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Brain Connectivity Predicts Chronic Pain
in Acute Mild Traumatic Brain Injury
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Objectives: Previous studies have established the role of the cortico-mesolimbic and descending pain modulation systems
in chronic pain prediction. Mild traumatic brain injury (mTBI) is an acute pain model where chronic pain is prevalent and
complicated for prediction. In this study, we set out to study whether functional connectivity (FC) of the nucleus accumbens
(NAc) and the periaqueductal gray matter (PAG) is predictive of pain chronification in early-acute mTBI.

Methods: To estimate FC, resting-state functional magnetic resonance imaging (fMRI) of 105 participants with mTBI
following a motor vehicle collision was acquired within 72 hours post-accident. Participants were classified according to
pain ratings provided at 12-months post-collision into chronic pain (head/neck pain >30/100, n = 44) and recovery
(n = 61) groups, and their FC maps were compared.

Results: The chronic pain group exhibited reduced negative FC between NAc and a region within the primary motor
cortex corresponding with the expected representation of the area of injury. A complementary pattern was also dem-
onstrated between PAG and the primary somatosensory cortex. PAG and NAc also shared increased FC to the rostral
anterior cingulate cortex (rACC) within the recovery group. Brain connectivity further shows high classification accuracy
(area under the curve [AUC] = .86) for future chronic pain, when combined with an acute pain intensity report.
Interpretation: FC features obtained shortly after mTBI predict its transition to long-term chronic pain, and may reflect
an underlying interaction of injury-related primary sensorimotor cortical areas with the mesolimbic and pain modulation
systems. Our findings indicate a potential predictive biomarker and highlight targets for future early preventive
interventions.
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n the last two decades, advanced neuroimaging technol- specific structural and functional brain alternations across
ogies have allowed the unraveling of the circuitry under- divergent clinical populations.'™ Tt is now acknowledged
lying chronic pain, with many shared and some disorder- that the “emotional brain,” including brain structures
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within the cortico-mesolimbic system, plays a central role
in chronic pain, in addition to the well-explored ascending
and descending nociceptive pathways.”"  However,
understanding of the transition process from acute to
chronic pain and the contributing factors that may predict
it, which is critical in view of possible preventive therapeu-
tic steps, remains limited."?

The nucleus accumbens (NAc) and periaqueductal
gray matter (PAG) could reasonably be suggested for the
exploration of predictors of acute pain chronification. The
NAc is a key structure of the mesolimbic system, involved in
reward- and aversion-based learning.">'* It has been exten-

. . L. . 11,15-18
sively linked to chronic pain representation, >

and spe-
cifically shown to contribute to the pain chronification
process in animal models.'” Most importantly, enhanced
functional and structural connectivity between NAc, medial
prefrontal cortex (mPFC) and the amygdala, were demon-
strated to precede the onset of subacute lower back pain
(LBP) and predict its transition to chronic pain.*”'?

The dysfunction of the descending pain modula-
tion system, which was shown to convey attention->
and placebo-related analgesia,”" was repeatedly suggested
to contribute to pain chronification.”*> The system is
commonly clinically assessed using the conditioned pain
modulation (CPM) response. Reduced CPM efficiency is
evident in different chronic pain populations,®* and was
shown to predict chronic musculoskeletal®” and postop-
erative®® pain, even at the pre-injury stage. The PAG,
generally recognized as crucial for nociceptive processing
and receiving projections of ascending pain pathways,””
plays a pivotal role in the brainstem’s descending pain
modulation system.”® PAG’s functional properties have
been shown to differentiate patients with chronic pain

29:30 and correlate with the indi-

from healthy individuals,
vidual CPM response,31 indicating these properties as
potential chronic pain predictors.

In the present study, we focus on mild traumatic brain
injury (mTBI) following a motor vehicle collision (MVC),

234
34 where

commonly accompanied with whiplash injury,’
the majority of affected individuals experience acute pain
of defined onset.>*” Of them, 30 to 50% will eventually
develop chronic head and/or neck pain,”*®** for which no
adequate treatment exists.”” In recent years, a number of
studies reported reproducible models intended to identify
individuals at risk for future chronic pain following these
injuries as candidates for clinical trials of possible preventive
interventions.”**"** However, they hold moderate predictive
power and provide limited insights regarding the underlying
mechanisms.

We hypothesized that brain function at the acute
phase will predict the transition to chronic pain, with
NAc and PAG implicated in the process. We used resting-
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state functional connectivity (FC), a well-established
method for examining brain organization correlates of an
individual’s traits and state.”>** Here, we report brain FC
during the early-acute pain stage (<72 hours from injury)
involving NAc, with a complementary parallel pattern
concerning PAG, that reflects the tendency to develop
long-term chronic pain (12 months post-injury) among

individuals with mTBI.

Materials and Methods

Participants

The study protocol was approved by the institutional review
board of Rambam Health Care Campus (RHCC) in accordance
with the Declaration of Helsinki (No. 0601-14). Individuals suf-
fering from an MVC-induced direct or indirect head and neck
injury within the 24 hours preceding visiting the emergency
department were recruited as part of a recently completed
study.*” Participants provided written informed consent prior to
any data collection.

Included participants (18—70 years old) reported head
and/or neck pain and fulfilled the criteria for mTBI (Glasgow
Coma Scale score = 13 upon arrival with no subsequent decline
and a transient brain function alteration reported without con-
sciousness loss or shorter than 30 minutes). Exclusion criteria
included Hebrew illiteracy, pregnancy, traumatic brain findings
on computed tomography (CT) if performed, other major bodily
injuries at the present accident, prior chronic head/neck pain
requiring regular treatment, head or neck injury in the past year,
and convulsive, neurodegenerative, and psychotic spectrum
disorders.

Considerable but not complete overlap exists between
mTBI and whiplash-associated disorder (WAD) following
MVGC,? based on a similar mechanism of acceleration-deceleration
injury, and shared pain distribution and post-concussive com-
plaints.*®“**” To obtain a homogenous participant cohort, we
included only individuals that also fulfilled the diagnostic criteria
for the 2 milder whiplash injury levels (ie, WAD grade 1-2).48
The study population is summarized in Figure 1 and Table 1.

Study Design and Reported Measures
An experimental session was scheduled within 72 hours after
injury, during which participants completed questionnaires
regarding demographic details, clinical background, and
pain-related psychological assessment, and underwent psy-
chophysical tests, electroencephalogram (EEG) recordings,
and blood sampling for DNA and RNA analysis, as well as
structural magnetic resonance imaging (MRI) and FC mea-
sured using resting-state functional MRI (rs-fMRI). An MRI
was obtained 1.73 £ 0.77 days on average following the acci-
dent, depending on the scanner and participant availabilities.
Participants rated their average and maximal pain intensity
during the preceding 24 hours within the area of injury (ie, head
and neck), on a numerical pain scale of 0 to 100, which was con-
sidered their baseline. Participants were asked to report these rat-
ings once a month for 12 months, using a smartphone
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227 recruited participants with
mTBI and head and/or neck pain

v

202 participants with combined
mTBIl and WAD injury

v

176 participants included in the
longitudinal cohort

v

132 participants with structural
and functional imaging

v

105 participants included in the
final study population

44 participants in
Chronic Pain group
(pain ratings at
endpoint = 30)
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25 excluded due to WAD=0

26 excluded from longitudinal cohort:
lost to follow-up (21); did not provide
pain ratings at baseline (5)

44 excluded due to no functional imaging:
availability or contra-indication (23); claustro-

phobia (13), scanner technical issues (8)

27 excluded due to: excessive movement

during functional imaging (26); incidental
anatomical finding (1)

61 participants in
Recovery group
(pain ratrings at
endpoint < 30)

FIGURE 1: Flow chart of study population. mTBI = mild traumatic brain injury; WAD = whiplash-associated disorder.

application, yet, in cases of low compliance, the information was
collected via a telephone call.

Group Definition and Clinical/Demographic
Statistical Comparison
The pain rating value at a given timepoint was defined as the
higher between the reported average head and neck pain inten-
sity, as it most likely represents the ongoing pain within the ana-
tomically and functionally adjacent structures comprising the
area of injury.

As pain ratings at the 12-month endpoint did not distrib-
ute normally (76 participants [43.18%] reported a zero value), a
threshold approach was adopted. Individuals were defined as
recovered if their endpoint pain rating indicated no more than
mild pain (<30), and as suffering from chronic pain if equivalent
to moderate—severe pain.”’ Between-group comparisons of
clinical and demographic parameters were undertaken using
Wilcoxon rank sums tests, or independent groups # tests and y”

tests, as appropriate.

Data Acquisition

Imaging was carried out on a 3T MRI (MR 750, SIGNA 20; GE
Medical Systems, Milwaukee, W1) with a 16-channel head/neck/spine
coil. The T1 structural images were acquired using a spoiled gradient
recall sequence (FA = 12 degrees, FOV =25.6 x 25.6 cm?, 172 slices,
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and voxel size = 1 x 1 x 1 mm®). The T2*-weighted IMRI scans
were acquited with a whole-brain gradient echo-planar imaging
(GE-EPI) sequence (TR/TE = 2000/30 ms, FA = 75 degrees,
FOV = 22 x 22 cm?, 43 slices, voxel size = 3.4 X 3.4 X 3.4 mm’,
and total acquisition time = 10 minutes).

Image Preprocessing and Quality Assurance
Criteria

Preprocessing was performed following conventional methods,
using FSL (FMRIB Software Library version 5.0.1, Oxford, UK)
and SPM (Wellcome Department of Imaging Neuroscience,
London, UK), and in-house MATLAB (MathWorks, Natick, MA)

functions. Steps included removal of the first 4 volumes, slice-

50-53

dependent time shifts correction (SPM), rigid body motion correc-
tion (FSL), and normalization to Montreal Neurological Institute
(MNI) template (MNI152) based on affine transformation (FSL).
The template normalization step combined motion correction and
atlas transformation in one step to yield a motion-corrected volumet-
ric time series sampled at 2-mm cubic voxels. Subsequent resting-
state functional connectivity-specific steps included removal of the
voxel-wise mean signal and linear trend regression, regression of ven-
tricles, white matter and global average signals, temporal bandpass
filtering (0.01-0.1 Hz), and a 6 mm full-width half-maximum
Gaussian smoothing. Given the small size of subcortical structures,
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TABLE 1. Participants Clinical and Imaging-Related Distribution

Age, yr (25-75% range)

Gender, F/M

Education, yr (25-75% range)

Medical background, n (proportion)
Depression diagnosis
Anxiety diagnosis

Monthly salary, level® [n]

WAD grade, 1/2

Reported injury features, n (proportion)
Direct impact
Post-traumatic amnesia

Reported painful body parts outside area of injury”
during baseline session, n (25-75% range)

Pain ratings, NPS (25-75% range)
Baseline
3m
6m
Endpoint (12 m)
rs-fMRI motion-related parameters

Excluded due to excessive motion, n
(proportion)

Average displacement (root mean square of
motion), mm (25-75% range)

Included frames following scrubbing,

n (25-75% range)

Chronic pain group
Chronic pain Recovery versus the recovery
group (n = 44) group (n = 61) group p value
36.61 (28—44) 35.18 (27-41) 0.52¢
25/19 25/36 0.11¢
13.8 (12-15) 14.95 (12-16) 0.054¢
13 (0.29) 16 (0.26) 0.714
0 (0) 2 (0.03) 0.23¢
1 (0.02) 1 (0.02) 0.81¢
2.12 [40] 2.13 [60] 0.93¢
28/16 47114 0.24
9 (0.22) 15 (0.25) 0.62¢
0 (0) 2 (0.03) 0.23¢
1.64 (1-2) 1.48 (1-2) 0.19¢
62.2 (49-80) 48.54 (26-=70) 0.008%f
48.8 (22-80) [31] 23.87 (0-46) [53] 0.00045"
51.76 (47-70) [36] 20 (0-30) [57] 4.36e-9%"
61.84 (48-80) 4.34 (0-8) /
13 (0.23) 12 (0.16) 0.36¢
0.055 (0.04-0.07) 0.051 (0.04-0.06) 0.26°
235.27 (187-274) 251.41 (230-283) 0.04¢

“Independent groups’ ¢ test.
dChi—squ;m: test.
Wilcoxon rank sum test.

fStatistically significant.

*Average monthly salary level in NIS: (1) 0-5 K; (2) 5-10 K; (3) 10-20 K; (4) above 20 K.
®Chosen from a list composed of: chest, abdomen, back, and upper or lower limbs.

NPS = Numerical Pain Scale; rs-fMRI = resting state functional magnetic resonance imaging; WAD = whiplash associated disorder.

time courses from regions of interest (ROIs) were extracted from
unsmoothed data.

As participants were experiencing acute pain, data could be
confounded by global motion- and respiratory-related artifacts.
Thus, in addition to applying global signal regression, a conserva-
tive censoring approach was adopted.””>* Volumes with framewise
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displacement over 0.2 mm or delta variation signal over 50 were
removed with 1 prior and 2 subsequent volumes, as well as seg-
ments lasting fewer than 5 contiguous volumes. Participants (25
[18.9%]) with less than 5 minutes of rs-fMRI after censoring were
excluded. The individual average relative root mean square of
motion, calculated from 3 rotation and 3 translation parameters
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across the entire rs-fMRI acquisition session, was used as covariate
of no-interest regressors in group-level analyses.

Predefined Regions of Interest
NAc was defined as a 6-mm radius sphere around the center of
gravity coordinates of the relevant subcortical Harvard-Oxford
structural atlas mask, which was used previously for FC-based
prediction of chronic LBP.”'? Results are reported for both right
NAc (rNAc; MNI coordinates [10 12—7]) and left NAc (INAg;
MNI coordinates [—10 12-7]). PAG ROI was defined as a
6-mm radius sphere around the coordinates resulting from a
meta-analysis regarding placebo-analgesia-related PAG fMRI acti-
vations (MNI coordinates [—1-33 -15]),%’ ovetlapping with pre-
viously reported coordinates of the ventrolateral PAG.>
Saadon-Grosman et al’® recently mapped specific cortical
representation of body parts. To probe the spatial specificity, we
divided strictly thresholded maps to left/right pre-/post-central
gyrus (PreCG/PostCG) strips according to the cortical Harvard-
Oxford structural atlas, with each strip further subdivided to
4 somatotopic categories (lips, upper limb, trunk, and lower
limb) according to the somatosensory stimuli applied con-
tralaterally to it.

Group-Level Whole-Brain Functional
Connectivity Analysis
To produce an individual correlation map, the mean time series
from the voxels comprising an ROI was extracted and used to
calculate a Pearson correlation coefficient with every other voxel.
Fisher’s r-to-z transformation was applied before obtaining group
mean and difference correlation maps. Age, gender, motion, and
baseline pain ratings were entered as regressors in the design
matrices of the generalized linear models (GLMs), which were
subsequently used to compute group maps using SPM. All group
maps, based on 1 and 2-sample 7 tests, were statistically
thresholded at the cluster level for family-wise error (FWE) cor-
rection of p < 0.05, with initial cluster-forming threshold set at
uncorrected voxel-wise p < 0.001 and extension >10 voxels.

For follow-up analyses, Fisher’s 7-to-z transformed correla-
tion coefficients were calculated between an ROI and a 6-mm
radius sphere around the reported peak coordinates of significant
clusters resulting from the between-group comparisons.

Somatotopic Masks Overlap Quantification

The extent of overlap between the significant clusters resulting
from the between-group comparisons and somatotopic lateralized
masks was quantified by computing Serensen—Dice coefficients
between them.

Classification Accuracy Using Logistic Regression
To estimate the discriminability between patients who develop
chronic pain versus those who recover based on brain parame-
ters, as well as to test whether they explain unique variance
beyond that of motion and baseline pain, a sequential logistic-
regression model was constructed using scikit-learn.”” The first
model included the number of frames after scrubbing; the sec-

ond model added baseline pain ratings; the third model added
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the main brain parameters; and the fourth model added post hoc
brain findings. A receiver operating characteristic (ROC) curve
was calculated for each significant step, and each model was
compared to its previous version to probe whether it better dis-

criminates the 2 groups.

Baseline Clinical Parameters’ Correlates of
Functional Connectivity

Pearson correlation and partial correlation coefficients were cal-
culated using SPSS between the most significant functional link
from the logistic regression model and the following clinical
parameters claborated in earlier publications from the same
dataset®™: (1) Psychological ~questionnaires — Pain Cat-
astrophizing Scale, Pain Sensitivity Questionnaire, Perceived
Stress Scale, and Hospital Anxiety and Depression Scale (2 sepa-
rate scores); and (2) Psychophysical assessment — pain thresholds
for electrical, pressure, and heat stimuli, the temperature neces-
sary to induce a heat-pain rating of 50 in °C (Pain50 tempera-
ture), heat- and pressure-CPM, as well as mechanical and
electrical temporal summation. The procedure was repeated for
baseline and endpoint pain ratings. The significance level of each
analysis was the false discovery rate (FDR) corrected for multiple

comparisons.

Results
Clinical, Demographic, and Imaging-Related
Characterization
The study population (see Fig 1) was comprised of
105 individuals, all presented at the emergency depart-
ment with the maximal Glasgow Coma Scale score of
15, and most of them reported indirect head injury
(81 [77.1%]) and were classified as WAD grade
1 (74 [70.5%]). The participants were scheduled for a
baseline experimental session during which structural MRI
and rs-fMRI were obtained along with baseline pain rat-
ings, followed by subsequent ratings along the year, and at
the endpoint of 12 months post-injury (Fig 2A).
According to the described criteria, 44 cohort partic-
ipants (41.9%) were defined as suffering from chronic
pain at the endpoint, in line with both WAD and mTBI
literature,>>373%+4 leaving 61 (58.1%) participants in the
recovery group. Individuals in the chronic pain group
reported significantly higher baseline pain ratings com-
pared to the recovery group (Fig 2B), with the latter dem-
onstrating a trend toward a greater number of years of
education. Regarding rs-fMRI motion parameters, the
groups only differed in the number of frames after censor-
ing, with the chronic pain group having less volumes. See
Table 1 for all summary measures and statistics.

Periaqueductal Gray Matter and Nucleus
Accumbens Functional Connectivity
We used rs-fMRI-based FC of both NAc and PAG to

assess whether patients who developed chronic pain have
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FIGURE 2: Study design and outcome measure distribution. (A) Consenting individuals suffering from mTBI and fulfilling study
criteria were recruited at the emergency department and scheduled for an experimental session during the first 72 hours
following the MVC, during which structural and resting-state functional MRI scans were obtained. Pain ratings were collected
during the session (“baseline”) and later repeated via phone app / call during the following 12 months (“endpoint”). (B) Pain
ratings distribution among the recovery and chronic pain groups at the critical timepoints, women are marked in orange and
men are marked in cyan. The between-group difference is consistently growing and significant (Student’s t test), as detailed in
Table 1. mTBI = mild traumatic brain injury; MVC = motor vehicle collision; MRl = magnetic resonance imaging.

distinct patterns of brain connectivity relative to patients
that recovered.

When performing whole-brain analysis, we found
that both groups’ positive correlation of the whole-brain
FC parametric maps for rNAc recapitulated previously
reported findings, including cortical, striatal, midbrain,
and thalamic areas®® (Fig 3A, B). A between-group com-
parison revealed a decreased FC in the bilateral rostral
aspect of the anterior cingulate cortex on the border of the
perigenual and subgenual rostral anterior cingulate cortex
(rACC) for the chronic pain group relative to the recovery
group (Fig 3C, D; peak MNI coordinates [6 30 4],
to9 = 4.35, cluster-level p = 0.017). Moreover, the nega-
tive correlation of the whole-brain FC parametric map of
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the recovery group involved bilateral PreCG and PostCG
(Fig 3A), a pattern that has been reported,”® but was not
apparent in the parallel map of the chronic pain group
(Fig 3B). This manifested as an increase in FC in PreCG
clusters, that marginally involved the PostCG (Table 2),
for the chronic pain group relative to the recovery group
(see Fig 3C, D; peak MNI coordinates [38-10 48],
t99 = 4.9, cluster-level p < 0.0001).

The parallel analyses for INAc provided similar results for
between-group comparison, with unilateral increase in FC in the
right PreCG dluster (peak MNI coordinates [36 —12 48],
tg9g = 4.61, cluster-level p < 0.0001) and decreased FC in
the left paracingulate gyrus for the chronic pain group
relative to the recovery group (peak MNI coordinates
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FIGURE 3: Functional connectivity maps of nucleus accumbens (NAc). Statistical parametric maps for right NAc (rNAc) ROI,
positive results in warm shades and negative in blue shades. All the thresholds were set at a cluster level FWE-corrected
p < 0.05 (based on voxel-wise uncorrected p < 0.001, with cluster extent >10 voxels, adjusted for age, gender, movement, and
baseline pain ratings). One-sample t tests of (A) the recovery group and (B) the chronic pain group. (C) A 2-sample t test for the
chronic pain group versus the recovery group comparison. (D) Left, Functional connectivity between the predefined rNAc ROI
and the ROIs based on the reported contrast maps’ cluster peaks (marked in asterisk, coordinates detailed in text). Right, bar
plot of the functional connectivity correlation NAc — PreCG and NAc - rACC demonstrating reliable difference across the groups.
##%p < 0.0001 for independent groups t test. ***p <0.001 for independent groups t test. Error bars represent SEM.
Coordinates here and elsewhere refer to the atlas coordinate system of the Montreal Neurological Institute (MNI) template.
FWE = family-wise error; NAc = nucleus accumbens; PreCG = precentral gyrus; rACC = rostral anterior cingulate cortex;
rNAc = right nucleus accumbens; ROI = region of interest.

[—18 48 4], tg9g = 4.03, cluster-level p = 0.016). Because The FC parametric map for PAG of the recovery
these results replicate the ones observed for rNAc, we group is consistent with previously reported positive and
focus on the more significant findings. negative correlations (Fig 4A).27 Similar findings were
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*Maximal overlap ratio per cluster.

NAc = nucleus accumbens; PAG = periaqueductal gray matter.

TABLE 2. Overlap Between Different Somatotopic Masks and the Peak Clusters of Reduced Negative
Connectivity of NAc and PAG among the Chronic Pain Group

NAc peak

cluster overlap

Right mask  volume with
Somatotopic volume right
Anatomic area label (mm®) mask (mm°)
Motor Lips 5,480 648
(precentral 1y fimb 8,248 1,648
gyrus)
Trunk 3,544 696
Lower limb 3,040 400
Somatosensory  Lips 5,648 696
(posteentral Upper limb 12,032 16
gyrus)
Trunk 2,696 0
Lower limb 4,280 0

PAG peak
cluster overlap
Sorensen— Left mask volume with Sarensen—
Dice volume left Dice
coefficient (mm?) mask (mm?) coefficient
0.09 9,160 592 0.07
0.2% 9,568 976 0.12
0.12 2,152 40 0.01
0.07 1,736 0 0.00
0.1 5,792 264 0.04
0.00 10,048 920 0.11
0.00 2,712 1,696 0.36"
0.00 2,872 160 0.03

observed in the chronic pain group for the positive
FC correlation only (Fig 4B), resulting in a positive
FC correlation overlap between the groups in the
caudal PAG-dorsal upper pons, rostral ventromedial
medulla, bilateral thalami, and cerebellum (Fig 4C).
However, for the negative FC correlation, a between-group
comparison revealed decreased FC in the bilateral rACC for
the chronic pain group relative to the recovery group
(Fig 4D, E; peak MNI coordinates [—4 32-2], tg9 = 4.4,
cluster-level p = 0.017), overlapping the result of the parallel
analysis of NAc (Serensen—Dice coefficient of 0.54, Euclid-
ean distance between clusters’ centers of gravity 3.16 mm),
and indicating an overall greater negative FC correlation in
the chronic pain group. Further, we observed an increase in
FC in the PostCG clusters, that marginally involve the
PreCG (see Table 2), for the chronic pain group relative to
the recovery group (Fig 4D, E; peak MNI coordinates
[—32 —22 50], fo9 = 5.1, cluster-level p < 0.0001), indi-
cating an overall weaker negative FC correlation in the
chronic pain group.

Results Projected on Top of a Somatotopic
Division of the Sensorimotor Cortex

Previous fMRI studies did not report any consistent coordi-
nates for the somatotopic representation of the neck and
head (but not face) areas. Given that these areas are closely
localized, yet differentiated in relation to other structures on
top of the classical motor and somatosensory Penfield
homunculi,”® we decided to examine the ovetlap between
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our group-level results and body-part representations of the
sensorimotor homunculi. To do so, we used somatotopic
brain masks previously published,”® while taking into consid-
eration the relation of the expected area of injury representa-
tion to other anatomic areas, as illustrated in Figure 5A to C.

When projected on top of the somatotopic masks, it
is noticeable that the clusters of increased FC for the
chronic pain group relative to the recovery group in the
direct between-group comparisons correspond primarily
with the bilateral primary somatosensory region trunk
masks for PAG (Fig 5D) and the bilateral border area
between the primary motor region upper limb and lips
masks for NAc (Fig 5E). Interestingly, these findings are
in line with the expected area of injury representation on
top of the somatosensory and motor homunculi regarding
PAG and NAcg, respectively (see Fig 5B, C).

Specificity Testing and Thalamic Involvement

The parallel somatotopic results of NAc and PAG
between-group comparison suggest a possible shared
mechanism, but concurrently raise a question regarding
specificity. To further examine whether these regions
demonstrated  specific functional changes at the
network-level, we calculated group parametric maps for
the predefined somatotopic masks which overlap with
the FC clusters regions reported earlier, that are
suggested to represent the area of injury most closely
(see Fig 5A, Table 2), rather than the ROIs of the

detected regions themselves.
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FIGURE 4: Functional connectivity maps of the periaqueductal grey matter (PAG). Statistical parametric maps for PAG RO, positive
correlations are in warm shades and negative in blue shades. Unless mentioned otherwise, all thresholds were set at a cluster level
FWE-corrected p < 0.05 (based on voxel-wise uncorrected p < 0.001, with cluster extent >10 voxels, adjusted for age, gender,
motion, and baseline pain ratings). (A) One-sample t tests of the recovery group (ROl coordinates marked as asterisk) and (B) the
chronic pain group. (C) To highlight the specificity of the PAG-related positive FC maps, they are presented at more stringent statistical
thresholds (voxel-wise FWE-corrected p <0.0001 for sagittal and coronal and <0.001 for axial slices, adjusted for the same
parameters): the recovery group (red) on top of the chronic pain group (blue), and their overlapping areas (green shades). (D) A 2-
sample t test for the chronic pain group versus the recovery group comparison. (E) Left, Functional connectivity between the
predefined PAG ROI and the ROIs based on the reported contrast maps’ cluster peaks (marked in asterisk, coordinates detailed in
text). Right, Bar plot of the functional connectivity correlation PAG - PostCG and PAG - rACC demonstrating reliable difference across
the groups. ***p <0.001 for independent groups t test. Error bars represent SEM. FC = functional connectivity;
PAG = periaqueductal gray; PostCG = postcentral gyrus; rACC = rostral anterior cingulate cortex; ROl = region of interest;

FWE = family-wise error; ROl = region of interest.

For the somatosensory component, when contrasting
the group maps for the left trunk mask (presumed area of
injury somatosensory representation), we found 3 main
clusters that showed a significantly decreased negative FC
for the chronic pain group relative to the recovery group
(Fig 6A). The first cluster consists of the caudal PAG-
dorsal upper pons and the rostral ventromedial medulla,
the second cluster consists of the ventral tegmental area,
the habenula, and the bilateral thalami, and a third
cluster involves right globus pallidum. For the motor
component, contrast maps for the right motor upper
limb mask (presumed area of injury motor representa-
tion) revealed 2 clusters which presented a significant
decrease in negative FC for the chronic pain group rela-
tive to the recovery group (Fig 6B). The first cluster
involves the bilateral thalami, the habenula, and left
caudate-NAc, and the second cluster consists of the
right NAc.

Collectively, these findings suggest specificity to the mes-
olimbic, descending pain modulation, and sensorimotor sys-
tems, including a shared thalamic involvement. The adjacent
thalamic clusters’ peaks (average MNI coordinates: [—7 —14
6]) correspond to the left dorsomedial nucleus of the
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thalamus,” and demonstrate a connectivity pattern with the
sensorimotor cortex (SMC) which is highly similar to that of
PAG and NAc (Fig 6C).

Classification Accuracy Using Motion, Clinical,
and Brain Parameters

As the groups differentiated in the number of frames
after scrubbing, reported baseline pain ratings at the
day of the scan, and FC features, we examined the
unique contribution of each parameter by generating a
sequential logistic regression model. A model based on
the selected motion parameter alone was significant
(step 1 y* = 4.107, p = 0.043) but provided low accu-
racy (area under the curve [AUC] = 0.604). Adding
baseline pain ratings to the model brought low yet sig-
nificant improvement (step 2 y*> = 9.812, p = 0.002;
total AUC = 0.693). Adding the 4 hypothesis-driven
functional links of NAc and PAG, resulted in a signifi-
cant improvement (step 3 y> = 39.248, p < 0.001; total
AUC = 0.873), whereas the thalamic links did not
(step 4 y* = 3.163, p = 0.206; total AUC = 0.888). In
light of the above, and as the motion parameter is of

low clinical relevance, we constructed a reduced model
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FIGURE 5: Primary motor and primary somatosensory cortical masks with respect to the expected area of injury representation
are linked to chronic pain prediction. (A) Somatotopic masks were derived from Saadon-Grosman et al,>¢ in which continuous
somatosensory stimulus was applied and later divided to major anatomical categories, as illustrated using schematic color coding
within the borders of bilateral PostCG and PreCG (delineated in black), which closely overlap with primary somatosensory and
motor cortices, respectively. (B) Classical somatosensory Penfield homunculus illustration (area of injury marked with a black
arrow) presented next to PostCG masks on top of the left hemisphere. (C) Classical motor Penfield homunculus illustration (area
of injury marked with a black arrow) presented next to PreCG masks on top of the right hemisphere. The significant clusters
from the 2-sample t test maps for the chronic pain group > the recovery group comparisons presented earlier (statistical
information detailed in the relevant figures), now in grayscale and partially transparent, asterisk marking the peak clusters:
(D) PAG’s map (as in Fig 4D) overlaid on PostCG somatosensory homunculus masks, overlaps mainly with the bilateral
representation of the trunk. (E) Right NAc's map (as in Fig 3C) overlaid on PreCG motor homunculus masks, located bilaterally on
the border between the masks representing the lips and upper limb. FWE = family-wise error; rNAc = nucleus accumbens;
PAG = periaqueductal gray; PostCG = postcentral gyrus; PreCG = precentral gyrus.
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(Fig 6D) additively including only baseline pain (step
1 y* = 7.061, p = 0.008; AUC = 0.655), and the
4 hypothesis-driven links, which still provided excellent
classification accuracy (step 2 )(2 = 40.276, p < 0.001;
total AUC = 0.862), with only 3 significantly contrib-
uting variables: NAc-PreCG FC (B = 8.597,
p = 0.003), baseline pain (B = 6.217, p = 0.013), and
NAc-rACC FC (B = 4.345, p = 0.037).

Psychological and Psychophysical Correlates of
Functional Connectivity

Finally, we sought to identify clinical correlates of the func-
tional link most significantly associated with the chronic pain
outcome. To do so, we computed the correlation coefficients
between NAc-PreCG FC and pain-related psychological and
psychophysical parameters collected at the same baseline ses-
sion. This functional link significantly correlated with:
(1) pain sensitivity questionnaire score (PSQ; » = 0.269,
FDR-corrected p = 0.045); and (2) Pain50 temperature
(r = —0.242, FDR-corrected p = 0.045). The other clinical
parameters, detailed in the Methods section, did not demon-
strate significant correlation. No significant correlations were
evident in our study population between the same clinical
parameters and endpoint pain ratings after controlling for
multiple comparisons, nor between the FC intensity and
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baseline pain ratings (» = 0.119, p = 0.229). Nonetheless,
as some of those clinical parameters were shown to correlate
with acute pain intensity in our research population,” we
also computed partial correlation coefficients controlling for
the baseline pain ratings, which remained significant for both
the PSQ and Pain50, as well as electrical pain threshold
(p values 0.263, —0.321, and — 0.267, and FDR-corrected
p values: 0.026, 0.013, and 0.026, respectively).

Discussion

We report on a functional connectivity pattern in the
early-acute stage after injury that indicates future long-
term chronic post-traumatic head and/or neck pain. Indi-
viduals whose acute pain transitioned into chronic pain
exhibited baseline reduced negative correlation between
NAc and an area within the motor cortex corresponding
with the expected representation of the area of injury, a
functional link that correlates with baseline clinical mea-
sures of pain sensitivity. The PAG demonstrated a com-
plementary pattern with the somatotopically-relevant area
within the somatosensory cortex. Both structures share
reduced connectivity with a specific location in the rACC
in these patients. The results are of clear specificity to the
sensorimotor system on the one hand, and the mesolimbic
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and descending pain modulation systems on the other,
potentially conveyed through the thalamus.

The fact that NAc FC was associated with the transi-
tion to chronic pain in our study is not surprising, given
that in the largest longitudinal studies to date it was
shown to be predictive of pain chronification in subacute
LBP.*”'® An interesting aspect in these studies is that
they show, over time, that pain-related functional activity
remains similar in the cortico-mesolimbic system, whereas
it shifts from sensorimotor to emotional-limbic brain rep-
resentations during the transition.*'" Indeed, functional
and structural brain alternations across several chronic pain
populations involve mainly brain areas within these sys-
tems.>®” This concept is in line with the long-standing
view regarding NAc,®' that emphasizes its role not merely
in reward/aversion encoding for reinforcement learning, but
rather as a modulator of motor behavior based on sensory
and limbic informaton. We suggest that the reduced nega-
tive correlation between NAc and the primary motor cortex
observed among individuals prone to chronic pain in our
study may reflect a loss of an inhibitory interaction between
the mesolimbic and sensorimotor systems that perhaps con-
tributes to the transition to chronic pain.

Both PAG and NAc demonstrated FC changes involv-
ing the injured head and neck representation on the primary
somatosensory and motor cortices, respectively. These rather
specific somatotopic profiles do not correlate with acute pain
intensity. However, NAc-SMC FC does correlate with pain
sensitivity-related parameters collected at baseline, some of
which previously reported to correlate with acute pain
intensity,” whereas none seem to be predictive of the even-
tual chronic pain intensity. The thalamus displayed similar
connectivity pattern with the SMC as PAG and NAc, but
those links did not provide significant added value to the
classification. This, alongside the lack of direct structural
connection between PAG or NAc and the SMC, perhaps
implies that in this context the thalamus serves as a “relay
station.” Increased FC of SMC to the PAG and/or thala-
mus, with somatotopic specificity in some of the cases, was
previously observed in the presence of postherpetic
neuralgia,62 LBP,*® and fibromyalgia, where it has been
shown to be reversible following successful intervention.®*

It seems reasonable to view these FC axes as part of the
same complex network, perhaps linked by the reported circuit
composed of NAc, PAG, and the habenula, and structurally
linked to the SMC through the thalamus, which is presum-
ably involved in pain processing.> Moreover, the somatotopic
specificity of our findings within this network implies that
they represent some reactive behavioral pattern, yet they do
not simply correlate with acute pain intensity. We may cau-
tiously suggest that these functional links perhaps reflect the
integration of nociceptive and emotional features of acute
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pain, possibly contributing to the somatosensory and motor
learning involved in pain chronification.

The rACC is often regarded as a sub-area of the
mPFC. Both areas were linked to the mesolimbic and pain
modulation systems and attributed to neuropsychiatric

1466 2nd even exhibit shared fundamen-

pathophysiology,
tal FC changes across different pain states.*®” Our study
demonstrated reduced FC of NAc and PAG to a specific
tACC region in patients with acute post-traumatic pain
who did not recover. Reduced PAG-rACC FC at rest
seems to characterize both pronociceptive healthy
individuals,?"*®” and populations affected by postherpetic
neuralgia and episodic migraine.62’68 However, patients
with chronic LBP display increased PAG-mPFC’® and
NAc-mPFC'’ FC compared with healthy individuals, and
the structural connectivity between the aforementioned
structures was previously shown to reflect a predisposing
factor for their chronic pain.'® These apparently opposing
findings could be attributed to a difference in the clinical
conditions and timelines between the studies, or possibly
the structural and functional differences between mPFC
and rACC.%° Altogether, we provide further evidence of
the centrality of mPFC/rACC to pain persistence, but
whether these FC features precede the injury could not be
adjudicated from our data.

The vast majority (89%) of the recruited patients with
mTBI in our cohort also fulfilled the diagnostic criteria for
WAD, perhaps supporting the notion that referred neck pain
contributes to post-traumatic headache.>*>*** Whether co-
dependent or not, chronic post-traumatic head and/or neck
pain are common negative sequela of the highly prevalent
injuries of mTBI and WAD following an MVC.>>**% Qur
findings, although still requiring external validation, suggest
that the combination of subjective pain report with FC-related
findings collected at the early-acute stage, may provide higher
accuracy in identifying individuals at risk for chronic pain
(AUC = 0.862) than previously reported models based on
multiple clinical measures (AUC = ~0.7).3492 A model
incorporating clinical and imaging-based measures is expected
not only to improve the predictive capacity, but also to enrich
our understanding of the complex mechanisms underlying the
chronification process.

Limitations of our study include that it was designed
to address the transition from acute to chronic pain,
hence, it did not include healthy individuals, and some
information regarding other clinical outcome measures,
such as post-concussive or post-traumatic stress disorder-
related status were not collected systematically. Excessive
movement during an MRI scan is a built-in limitation
when dealing with acutely injured individuals, requiring
frame censoring and high ratio of participant exclusion,
but hopefully was well addressed.
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Conclusions

In conclusion, our study demonstrates that individuals
who eventually developed chronic pain following mTBI
could be differentiated from the ones who recover well in
the very eatly-acute state, based on connectivity of the
sensorimotor system and PAG and NAc. These findings,
if validated, may identify patients at risk as prospects for
exploring early use of existing interventions. Moreover,
future research of the implicated mechanism can poten-
tially establish new therapeutic pathways for the preven-
tion and relief of chronic pain.
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