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Neuroimmune signatures in chronic low
back pain subtypes

Zeynab Alshelh,' Ludovica Brusaferri,'Atreyi Saha,’ Erin Morrissey,*
Paulina Knight,* Minhae Kim," Yi Zhang,? Jacob M. Hooker,* Daniel Albrecht,’
Angel Torrado-Carvajal,’* Michael S. Placzek,' Oluwaseun Akeju,? Julie Price,*
Robert R. Edwards,* Jeungchan Lee,* Roberta Sclocco,”” Ciprian Catana,’
Vitaly Napadow* and ®Marco L. Loggia®

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 18-kDa trans-
locator protein (TSPO), which suggests that neuroinflammation might be a pervasive phenomenon observable across
multiple aetiologically 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 somatosen-
sory cortex), suggesting that different pain conditions may exhibit distinct ‘neuroinflammatory signatures’. To explore
this hypothesis further, we tested whether neuroinflammatory signal can characterize putative aetiological 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’ versus ‘axial’ back pain).
Fifty-four patients with chronic low back pain, 26 with axial back pain [43.7 + 16.6 years old (mean + SD)] and 28 with
radicular back pain (48.3 + 13.2 years old), underwent PET/MRI with ''C-PBR28, a second-generation radioligand for
TSPO. *'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 (i) to functionally localize the
primary somatosensory cortex back and leg subregions; and (ii) to perform functional connectivity analyses (in order
to investigate possible neurophysiological correlations of the neuroinflammatory signal). PET and functional MRI meas-
ures 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 used to explore
possible causal relationships between these three variables.

For the primary somatosensory cortex representation of back/leg, 'C-PBR28 PET signal and functional connectivity to
the thalamus were: (i) higher in radicular compared to axial back pain patients; (ii) positively correlated with each
other; (iii) positively correlated with fibromyalgianess scores, across groups; and finally (iv) 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 interindividual variability in neuroimmune brain signals, within diagnostic groups, that could eventually serve
as targets for mechanism-based precision medicine approaches.
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Introduction

Over the past two decades, preclinical studies have implicated
astrocytes and microglia in pain models, suggesting that neuroim-
mune responses may be key to the development and maintenance
of chronic pain.’” Both microglia and astrocytes are important in
the defence against acute stress by restoring homeostasis,®*° but
their chronic activation poses a threat to the normal functioning
of the CNS.*'? Moreover, in animal models, glial inhibitors pre-
vent, delay, or reverse persistent pain behaviours.”*?° These
observations suggest that neuroimmune 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 18-
kDa translocator protein (TSPO), a marker of glial activation, in the
brain and/or spinal cord of patients with chronic low back pain
(cLBP),*?* fibromyalgia,?* migraine’® and Gulf War illness.?
Because TSPO is upregulated in activated astrocytes and micro-
glia,”’"? 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 ex-
ploration 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 previ-
ously 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, patients with fibromyal-
gia 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 vet-
erans with Gulf War illness (paralleling the similarity in clinical
presentation often observed across these two disorders).>*?® Along
with the primary somatosensory cortex (S1), we observed eleva-
tion in TSPO signal in regions compatible with the lumbar spine
cortical representation in cLBP, 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.??*?> Collectively, these studies raise the intriguing possi-
bility that TSPO imaging may be used to objectively characterize
subtypes of patient populations based on their clinical presenta-
tion, an important step towards the identification of disorder-spe-
cific 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 char-
acterize subtypes of patient populations, we used PET/MRI imag-
ing with *C-PBR28,%**! a second-generation TSPO ligand,***' to
investigate differences in neuroinflammatory signatures within a
cohort of patients with cLBP. 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,
cLBPax). Typically, cLBPrap 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 sub-
type of cLBP may not work in the other,*® implying different path-
omechanisms in patients with different clinical presentation.
However, it is currently unknown whether different cLBP sub-
types demonstrate distinct neuroimmune patterns. Therefore, in
the present study we explored whether cLBPrap exhibit distinct
neuroinflammatory patterns compared to cLBPax. 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 neuroin-
flammatory signal in the S1 leg area compared to cLBPax. To re-
late 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 rest-
ing-state blood oxygen level-dependent (BOLD) functional MRI
data to investigate the possible functional significance of the
neuroinflammatory signal. The investigation of functional con-
nectivity 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 neur-
onal communication®* and, contrariwise, neural activity may ac-
tivate neuroinflammatory cells)®* and by our work linking TSPO
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signal elevations to alterations in functional connectivity in
patients with negative affect comorbid with chronic pain.3®

Materials and methods

Twenty-six patients with cLBPax [15 females; 43.7 = 16.6 years old
(mean * standard deviation, SD)] and 28 patients with cLBPrap (16
females; 48.3 + 13.2 years old) were identified from two separate
protocols. Protocol 1 (10 cLBPax: 35.1 + 11.5years old; 15 cLBPgrap:
47.2 +12.2years old) was a cross-sectional study while Protocol 2
(16 cLBPax: 49.1 + 17.3years old; 13 cLBPgrap: 49.6 = 14.5years old)
was a randomized, double-blind, placebo-controlled clinical trial
testing the effect of a medication (ClinicalTrials.gov identifier:
NCTO03106740). Only baseline (i.e. pretreatment) data from Protocol
2 were included. Data from Protocol 1 have been included in prior
publications.?"?>%%3” However, none of these previous publica-
tions investigated differences between cLBPx 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 6 months prior to enrolment, formally confirmed and
categorized into cLBPax 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 dur-
ing a typical week. Patients were excluded for history of major psy-
chiatric illness, neurological illness, cardiovascular disease,
peripheral nerve injury, routine use of benzodiazepines to avoid
possible binding competition for TSPO (except clonazepam, loraze-
pam and alprazolam, which have a known low binding affinity for
this target®®*?) 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 enrol-
ment period, epidural steroid injection within 3 (Protocol 1) or 6
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 4 weeks prior to recruitment, and excluding patients
receiving new interventions during the enrolment 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.

All patients participated in a behavioural visit, during which a clin-
ician completed a history and physical examination to assess eligi-
bility and clinically characterize the patients. During this visit,
patients completed various questionnaires (see below) and venous
blood or saliva was collected for genotyping of the Ala147Thr TSPO
polymorphism, which predicts high (Ala/Ala), mixed (Ala/Thr) or
low (Thr/Thr) binding affinity to the radioligand.**** 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.
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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 2-3 mm.*® 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 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
90min as described previously.”* Simultaneous with the PET, a 6-
min BOLD resting-state functional MRI scan was acquired in each pa-
tient (Protocol 1: repetition time/echo time = 2s/30ms, flip angle = 90°,
voxel size =3.1 x 3.1 x 3 mm, 37 slices; Protocol 2: repetition time/
echo time =2.3s/30ms, flip angle = 90°, voxel size =3 x 3 x 3 mm, 41
slices), with eyes open. Further, to localize the somatotopic repre-
sentation in S1 area for the back and leg, BOLD functional MRI scans
concurrent with e-stim were performed in a subset of patients
(n = 21) from Protocol 2 (repetition time/echo time = 2.3s/30ms, flip
angle = 90°, voxel size =3 x 3 x 3 mm, 41 slices). Detailed methods
are provided in the Supplementary material.

For anatomical localization, spatial normalization and generation
of attenuation correction maps,*® a multi-echo MPRAGE (T,-weighted
structural MRI) volume was also acquired (repetition time/echo time
1, 2, 3, 4=2530/1.64, 3.5, 5.36, 7.22ms, flip angle =7°, voxel size =
1mm isotropic).

In 23 patients (eight cLBPax and 15 cLBPgrap), a radial artery cath-
eter was inserted and blood samples were collected at 3-10-s inter-
vals for the first 3 min, followed by samples collected at 5, 10, 20, 30,
50, 70 and 90 min post-*'C-PBR28 injection. These data were used to
perform full kinetic modelling, in order to validate the semiquantita-
tive ratio metric used in the study (see below). Blood data were
excluded from further analyses for one patient due to technical diffi-
culties during sample collection. Detailed methods on blood metab-
olite analysis are included in the Supplementary material.

During either the behavioural 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®>™* (n=35), which is traditionally
used to differentiate patients with fibromyalgia from those with-
out (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.>**’

For all patients from both protocols, PET data were corrected for
radioactive decay, dead time, variable detector sensitivity, random
coincidences, photon attenuation and scatter using software pro-
vided by the manufacturer or developed in house. Attenuation cor-
rection was performed using a magnetic resonance-based
approach developed in house.* The PET volumes were recon-
structed 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
modelled as described in Bowen et al.°® To minimize the
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attenuation-emission mismatch, the MPRAGE volume was co-
registered to the reconstructed PET volume corresponding to the
60-90-min 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.?>*”*° In brief, SUV maps were computed by normaliz-
ing radioactivity by injected dose/body weight. The SUV maps
were non-linearly transformed to Montreal Neurological Institute
(MNI) space (MNI152), applying to these maps the transformation
computed from the co-registration of MPRAGE to PET volume and
smoothed with an 8-mm full-width at half-maximum Gaussian
kernel for consistency with prior studies,>*2%%¢% using tools
from FSL (FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl/),
AFNI (Analysis of Functional NeuroIlmages, http://afni.nimh.nih.gov/
afni) and FreeSurfer (http://surfernmr.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 the MNI standard template), which showed no significant
difference between cLBPpx and cLBPrap (P=0.45), indicating
that the use of this signal as a normalizing factor did not bias our
analyses.

To support the use of SUVR as an outcome metric in the present
data, we compared the SUVR against the more quantitative distribu-
tion volume (V) 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 ma-
terial; detailed methods have been described previously”’). A radio-
metabolite-corrected arterial input function was used as the input
for traditional two-tissue-compartmental modelling®® and Vi 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 Vr to obtain
the DVR. In all evaluated regions, V was not significantly correlated
with SUVR (r < 0.29; P > 0.05); however, SUVR was strongly corre-
lated with DVR in all regions (r > 0.87; P < 0.0001; Supplementary
Fig. 1). These results provide further support for the use of SUVR as a
viable PET metric in our study.

Data from both resting-state and S1 ‘functional localizer’ scans
were preprocessed using a combination of tools from FSL, AFNI
and FreeSurfer software packages. Data were corrected for slice-
timing, head motion and BO 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 fre-
quency = 0.008 Hz). Non-linear 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 functional MRI data, MPRAGE images were segmented
in probabilistic maps of grey matter, white matter, and CSF using
SPM 12 (http://www. fil.ion.ucl.ac.uk/spm/). To minimize potential
partial volume effects, white mattter and CSF masks were thresh-
olded at 90% and eroded by one voxel. BOLD data were masked
with white mattter- and CSF-inclusive masks and denoised with
principal component analysis.®*

Group differences were assessed with Student’s t-tests for continu-
ous variables (age, clinical variables) and chi-square (x?) tests for
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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 combin-
ing data. PET analyses also corrected for genotype to account for
differences in binding affinity.*>**

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 re-
gion of interest analyses using the S1 and thalamus clusters from
our previous analysis®! as our two a priori regions of interest. Mean
11C-PBR28 signal extracted from each of these two regions was
compared between cLBP,x and cLBPrap, using two separate gen-
eral linear models and an alpha level corrected for two compari-
sons (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 regions of inter-
est, as well as to localize any effects observed in the region of
interest 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 thresh-
old 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 behavioural measures that were sig-
nificantly 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, gen-
eral linear modelling was performed on the preprocessed func-
tional MRI data. The stimulation period, as well as anticipatory
cues (Supplementary material), were modelled for each of the
three body parts as explanatory variables in first-level analyses,
including six motion parameters (three rotations and three trans-
lations) and frames flagged as motion outliers as covariates.
Resultant outputs such as parameter estimates and their varian-
ces, 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 cLBPpx and
cLBPrap, in an exploratory analysis. These analyses were also per-
formed 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 cor-
rect 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 FLAME1 provides an acceptable false error rate of
around 5% (particularly in event-related designs).®®

Because S1 demonstrated statistically significant differences
in both region of interest and whole-brain voxelwise analyses,
and largely overlapped the somatotopic representation of S1
localized with back/leg stimuli (see the ‘Results’ section), we per-
formed seed-based functional connectivity analyses using the S1
cluster from the results of the voxelwise PET group analysis (see
the ‘Results’ section). Further, because our previous studies
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Table 1 Participant characteristics

Z. Alshelh et al.

Protocol 1

Protocol 2 Combined

Radicular (n = 15) Axial (n = 10) Radicular (n = 13)

Axial(n = 16)  Radicular (n = 28) Axial (n = 26)

Age, years, 49.6 +14.5 49.1+17.3
Sex, female:male, n 8:5 10:6
TSPO polymorphism 10H; 3M 12H; 4M
Body mass index, kg/m? 274+56 23.6=3.9
Injected dose, MBq 403.3+454 432.1+455
Specific activity, GBq/umol 91.7 +29.4 67.4+23.8
Injected mass, pg 24+1.0 3.0+23

PainDetect (0-38) 10.6 +4.5(n=5) 9.6+4.7 (n=10)
Brief Pain Inventory (0-10) 11+06(n=12) 1.0+03(n=4)
Fibromyalgia Survey Scores 86+55M=3) 59*+20(n=3)
Back e-stim—Pain intensity - -
Right leg e-stim—Pain intensity - -
Left leg e-stim—Pain intensity - -

49.6 +14.5 49.1+17.3 48.3+13.2 437 +16.6
8:7 5:5 16:12 15:11
13H; 2M 8H; 2M 23H; SM 20H; 6M
28.7 4.3 24.0+4.0 28.1 +4.9* 23.9*+3.9
515.6 =41.1 531.0+32.9 4554 +71.2 492.9+61.7
43.3+15.0 41.3+149 69.2 +34.0 51.4=*225
55*26 6.0+2.7 3.8*25 48+29
13.4+4.7" 7.6+4.2 12.6 = 4.7* (n = 18) 8.4 +4.4 (n=26)
39+18 32+18 26+12((Mn=25 28+19(n=20)
8.7*39 6.1+2.9 8.6+4.0"(n =16) 6.1+27(n=19)

256+339(n=9) 29.5+36.5 (n=12) - -
28.1+313(n=9) 33.5+29.6(n=12) - -
39.4+278(n=9) 26.0+36.5(n=12) - -

Values in bold represents axial significantly different from radicular. TSPO polymorphism: H = high; M = mixed. *P < 0.05.*"P < 0.01.

demonstrated consistent elevations in thalamic **C-PBR28 signal
in cLBP patients compared to controls,?>?*? our functional con-
nectivity 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.har
vard.edu/fsl_atlas.html), to determine whether any thalamic
regions showed stronger functional connectivity with S1 in
cLBPrap compared to cLBPAx. This analysis was also performed
with FSL’s FEAT GLM tool and FLAME1 (www.fmrib.ox.ac.uk/fsl,
version 5.0.10), a cluster-forming threshold of Z=3.1 and a clus-
ter size significance threshold of P =0.05 to correct for multiple
comparisons. To explore its clinical significance and relationship
with neuroinflammation, S1-thalamus functional MRI connectiv-
ity strength was correlated with the S1 ' C-PBR28 PET signal and
the Fibromyalgia Survey Scores (the only behavioural measure
significantly correlated with S1 *'C-PBR28 PET signal; see the
‘Results’ section). Again, for this analysis, we used a Pearson’s
correlation and an alpha level corrected for two comparisons
(0.05/2 =0.025).

For visualization purposes, as well as for correlation analyses
(see below), mean PET signal (SUVR) and mean functional MRI val-
ues (contrast of parameter estimates) were extracted from the sig-
nificant clusters identified in the voxelwise PET and functional MRI
analyses, and split in anatomically separate subregions 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-thalamus connectivity
correlated with each other and with Fibromyalgia Survey Scores
(see ‘Results’ section), we performed mediation analyses in a
subset of patients with available survey scores (n=35) to ex-
plore 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 (IV), medi-
ator (M) and dependent variables (DV): Model 1, IV =51 *C-
PBR28 signal, M =Fibromyalgia Survey Scores, DV =S1-thal-
amus connectivity; Model 2, IV = Fibromyalgia Survey Scores,
M =S1 *'C-PBR28 signal, DV = S1-thalamus connectivity; Model
3, IV=S1-thalamus connectivity, M =Fibromyalgia Survey
Scores, DV =S1 ''C-PBR28 signal; Model 4, IV = Fibromyalgia
Survey Scores, M = S1-thalamus connectivity, DV = S1 **C-PBR28

signal; Model 5, IV =S1-thalamus connectivity, M=S1 *C-
PBR28 signal, DV = Fibromyalgia Survey Scores; and Model 6,
IV=S1 ™C-PBR28 signal, M=S1-thalamus connectivity,
DV =Fibromyalgia Survey Scores. Unstandardized regression
coefficients in this mediation model and bootstrapped 95% con-
fidence intervals (CIs) for total and indirect effects of the inde-
pendent variable on the dependent variable through mediator
(5000 bootstrap samples) were estimated. The indirect (i.e. me-
diation) effect was considered statistically significant if the
bias-corrected 95% CI did not include zero.

Data will be made available upon reasonable request.

Results

Demographic and other key characteristics for all patients are dis-
played in Table 1. There was no significant difference in sex, age,
TSPO polymorphism, injected dose, specific activity or injected
mass between the cLBP,x and cLBPrap groups (P > 0.05).

There was, however, a significant difference in body mass
index across groups (cLBPax: 23.9*3.88; cLBPrap: 28.1+4.94;
P =0.001). Both cLBPrap and cLBP,x demonstrated similar clinical
pain intensity, as measured using the Brief Pain Inventory
(P=0.26). As expected by clinical subtyping, cLBPrap reported sig-
nificantly 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 27.6 = 34.4 (mean * SD), 30.9 +=29.7 and 32.4 +32.5,
respectively, on a 0-100 pain intensity numerical rating scale.
There was no significant difference in pain ratings between
cLBPrap and cLBP,x in any body region (P > 0.05; Table 1).

When evaluating regions of interest from our previous C-PBR28
PET study in patients with cLBP,?! cLBPrsp demonstrated signifi-
cantly elevated *C-PBR28 PET signal compared to cLBPax in S1
[F(1,50) = 5.7, P = 0.04, corrected], but no significant difference was


http://www.cma.mgh.harvard.edu/fsl_atlas.html
http://www.cma.mgh.harvard.edu/fsl_atlas.html
http://www.fmrib.ox.ac.uk/fsl
http://www.cma.mgh.harvard.edu/fsl_atlas.html
http://www.cma.mgh.harvard.edu/fsl_atlas.html
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Figure 1 Region of interest analyses. Group differences in **C-PBR28 signal in a priori regions of interest. A priori regions were selected as they demon-
strated 'C-PBR28 PET SUVR elevations in chronic low back pain patients compared to healthy controls.?* Average = SD SUVR extracted showing dif-
ferences between cLBPrap and cLBPxx (adjusted for scanner and genotype). *Significant difference between groups (P < 0.05). Triangle denotes data
from Protocol 1, circle denotes data from Protocol 2. The range of the y-axis is set depending on the distribution of individual data-points.

observed in the thalamus [F(1,50) = 1.2, P =0.57, corrected; Fig. 1].
In addition, the whole-brain voxelwise group comparison revealed
"C-PBR28 PET signal elevations in cLBPap 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 region of inter-
est), as well as in the intraparietal sulcus, left and right white
mattter and the posterior cingulate cortex (Fig. 2A and B). To
explore the clinical significance of S1 neuroinflammation, the
11C-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 dis-
played a significant positive correlation with Fibromyalgia Survey
Scores (r=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 Fig. 2C, e-stim of back and legs revealed the expected
dorsal S1 functional activations. Notably, the portion of the post-
central gyrus commonly activated by both back and right leg dem-
onstrated a distinct overlap with the S1 area as identified in the
PET analyses, indicating that the S1 neuroinflammatory signal in
cLBPrap Was indeed localized to the representation of back and leg.
There was no significant difference in voxelwise functional activa-
tion in cLBPax compared to cLBPrap. Because S1 demonstrated a
significantly elevated ''C-PBR28 signal in both region of interest
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 iden-
tified in the voxelwise group differences was used as a seed to
compare connectivity to the thalamus between cLBPax and
cLBPrap. CLBPrap had stronger S1 connectivity to the right thal-
amus (in regions compatible with the ventral lateral posterior nu-
cleus (VLp) and ventral posterior lateral nucleus compared to
cLBPax (Fig. 3A). The mean S1 connectivity values (Z-score) from
this region is displayed in Fig. 3B. No thalamic nuclei were identi-
fied with stronger S1 connectivity in cLBPax than cLBPgap.

To test the hypothesis that higher S1 connectivity to the ‘neuro-
inflammation-prone’ thalamus is accompanied by higher S1 neuro-
inflammatory signal, Si-thalamus connectivity was regressed
against S1 *?C-PBR28 PET signal. S1-thalamus connectivity was also
regressed against the fibromyalgianess scores, as this was the only
behavioural measure significantly correlated with S1 **C-PBR28 PET
signal. S1-thalamus connectivity displayed significant positive cor-
relation with S1 **C-PBR28 PET signal (r = 0.43, P = 0.004, corrected,;
Fig. 4) and Fibromyalgia Survey Scores (r = 0.57, P = 0.002, corrected;
Fig. 5).

Mediation between Fibromyalgia Survey Scores, PET
signal and functional connectivity

As the Fibromyalgia Survey Scores, S1 **C-PBR28 PET signal, and
S1-thalamus connectivity were cross-correlated (Figs 4 and 5),
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
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Figure 2 Voxel-wise group differences in *'C-PBR28 signal. (A) Maps displaying areas with significantly elevated **C-PBR28 SUVR in cLBPgap com-
pared to cLBPAx in a voxelwise analysis, adjusted for protocol and genotype. (B) Average + SD SUVR extracted from several clusters identified as stat-
istically significant in the voxelwise SUVR analysis from A (adjusted for scanner and genotype). The range of the y-axis is set depending on the
distribution of individual data-points. (C) BOLD functional MRI 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 cLBPgap > CLBPay. IPS = intraparietal sulcus; PCC = posterior cingulate cortex; WM = white
matter. Triangle denotes data from Protocol 1, circle denotes data from Protocol 2.

signal; M = Fibromyalgia Survey Scores; DV = S1-thalamus con-
nectivity) reached statistical significance. This model revealed
that the strength of the association between the S1 *'C-PBR28
PET signal and S1-thalamus connectivity (path c; B = standard
error: Model 1: 1.54+0.74) was significantly reduced after
accounting for the effects of the mediator, Fibromyalgia Survey
Scores (path c’; Model 1: 0.59 + 0.07). The bias-corrected 95% Cls
for the indirect effect of S1 *C-PBR28 PET signal on S1-thalamus
connectivity through Fibromyalgia Survey Scores (Model 1: path
a x b; p=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 Scores significantly mediate the associ-
ation between S1 'C-PBR28 PET signal and S1-thalamus con-
nectivity (Fig. 6).

Discussion

Our investigations provide compelling evidence of neuroinflam-
matory 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
11C-PBR28 PET. TSPO signal elevations were observed in several
brain structures including S1, a statistically significant region in
both region of interest and voxelwise analyses and overlapping
functionally localized S1 representations of the back/leg. Compared

to cLBPax, cCLBPrap also demonstrated increased S1 functional con-
nectivity to the thalamus, as measured with resting-state BOLD
functional MRI. Indeed, S1 TSPO signal and S1-thalamus 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 differ-
ences between subtypes of cLBP, our results conform to a growing
body of evidence suggesting that neuroinflammation might pre-
sent at least partially distinct spatial patterns of signal distribution
in different pain conditions.?**¢ For instance, in patients with
widespread pain (fibromyalgia) we observed TSPO signal eleva-
tions in large portions of S1,%* whereas only ventral or dorsal por-
tions of this region were involved in migraineurs®® and cLBP,?*
compatible with head/face and back/leg representations, respect-
ively.®> These observations led us to hypothesize that, at least
within this brain area, neuroinflammatory responses might pre-
sent a somatotopic organization, paralleling the body distribution
of the pain reported in each condition. In support of such hypoth-
esis, in the present study we were able to directly show TSPO sig-
nal elevations in a portion of the postcentral gyrus overlapping
with a functionally localized representation of back and leg in
cLBPrap patients (who report pain in back and leg), compared to
cLBPax patients (who present pain only in the back), while thalam-
ic signal was comparable across groups. It should be noted that
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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 dis-
crepancy is that inflammation in regions processing only back (or,
perhaps, only leg) information might be too 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 cLBP,x 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 derma-
tomal pattern to the lower extremity (i.e. thigh, calf and/or foot).>?
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.®® As such, cLBPgap, is typic-
ally considered a chronic pain condition with a neuropathic com-
ponent (a result of damage or presumed damage to the nerve),
while cLBP,x 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 aetiologies and symptoms that a cLBP

diagnosis subsumes.*® That different subtypes of cLBP have neuro-
inflammatory and neural signatures, as evidenced in this study,
further supports that different clinical presentations may be
accompanied by distinct neuroimmune mechanisms.

Our observation that S1-thalamus connectivity was linked to
higher S1 TSPO signal is notable. The thalamus is a critical struc-
ture 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 con-
sistent TSPO signal elevations in cLBP patients compared to
healthy controls.’>*? While the mechanisms mediating the rela-
tionship between functional connectivity and inflammation
remains unknown, one possibility is that elevated S1-thalamus
connectivity in some patients (cCLBPrap) may serve as a ‘vehicle’ for
neuroinflammation to spread ‘trans-synaptically’®’ from the thal-
amic ‘neuroinflammatory hub’ to the cortex. Indeed, microglial ac-
tivation can be observed remotely from the location of the original
pathological event, spreading along the affected neural path-
ways.®” 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
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distribution of individual data-points.

activation in the thalamus.®® Furthermore, in rats, c-fibre stimula-
tion 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, sensitizing
the neural pathways.”® For example, capsaicin-induced sensitiza-
tion of the primate spinothalamic tract was exacerbated by infu-
sion 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 nu-
clei in which we found an increased connectivity with S1 in
cLBPrap compared to cLBP,x largely overlaps the ventral posterior
lateral nucleus, which transmits 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 dys-
functional synapses.”?”® Microglial cells express a variety of recep-
tors 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 comple-
ment component 1q protein, the protease enzyme and the inflam-
matory cytokine tumour necrosis factor-o (TNF-o) all mediate
synaptic stripping and, remarkably, are all upregulated by micro-
glia in neuropathic pain models.””

Conversely, the association between S1 neuroinflammation
and S1-thalamus 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 trans-
membrane chemokine), which increase pro-inflammatory cyto-
kines when activated and inhibit pro-inflammatory cytokines
when attenuated.**’®”” These changes in cytokine concentration
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(see Fig. 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. The range of the y-axis
is set depending on the distribution of individual data-points.

modulate presynaptic neurotransmitter release, and may contrib-
ute to changes in functional connectivity. Furthermore, in mice
models of optic nerve crush, resident microglia, mediated by com-
plement 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, Fibromyalgia Survey Scores,
mediated the relationship between functional connectivity and
11C-PBR28 PET, when functional connectivity was a dependent
variable (Model 1). Therefore, our data also suggest that neuroin-
flammation might precede and perhaps modulate functional con-
nectivity 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, particularly because the fibromyalgianess data
were 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 noci-
plastic pain), other mechanisms of action must not be ignored. For
example, peripheral activation of the immune response can
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transport cytokines such as TNF-o into the spinal cord to activate
glial cells.®® In the chronic constriction injury model of sciatic
neuropathy, TNF-a was transported in sensory fibres from the dor-
sal root ganglion to the spinal cord.”® Furthermore, lumbar spine
compression in mice increased the blood-brain barrier permeabil-
ity 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 com-
ponent than cLBP,x as measured by PainDetect. This suggests per-
ipheral nerve involvement, which may drive recruitment of
immune cells into the brain, thus activating the neuroinflamma-
tory 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 neuro-
inflammation, alterations of functional connectivity and nociplas-
tic pain. Preclinical studies and longitudinal analyses may further
enhance our understanding of the relationship between the three
parameters. Moreover, our data were 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 and Supplementary Table 1). The consistency across pro-
tocols increased our confidence that the results obtained in the
full datasets are not reflective of artefacts, 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 com-
monly adopted alternatives (such as volume of distribution, Vr)
due to the limited number of patients with arterial blood sampling.
Nonetheless, we have previously utilized SUVR for quantification
of ™C-PBR28 PET data (using either whole-brain or localized
regions) in patients with cLBP,>"?? fibromyalgia,*® Gulf War ill-
ness?® 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, such as primary motor cortex (M1) and corticospi-
nal tracts in amyotrophic lateral sclerosis®”**#"%2 and primary lat-
eral sclerosis,®® or the basal ganglia in Huntington’s disease,®* or
again in temporoparietal regions in Alzheimer’s disease.®® Not
only are SUVR elevations co-localized with the areas known to be
pathological, they can be proportional to disease severity. In amyo-
trophic lateral sclerosis, for instance, SUVR in M1 was found to be
(i) positively correlated to clinical severity (upper motor neuron
burden); (ii) positively correlated with the levels of myo-inositol
(another putative marker of neuroinflammation), measured using
MRI; and (iii) negatively correlated with measures of structural in-
tegrity (cortical thickness, measured using morphometric analyses
from structural MRI and fractional anisotropy, measured using dif-
fusion tensor imaging).8¥2# Collectively these data support the
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validity of SUVR as a measure for TSPO binding in certain
populations.

In conclusion, our data support the existence of different ‘neu-
roinflammatory signatures’ in patients with different clinical pres-
entation, and that S1 neuroinflammatory signal is more
pronounced in patients with higher ‘nociplastic’ pain. Further, be-
cause S1 TSPO signal was correlated with S1-thalamus connectiv-
ity, our data support an association between changes in
neuroinflammation and neuronal communication, possibly indi-
cating that the observed alterations reflect neurogenic neuroin-
flammation. Future preclinical studies will be necessary to
determine the underlying mechanisms of these relationships and
to determine whether neuroinflammation and related connectiv-
ity changes may contribute to the subtyping of distinct pain syn-
dromes and also provide information about interindividual
variability in neuroimmune brain signals, within diagnostic
groups, that could eventually serve as targets for mechanism-
based precision medicine approaches.
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