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Many individuals with spinal cord injury live with debilitating chronic pain that may be neuropathic, noci-
ceptive, or a combination of both in nature. Identification of brain regions demonstrating altered connectivity
associated with the type and severity of pain experience may elucidate underlying mechanisms, as well as
treatment targets. Resting state and sensorimotor task-based magnetic resonance imaging data were collected in
37 individuals with chronic spinal cord injury. Seed-based correlations were utilized to identify resting state
functional connectivity of regions with established roles in pain processing: the primary motor and somato-
sensory cortices, cingulate, insula, hippocampus, parahippocampal gyri, thalamus, amygdala, caudate, putamen,
and periaqueductal gray matter. Resting state functional connectivity alterations and task-based activation
associated with individuals’ pain type and intensity ratings on the International Spinal Cord Injury Basic Pain
Dataset (0-10 scale) were evaluated. We found that intralimbic and limbostriatal resting state connectivity al-
terations are uniquely associated with neuropathic pain severity, whereas thalamocortical and thalamolimbic
connectivity alterations are associated specifically with nociceptive pain severity. The joint effect and contrast of
both pain types were associated with altered limbocortical connectivity. No significant differences in task-based
activation were identified. These findings suggest that the experience of pain in individuals with spinal cord
injury may be associated with unique alterations in resting state functional connectivity dependent upon pain

type.

1. Introduction

Injury to the spinal cord results in de-afferentation of sensory and
motor pathways rostral and caudal to the injury level, with evidence of
brain somatomotor atrophy and alterations in network function.
Chronic pain affects as many as four out of five individuals with chronic
spinal cord injury (SCI) and negatively impacts participation in daily
tasks, life satisfaction, and overall health and wellbeing (Felix et al.,
2021). The primary chronic pain complaints reported by persons with
spinal cord injury (PwSCI) are nociceptive (affects 49%) and neuro-
pathic (affects 56%) in nature (Felix et al., 2021). Nociceptive pain
arises from non-neural tissues and often develops due to postural im-
pairments and positioning, compensatory movement patterns, and

musculoskeletal overuse injuries during mobility tasks such transfers
and wheelchair propulsion in PwSCI (Cardenas and Felix, 2009; Scholz
et al., 2019). Nociceptive pain can thus be characterized as a “normal”,
albeit disabling consequence of reduced mobility, and is typically
managed with modifications to reduce musculoskeletal stresses, phys-
ical fitness training, and nonsteroidal anti-inflammatory drugs (NSAIDS)
(Cardenas and Felix, 2009). Neuropathic pain stems from poorly un-
derstood maladaptive responses to peripheral and central de-
afferentation after neural injury and tends to be more severe in in-
tensity and refractory to treatment in most PwWSCI (Kosek et al., 2016;
Melzack and Loeser, 1978). Current pharmacologic treatment strategies
for neuropathic pain consist of gabapentinoids, tricyclic antidepressants,
and serotonin norepinephrine reuptake inhibitors, which offer limited
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efficacy (Bates et al., 2019; Guy et al., 2016). Opioids are not recom-
mended as a first-line therapy for pain after SCI but are still commonly
prescribed and often at high dosages as a last resort.

Limitations in pain management support the need for a better un-
derstanding of brain mechanisms contributing to nociceptive and
neuropathic pain processing for the development of more efficacious
treatments. Prior volumetric, diffusion, biochemical, and functional
connectivity differences have been demonstrated between individuals
with chronic neuropathic pain after SCI and those without pain or
healthy controls, with some overlap of regions of interest, but no clear
brain phenotype has emerged across studies (Huynh et al., 2021; Huynh
et al., 2019; X. Li et al., 2020; Solstrand Dahlberg et al., 2018). The
majority of existing pain literature in PwSCI has focused on structural
differences with reported alterations of gray matter volume of the pri-
mary somatosensory and motor cortices (Jutzeler et al., 2016; Mole
et al., 2014), anterior cingulate cortex (Jutzeler et al., 2016), thalamus
(Jutzeler et al., 2016) and insula (Yoon et al., 2013) in PwSCI with
neuropathic pain compared to those without pain or healthy individuals.
Alterations in mean diffusivity of the thalamus, amygdala, and insula
(Gustin et al., 2010), as well as biochemical differences in the thalamus
(Gustin et al., 2014; Pattany et al., 2002; Widerstrom-Noga et al., 2015),
anterior cingulate cortex (Widerstrom-Noga et al., 2013), and peri-
aqueductal gray matter (Kyathanahally et al., 2021) have also been
identified in PwSCI with neuropathic pain compared to those without
pain or healthy individuals. Additional regions with established roles in
pain processing and reported structural or functional differences in
PwSCI compared to healthy individuals include the posterior cingulate
cortex (Cermik et al., 2006), basal ganglia (Min et al., 2015), and hip-
pocampus and parahippocampal gyri (Q. Chen et al., 2018). These
findings suggest altered neural function of these regions may contribute
to the experience of neuropathic pain, yet little is known regarding their
functional connectivity in PwSCI.

A limited number of studies reporting alterations in resting state
functional connectivity (rsFC) or task-based functional activation asso-
ciated with neuropathic pain in PwSCI have been performed, with no
overlapping results produced between studies (Huynh et al., 2021; X. Li
et al.,, 2020), or lack of statistically significant results (Black et al.,
2021). Reported alterations in rsFC in PwSCI included limbocerebellar
(X. Li et al., 2020), limbocortical (X. Li et al., 2020), and intracortical
(Huynh et al., 2021) alterations associated with the presence of neuro-
pathic pain, and intralimbic (X. Li et al., 2020) and thalamocortical
(Huynh et al., 2021) rsFC alterations between PwSCI with neuropathic
pain compared to healthy individuals. Associations have also been re-
ported between limbocerebellar (X. Li et al., 2020), limbocortical (X. Li
et al., 2020), and intralimbic (Huynh et al., 2021) connectivity and
neuropathic pain intensity, and limbothalamic connectivity and extent
of the spatial distribution of neuropathic pain symptoms (Huynh et al.,
2021). In functional activation studies, conflicting results have been
reported concerning somatosensory cortex activation and reorganiza-
tion associated with neuropathic pain presence and intensity (Jutzeler
et al., 2015; Wrigley et al., 2009). The lack of overlapping results across
rsFC and task-based functional activation studies in this population are
likely driven by differences in methodology, the selected seed regions of
interest (ROI), and the limited number of studies, along with the di-
versity of mechanisms, levels, and severity of injuries and symptoms in
PwSCI.

Lack of replication of findings and the limited number of rsFC and
task-based functional activation studies restrict our understanding of
mechanisms contributing to the experience of neuropathic pain and
support the need for further investigation of pain-related differences in
brain function within the SCI population. Analyses incorporating a
wider set of previously reported sensorimotor and limbic seed regions
associated with pain processing and SCI could further elucidate pain-
related alterations in rsFC and provide improved replicability across
studies. Prior studies have typically not accounted for the possible co-
occurrence of both neuropathic and nociceptive pain, or for
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medication use as confounding factors, which may contribute to the
discrepancy in results. Cortical reorganization and altered somatosen-
sory cortex activation have been identified in individuals with chronic
neuropathic pain, but not chronic nociceptive pain, compared to healthy
individuals, which suggests neuropathic and nociceptive pain pheno-
types may engage distinct functional connectivity and activation pat-
terns (Widerstrom-Noga et al., 2015). Similar to experimental activation
of a-delta and c-fiber pain, the experience of chronic neuropathic and
nociceptive pain may engage both overlapping and segregated neural
systems (Bishop et al., 1958; Matre et al., 2010; Veldhuijzen et al.,
2009). Moreover, when studying clinical populations, opioids and
gabapentin may also limit replicability of findings as these drugs can
alter resting state functional connectivity independent of pain relief
(Croosu et al., 2021; Gorka et al., 2014; Wanigasekera et al., 2016).

Identification of alterations in rsFC and functional activation asso-
ciated with specific pain phenotypes, while considering medication ef-
fects, could segregate the underlying mechanisms of diverse pain
experiences in PWSCI to better inform treatment strategies. The aim of
this study is to identify rsFC and functional activation alterations asso-
ciated uniquely, additively, and non-additively (interactions) with
neuropathic and nociceptive pain severity in PwSCI.

2. Materials and methods
2.1. Subjects

This cross-sectional study included PwSCI who were at least three
years post injury. Participants were enrolled in a clinical trial assessing
changes in bone health (primary outcome) and brain connectivity
(secondary outcome) in response to robotic-assisted gait training
(ClinicalTrials.gov Identifier: NCT02533713) or in an observational
study assessing surgical treatment for severe neuropathic pain (IRB ID
1235452-13). Criteria for enrollment for each study can be found in
Table 1. Recruitment strategies included study flyers and clinic and

Table 1
Study criteria.

Robotic-assisted gait training trial (NCT02533713)

Inclusion criteria

e > 18 years of age

e > 3 years post-injury

e Motor complete SCI (AIS A and B) or AIS C and D who use a wheelchair > 50% of the
time

SCI C7-T12

Height of 155-191 cm

Weight < 113 kg

MAS rating < 3 in bilateral lower extremities

Sufficient upper body strength to complete sit to sit transfers
Exclusion criteria

Enrollment in another clinical trial

Pregnancy

Symptomatic orthostatic hypotension

Active grade 2 or > pressure ulcer that could be worsened by exoskeleton device
Lower extremity contractures that interfere with device fit
Unhealed limb or pelvic bone fracture

Other neurological disease

Active treatment for epilepsy or thyroid disorders

Current use of medications potentially affecting bone health
Women with osteoporosis

Surgical intervention study (IRB ID 1235452-13)

Inclusion criteria

e > 18 years of age

e SCl-related neuropathic pain rated at least 9/10

e Scheduled to undergo Dorsal Root Entry Zone Lesioning

Exclusion criteria:

e MRI contraindications including MRI incompatible implants, pumps, or
neurostimulators

American Spinal Injury Association Impairment Scale (AIS), spinal cord injury
(SCID), Modified Ashworth Scale (MAS), magnetic resonance imaging (MRI).
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participant referral. Data collection occurred at Craig Hospital and
Swedish Medical Center in Englewood, Colorado.

For all participants, data were derived from baseline testing which
occurred between 08/16/2017 and 04/02/2021. All analyses were
conducted on de-identified data by a member of the research team not
involved in data collection. The study protocols were approved by our
Institutional Review Boards and all participants gave their written
informed consent to participate. A total of 71 PwSCI were enrolled
across both studies. Complete magnetic resonance imaging (MRI) and
pain datasets were required for inclusion in this analysis. Out of the full
sample, 33 participants were excluded due to unobtainable (n = 31) or
poor-quality/motion artifact (n = 2) MRI data resulting in a sample of 37
PwSCI included in this analysis (n = 28 enrolled in NCT02533713,n =9
enrolled in IRB ID 1235452-13).

2.2. Clinical outcome measures

Neuropathic and nociceptive pain presence and intensity were
assessed with the International Spinal Cord Injury Pain Basic Dataset
(ISCIPBDS) (Widerstrom-Noga et al., 2014). The ISCIPBDS collects
participant-reported pain outcomes including the description, location,
and average weekly intensity of up to their 3 worst pain problems. The
ISCIPBDS follows the International Spinal Cord Injury Pain Classifica-
tion definitions to classify pain as nociceptive or neuropathic, and
further classifies neuropathic pain as at-level or below-level SCI pain
(Bryce et al., 2012). Example descriptors for classification of neuro-
pathic and nociceptive pain phenotypes can be found in Supplemental
Table 1, with full details regarding the ISCIPBDS construct provided in
Widerstrom-Noga et al. (2014). Participants’ worst neuropathic and
nociceptive pain intensities were defined as the highest rated average
weekly intensity of each pain type on the ISCIPBDS. Pain intensity was
rated on a 0-10 scale, with 0 being no pain, and 10 being worst imag-
inable pain. Individuals who denied neuropathic and/or nociceptive
pain were included in analyses with pain intensities of 0. Demographic
factors (age, sex), injury characteristics (injury duration, level of injury),
and pain medication use were attained from study intake question-
naires. Pain medication use was defined as current use of opioids or
gabapentin. American Spinal Injury Association Impairment Scale (AIS)
classification was confirmed by physical exam. Clinical outcome mea-
sures were collected on the day of (n = 28) or 1-2 days after the scan
(n = 9) dependent upon the study protocol.

2.3. Neuroimaging

Data were obtained on a single 3 T Siemens Trio using a 12-channel
head coil. The scanning protocol sequences utilized for resting state
functional connectivity and task-based analysis consisted of a high res-
olution structural T1 image (1x1x1 mm), two sets of 6-min-18-s resting
state echo planar imaging (EPI) datasets with a repetition time (TR) of
3 s, and one set each of a 4-min-6-sec finger tap and foot tap task EPI
dataset with a 3 s TR. T1 weighted structural images were acquired with
a gradient echo sequence with GRAPPA parallel imaging with an ac-
celeration factor of 2, 256 mm field of view (FOV), 1x1x1 mm voxel size,
1 mm slice thickness, sagittal acquisition (interleaved), 20 ms echo time
(TE), 4.92 ms TR, flip angle of 25 degrees, and 5:17 scan time. Resting
state functional images were acquired with an EPI sequence with a
216 mm FOV, 3x3x3 mm voxel size, 3 mm slice thickness, acquisition
interleaved, 30 ms TE, 3000 ms TR, flip angle of 85 degrees, 6:18 scan
time (2 repeated scans collected in each subject). Finger and foot tap
task-based functional images were each acquired with an EPI sequence
with a 200 mm FOV, 3.1x3.1x3.1 mm voxel size, 3.1 mm slice thickness,
acquisition interleaved, 30 ms TE, 3000 ms TR, flip angle of 90 degrees,
4:06 scan time (1 finger tap and 1 foot tap scan collected in each sub-
ject). The tasks were acquired with a blocked design of active finger or
imagined foot tapping (onsets 35, 95, 155, and 215 s; durations 30, 30,
30, 30 s) alternated with rest periods (onsets 0, 65, 125, and 185 s;
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durations 35, 30, 30, 30 s).
2.4. Resting state connectivity analysis

All functional data was preprocessed and statistically analyzed using
the CONN Toolbox (version 20b) (Whitfield-Gabrieli and Nieto-
Castanon, 2012), a cross-platform software operating under Statistical
Parametric Mapping (SPM12) (Friston et al., 1994) and MATLAB
(version R2020b, The Mathworks Inc., Natick, MA). Preprocessing was
completed using default parameters, including slice timing, motion
correction, spatial normalization to the Montreal Neurological Institute
(MNI) template, spatial smoothing with an 8-mm Gaussian kernel, and
high-pass temporal filtering (cutoff 128 s). The Artifact Detection
Toolbox (https://www.nitrc.org/projects/artifact_detect) was used to
detect frames with excessive motion (global signal value z > 5, interscan
motion > 0.9 mm), which were regressed out of the time-series in
CONN'’s denoising pipeline in addition to white matter and cerebrospi-
nal fluid signal using aCompCor. Seed-based correlations were utilized
to identify brain regions correlated with seed regions of interest. Main
analyses consisted of 4 linear regressions conducted to identify alter-
ations in rsFC associated with: 1) worst neuropathic pain intensity
(model included 3 regressors controlling for gabapentin use, opioid use,
and worst nociceptive pain intensity), 2) worst nociceptive pain in-
tensity (model included 3 regressors controlling for gabapentin use,
opioid use, and worst neuropathic pain intensity), 3) the joint effect of
each participant’s worst neuropathic and nociceptive pain intensities
(model included 2 regressors controlling for gabapentin and opioid use),
and 4) the contrast of worst neuropathic and nociceptive pain intensities
(model included 2 regressors controlling for gabapentin and opioid use).
All analyses controlled for current pain medication use utilizing separate
binary regressors for gabapentin and opioids. For the isolated neuro-
pathic and nociceptive analyses (regression models 1 and 2), the in-
tensity of the opposite pain type was included as a covariate of no
interest. Supplemental analyses included 1) the effect of gabapentin use
(model included 3 regressors controlling for opioid use, and worst
neuropathic and nociceptive pain intensities) and 2) the effect of opioid
use (model included 3 regressors controlling for gabapentin use, and
worst neuropathic and nociceptive pain intensities). 21 seed ROIs were
selected based on prior literature supporting their role in pain processing
and previously reported neuroimaging differences in PwSCI and con-
sisted of the lower body representation of the primary motor and so-
matosensory cortices (Bolwerk et al., 2013; Iwabuchi et al., 2023;
Jutzeler et al., 2016; H. Li et al., 2020; Mole et al., 2014; Zhang et al.,
2014; Zhou et al., 2018), anterior (Huynh et al., 2021; Iwabuchi et al.,
2023; Jutzeler et al., 2016; Pascoal-Faria et al., 2015; Zhou et al., 2018)
and posterior cingulate (Cermik et al., 2006; Freund et al., 2010; Huynh
et al., 2021; Keltner et al., 2017), insula (Gustin et al., 2010; Huynh
et al., 2021; Iwabuchi et al., 2023; X. Li et al., 2020; Zhou et al., 2018),
hippocampus (Q. Chen et al., 2018; Iwabuchi et al., 2023; X. Li et al.,
2020; Ruscheweyh et al., 2018; Vachon-Presseau et al., 2013), para-
hippocampal gyri (Q. Chen et al., 2018; Ruscheweyh et al., 2018;
Vachon-Presseau et al., 2013; Zhang et al., 2014), thalamus (Gustin
et al., 2010; Huynh et al., 2021; Iwabuchi et al., 2023; H. Li et al., 2020;
Zhang et al., 2014; Zhou et al., 2018), amygdala (Gustin et al., 2010;
Huynh et al., 2021), caudate (B. Lee et al., 2022; Min et al., 2015; Seixas
et al., 2016; Sprenger et al., 2015), putamen (Iwabuchi et al., 2023; B.
Lee et al., 2022; Min et al., 2015; Ruscheweyh et al., 2018; Sprenger
et al.,, 2015; Zhang et al., 2014), and the periaqueductal gray matter
(Kyathanahally et al., 2021; H. Li et al., 2020; Linnman et al., 2012;
Sprenger et al., 2015) (Supplemental Fig. 1). Right and left seeds were
included for all bilateral structures (note that the medial somatosensory
and motor cortex representations of the lower body were analyzed as
one midline ROI). Seed ROIs were defined from the Conn Toolbox atlas,
except for the insula, somatosensory and motor, and periaqueductal
gray matter ROIs. Somatosensory and motor seed ROIs were defined as
the intersection of the Conn toolbox defined superior sensorimotor


https://www.nitrc.org/projects/artifact_detect

J.L. Kowalski et al.

network and the precentral or postcentral gyri respectively. The poste-
rior insula seed was derived from MNI coordinates for the lower leg
representation region of the insula as per Bjornsdotter et al. (-36, —25, 8)
with a 5 mm spherical radius (Bjornsdotter et al., 2009). The peri-
aqueductal gray matter seed ROI was defined from MNI coordinates
previously reported by Linnman et al. (1, —29, —12) with a 5 mm
spherical radius (Linnman et al., 2012). Significance level was set at
p < 0.0024 family-wise error (FWE) corrected, based on Bonferroni
correction for multiple comparisons across all seed ROIs (i.e. p < 0.05/
21 comparisons). Additionally, we required a minimum of 10 contig-
uous voxels to consider a cluster significant. The cluster-forming height
threshold was p < 0.001, as recommended by Roiser et al. (2016).

2.5. Task-based functional MRI analyses

The finger and foot tap task paradigms were preprocessed in CONN
and modeled in SPM12 using a general linear model with boxcar re-
gressors signifying the task onsets and durations (4 sets of 30 s tapping
blocks) convolved with the SPM12 canonical hemodynamic response
function. The model also included 6 motion regressors and outliers
detected by CONN’s Artifact Detection Toolbox. First-level contrast
images of finger and foot tapping responses were obtained for each
subject and modeled in a second-level analysis to determine the effect of
pain phenotype and intensity on task-based functional activation. The
same 4 linear regression models applied to the resting-state data were
applied to the task data to assess the effects of 1) neuropathic pain in-
tensity, 2) nociceptive pain intensity, 3) the joint effect of neuropathic
and nociceptive pain intensities, and 4) the contrast of neuropathic and
nociceptive pain intensities, with all models controlling for pain medi-
cation use. Significance was set at a voxel-wise cluster height threshold
of p < 0.001, and a critical cluster threshold of p < 0.05 FWE-corrected
for multiple comparisons.

2.6. Descriptive statistical analyses

Descriptive statistics of demographic variables included percentages,
mean, range, and standard deviation. Normality of data distributions
was assessed with Shapiro-Wilk goodness-of-fit tests. Associations be-
tween pain intensities and continuous variables were determined with
Kendall’s Tau correlation and Wilcoxon Rank-Sum and Kruskal-Wallis
tests for categorical variables. All analyses were conducted using JMP
version 16 (SAS Institute Inc., Cary, NC) at p < 0.05.

3. Results
3.1. Cohort characteristics

Of the 37 PWSCI in our sample, 70.3% (n = 26) reported neuropathic
pain, 45.9% (n = 17) reported nociceptive pain, and 16.2% (n = 6)
reported no pain. Specific pain presentations included only neuropathic
pain 37.8% (n = 14), only nociceptive pain 13.5% (n = 5), and both
neuropathic and nociceptive pain 32.4% (n = 12). In those with each
pain type, average neuropathic pain intensity (5.92 + 2.35, range 2-10)
was higher than average nociceptive pain intensity (4.71 + 1.61, range
2-8). Of the 26 participants with neuropathic pain, 8 were classified as
at-level and 18 as below-level SCI pain. Additional data regarding pain
type, severity, and location and medication use for each participant can
be found in Supplemental Table 2. 13 participants (35.1%) utilized
opioids and/or gabapentin for pain management at the time of assess-
ment. Additional demographic data are presented in Table 2.

For the analysis attempting to segregate neuropathic and nociceptive
pain, no significant correlation between neuropathic and nociceptive
pain ratings was identified in the total sample (r = 0.04, p = 0.78)
(Fig. 1). However, in the subgroup of participants with both pain types
there was a significant positive correlation between neuropathic and
nociceptive pain ratings (z = 0.54, p = 0.03).
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Table 2
Participant characteristics.
Variable Total (n = 37) Neuropathic Nociceptive
Pain Intensity Pain Intensity
Demographics
Age (years) 41.24 +13.48 7=0.13, 7 =-0.03,
p=0.29 p=0.84
Male 30 (81.1) w=117, wW=137,
p=0.53 p=0.88
Pain Phenotype
No pain 6 (16.2) - -
Neuropathic pain 26 (70.3) - -
Only neuropathic pain 14 (37.8) - -
Nociceptive pain 17 (45.9) - -
Only nociceptive pain 5(13.5) - -
Neuropathic + Nociceptive 12 (32.4) - -
Pain
Injury Characteristics
Injury duration (years) 10.17 + 8.05 7 = 0.06, 7=0.17,
p=0.62 p=0.17
Tetraplegia 5(13.5) W =74, w =107,
p=0.35 p=0.58
AIS classification* H(2) = 2.82, H(2) = 0.65,
¢« A 26/36 (72.2) p=0.24 p =072
e B 6/36 (16.7)
e C 4/36 (11.1)
Active Medication Use
Opioid 10 (27.0) W = 235, W = 209,
p=0.12 p=0.50
Gabapentin 5(13.5) W =144, W =76,
p=0.03 p=037
ISCIPBDS Pain Ratings
Worst neuropathic 5.92 +2.35 - 7=0.04,
p=0.78
Worst nociceptive 4.71 £ 1.61 7= 0.04, -
p=0.78

Continuous variables are presented as mean + SD and categorical variables as N
(%). *Data provided includes the full sample of participants (n = 37) except for
AIS classification (n = 36). American Spinal Injury Association Impairment Scale
(AIS), International Spinal Cord Injury Pain Basic Dataset (ISCIPBDS). Associa-
tions of participant characteristics with worst neuropathic and nociceptive pain
intensities rated on the ISCIPBDS are reported from Kendall’s Tau (z) for
continuous variables and Wilcoxon Rank-Sum (W) or Kruskal-Wallis (H) tests
for categorical variables.

3.2. Resting state functional connectivity and task-based functional
activation

3.2.1. MRI data quality

All 37 participants were included in rsFC and finger tap functional
activation analyses, with 1 participant excluded from the foot tap task
analysis due to missing data. No participants required exclusion due to
excess motion artifact. An average of 11 + 18 of a total of 248 resting
state frames, 8 + 13 of a total of 80 finger tap frames, and 10 &+ 15 of a
total of 80 foot tap frames per participant were regressed out of the
model during denoising due to motion that exceeded the framewise
displacement cutoff.

3.2.2. Effect of neuropathic pain severity

Neuropathic pain severity was associated with intralimbic and lim-
bostriatal connectivity pattern alterations. In the linear regression
assessing the effect of worst neuropathic pain intensity on rsFC — while
controlling for worst nociceptive pain severity and medication use —
higher neuropathic pain severity was significantly associated with lower
connectivity between the right posterior parahippocampal gyrus
(pPaHC) to the right putamen and amygdala (Fig. 2). Results from all
regression models and a summary of connectivity patterns associated
with pain phenotypes can be found in Tables 3 and 4 respectively.

3.2.3. Effect of nociceptive pain severity
Severity of nociceptive pain was associated with alterations in



J.L. Kowalski et al.

Neurolmage: Clinical 38 (2023) 103414

Neuropathic and nociceptive pain correlation
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Fig. 1. Correlation between neuropathic and nociceptive pain intensities. No significant correlation of neuropathic and nociceptive pain severities was identified
(r = 0.04, p = 0.78) in participants with chronic SCI (n = 37). Individual data points reflect participants’ neuropathic pain ratings plotted against their nociceptive
pain ratings. Participants are defined as currently taking gabapentin (blue), opioids (orange), both medications (purple), or no medications (black). *Signifies cluster
of 6 data points with intensity ratings of 0 for both pain types. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

thalamocortical and thalamolimbic connectivity patterns. In the linear
regression assessing the effect of worst nociceptive pain severity on rsFC
— while controlling for worst neuropathic pain severity and medication
use —higher nociceptive pain severity was significantly associated with
lower connectivity of the left thalamus to the right hippocampus,
amygdala, anterior parahippocampal gyrus (aPaHC), temporal fusiform
cortex (anterior and posterior divisions), and inferior temporal gyrus
(anterior division) (Fig. 3).

3.2.4. Joint effect of neuropathic and nociceptive pain severities

The combined effect of neuropathic and nociceptive pain intensities
was associated with limbocortical connectivity pattern alterations. In
the linear regression assessing the effect of the joint effect of each par-
ticipant’s neuropathic and nociceptive pain severities on rsFC — while
controlling for medication use — significantly altered connectivity was
identified between 2 seeds and 2 clusters (Fig. 4). Higher neuropathic
and nociceptive pain intensities were significantly associated with 1)
lower connectivity between the right pPaHC to right parietal and oc-
cipital cortical regions and 2) higher connectivity between the left
amygdala to the left superior parietal lobule and supramarginal gyrus.

3.2.5. Contrast of neuropathic and nociceptive pain severities

The contrast of neuropathic and nociceptive pain intensities was also
associated with limbocortical connectivity pattern alterations. In the
linear regression assessing the difference between neuropathic and
nociceptive pain severities on rsFC — while controlling for medication
use —, connectivity was negatively correlated with neuropathic pain
severity and positively correlated with nociceptive pain severity be-
tween the posterior cingulate to bilateral occipital regions, bilateral
lingual gyri, and left cerebellum (Fig. 5). The cerebellar contribution
was 4% (50 voxels) of the total cluster size (1395 voxels) and may be due
to a partial volume effect. As such, potential cerebellar involvement
should be interpreted with caution.

3.2.6. Supplemental rsFC analyses assessing effects of pain medications

Supplemental rsFC analyses determining the effects of opioids and
gabapentin were performed to assess adequate control for the effect of
medication in the primary analyses of pain phenotype and severity.
Opioid use was associated with altered connectivity of 4 seeds and 4
clusters, with no overlap identified across findings from the primary
pain analyses (Supplemental Table 3). In the supplemental linear
regression assessing the effect of opioid use on rsFC — while controlling
for gabapentin use and neuropathic and nociceptive pain severity —,
opioid use was significantly associated with lower connectivity between
the 1) right caudate to the bilateral occipital cortex, 2) right putamen to
left occipital cortex, and 3) left amygdala to left occipital cortex, and
higher connectivity between the 4) right insula to the right precentral
and postcentral gyri. No significant alterations in functional connectiv-
ity were identified in the supplemental analysis assessing the effect of
gabapentin use (Supplemental Table 4).

3.2.7. Task-based functional activation

While the finger tap and foot tap paradigms generated the expected
activations of somatotopically aligned somatosensory and motor cortex
regions, analyses assessing the effect of pain phenotype and intensity on
sensorimotor task-based functional activation yielded no significant
findings. No significant differences in functional activation were iden-
tified in the finger or foot tap conditions associated with the effect of
neuropathic or nociceptive pain intensity, or the joint-effect or contrast
of both pain intensities.

4. Discussion

This study aimed to identify rsFC alterations associated uniquely,
additively, and non-additively with neuropathic and nociceptive pain
severity in PwSCI. We found specific patterns of rsFC alterations asso-
ciated with pain phenotype and severity in regions involved in sensory
and emotional function, suggestive of pain engaging different pathways
which uniquely contribute to neuropathic, nociceptive, and additive
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Fig. 2. Connectivity alterations associated with neuropathic pain severity in
participants with chronic SCI (n = 37). Color bar indicates connectivity strength
with purple indicating lowest connectivity value. Posterior parahippocampal
gyrus (pPaHC). Laterality indicated by right (R) or left (L). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

pain experiences. To our knowledge, this is the first report of differential
rsFC alterations based on neuropathic and nociceptive pain phenotypes
in PwSCI, or any other clinical population.

4.1. Neuropathic pain is associated with intralimbic and limbostriatal
connectivity alterations

Functional connectivity alterations associated with neuropathic pain
severity were isolated to intralimbic and limbostriatal patterns, with
lower connectivity identified between the right posterior para-
hippocampal gyrus and right putamen and amygdala. Prior studies
suggest the parahippocampal gyrus and amygdala contribute to psy-
chological and emotional regulation of pain processing (Allen et al.,
2021; Meerwijk et al., 2013; Naor et al., 2020) and sensitivity (Grant
et al., 2010; Meerwijk et al., 2013; Naor et al., 2020), and have been
implicated in other populations with neuralgia (Geha et al., 2007; Tang
etal., 2021; Zhang et al., 2018). The putamen, a part of the striatum and
basal ganglia, is involved with production of movement, reward, and
multisensory integration of noxious and non-noxious stimuli, with pre-
viously demonstrated pain-related activation hypothesized to be
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involved in motor responses for withdrawal from painful stimuli or in-
hibition of painful movement (Bingel et al., 2002; Borsook et al., 2010;
Chudler and Dong, 1995). Alterations in R2* signal, reflective of iron
content, in the parahippocampal gyrus and basal ganglia were previ-
ously identified in individuals with SCI with neuropathic pain (Kya-
thanahally et al., 2021), which demonstrates overlap with our identified
alterations in the BOLD signal between the parahippocampal gyrus and
putamen. A previously identified negative correlation between neuro-
pathic pain severity in individuals with SCI and mean diffusivity of the
amygdala suggest microstructural changes could contribute to our
findings of altered amygdala connectivity (Gustin et al., 2014). Similar
to our findings, increased intralimbic connectivity in PwSCI with
neuropathic pain was previously reported by Li et al. (X. Li et al., 2020).
Although Li et al. identified altered connectivity between the insula and
hippocampus between PwSCI and neuropathic pain and healthy in-
dividuals, our complimentary findings offer replicability of intralimbic
connectivity pattern differences associated with neuropathic pain in
PwSCIL

In contrast, prior studies have identified biochemical differences
(Gustin et al.,, 2014; Pattany et al., 2002; Stanwell et al., 2010;
Widerstrom-Noga et al., 2015) as well as reduced blood flow in the
thalamus associated with neuropathic pain after SCI (Gustin et al.,
2014). Stronger intracortical (Huynh et al., 2021) and limbocortical (X.
Li et al., 2020) rsFC have been reported in PwSCI with neuropathic pain
compared to those without pain, as well as stronger thalamocortical
connectivity between PwSCI with neuropathic pain and healthy in-
dividuals (Huynh et al., 2021). Here, no rsFC alterations were identified
in the thalamus or regions classically associated with the spinothalamic
tract, suggesting neuropathic pain severity after SCI may be mediated by
neuroplastic dysfunction in other pathways, or arise from imbalance in
thalamic inhibition by deafferentation. Potential pathways of interest
include the spinoreticular, spinomesencephalic, and spinoparabrachial
tracts and the sympathetic chain. Afferent tracts such as the spinor-
eticular, spinomesencephalic, and spinoparabrachial tracts have re-
ported spinal cord projections terminating in limbic, motor, and pain
modulatory regions and may contribute to pain processing without
directly relaying in the thalamus (Chiang et al., 2020; Willis and West-
lund, 1997). Emerging literature suggests the spinoparabrachial
pathway may be of particular importance as the parabrachial nucleus
located in the brainstem holds a key role in neuropathic pain modulation
(Sun et al., 2020). The parabrachial nucleus has been shown to uniquely
modulate neuropathic pain, with known projections to the amygdala as
well as a role in autonomic function (Chiang et al., 2020).

The spinoparabrachial tract’s involvement in autonomic function
could link it to another proposed mechanism of neuropathic pain
signaling after SCI via the sympathetic chain, which conveys visceral
afferent and efferent information throughout the body (Mansour and
Kulesza, 2021). Individuals with complete spinal cord transection with
intractable neuropathic pain achieved relief of symptoms after lesioning
of hyperactive dorsal root entry zones caudal to the level of cord tran-
section (Falci et al., 2018). Accordingly, it has been suggested that
neuropathic pain signaling may be transmitted from below lesion hy-
peractive dorsal root entry zones bypassing the site of cord injury to
cephalad regions through the sympathetic chain and aberrant c-fiber
sprouting (Falci et al., 2018).

The spinoreticular and spinomesencephalic tracts could also support
mechanisms of neuropathic pain through contributions to limbic and
striatal regions without direct thalamic engagement. The spinoreticular
tract terminates in the reticular formation, which subsequently projects
to limbic structures, and is believed to contribute to emotional and
motivational aspects of pain processing (Willis and Westlund, 1997).
The spinomesencephalic tract holds a demonstrated role in nociception
with known projections to midbrain motor regions, and may plausibly
contribute to putamen function in neuropathic pain conditions (Willis
and Westlund, 1997). Additional preclinical studies assessing the spe-
cific projections of proposed non-thalamic pain pathways and their
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Table 3
Connectivity alterations associated with pain severity.
Seed Resulting regions MNI MNI MNI Cluster T p-FWE
X Y Z size
Effect of Neuropathic Pain Severity
Parahippocampal gyrus R putamen and amygdala 26 4 -10 366 —6.41 0.0002
(posterior division R)
Effect of Nociceptive Pain Severity
Thalamus L R hippocampus, temporal fusiform cortex (anterior and posterior divisions R), 38 —14 -18 379 -7.29 0.0005
inferior temporal gyrus (anterior division R), R amygdala, parahippocampal
gyrus (anterior division R)
Joint Effect of Neuropathic and Nociceptive Pain Severities
Parahippocampal gyrus R angular gyrus, lateral occipital cortex (superior division R), supramarginal 56 —56 44 276 —4.94 0.0016
(posterior division R) gyrus (posterior division R)
Amygdala L L superior parietal lobule, supramarginal gyrus (posterior and anterior divisions -38 -50 46 319 6.21 0.0007
L)
Contrast of Neuropathic and Nociceptive Pain Severities
Cingulate gyrus (posterior Intracalcarine cortex R and L, lingual gyrus R and L, cuneal cortex R and L, 14 -74 18 1422 —5.39  <0.000001

division)

supracalcarine cortex R and L, cerebellum 6 R, occipital pole L

Positive and negative T-values reflect positive and negative correlation between neuropathic pain severity and connectivity respectively (in the contrast of neuropathic
and nociceptive pain severities, negative T-value reflects negative and positive correlation between neuropathic and nociceptive pain severity and connectivity
respectively). Laterality is defined as right (R) and left (L). Montreal Neurological Institute (MNI) system coordinates for resulting regions are provided. Significance
level was set at p < 0.0024 after family-wise error (FWE) level of p < 0.05 and additional Bonferroni correction for multiple comparisons across all seed ROIs (21

comparisons) and a minimum of 10 contiguous voxels in resulting clusters.

Table 4
Connectivity patterns associated with pain phenotypes and severity.

Pain Phenotype and Severity Connectivity Pattern Alterations

| Intralimbic and limbostriatal

| Thalamocortical and Thalamolimbic
1 and | Limbocortical

(| pPaHC - parietal; 1 amygdala -
parietal)

| Limbocortical

1 Limbocortical

1 Neuropathic pain intensity

1 Nociceptive pain intensity

1 Neuropathic + nociceptive pain
intensities

Neuropathic > nociceptive pain intensity
Neuropathic < nociceptive pain intensity

Summary of connectivity pattern alterations associated with pain phenotypes
and severity. Full results and specific regions can be found in Table 3. Posterior
parahippocampal gyrus (pPaHC).

association with neuropathic pain presence and severity are needed to
further elucidate their potential contributions.

Though the mechanisms underlying our results are yet unknown,
negative associations between neuropathic pain severity and intralimbic
and limbostriatal connectivity are suggestive of pain modulatory func-
tion, with lower connectivity resulting in higher pain states. Taken
together, these findings suggest dysregulation of intralimbic and lim-
bostriatal functional connectivity could be key components in the
modulation of neuropathic pain severity after SCI. Further imaging
studies, such as positron emission tomography or magnetic resonance
spectroscopy, could identify biochemical alterations which may
contribute to altered functional connectivity of these regions.

4.2. Nociceptive pain is associated with thalamocortical and
thalamolimbic rsFC alterations

Functional connectivity alterations uniquely associated with noci-
ceptive pain severity were isolated to thalamocortical and thalamo-
limbic patterns. The rsFC presentation of nociceptive pain supports the
more traditionally understood transduction of pain signaling via the
spinothalamic tract. The spinothalamic tract afferently relays noxious
stimuli from the spinal cord to thalamus, a sensory relay center which
subsequently projects to cortical regions involved in sensory processing
and limbic regions involved in affective aspects of pain perception (De
Ridder et al., 2022; Willis and Westlund, 1997). As such, nociceptive
signaling via the spinothalamic tract likely contributes to our findings of
altered rsFC associated with nociceptive pain severity in thalamic,
cortical, and limbic regions.

Prior work has robustly demonstrated nociceptive pain-related
thalamic and limbic activation (Apkarian et al., 2005). Importantly,
differences in pain processing have been reported in acute versus
chronic pain states, with decreased activation of the thalamus and
increased activation of limbic regions compared to acute pain conditions
(Apkarian et al., 2005; Hashmi et al., 2013). The rsFC alterations we
identified in PWSCI were consistent with prior findings in other chronic
pain conditions (Apkarian et al., 2005; Hashmi et al., 2013; Vachon-
Presseau et al., 2016). Negative associations were identified between
nociceptive pain intensity and thalamic connectivity to limbic and
cortical regions. Decreased connectivity of the thalamus associated with
higher nociceptive pain severity may reflect lower thalamic activation in
chronic pain states, consistent with prior literature (Apkarian et al.,
2005; Hashmi et al., 2013).

Our results of thalamic involvement being associated exclusively
with nociceptive, not neuropathic, pain contradict previously identified
literature reporting thalamic differences in PwSCI with neuropathic pain
including greater mean diffusivity (Gustin et al., 2014), lower gray
matter volume (Jutzeler et al., 2016), biochemical (Gustin et al., 2014;
Pattany et al., 2002; Stanwell et al., 2010; Widerstrom-Noga et al., 2015)
and blood flow differences (Gustin et al., 2014), and stronger thalamo-
cortical connectivity (Huynh et al., 2021). In contrast to our findings of
diminished thalamocortical functional connectivity associated with
nociceptive pain severity in PwSCI, Huynh et al. reported stronger tha-
lamocortical connectivity between PwSCI with neuropathic pain and
healthy individuals (Huynh et al., 2021). This discrepancy between our
findings may be due to prior studies reporting comparison to healthy
controls and additional neuroplastic alterations associated with SCI not
specific to pain processing, as well as prior studies’ lack of control for
potentially co-occurring nociceptive pain in PwSCI.

In sum, findings from the nociceptive analysis demonstrate patterns
of lower thalamocortical and thalamolimbic connectivity contribute to
greater nociceptive pain severity in individuals with SCI. Alteration of
connectivity in components of traditional pain processing pathways
associated with nociceptive pain suggest concurrent nociceptive pain
may influence analyses assessing the effect of neuropathic pain in PwSCI
and should be considered as a potential confounding variable. Studies
assessing rsFC alterations between acute and chronic pain states, or the
effect of pain duration, in PwSCI could additionally elucidate alterations
in thalamic connectivity associated with pain chronicity.
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Fig. 3. Connectivity alterations associated with nociceptive pain severity in
participants with chronic SCI (n = 37). Color bars indicate connectivity strength
with purple indicating lowest connectivity values. Laterality indicated by right
(R) or left (L). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

4.3. The joint effect of neuropathic and nociceptive pain is associated with
limbocortical rsFC alterations

Findings specific to the additive analysis assessing the joint effect of
both neuropathic and nociceptive pain suggest that overall higher pain
burden is associated with limbocortical connectivity alterations. Pain
intensity and functional connectivity were negatively correlated in the
right pPaHC gyrus to the right angular and supramarginal gyri and
lateral occipital cortex, and positively correlated in the left amygdala to
the left supramarginal gyrus and superior parietal lobule. Prior studies
suggest the parahippocampal gyrus and amygdala contribute to psy-
chological and emotional regulation of pain processing (Allen et al.,
2021; Meerwijk et al., 2013; Naor et al., 2020) and sensitivity (Grant
et al., 2010; Meerwijk et al., 2013; Naor et al., 2020), and have been
implicated in other populations with neuralgia (Geha et al., 2007; Tang
et al., 2021; Zhang et al., 2018). The angular and supramarginal gyri
hold roles in multisensory integration (Seghier, 2013) and regulation of
emotional and empathetic responses to pain (Naor et al., 2020; Zhao
et al.,, 2021). Prior studies also implicated the parietal lobe in pain
experience after SCI, with greater pain intensity positively associated
with mean diffusivity of the parietal cortex (Gustin et al., 2014) and rsFC
of the superior parietal lobule to the angular gyrus (Huynh et al., 2021).
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Previously reported altered diffusivity of the amygdala associated
with neuropathic pain in PwSCI supports the role of the amygdala in
pain processing (Gustin et al., 2014). Likewise, lower gray matter vol-
ume of the parahippocampal gyrus has been reported in PwSCI
compared to healthy individuals suggestive of potential structural
changes in this region after SCI (Q. Chen et al., 2018). Pain-related al-
terations in rsFC between the parahippocampal gyrus and amygdala to
cortical regions have also been previously identified, with the direction
of association reported dependent on the cortical region and population
(X. F. Chen et al., 2022; Desmarteaux et al., 2021; Mao et al., 2022;
Verriotis et al., 2022). In addition to their roles in pain processing, the
parahippocampal gyrus and amygdala are involved in processes of
emotion, memory, attention, and conditional learning through associa-
tion of stimuli with positive or negative outcomes (Aminoff et al., 2013;
Gallagher and Chiba, 1996). As such, integration of pain intensity with
additional roles in behavior in the parahippocampal gyrus and amyg-
dala could influence their interactions with a range of cortical regions
involved in these processes. Our findings of pain intensity being asso-
ciated with alterations in limbocortical functional connectivity may
reflect increased activation of the parahippocampal gyrus and amygdala
in higher pain states, and subsequent engagement of functions recruiting
cortical regions involved in multimodal pain-related behavior
modification.

Given the association of the parahippocampal gyrus and amygdala
with psychoemotional aspects of pain processing, further analysis of the
relationship of these regions, and greater additive pain burden, with
other psychological factors such as depression, anxiety, pain cata-
strophizing, and kinesiophobia is warranted to determine additional
factors potentially contributing to limbocortical connectivity alterations
in PWSCI (Cherif et al., 2020; de la Rosa-Diaz et al., 2022).

4.4. Posterior cingulate connectivity differs based on pain type

When contrasting the effect of the severity of neuropathic and
nociceptive pain severity on rsFC patterns, opposing connectivity pat-
terns were identified from a seed in the posterior cingulate to the oc-
cipital cortex (see Fig. 5b). These pain phenotype dependent
limbocortical alterations further support differential processing of
neuropathic and nociceptive pain. Though the underlying mechanisms
contributing to pain phenotype dependent alterations in these regions is
unclear, the contributions of these regions to non-noxious sensory
function may be influential. The posterior cingulate is a component of
both the limbic system and the default mode network and holds a well-
established role in pain experience (Benarroch, 2020). Prior evidence
suggests the posterior cingulate holds a role in the processing of sensory
information not exclusive to pain perception (Oertel et al., 2012). As
such, pain phenotype dependent differences in posterior cingulate
functional connectivity may reflect alterations in the processing of non-
noxious stimuli.

Allodynia, the interpretation of non-noxious stimuli as noxious due
to central sensitization is common in individuals with neuropathic pain
after SCI (S. Lee et al., 2013). Allodynia has been previously associated
with differences in activation of the posterior cingulate suggesting our
findings in these regions may be driven in part by the presence or
absence of allodynia in those with and without neuropathic pain
respectively (Freund et al., 2010; Maleki et al., 2021; Russo et al., 2020).
However, activation of the posterior cingulate has also been previously
reported with higher levels of noxious stimulation (Schneider et al.,
2001). Our findings may also reflect severity related differences in pain
processing as neuropathic pain intensities are typically rated higher in
severity than nociceptive pain, a trend that is reflected in our sample.
Experimental pain studies investigating the relationship between pos-
terior cingulate function, allodynia, and pain intensities within neuro-
pathic and nociceptive pain phenotypes could elucidate underlying
mechanisms contributing to our findings of differential connectivity
based on pain type.
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Fig. 4. Connectivity alterations associated with additive neuropathic and nociceptive pain severities in participants with chronic SCI (n = 37). Color bars indicate
connectivity strength with yellow indicating highest connectivity values and purple indicating lowest connectivity values. Posterior parahippocampal gyrus (pPaHC).
Laterality indicated by right (R) or left (L). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Contrast of neuropathic and nociceptive pain severities in participants with chronic SCI (n = 37). Contrast of both pain intensities identified A) differential
connectivity between of the posterior cingulate cortex (PCC) and occipital cortex dependent upon pain type. Color bars indicate connectivity strength and correspond
to greater connectivity associated with higher neuropathic pain and lower nociceptive pain intensities, with yellow indicating highest connectivity values. B) Scatter
plot representing differences in connectivity alterations associated with neuropathic (red) and nociceptive (blue) pain intensities identified between the PCC to the
occipital cortex. The shape of the data points delineates participant medication use defined as no pain medications (circle), gabapentin (square), opioids (triangle), or
gabapentin and opioids (diamond). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.5. Functional activation was not associated with pain phenotype and for neuropathic or nociceptive pain, or the joint effect or contrast of both
intensity pain intensities. Our results are consistent with the lack of association
between neuropathic pain intensity and evoked responses to sensory

We did not identify any significant associations between finger and stimuli (Wrigley et al., 2009) or extent of cortical reorganization in
foot tap induced functional activation and pain phenotype and intensity PwSCI (Jutzeler et al., 2015), as well as the lack of difference in evoked
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sensorimotor functional activation between PwSCI with and without
neuropathic pain and healthy individuals (Gustin et al., 2010; Jutzeler
et al., 2015; Solstrand Dahlberg et al., 2018). However, in a prior study
on individuals with trigeminal neuropathy compared to those with
temporomandibular joint disorder and healthy individuals, only
neuropathic pain influenced cortical organization, suggesting a unique
influence of neuropathic as opposed to nociceptive pain (Gustin et al.,
2012). In PwSCI, contrasting findings regarding the association of
cortical organization and neuropathic pain have been reported, with
both greater and lesser extent of reorganization identified in PwSCI with
neuropathic pain compared to those without pain or healthy controls
(Jutzeler et al., 2015; Wrigley et al., 2009). Additional studies assessing
cortical reorganization associated with neuropathic pain in PwSCI
controlling for the potential confound of nociceptive pain may clarify
whether similar patterns reported in other populations may be seen in
PwSCI.

4.6. Summary

Our findings suggest that intralimbic and limbostriatal pathway
connectivity alterations may be uniquely associated with neuropathic
pain severity, whereas thalamocortical and thalamolimbic connectivity
alterations may be associated specifically with nociceptive pain severity.
Greater overall pain burden considering the joint effect of both pain
types resulted in limbocortical connectivity alterations involving
multisensory processing regions. Opposing connectivity relationships
dependent upon pain type suggest the posterior cingulate differentially
modulates the experience of both neuropathic and nociceptive pain.
Taken together, these findings suggest altered neural activity in these
regions may be driven by different pathways which uniquely contribute
to neuropathic and nociceptive pain experiences.

4.7. Limitations and future considerations

Our sample size was modest and as such, we were limited in the
number of variables of interest included in our statistical models. Binary
classification of pain as either neuropathic or nociceptive is not repre-
sentative of the clinical reality, where the term “mixed pain” may be a
better descriptor (Freynhagen et al.,, 2019). This was the case for
approximately a third of our participants who expressed both types of
pain. Our findings are limited by the lack of segregation of our sample
into distinct groups (neuropathic only, nociceptive only, both pain
types, or no pain), which was not attempted due to the limited number
of participants with only nociceptive (n = 5) or no pain (n = 6). While
our statistical approach in principle should account for these limitations,
future clinical studies with clearer segregation, as well as experimental
induction of different pain types are needed to confirm the specificity of
the current results. An approach incorporating separate groups for
PwSCI with only neuropathic pain, only nociceptive pain, both pain
types, and no pain, as well as healthy individuals would enable more
optimal investigation of pain phenotypes and associated rsFC and
functional activation differences. Clinical outcome measure data
collection did not occur at the time of scanning for all participants,
though this limitation is mitigated by all data collection occurring either
the day of or 1-2 days after the scan, thus capturing pain experienced on
the day of the scan in the weekly average reported pain intensities on the
ISCIPBDS.

Future studies with larger sample sizes should consider including
additional factors such as age and duration of injury (Finnerup et al.,
2014), sex (Girard-Tremblay et al., 2014; Robertson et al., 2022), pain
duration (Hashmi et al., 2013; Vachon-Presseau et al., 2016; Youssef
et al., 2019), and injury classification (tetraplegia vs paraplegia) (Ken-
nedy et al., 1997; Siddall, McClelland et al., 2003), mood disorders,
physical activity levels, socioeconomic status, and personal traits,(IMills
et al., 2019) which may contribute to pain outcomes after SCI to further
elucidate underlying pain mechanisms in this heterogeneous
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population. We did not control for the number of painful body sites as
previous work by Huynh et al. reported no association between pain
intensity and pain extent in PwSCI, and no overlap in rsFC differences
associated with pain intensity and extent (Huynh et al., 2021). However,
additional determination of the effects of specific neuropathic pain
presentations after SCI, such as the spatial extent of pain (Huynh et al.,
2021), if the pain is at level or below level, and presence of allodynia
and/or hyperalgesia in non-hypesthesia regions, is needed (Widerstrom-
Noga, 2017). As NSAIDs were not previously found to alter rsFC
(Wanigasekera et al., 2016) and only 2 individuals in our sample
currently utilized them, we did not control for NSAID use in our sample.
However, as only the short-term effects of NSAID use on connectivity
have been assessed after administration in an experimental pain con-
dition (Wanigasekera et al., 2016), future studies investigating the ef-
fects of long-term use of NSAIDs as well as other medications typically
utilized in individuals with SCI and chronic pain may be warranted.
Hypotheses regarding specific tracts and pathways and their association
with these findings are speculative and require further preclinical and
clinical work to define their projections and association with function.

Of note, in the supplemental analysis assessing the effects of opioid
use, opioids were associated with altered limbocortical connectivity in
regions traditionally associated with pain processing including the
amygdala, insula, and primary somatosensory and motor cortices.
Though we controlled for the effects of opioids in our analysis and did
not identify any potential confounding results with our primary analyses
associated with opioid use, opioids are not consistently included as a
potential confounding variable in neuropathic pain rsFC or functional
activation studies. Careful consideration of potential confounding vari-
ables such as co-occurrence of nociceptive pain and opioid use is rec-
ommended for future studies of neuropathic pain in PwSCI as these
factors may influence functional connectivity results. Wide discrepancy
exists in resting state functional connectivity outcomes in neuropathic
pain studies in PwSCI, likely driven by differences in methodology, and
small, heterogeneous samples (Huynh et al., 2021; X. Li et al., 2020).
Reporting overall connectivity patterns in addition to specification of
distinct regions may enable greater replicability and identification of
connectivity pattern alterations associated with neuropathic pain across
studies.

5. Conclusions

Alterations in rsFC between regions involved in sensory and
emotional aspects of pain processing after SCI were found to be associ-
ated with both pain severity and phenotype. Unique connectivity pat-
terns dependent upon pain phenotype suggest differential relationships
between brain regions may exist for neuropathic and nociceptive pain
and could guide further study and future interventions.
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