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Abstract

We recently showed that patients with different chronic pain conditions (such as
chronic low back pain, fibromyalgia, migraine, and Gulf War Illness) demonstrated elevated
brain and/or spinal cord levels of the glial marker 18kDa translocator protein, which suggests
that neuroinflammation might be a pervasive phenomenon observable across multiple
etiologically heterogeneous pain disorders. Interestingly, the spatial distribution of this
neuroinflammatory signal appears to exhibit a degree of disease specificity (e.g., with respect
to the involvement of the primary somatosensory cortex), suggesting that different pain
conditions may exhibit distinct “neuroinflammatory signatures”. To further explore this
hypothesis, we tested whether neuroinflammatory signal can characterize putative etiological
subtypes of chronic low back pain patients based on clinical presentation. Specifically, we
explored neuroinflammation in patients whose chronic low back pain either did or did not

radiate to the leg (i.e., “radicular” vs. “axial” back pain).

Fifty-four chronic low back pain patients, twenty-six with axial back pain (43.7+16.6
y.0. [mean+SD]) and twenty-eight with radicular back pain (48.3+£13.2 y.o0.), underwent
PET/MRI with [''C]PBR28, a second-generation radioligand for the 18kDa translocator
protein. [''C]PBR28 signal was quantified using standardized uptake values ratio (validated
against volume of distribution ratio; n=23). Functional MRI data were collected simultaneously
to the [''C]PBR28 data 1) to functionally localize the primary somatosensory cortex back and
leg subregions and 2) to perform functional connectivity analyses (in order to investigate
possible neurophysiological correlations of the neuroinflammatory signal). PET and functional
MRI measures were compared across groups, cross-correlated with one another and with the
severity of “fibromyalgianess” (i.e., the degree of pain centralization, or “nociplastic pain”).
Furthermore, statistical mediation models were employed to explore possible causal

relationships between these three variables.
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For the primary somatosensory cortex representation of back/leg, ['!C]PBR28 PET
signal and functional connectivity to the thalamus were: 1) higher in radicular compared to
axial back pain patients, 2) positively correlated with each other and 3) positively correlated
with fibromyalgianess scores, across groups. Finally, 4) fibromyalgianess mediated the
association between [!'C]PBR28 PET signal and primary somatosensory cortex-thalamus

connectivity across groups.

Our findings support the existence of “neuroinflammatory signatures” that are
accompanied by neurophysiological changes, and correlate with clinical presentation (in
particular, with the degree of nociplastic pain) in chronic pain patients. These signatures may
contribute to the subtyping of distinct pain syndromes and also provide information about inter-
individual variability in neuro-immune brain signals, within diagnostic groups, that could

eventually serve as targets for mechanism-based precision medicine approaches.
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Abbreviations: AIF = arterial input function; BMI = body mass index; CI = confidence
interval; cLBP = chronic low back pain; cLBPsx = axial chronic low back pain; cLBPrap =
radicular chronic low back pain; CSF = cerebrospinal fluid; DV = dependent variable; DVR =
ratio of distribution volume; fMRI = functional MRI; GM = grey matter; IPS = intraparietal
sulcus; IV = independent variable; M = mediator; M1 = primary motor cortex; PCA = principal
component analysis; PCC = posterior cingulate cortex; ROI = region of interest; S1 = primary
somatosensory cortex; SSS = symptom severity score; SUV = Standardized uptake value;
SUVR = Standardized uptake value ratio; TNF- o = tumor necrosis factor-a; TSPO = 18kDa
translocator protein; VPL = ventral posterior lateral nucleus; V't = distribution volume; WM =

white matter; WPI = Widespread Pain Index
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Introduction

Over the past two decades, preclinical studies have implicated astrocytes and microglia
in pain models, suggesting that neuro-immune responses may be key to the development and
maintenance of chronic pain.'-” Both microglia and astrocytes are important in the defense
against acute stress by restoring homeostasis,*!° but their chronic activation poses a threat to
the normal functioning of the central nervous system.'’:!> Moreover, in animal models, glial
inhibitors prevent, delay, or reverse persistent pain behaviors.'3-? These observations suggest
that neuro-immune activation represents a viable target in our search for novel methods of

treating chronic pain.

While the role of glia in human pain remains unknown, our group, using integrated
PET/MRI, has found elevated levels of 18kDa translocator protein (TSPO), a marker of glial
activation, in the brain and/or spinal cord of patients with chronic low back pain (cLBP),?!-23
fibromyalgia,’* migraine,>> and Gulf War Illness.?® Because TSPO is upregulated in activated
astrocytes and microglia,?’-?° this body of work suggests that neuroinflammation is likely
present in human chronic pain. This thereby adds clinical evidence to the plethora of preclinical

studies supporting the exploration of glial cells as possible therapeutic targets for pain.

Interestingly, different patient groups appear to present with seemingly different spatial
patterns of TSPO signal elevations, i.e., distinct “neuroinflammatory signatures”. For example,
we previously reported comparable TSPO signal elevations in the thalamus in two independent
cohorts of cLBP patients compared to healthy controls,>!?> whereas in patients with
fibromyalgia we observed very little thalamic involvement. Instead, fibromyalgia patients
exhibited cortical TSPO signal elevation that was widespread (possibly reflecting the complex
and multi-symptom nature of this disorder) and appeared to be quite similar to that observed in
veterans with Gulf War Illness (paralleling the similarity in clinical presentation often observed
across these two disorders).”?*3? Along with the primary somatosensory cortex (S1), we
observed elevation in TSPO signal in regions compatible with the lumbar spine cortical
representation in chronic low back pain, the face area in migraine, and in a large portion of the
sensorimotor strip in patients suffering from fibromyalgia, thus paralleling the body
distribution of the pain (lumbar, facial and whole-body) reported in these patient groups.?!-2425
Collectively, these studies raise the intriguing possibility that TSPO imaging may be used to

objectively characterize subtypes of patient populations based on their clinical presentation, an

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

120Z Jequiardag gz uo Jasn uopuoT absj0) AlsiaAlun Aq ¥S60/£9/9SSqBME/UIRIG/SE0 0 | /I0P/3]o1B-00UBAPR/UIRIG/WOD dNO"OlWapeoe//:sdny WoJl papeojumoq



Brain

important step towards the identification of disorder-specific imaging biomarkers, that could

eventually serve as targets for mechanism-based precision medicine approaches.

To test the hypothesis that TSPO signal may be used to characterize subtypes of patient
populations, we used PET/MRI imaging with [!!{C]PBR28,3!3? a second-generation TSPO
ligand,*3-** to investigate differences in neuroinflammatory signatures within a cohort of cLBP
patients. We explored two subtypes of cLBP: patients with cLBP that radiates to the leg
(radicular cLBP, cLBPrap) and patients with cLBP that does not radiate (axial cLBP, cLBPsx).
Typically, cLBPgap has a neuropathic component explained by damage/presumed damage to
the nerve,> whereas cLBPsx is usually considered non-neuropathic®®. Importantly,
pharmacological treatments showing some efficacy in one subtype of cLBP may not work in
the other,3¢ implying different pathomechanisms in patients with different clinical presentation.
However, it is currently unknown whether different cLBP subtypes demonstrate distinct neuro-
immune patterns. Therefore, in the present study we explored whether cLBPgap exhibit distinct
neuroinflammatory patterns compared to cLBPx. In particular, based on the abovementioned
differential involvement of S1 observed in patient groups with different clinical presentations,
we predicted that cLBPrap would have more pronounced neuroinflammatory signal in the S1
leg area, compared to cLBPx. To relate changes in PET signal to the cortical representations
of clinically relevant body regions, we used functional MRI collected simultaneously to the
PET to functionally localize the S1 back and leg subregions in these patients. Furthermore, we
collected resting-state BOLD functional MRI (fMRI) data to investigate the possible functional
significance of the neuroinflammatory signal. The investigation of functional connectivity in
this study was motivated both by preclinical work supporting the occurrence of a bidirectional
interplay between glial cells and neurons (as neuroinflammation may affect neuronal
communication’’ and, contrariwise, neural activity may activate neuroinflammatory cells)®®
and by our work linking TSPO signal elevations to alterations in functional connectivity in

patients with negative affect comorbid with chronic pain.*®

Materials and methods
Patients and Study design

Twenty-six patients with cLBPx (15 females; 43.7+£16.6 years old [mean + SD]), and
28 patients with cLBPrap (16 females; 48.3+£13.2 years old) were identified from two separate
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protocols. Protocol 1 (10 cLBPax: 35.1£11.5 years old; 15 cLBPrap: 47.2+12.2 years old) was
a cross-sectional study while Protocol 2 (16 cLBPsx: 49.1+17.3 years old; 13 cLBPgap:
49.6+14.5 years old) was a randomized, double-blind, placebo-controlled clinical trial testing
the effect of a medication (ClinicalTrials.gov identifier: NCT03106740). Only baseline (i.e.,
pre-treatment) data from Protocol 2 were included. Data from Protocol 1 has been included in
prior publications.?!?23%40 However, none of these previous publications investigated
differences between cLBP,x and cLBPgap (i.€., the main question of the present study). Data

from Protocol 2 have not previously been published.

In both protocols, patients had been diagnosed with cLBP at a minimum of six months
prior to enrollment, formally confirmed and categorized into cLBPsx or cLBPrap by a trained
nurse practitioner (Protocol 1) or a pain physician (Protocol 2). Patients had an ongoing pain
of at least 3 on a 0-10 scale, present for at least 50% of days during a typical week. Patients
were excluded for history of major psychiatric illness, neurological illness, cardiovascular
disease, peripheral nerve injury, routine use of benzodiazepines to avoid possible binding
competition for TSPO (except clonazepam, lorazepam and alprazolam, which have a known
low binding affinity for this target*!-4), history of substance abuse, current or past history
within the last 5 years of major medical illness not affecting the CNS other than chronic pain,
change in pain regimen during the enrollment period, epidural steroid injection within 3
(Protocol 1) or six weeks (Protocol 2) prior to scanning, inability to communicate in English,
and contraindication for PET/MRI scanning (e.g., pacemaker, metallic implants, pregnancy).
Protocol 2 had additional inclusion/exclusion criteria, requiring patients to have been on a
stable pain treatment for four weeks prior to recruitment, and excluding patients receiving new
interventions during enrollment period, routine use of opioids >60mg morphine or

contraindication to medication used in the clinical trial.

Both protocols were conducted at the Athinoula A. Martinos Center for Biomedical
Imaging at Massachusetts General Hospital. The Institutional Review Board and the
Radioactive Drug Research Committee approved these studies. All patients gave written

informed consent.

Behavioral visit

All patients participated in a behavioral visit, during which a clinician completed a

history and physical examination to assess eligibility and clinically characterize the patients.
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During this visit, patients completed various questionnaires (see below) and venous blood or
saliva was collected for genotyping of the Alal47Thr 7SPO polymorphism, which predicts
high (Ala/Ala), mixed (Ala/Thr) or low (Thr/Thr) binding affinity to the radioligand.**+7
Patients exhibiting the Thr/Thr genotype, i.e. , low affinity binders, were excluded from any
additional study procedures, whereas those with the Ala/Ala or Ala/Thr polymorphisms could
proceed to the imaging visit. Additionally, in this visit patients from protocol 2 were

familiarized with the electrical stimulation (e-stim) protocol to be used during the imaging visit.

Imaging visit

For all eligible patients, brain imaging was performed with Siemens PET/MRI
tomographs. Patients from Protocol 1 were imaged using a Siemens 3T Tim Trio whole-body
MRI with a dedicated avalanche photodiode-based brain PET scanner (BrainPET)* with a
spatial resolution of 2-3mm.* Patients from Protocol 2 were imaged using a Siemens Biograph
mMR scanner, with a spatial resolution of 4-5mm.*° The dynamic PET data were acquired in
list mode and reconstructed with corrections for decay, random coincidences, detector
sensitivity and scatter. Up to 15 millicuries (mCi) of [!!C]PBR28, produced in-house using a
procedure modified from the literature®!, was injected as an intravenous bolus, and dynamic
PET were acquired for 90 min as described previously.**3? Simultaneous with the PET, a 6-
min blood oxygen level-dependent (BOLD) resting-state fMRI scan was acquired in each
patient (Protocol 1: TR/TE=2s/30ms, flip angle=90°, voxel size=3.1x3.1x3mm, 37 slices;
Protocol 2: TR/TE=2.3s/30ms, flip angle=90°, voxel size=3x3x3mm, 41 slices), with eyes
open. Further, to localize the somatotopic representation in S1 area for the back and leg, BOLD
fMRI scans concurrent with e-stim were performed in a subset of patients (n=21) from Protocol
2 (TR/TE=2.3s/30ms, flip angle=90°, voxel size=3x3x3mm, 41 slices). Detailed methods in

Supplementary section.

For anatomical localization, spatial normalization, and generation of attenuation
correction maps,’? a multi-echo MPRAGE (T1-weighted structural MRI) volume was also
acquired (TR/TE1/TE2/TE3/TE4=2530/1.64/3.5/5.36/7.22ms, flip angle=7°, voxel size=1mm

isotropic).

In 23 patients (8 cLBPAx and 15 cLBPgrap ), a radial artery catheter was inserted and
blood samples were collected at 3-10s intervals for the first three minutes, followed by samples

collected at 5, 10, 20, 30, 50, 70 and 90 minutes post-['!C]PBR28 injection. These data were
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used to perform full kinetic modeling, in order to validate the semiquantitative ratio metric
used in the study (see below). Blood data were excluded from further analyses for one patient
due to technical difficulties during sample collection. Detailed methods on blood metabolite

analysis are included in the Supplementary section.

Behavioral measures

During either the behavioral visit (Protocol 1) or the imaging visit (Protocol 2), patients
completed the PainDETECT>* and Brief Pain Inventory® to assess components of pain,
including intensity, interference and likelihood of a neuropathic component. A subset of
patients also completed the American College of Rheumatology Fibromyalgia Survey
Criteria®6-3® (n=35) which is traditionally used to differentiate patients with fibromyalgia from
those without (survey scores >13 and <12, respectively). It can also be used as a continuous
measure of symptom severity, and to assess the degree of nociplastic pain (i.e.
“fibromyalgianess”) in individuals who meet criteria for fibromyalgia® and individuals with

other pain disorders who do not.6%-6!

PET

For all patients from both protocols, PET data were corrected for radioactive decay,
deadtime, variable detector sensitivity, random coincidences, photon attenuation and scatter
using software provided by the manufacturer or developed in house. Attenuation correction
was performed using an MR-based approach developed in house.’® The PET volumes were
reconstructed using a 3D ordinary Poisson ordered subset expectation maximization (OP-
OSEM) algorithm provided by the manufacturer and the space-variant point spread function of
the BrainPET was modeled as described in Bowen et al.®> To minimize the attenuation-
emission mismatch, the MPRAGE volume was co-registered to the reconstructed PET volume
corresponding to the 60-90-minute frame. Standardized uptake value (SUV) ratio (SUVR)
images were generated from data collected over the 60-90 min post-injection [!'C]PBR28 PET
interval, as previously described.40°263 In brief, SUV maps were computed by normalizing
radioactivity by injected dose/body weight. The SUV maps were nonlinearly transformed to
MNI space (MNI152), applying to these maps the transformation computed from the
coregistration of MPRAGE to PET volume, and smoothed with an 8mm full width at half-
maximum Gaussian kernel for consistency with prior studies,?*23303%64 ysing tools from FSL

(FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl/), AFNI (Analysis of Functional
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Neurolmages, http://aftni.nimh.nih.gov/afni), and FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/). To obtain SUVR maps, SUV maps were intensity-
normalized by the mean SUV extracted from the whole-brain (i.e. an average of all brain voxels
within MNI standard template), which showed no significant difference between cLBPx and
cLBPRrap (p=0.45), indicating that the use of this signal as a normalizing factor did not bias our

analyses.

In order to further support the use of SUVR as an outcome metric in the present data,
we compared the SUVR against the more quantitative distribution volume (/1) and the ratio of
distribution volume (DVR) outcome, determined using kinetic modelling, in a subset of
patients (n=23) from whom arterial plasma data were available (Supplementary Methods;
detailed methods described previously®t). A radiometabolite-corrected arterial input function
(AIF) was used as the input for traditional 2-tissue-compartmental modeling® and Vr was
computed via Logan plot analysis, from “target regions” (i.e., regions identified as statistically
significant across groups in the voxelwise SUVR analyses in this study; see below) as well as
the whole-brain. Then, each target region was divided by whole-brain V't to obtain DVR. In all
evaluated regions, V't was not significantly correlated with SUVR (r <0.29; p >0.05); however,
SUVR was strongly correlated with DVR in all regions (r >0.87; p <0.0001, Supplementary
Figure. 1). These results provide further support for the use of SUVR as a viable PET metric

in our study.

Functional MRI

Data from both resting-state and S1 “functional localizer” scans were pre-processed
using a combination of tools from FSL, AFNI and FreeSurfer software packages. Data were
corrected for slice-timing, head motion, and B0 field inhomogeneities and, for the e-stim scans,
frame displacement-based motion outlier detection was applied. Data from both scans
underwent brain extraction, co-registration to the MPRAGE, spatial smoothing with a 6-mm
Gaussian kernel and high-pass temporal filtering (cut-off frequency = 0.008 Hz). Nonlinear
transformation to MNI space was used to spatially normalize the contrast of parameter
estimates and associate variance images for both resting-state and e-stim scans (see below). To
reduce physiological noise in the resting-state BOLD fMRI data, MPRAGE images were
segmented in probabilistic maps of gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) using SPM 12 (http://www.fil.ion.ucl.ac.uk/spm/). To minimize potential partial
volume effects, WM and CSF masks were thresholded at 90% and eroded by one voxel. BOLD

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 10 of 38

120Z Jequiardag gz uo Jasn uopuoT absj0) AlsiaAlun Aq ¥S60/£9/9SSqBME/UIRIG/SE0 0 | /I0P/3]o1B-00UBAPR/UIRIG/WOD dNO"OlWapeoe//:sdny WoJl papeojumoq



Page 11 of 38

Brain

data were masked with WM- and CSF-inclusive masks, and denoised with principal component

analysis (PCA).%

Statistical analysis

Group differences were assessed with Student’s #-tests for continuous variables (age,
clinical variables) and chi-square (y?) tests for categorical variables (sex, genotype) using
Statistica (TIBCO Software Inc., v.13). Main group analyses compared all cLBP,x with all
cLBPrap, statistically correcting for the factor “Protocol”, thus taking advantage of the larger
sample size achieved when combining data. PET analyses also corrected for genotype to

account for differences in binding affinity.46-47

Group PET analyses were performed using two strategies. Given our specific focus on
S1 (the region where we predicted group differences in [!'C]PBR28 signal, as mentioned
above) and thalamus (the region consistently associated with [!!C]PBR28 signal elevation in
cLBP in our previous analyses), we first performed region-of-interest (ROI) analyses using the
S1 and thalamus clusters from our previous analysis?! as our two a priori ROIs. Mean
['IC]PBR28 signal extracted from each of these two regions was compared between cLBPx
and cLBPrap, using two separate General Linear Models and an alpha level corrected for two
comparisons (0.05/2 = 0.025). Next, a whole-brain voxelwise analysis was performed to
evaluate the presence of group differences in the ['!C]PBR28 signal beyond the boundaries of
the a priori ROls, as well as to localize any effects observed in the ROI analyses with higher
spatial accuracy. Voxelwise Ordinary Least Squares analysis was performed with FSL’s FEAT
GLM tool (www.fmrib.ox.ac.uk/fsl, version 5.0.10), a cluster-forming threshold of Z=3.1, and
a cluster size significance threshold of p=0.05 to correct for multiple comparisons. To
understand the potential clinical significance of S1 neuroinflammation, the S1 [''C]PBR28
signal was correlated with PainDetect and Fibromyalgia Survey Scores, as these were the two
behavioral measures that were significantly different across groups. For these analyses, we
used Pearson’s correlation coefficient, with an alpha level corrected for two comparisons

(0.05/2 =0.025).

To estimate brain responses to e-stim for S1 localization, general linear modeling was
performed on the preprocessed fMRI data. The stimulation period, as well as anticipatory cues
(See Supplementary methods), were modeled for each of the three body parts as explanatory

variables in first level analyses, including 6 motion parameters (3 rotations and 3 translations)
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and frames flagged as motion outliers as covariates. Resultant outputs such as parameter
estimates and their variances, spatially normalized to MNI152, were then passed up to a one
sample mixed effects analysis (FLAME1), to identify mean S1 back and leg activations, across
the entire group of participants. To be maximally sensitive to S1 back and leg regions, which
are known to be localized in the most dorsal portions of the postcentral gyrus and in the
paracentral lobule,®’ these analyses were performed restricting the search area to a mask
covering only the portions of the “postcentral gyrus” label from the Harvard-Oxford Cortical
Atlas superior to z = 54 mm. In addition, using the same approach, we compared differences
in S1 activations between cLBP,x and cLBPrap, in an exploratory analysis. These analyses
were also performed with FSL’s FEAT GLM tool, a cluster-forming threshold of Z=2.3, and a
cluster size significance threshold of p=0.05 to correct for multiple comparisons. This cluster-
forming threshold was used in this analysis to measure S1 activations from the leg that were
not evident at a higher threshold (Z=3.1). Indeed, the use of a cluster-forming threshold of
p=0.01 (which corresponds to Z=2.3) with FSL FLAMEI]1 provides an acceptable false error

rate of around 5% (particularly in event related designs).%8

Because S1 demonstrated statistically significant differences in both ROI and whole-
brain voxelwise analyses, and largely overlapped the somatotopic representation of Sl
localized with back/leg stimuli (see Results), we performed seed-based functional connectivity
analyses using the S1 cluster from the results of the voxelwise PET group analysis (see
Results). Further, because our previous studies demonstrated consistent elevations in thalamic
[''C]PBR28 signal in cLBP patients compared to controls,?!?> our functional connectivity
analysis was restricted to a search space comprising the thalamic labels from the Harvard
Oxford Subcortical Atlas (Center for Morphometric Analyses,

http://www.cma.mgh.harvard.edu/fsl_atlas.html), to determine whether any thalamic regions

showed stronger functional connectivity with S1 in cLBPgrap compared to cLBPAx. This
analysis was also performed with FSL’s FEAT GLM tool and FLAMEI
(www.fmrib.ox.ac.uk/fsl, version 5.0.10), a cluster-forming threshold of Z=3.1, and a cluster
size significance threshold of p=0.05 to correct for multiple comparisons. To explore its clinical
significance and relationship with neuroinflammation, S1-thalamus fMRI connectivity strength
(S1-thal) was correlated with the S1 [''C]PBR28 PET signal, and the Fibromyalgia Survey
Scores (the only behavioral measure significantly correlated with S1 ['!C]PBR28 PET signal,;
see Results). Again, for this analysis, we used a Pearson’s correlation and an alpha level

corrected for two comparisons (0.05/2 = 0.025).
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For visualization purposes, as well as for correlation analyses (see below), mean PET
signal (SUVR) and mean fMRI values (contrast of parameter estimates) were extracted from
the significant clusters identified in the voxelwise PET and fMRI analyses, and split in
anatomically separate sub-regions using labels from the Harvard-Oxford Cortical Structural

Atlas (Center for Morphometric Analyses, http://www.cma.mgh.harvard.edu/fsl atlas.html),

whenever applicable.

As both S1 [''C]PBR28 signal and S1-thal connectivity correlated with each other and
with Fibromyalgia Survey Scores (see Results), we performed mediation analyses in a subset
of patients with available survey scores (n=35) to explore possible causal relationships between
variables. We designed six mediation models using the Preacher and Hayes Indirect Mediation
Analysis tool for SPSS,® version 24 (IBM Corp, Armonk, NY), with the following
independent, mediator, and dependent variables (IV/M/DV): 1V=S1 ['!C]PBR28 signal,
M=Fibromyalgia Survey Scores, DV=S1-thal connectivity (Model 1); IV=Fibromyalgia
Survey Scores, M=S1 [''C]PBR28 signal, DV=S1-thal connectivity (Model 2); IV=S1-thal
connectivity, M=Fibromyalgia Survey Scores, DV=S1 ['!C]JPBR28 signal (Model 3);
IV=Fibromyalgia Survey Scores, M=S1-thal connectivity, DV=S1 ['!C]PBR28 signal (Model
4); TV=S1-thal connectivity, M=S1 [''C]PBR28 signal, DV=Fibromyalgia Survey Scores
(Model 5); TV=S1 [!'C]PBR28 signal, M=S1-thal connectivity, DV=Fibromyalgia Survey
Scores (Model 6). Unstandardized regression coefficients in this mediation Model and
bootstrapped 95% confidence intervals (CIs) for total and indirect effects of the IV on the DV
through M (5000 bootstrap samples) were estimated. The indirect (i.e., mediation) effect was

considered statistically significant if the bias-corrected 95% CI did not include zero.

Data availability

Data will be made available upon reasonable request.

Results

Patient sample characteristics

Demographic and other key characteristics for all patients are displayed in Table 1.
There was no significant difference in sex, age, T7SPO polymorphism, injected dose, specific

activity, or injected mass between the cLBP,x and cLBPrap groups (p > 0.05). There was,
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however, a significant difference in BMI across groups (cLBPax: 23.9+3.88; cLBPgap:
28.1+4.94; p=0.001).

cLBPrap and cLBP,x demonstrated similar clinical pain intensity, as measured using
the Brief Pain Inventory (p=0.26). As expected by clinical subtyping, cLBPgrsp reported
significantly higher PainDetect scores, indicative of a more likely neuropathic component, than
cLBPsx (p=0.004) and higher Fibromyalgia Survey Scores (p=0.02). All patients reported
having perceived the electrical stimuli. Back, right leg and left leg stimuli were rated at
27.6x£34.4 (mean £SD), 30.9+£29.7, and 32.4432.5, respectively on a 0-100 pain intensity
numerical rating scale. There was no significant difference in pain ratings between cLBPgap

and cLBP4x in any body region (p >0.05; Table 1).

PET imaging results

When evaluating ROIs from our previous ['!C]PBR28 PET study in cLBP patients,?!
cLBPrap demonstrated significantly elevated [!'C]PBR28 PET signal compared to cLBPx in
S1 (F(1,50)=5.7, p=0.04, corrected), but no significant difference was observed in the thalamus
(F(1,50)=1.2, p=0.57, corrected; Figure 1). In addition, the whole-brain voxelwise group
comparison revealed [!'C]JPBR28 PET signal elevations in cLBPgsp compared to cLBPx in
S1 (in a cluster localized largely overlapping the one identified in our prior study, used in this
study as our a-priori S1 ROI), as well as in the intraparietal sulcus (IPS), left and right WM,
and the posterior cingulate cortex (PCC; Figure 2A and B). To explore the clinical significance
of S1 neuroinflammation, [''C]PBR28 PET signal in S1 was assessed for correlation with
neuropathic and fibromyalgia symptom measures as both showed a significant difference
across groups. S1 [''C]PBR28 PET signal displayed a significant positive correlation with
Fibromyalgia Survey Scores (1=0.43, p=0.026, corrected) but no significant correlation with

PainDetect scores (r=0.25, p=0.11, corrected).

Functional MRI results

As shown in Figure 2C, e-stim of back and legs revealed the expected dorsal S1
functional activations. Notably, the portion of the postcentral gyrus commonly activated by
both back and right leg demonstrated a distinct overlap with the S1 area as identified in the
PET analyses, indicating that S1 neuroinflammatory signal in cLBPrap was indeed localized

to the representation of back and leg. There was no significant difference in voxelwise
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functional activation in cLBPsx compared to cLBPrap. Because S1 demonstrated a
significantly elevated [!'C]PBR28 signal in both ROI and whole-brain voxelwise analyses, and
largely overlapped the somatotopic representation of S1 localized with back/leg e-stim we
focused on this region for further analyses. The S1 cluster identified in the voxelwise group
differences was used as a seed to compare connectivity to the thalamus between cLBPsx and
cLBPgrap. cLBPgap had stronger S1 connectivity to the right thalamus (in regions compatible
with the ventral lateral posterior nucleus (VLp) and ventral posterior lateral nucleus (VPL)
compared to cLBPAx (Figure 3A). Mean S1 connectivity values (Z-score) from this region is
displayed in Figure 3B. No thalamic nuclei were identified with stronger S1 connectivity in

CLBPAX than CLBPRAD.

To test the hypothesis that higher S1 connectivity to the “neuroinflammation-prone”
thalamus is accompanied by higher S1 neuroinflammatory signal, S1-thal connectivity was
regressed against S1 [!'C]PBR28 PET signal. S1-thal connectivity was also regressed against
the fibyomalgianess scores, as this was the only behavioral measure significantly correlated
with S1[1'C]PBR28 PET signal. S1-thal connectivity displayed significant positive correlation
with S1 [''C]PBR28 PET signal (r=0.33, p=0.04, corrected) and Fibromyalgia Survey Scores
(r=0.58, p=0.002, corrected; Figure 4).

Mediation between Fibromyalgia Survey Scores, PET signal, and
functional connectivity

As the Fibromyalgia Survey Scores, S1 ['C]PBR28 PET signal, and Sl-thal
connectivity were cross-correlated, we ran six bootstrapped mediation models to investigate
whether one variable mediated the relationship between the other two. Of these six models,
Model 1 (IV=S1 ['C]PBR28 PET signal; M=Fibromyalgia Survey Scores; DV=S1-thal
connectivity) reached statistical significance. This model revealed that the strength of the
association between S1 ['!C]PBR28 PET signal and S1-thal connectivity (path c; 3 + standard
error: Model 1: 1.54+0.74) was significantly reduced after accounting for the effects of the
mediator, Fibromyalgia Survey Scores (path ¢’; Model 1: 0.59+0.07). The bias-corrected 95%
CIs for the indirect effect of S1 [''C]PBR28 PET signal on Sl-thal connectivity through
Fibromyalgia Survey Scores (Model 1 (path a x b; f=0.95+0.37) yielded a lower limit of 0.35

and an upper limit of 1.82. Thus, as the 95% CI range contains zero, Fibromyalgia Survey
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Scores significantly mediate the association between S1 ['!C]PBR28 PET signal and S1-thal

connectivity (Figure 6).

Discussion

Our investigations provide compelling evidence of neuroinflammatory and functional
connectivity differences in subtypes of cLBP. Compared to cLBP»x, cLBPrap patients showed
elevated levels of TSPO, a neuroinflammatory marker, as measured with [''C]PBR28 PET.
TSPO signal elevations were observed in several brain structures including S1, a statistically
significant region in both ROI and voxelwise analyses and overlapping functionally localized
S1 representations of the back/leg. Compared to cLBP,x, cLBPrap also demonstrated
increased S1 functional connectivity to the thalamus, as measured with resting-state BOLD
fMRI. Indeed, S1 TSPO signal and Sl-thal functional connectivity were significantly
correlated, an association that was statistically mediated by the levels of “fibromyalgianess”, a

measure of nociplastic pain.

While this study is the first to report neuroinflammatory differences between subtypes
of cLBP, our results conform to a growing body of evidence suggesting that neuroinflammation
might present at least partially distinct spatial patterns of signal distribution in different pain
conditions.?!-?3-25:30 For instance, in patients with widespread pain (fibromyalgia) we observed
TSPO signal elevations in large portions of S124, whereas only ventral or dorsal portions of this
region were involved in migraineurs®® and cLBP?!, compatible with head/face and back/leg
representations respectively®’. These observations led us to hypothesize that, at least within
this brain area, neuroinflammatory responses might present a somatotopic organization,
paralleling the body distribution of the pain reported in each condition. In support of such
hypothesis, in the present study we were able to directly show TSPO signal elevations in a
portion of the postcentral gyrus overlapping with a functionally-localized representation of
back and leg in cLBPgrap patients (who report pain in back and leg), compared to cLBPax
patients (who present pain only in the back), while thalamic signal was comparable across
groups. It should be noted that when we?? recently investigated a mixed group of cLBP patients
that included patients with/without leg symptoms, our results replicated the thalamic, but not
cortical, TSPO signal elevations observed in our initial study (which included only patients
with both back and leg symptoms)?'. One possible reason for this discrepancy is that

inflammation in regions processing only back (or, perhaps, only leg) information might be too
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weak to be reliably detected, whereas inflammation in regions linked to processing of both leg
and back pain may yield a stronger signal (hence the higher signal in cLBPrap compared to

cLBP4x in our study).

Radicular back pain is typically caused by damage to the dorsal root ganglion/roots
causing inflammation and/or irritation, most commonly between L4 and S1, inducing pain that
follows a dermatomal pattern to the lower extremity (i.e., thigh, calf and/or foot).3>> Conversely,
axial pain can be caused by damage such as muscle strain, facet joints and/or disc degeneration,
and the pain is mostly localized within the lower back region.3® As such, cLBPgap is typically
considered a chronic pain condition with a neuropathic component (a result of damage or
presumed damage to the nerve), while cLBP sy is more likely to be non-neuropathic in nature.
Treatment for cLBP varies depending on the clinical presentation, as some pharmacological
treatments may not work in all subtypes of cLBP, reflecting the mix of etiologies and symptoms
that a cLBP diagnosis subsumes.*¢ That different subtypes of cLBP have neuroinflammatory
and neural signatures, as evidenced in this study, further supports that different clinical

presentations may be accompanied by distinct neuro-immune mechanisms.

Our observation that S1-thal connectivity was linked to higher S1 TSPO signal is
notable. The thalamus is a critical structure that transmits ascending nociceptive information
to various parts of the cortex, including S1, through direct connections’®’! and has been found
in multiple studies by our group to show consistent TSPO signal elevations in cLBP patients
compared to healthy controls.?!?> While the mechanisms mediating the relationship between
functional connectivity and inflammation remains unknown, one possibility is that elevated
S1-thal connectivity in some patients (cLBPrap) may serve as a “vehicle” for
neuroinflammation to spread “trans-synaptically”’? from the thalamic “neuroinflammatory
hub” to the cortex. Indeed, microglial activation can be observed remotely from the location of
the original pathological event, spreading along the affected neural pathways’?. Notably, this
trans-synaptic neuroinflammatory spread can be driven by alterations in neuronal input. For
instance, in a rat model of Huntington’s Disease, neuronal hyperexcitation in the striatum of
the basal ganglia (through the removal of inhibitory GABAergic input) was shown to trigger
trans-synaptic microglial activation in the thalamus.”? Furthermore, in rats, c-fiber stimulation
in the sciatic nerve causes a connexin dephosphorylation in the spinal cord and an increase in
the number of astrocyte gap junctions, a rise in astrocytic intracellular calcium concentrations
within seconds, and microglial activation within minutes.’®’* These activated glial cells may

then release excessive amounts of glutamate, causing excitotoxity and, more pertinently,
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sensitizing the neural pathways.” For example, capsaicin-induced sensitization of the primate
spinothalamic tract was exacerbated by infusion of glutamate receptor agonists.”® As such,
continuous or aberrant excitatory input from the thalamus to S1 in cLBPrap may lead to
neurogenic neuroinflammation (neuroinflammation due to aberrant neuronal activation) in S1.
Interestingly, the thalamic nuclei in which we found an increased connectivity with S1 in
cLBPgrap compared to cLBPax largely overlaps the VPL, which transmit sensory information
from the body to S1. Hence, it is possible that in some patients continuous excitatory input may

be transmitted from the periphery, thereby causing neurogenic neuroinflammation.

Another means by which changes in functional connectivity may influence glial activity
is through promoting stripping of dysfunctional synapses.””-’® Microglial cells express a variety
of receptors for neurotransmitters, neuropeptides, and neuromodulators that allow these cells
to respond to neuronal activity.”® Cell culture studies have shown that stimulation of these
receptors activates microglia’ which can then remove dysfunctional synapses in the brain by
engulfing presynaptic inputs.”® For example, the complement component 1q protein, the
protease enzyme, and the inflammatory cytokine tumor necrosis factor-a (TNF- a) all mediate
synaptic stripping and, remarkably, are all upregulated by microglia in neuropathic pain

models.80

Conversely, the association between S1 neuroinflammation and S1-thal connectivity
may reflect the effects of glial cells on neuronal communication. Preclinical models have
shown that glial cells can modulate neuronal activity by expressing receptors that alter synaptic
function, such as fraktaline receptors (a transmembrane chemokine), which increase pro-
inflammatory cytokines when activated and inhibit pro-inflammatory cytokines when
attenuated.?'-83  These changes in cytokine concentration modulate presynaptic
neurotransmitter release, and may contribute to changes in functional connectivity.
Furthermore, in mice models of optic nerve crush, resident microglia, mediated by complement
proteins (not neuronal activity), engulf synaptic material at distal targets,®* which may
modulate neuronal communication. Further, in our current mediation analysis, we found that
our chosen measure of nociplastic pain, the Fibromyalgia Survey Scores, mediated the
relationship between functional connectivity and ['!C]JPBR28 PET, when functional
connectivity was a dependent variable (Model 1). Therefore, our data also suggests that
neuroinflammation might precede and perhaps modulate functional connectivity in this cohort,
potentially as a function of the degree of nociplastic pain. Nonetheless, a broader interpretation

of the mediational role of nociplastic pain warrants further investigation and validation,
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particularly since the FMness data was available only in a subset of the participants evaluated

in this study.

While it is possible that neurogenic inflammation is driving the difference between
cLBP subtypes (mediated by the degree of nociplastic pain), other mechanisms of action must
not be ignored. For example, peripheral activation of the immune response can transport
cytokines such as TNF-a into the spinal cord to activate glial cells.?® In the chronic constriction
injury model of sciatic neuropathy, TNF-o was transported in sensory fibers from the dorsal
root ganglion to the spinal cord.®> Furthermore, lumbar spine compression in mice increased
the blood-brain barrier permeability in the spinal cord and in the brain, allowing the increased
entry of TNF-a and other immune cells into the brain.®¢ In this study, patients with cLBPrap
had a significantly higher neuropathic component than cLBP,x as measured by PainDetect.
This suggests peripheral nerve involvement which may drive recruitment of immune cells into

the brain, thus activating the neuroinflammatory response.

Several caveats should be considered when interpreting the results of our study. For
instance, the cross-sectional nature of our study makes it impossible to resolve the causality
between neuroinflammation, alterations of functional connectivity and nociplastic pain.
Preclinical studies, and longitudinal analyses may further enhance our understanding of the
relationship between the three parameters. Moreover, our data was collected using two distinct
protocols and scanners. Nonetheless, the differences between cLBPrap and cLBP,x in the
imaging and clinical variables observed in this analysis were still evident when protocols were
split (Table 1; Supplementary Table 1). The consistency across protocols increased our
confidence that the results obtained in the full datasets are not reflective of artifacts, but rather

are indicative of genuine neuroimmune differences across cLBP subtypes.

It should also be noted that our results used SUVR images that only enable
semiquantitative analyses as opposed to other commonly adopted alternatives (such as volume
of distribution, Vt) due to the limited number of patients with arterial blood sampling.
Nonetheless, we have previously utilized SUVR for quantification of [''C]JPBR28 PET data
(using either whole-brain or localized regions) in patients with cLBP,?!-?? fibromyalgia,*® Gulf
War Illness,’® and other conditions. The validity of SUVR as an outcome measure for
[''C]PBR28 PET is supported by a growing number of studies. For instance, studies of
neurodegenerative disorders have demonstrated statistically significant, reproducible and

regionally-specific SUVR elevations in structures where neurodegeneration is known to occur,
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such as M1 and corticospinal tracts in Amyotrophic Lateral Sclerosis*%03-8788 and Primary
Lateral Sclerosis®, or the basal ganglia in Huntington’s Disease,’® or again in temporoparietal
regions in Alzheimer’s Disease.’! Not only are SUVR elevations colocalized with the areas
known to be pathological; they can be proportional to disease severity. In Amyotrophic Lateral
Sclerosis, for instance, SUVR in M1 was found to be a) positively correlated to clinical severity
(upper motor neuron burden); b) positively correlated with the levels of myo-inositol (another
putative marker of neuroinflammation), measured using magnetic resonance imaging; and c)
negatively correlated with measures of structural integrity (cortical thickness, measured using
morphometric analyses from structural MRI and fractional anisotropy, measured using
diffusion tensor imaging).37-832 Collectively these data support the validity of SUVR as a

measure for TSPO binding in certain populations.

In conclusion, our data support the existence of different “neuroinflammatory
signatures” in patients with different clinical presentation, and that S1 neuroinflammatory
signal is more pronounced in patients with higher “nociplastic” pain. Further, because S1 TSPO
signal was correlated with S1-thal connectivity, our data support an association between
changes in neuroinflammation and neuronal communication, possibly indicating that the
observed alterations reflect neurogenic neuroinflammation. Future preclinical studies will be
necessary to determine the underlying mechanisms of these relationships, and to determine
whether neuroinflammation and related connectivity changes may contribute to the subtyping
of distinct pain syndromes and also provide information about inter-individual variability in
neuro-immune brain signals, within diagnostic groups, that could eventually serve as targets

for mechanism-based precision medicine approaches.
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Figure legends

Figure 1 ROI analyses. Group differences in [''C|PBR28 signal in a priori ROIs. A priori
regions were selected as they demonstrated [''C]PBR28 PET SUVR elevations in chronic low
back pain patients compared to healthy controls.?! Average + standard deviation SUVR
extracted showing differences between cLBPrap and cLBPax (adjusted for scanner and
genotype). *significant difference between groups (p < 0.05). Triangle denotes data from
Protocol 1, circle denotes data from Protocol 2. In this figure and subsequent figures, the range

of the y-axis is set depending on the distribution of individual data points.

Figure 2 Voxel-wise group differences in [''C]|PBR28 signal. A. Maps displaying areas with
significantly elevated [!'C]PBR28 SUVR in cLBPrap compared to cLBPx in a voxelwise
analysis, adjusted for Protocol and genotype. B. Average + standard deviation SUVR extracted
from several clusters identified as statistically significant in the voxelwise SUVR analysis from
A (adjusted for scanner and genotype). C. BOLD fMRI localizing the somatotopic
representation of S1 area for the Back+Leg and the overlap between Back+Leg e-stim and
[''C]PBR28 SUVR signal in cLBPrap > cLBPx. S1 = primary somatosensory cortex; IPS =
intraparietal sulcus; WM = white matter; PCC = posterior cingulate cortex. Triangle denotes

data from Protocol 1, circle denotes data from Protocol 2.

Figure 3 Thalamic voxel-wise group difference in connectivity with primary
somatosensory cortex (S1). A. Volumetric maps displaying areas within the thalamus with
significantly elevated connectivity with S1 (seed ROI displayed on top left in green) in
cLBPrap compared to cLBP,x in a thalamic specific voxelwise analysis. B. Average + standard
deviation connectivity scores extracted from statistically significant cluster in the voxelwise
connectivity analysis from A. Triangle denotes data from Protocol 1, circle denotes data from

Protocol 2. Data adjusted for protocol.

Figure 4 Primary somatosensory cortex (S1) [''C]PBR28 signal correlates with S1-
thalamus connectivity. ['!C]PBR28 SUVR signal were extracted from the S1 cluster

significant in the PET group comparisons (Figure 2). Connectivity scores were extracted from

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 28 of 38

120Z Jequiardag gz uo Jasn uopuoT absj0) AlsiaAlun Aq ¥S60/£9/9SSqBME/UIRIG/SE0 0 | /I0P/3]o1B-00UBAPR/UIRIG/WOD dNO"OlWapeoe//:sdny WoJl papeojumoq



Page 29 of 38

Brain

the thalamic cluster significant in the S1 connectivity analyses (Figure 3). All data have been
adjusted for protocol and genotype. Triangle denotes data from Protocol 1, circle denotes data

from Protocol 2.

Figure 5 [''C]PBR28 signal in the primary somatosensory cortex (S1) and S1-thalamus
connectivity correlations with Fibromyalgia Survey Scores. Top panel: Average SUVR was
extracted from S1 (see Figure 4 caption) and plotted against Fibromyalgia Survey Scores (data
have been adjusted for scanner and genotype). Bottom panel: S1 —thalamus connectivity values
were extracted (see Figure 4 caption) and plotted against Fibromyalgia Survey Scores (data
have been adjusted for scanner). Triangle denotes data from Protocol 1, circle denotes data

from Protocol 2.

Figure 6 Fibromyalgia Survey Scores mediate the relationship between S1-thalamus
connectivity and S1 [''C]PBR28 signal. A bootstrapped mediation analysis revealed that
Fibromyalgia Survey Scores significantly mediated the relationship between S1-thalamus
connectivity and S1 [''C]PBR28 signal. Values within the parentheses represent bootstrap
standard errors for each path. *p<0.05; **p<0.01.
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Table 1 Participant characteristics
Protocol 2 Combined

Radicular (n=15) Axial (n=10) Radicular (n=13) Axial (n=16) Radicular (n=28) Axial (n=26)
Age (yrs) 496 + 145 491 +173 496 + 145 491 +173 483 +13.2 437 +16.6
Sex 8F; 5M 10F; 6M 8F; 7M 5F; 5M 16F; 12M 15F;11M
TSPO polymorphism 10H; 3M 12H; 4M 13H; 2M 8H; 2M 23H; 5M 20H; 6M
BMI 274 +56 236 +39 287 +43 240+ 40 28.1 + 4.9** 239+39
Injected dose (MBQ) 4033 + 454 4321 £ 455 5156 +41.1 531.0 +329 4554 +71.2 4929 +61.7
Specific activity (GBg/umol) 91.7 + 294 674 + 238 433 +15.0 413 +149 69.2 + 340 514 +225
Injected mass (ug) 24+10 30+23 55+26 6.0+ 2.7 38+25 48+29
PainDetect (0-38) 10.6 + 45 (n=5) 9.6 + 4.7 (n=10) 134 + 4.7* 76+42 12.6 + 4.7* (n=18) 8.4 + 4.4 (n=26)
Brief Pain Inventory (0-10) 11+06(n=12) 1.0+ 03 (n=4) 39+18 32+18 2.6 £ 1.2 (n=25) 2.8 £1.9(n=20)
Fibromyalgia Survey Scores 8.6 + 55 (n=3) 59+20(n=3) 87+39 6.1+29 8.6 + 4.0* (n=16) 6.1+ 2.7 (n=19)

Back e-stim — Pain intensity
Right Leg e-stim — Pain intensity

Left Leg e-stim — Pain intensity

25.6 + 339 (n=9)
281 £ 31.3 (n=9)
394 = 27.8 (n=9)

29.5 + 36.5 (n=12)
335+ 29.6 (n=12)
26.0 £ 36.5 (n=12)

*P < 0.05.
**p<0.0L
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Methods

Blood metabolite analysis: For samples collected at 5, 10, 20, 30, 50, 70, and 90 minutes post-
[1!C]PBR28 injection, blood was immediately separated under centrifugation (4,000 g; 4 min;
4°C) for each time point. In 18 patients, arterial blood processing was performed as previously
described using a HyperSep C18 solid extraction cartridge to separation of radiometabolites.*
In 4 patients, arterial blood was processed as follows. After centrifugation, 1 mL of plasma was
added to 1 mL of acetonitrile and vortexed 3 times for 3 secs each. Protein precipitate was
separated by centrifugation (4,000 g; 4 min; 4°C) then 1 mL of organic supernatant was added
to 4 mL of water, vortexed, and injected (5 mL) onto High Performance Liquid
Chromatography (HPLC) for separation of radiometabolites from parent radiotracer. The
HPLC was configured with a column-switching valve for sample concentration (online solid
phase extraction SPE; Agilent Bond Elut Online SPE, PLRP-S, 4.6 x 12.5 mm) followed by
separation (Agilent Eclipse Plus C18, 4.6 x 100 mm. 3.5 um). Configuration of the
radiometabolite HPLC was modeled from previously reported methods.®* Briefly, each plasma
sample was injected and trapped onto the SPE concentrator column with 1% ACN / 99% H.0
at 2mL/min for 3min. After 3 min, the sample was reverse eluted from the SPE column onto
the separation column under gradient conditions (Mobile Phase A: water + 0.1% formic acid;
Mobile Phase B: acetonitrile + 0.1% formic acid; separation method = 95/5 - 50/50 A/B from
3 — 8 min linear gradient; 50/50 — 5/95 A/B from 8-10 min linear gradient; 5/95 A/B from 10-
11min isocratic; flow rate 2 mL/min). Radioactive analytes were monitored from 0-11 min
after sample injection by dual opposing bismuth germanium oxide detectors for coincidence
detection (Eckert and Ziegler). RadioHPLC chromatograms for each plasma sample analysis
were decay-corrected and integrated to measure area under the curve for each radioactive

metabolite compared to the parent radiotracer.

The parent fraction from each plasma sample from both analysis methods was fitted and
applied to the plasma input curve resulting in a radiometabolite-corrected plasma input
function. As two methods were used for blood processing in the analysis, blood was
processed using both methods, and Vrwas extracted from all target regions in 4 patients (1
included in this study, and 3 from different studies) to validate the use of both methods. V1
from the first blood processing method was significantly correlated against from the second
blood processing method Vr(0.995 <r <0.999; p < 0.005), allowing us to combine our data

to increase statistical power in our study.
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Electrical Stimulation: Each patient underwent two separate stimulation runs, each lasting 5
minutes 38 seconds. In each run, participants received 5 electric current stimuli, for each of
the three body regions, i.e. back, right leg and left leg (pseudo-randomized order). For the
back stimulation, electrodes were placed on the left and right of the fourth lumbar spine
vertebra; for the right and left leg, electrodes were positioned on the lateral and medial
sections of the knee. Each electrical stimulus was applied for 2 seconds at 35 Hz, at either
5mA (first run) or 12mA (second run). Stimuli were delivered using a TENS unit (Empi
300pv electrotherapy system) controlled with an in-house script using LabVIEW 16, Austin,
Texas. Each stimulus was delivered 4-8s (jittered) after a visual anticipatory cue, indicating
the body part about to be stimulated (indicated by the words “Back” “Right leg”, or “Left
leg” projected in black onto a white background). Visual stimuli were presented using E-
Prime (version 2.0). At the completion of each run, patients were asked to rate the average
pain intensity (0 indicating no pain and 100 indicating worst pain tolerable) at each site.
Please note that in the present study, we will only present the results of the 12mA (the
strongest stimulation condition, thus more reliable to serve as a somatosensory functional
localizer), whereas the 5SmA run and the anticipatory cues are beyond the scope of the current

investigation.
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