structure as assessed with MRI.
Furthermore, as PGB has been shown to reduce glutamatergic neurotransmission(9),
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reductions in GMV during treatment and subsequent increases following cessation may be
caused by changes in cell volume from PGB-related cell metabolic changes. However, it
remains to be seen if longer administration of PGB results in long-term and potentially non-
reversible changes in brain GMV. Our findings of acute reversibility strongly suggest that
PGB is not leading to either a loss of cell number or brain tissue.

This trial has certain limitations. As stated above, while VBM analyses reveal changes in
GMV, we do not know the exact causes of these changes. Additionally, functional
connectivity was estimated from a heterogeneous state, which included both resting and
evoked-pressure and pain periods. While our analyses contrasted these periods, we cannot
say that our rest and pain periods were pure. Some of our patients also were taking other
medications at the time of scanning, which could have affected our results. This confound
may have been mitigated by the fact that the dose of the other medications were held
constant over the course of the study. Lastly, PGB failed to significantly reduce clinical pain
in our study. Possible contributors to the lack of a significant effect could be the length of
PGB administration and relatively small sample size. However, we do not feel that this is a
major limitation as PGB has already been shown to be efficacious in reducing FM pain, and
analyses have demonstrated that pharmacologic fMRI studies provide greater sensitivity in
detecting drug effects than behavioral measures(50).

In the present study, we build upon a previous PGB analysis by showing that drug
administration reduces GMV which is associated with seed-based evoked-pain connectivity.
Furthermore, we show that PGB-related GMV changes are largely reversible following
treatment. It may be the case that overactive synapses in pain processing regions (e.g. insula/
DMN) are down-regulated due to PGB treatment reducing glutamate release. Additionally,
as pain rumination plays a large role in chronic pain(37), PGB may provide analgesia by
ameliorating abnormal neural networks associated with attentional processing during painful
stimulation. Revealing drug-associated neural changes correlating with significant
improvements in clinical pain has broad implications for FM. Understanding neural targets
leading to analgesia in FM can help guide development of future therapeutic interventions,
with MRI serving as a useful non-invasive tool of objectively measuring treatment efficacy.
However, it remains to be seen if these findings are generalizable to PGB treatment of other
chronic pain conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 3.
Panel A: A region of the left posterior insula where we observed decreases in GMV showed

decreased evoked-pain connectivity to DMN structures (right inferior parietal lobule and
middle/medial frontal gyrus) between PGB and PBO treatments (analysis 4). Panel B:
Additionally, a region of the right posterior insular where we observed decreases in GMV
showed concomitant decreases in evoked-pain connectivity to the left anterior insula and the
cuneus (analysis 4). Panel C: Reductions in left posterior insula to middle/medial frontal
gyrus evoked-pain connectivity during the PGB period are associated with reductions in
MPQ total and sensory pain scores. Right/left posterior insular seeds were obtained from
VBM results.

Black lines with filled in circles indicate individual PGB subject changes in evoked-pain
connectivity. Black lines with empty circles indicate evoked-pain connectivity changes
during PBO. Red lines indicate group means. Abbreviations: GMV= Gray Matter \olume;
MPQ= McGill Pain Questionnaire; PGB= Pregabalin; PBO= Placebo.
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Table 3

Changes in VBM and evoked-pain connectivity metrics are associated with decreased clinical pain

Brain Region(s) Clinical Measure r-value p-value

PGB GMV Decreases from Analysis 2 Correlated to Decreases in Clinical Pain

Medial Frontal Gyrus Difference in McGill Total Score .545 0297
Difference in McGill Sensory Score .526 0377

PGB Evoked-Pain Connectivity fMRI Decreases from Analysis 3 Correlated to Decreases in Clinical Pain

Right Posterior Insula to Thalamus Difference in VAS Score .506 065~

PGB Evoked-Pain Connectivity fMRI Decreases from Analysis 4 Correlated to Decreases in Clinical Pain

Left Posterior Insula to Middle/Medial Frontal Gyrus Difference in McGill Total Score .603 o017
Difference in McGill Sensory Score .601 018™*

PGB Evoked-Pain Connectivity fMRI Increases from Analysis 4 Correlated to Decreases in Clinical Pain

Precentral/Postcentral Gyrus to Posterior Cingulate/Precuneus Difference in VAS Score -.637 0197

Left Posterior Insula to Middle Temporal Gyrus Difference in McGill Affective Score -.537 039

Differences in GMV, evoked-pain connectivity metrics, and clinical measures are calculated as post minus pre values; Abbreviations: fMRI=
functional Magnetic Resonance Imaging; PGB= Pregabalin; VAS= Visual Analog Scale;

*
indicates trend (p < .1);

Aok

indicates significant correlation (p < .05).
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