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Introduction

Chronic pain is often undertreated or neglected in youth leading to long-term consequences

across the lifespan[16]. While the causes of chronic pain are multifactorial, it is increasingly

recognized that some chronic pain arises from pathologic mechanisms related to how the
central nervous system (CNS) interprets and modulates sensory information, also known as
nociplastic pain[23; 32]. It is possible that this pathophysiology is initiated early in life, as
many adult chronic pain patients report first experiencing pain in childhood[24]. This raises
a critical question for pain management: are we missing a critical window in childhood
where the lifelong course of chronic pain could be altered or even arrested?

One out of four children are affected by chronic pain[44] and a large proportion of these
children will experience chronic pain in adulthood[6; 24]. In children, headache, abdominal
pain and musculoskeletal pain are among the most commonly reported conditions[44].
When a child experiences pain in multiple body sites, for example headache and

musculoskeletal pain, without peripheral signs of injury, it is likely that CNS sensitization is

involved[23]. In adults, functional magnetic resonance imaging (fMRI) has demonstrated
that nociplastic pain conditions are often characterized by amplification of ascending
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pain signals, a failure of descending pain inhibition, and enhanced integration of sensory,
default mode and affective brain networks[2; 29; 31; 41]. The few studies examining CNS
alterations in children with nociplastic pain also indicate increased nociceptive activity and
decreased descending inhibition[40; 55]. However, there are essentially no data addressing
whether such changes precede, correlate with, or are consequences of chronic pain. Further,
while some studies have addressed CNS predictors of pain persistence, in these cases

all of the participants had acute pain at baseline[3; 27]. Examining the neurobiological
underpinnings of the natural history of pain in children has the potential to identify critical
vulnerabilities and targets for prevention and early treatment[15].

The Adolescent Brain and Cognitive Development (ABCD) study is the largest prospective
longitudinal study of brain development and child health in the U.S.[4], and thus provides
an unprecedented opportunity to examine whether differences in neural activity frequently
reported in adults with chronic pain also exist in children before the onset of pain.

Here we examined a subset of children from the first two assessments of the ABCD

study who were pain free at baseline and then exhibit new multisite pain one year later.

We chose to use new multisite pain as the outcome of interest because multisite pain

is more likely to reflect a vulnerability mediated by aberrations in CNS processing of

pain rather than a transient peripheral injury or pain restricted to one body area[23]. We
hypothesized that children who develop multisite pain would have increased activity and
functional connectivity within brain regions associated with pain processing, specifically the
insula, primary somatosensory cortex and anterior cingulate, at baseline relative to matched
controls. We also hypothesized that children who develop pain would have decreased
functional connectivity in the periaqueductal gray, a key antinociceptive brain region. In
exploratory analyses, we examined if structural changes were also present before the onset
of multisite pain.

Participants:

4,951 children (aged 9-11 years old) with baseline and 1-year follow-up data were available
for this analysis. The Institutional Review Board of each of the 21 participating centers

of the ABCD study from which children were recruited approved the procedures, and

all participants provided written informed consent (parent) or informed assent (child) in
accordance with the Declaration of Helsinki.

Pain Assessment:

Details of the physical health assessment battery are described elsewhere [4]. The primary
outcome of interest was the development of new multisite pain one year after reporting a
pain-free baseline assessment. The presence of pain was captured in the Child Behavior
Checklist (CBCL) [1], which was completed by the parent(s) about their child at baseline
and the 1-year assessment. Parents were asked if the child currently or within the past 6
months suffered from the following physical problems without known medical cause: 1)
aches or pains (not stomach or headaches), 2) headaches, and 3) stomachaches. Responses
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were categorized as 0 = “not true”, 1 = “somewhat or sometimes true”, and 2 = “very true or
often true”. We operationalized new multisite pain as parental endorsement of at least two of
the three pain items at the 1-year assessment (either “sometimes,” or “often”), when no pain
was reported at baseline.

Matched controls did not have pain at either time point and were matched to new multisite
pain cases based on sex, pubertal status, race/ethnicity and handedness. These variables
were collected as described elsewhere [4]. The matching procedure was performed using the
‘optmatch’ package for the R programming language, version 3.6.1.

Sample Selection:

Participants were excluded (n = 1,821) if they had missing clinical or imaging data, or if the
neuroimaging data did not pass ABCD’s quality control metrics (see Imaging Instruments
Release Notes https://nda.nih.gov/study.html?id=721). To exclude sources of dependence, if
multiple children from one family participated in the study, we used only the first enrollee.
Participants were also excluded (n = 1,342) if they had any pain at baseline, resulting in
1,788 remaining participants. From these, 115 participants had pain in at least 2 locations
at the 1-year assessment. Because there was a large pool of available controls, we matched
controls to new multisite pain cases at a ratio of 2:1 (n = 230) to arrive at more precise
estimates of between group differences. Six participants (1 pain case, 5 matched controls)
were missing functional images which resulted in a total of 114 children with new multisite
pain and 225 matched controls for fMRI analyses (Supplementary Figure 1). Demographics
are shown in Supplementary Table 1.

Neuroimaging:

Neuroimaging sessions were completed on 3T MRI scanners (Siemens Prisma, General
Electric and Philips). Detailed protocol and imaging parameters have been described
elsewhere [9]. Briefly, a high-resolution structural MRI and four functional resting state
scans (5 minutes each) were acquired in each participant. The minimally processed
structural and resting state fMRI data were downloaded and initial preprocessing was
performed using fMRIPrep 1.1.8 [18].

Functional Data Preprocessing—~Functional data preprocessing conducted through
fMRIPrep included co-registration to structural T1 (bbregister), realignment (mcflirt, FSL
5.0.9), normalization to MNI standard space (ANTs 2.2.0), and resampling to 2mm
isometric voxels. No slice-timing correction was performed. Further details of specific
algorithms used in fMRIPrep can be found elsewhere [18]. The preprocessed fMRIPrep
output were then entered into the CONN Toolbox (v18.a; https://www.nitrc.org/projects/
conn/) and the functional data were smoothed with a 6mm kernel. For each participant,
functional outliers where head motion exceeded 0.5 mm and a global signal threshold of
Z=3 were flagged using the Artifact Detection Tool (www.nitrc.org/projects/artifact_detect/).
The CONN Toolbox concatenated the resting state scans within individual participants

and treated them as a continuous session in future steps. Next, denoising was performed
simultaneously and included the following steps: linear detrending, outlier censoring, motion
regression with six subject-specific motion parameters and their first order derivatives, and
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aCompCor to remove six principal components of noise based on subject-specific white
matter and CSF mask [5]. Finally, a bandpass filter of 0.01 — 0.1 Hz was applied to focus
on low-frequency fluctuations. After denoising, data quality procedures were performed to
assess the distribution of functional connectivity values and whether functional connectivity
was correlated with motion across participants. Functional connectivity data were checked
for correlations between mean motion and functional connectivity and between mean
motion and functional connectivity distance dependence. See supplementary methods and
supplementary Figures 2, 3, and 4.

Local neural activity: Local spontaneous brain activity was determined for low frequency
fluctuations of the blood-oxygen-level-dependent (BOLD) signal using fractional Amplitude
of Low Frequency Fluctuations (FALFF) algorithm implemented in the CONN Toolbox.
fALFF is a measure of spontaneous BOLD activity in the resting brain and a surrogate
measure of resting neural activity [56]. fALFF was determined in the frequency domain,

as the ratio of the root mean square of BOLD activity in the 0.01-0.1Hz frequency

band relative to the total frequency content of the signal [56]. Group level analyses

were performed to examine differences in fALFF using a two-sample t-test. Scanner
manufacturers were entered as covariates of no interest as opposed to study site due to

a small number of children represented at some study sites, and because a recent study
using ABCD data found that scanner type had a larger impact on resting state functional
connectivity reproducibility than study site [37]. A voxel-level threshold of p < 0.001 was
applied to all contrasts and results were deemed significant at the cluster level p < 0.05 FDR
corrected for multiple comparisons.

Independent Component Analysis (ICA): Group ICA [8] was performed using the
CONN Toolbox. Three subnetworks, previously shown to be involved in chronic pain in
adults [2; 25; 41], were identified through the ICA analyses, including the default mode
(DMN), salience (SLN), and sensorimotor networks (SMN). Networks were confirmed by
visual inspection and spatial correlation between component maps and the default resting
state network template maps in the CONN Toolbox.

Seed to whole brain connectivity analysis: Next, we used a region-of-interest (ROI) based
approach to examine functional connectivity in brain regions relevant to pain processing.
For functional ROIs (bilateral anterior, mid and posterior insulae, dorsal, perigenual, and
subgenual anterior cingulate cortex (ACC), medial prefrontal cortex, periaqueductal gray,
and the nucleus accumbens) spheres were created with 5mm radius centered around

the peak coordinates from previous studies (see Supplementary Table 2 for coordinates)

[3; 35; 50; 52]. Structural ROIs (thalamus, amygdala) were generated using the WFU
Pickatlas (https://www.nitrc.org/projects/wfu_pickatlas/). After denoising in the CONN
toolbox, seed-to-whole brain functional connectivity Fisher-transformed correlation maps
for each participant were calculated in first level analyses.

Group level analyses contrasting the connectivity between children with new multisite pain
and matched controls were conducted with independent sample t-test’s using a general
linear model in the CONN toolbox. Scanner manufacturers were entered as nuisance
covariates. A voxel-level threshold of p < 0.001 was applied to all contrasts and results were
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deemed significant at the cluster level p < 0.05 FDR corrected for multiple comparisons.
The Fisher-transformed correlation values were extracted using MarsBaR software (http://
marsbar.sourceforge.net) and post-hoc analyses performed in SPSS v26.

Conditional Logistic Regression Models: To formally address the relationship between
identified differences in neuroimaging measures at baseline and new multisite pain, we
conducted additional analyses that account for the matched nature of the data. We used
conditional logistic regression (CLR) models through the ‘clogit’ function in the ‘survival’
package for the R programming language, version 3.6.1 [21]. Extracted connectivity and
fALFF values were standardized for ease of interpretation and then used as predictors of
new multisite pain. Because the differences were first identified at FDR-corrected levels of
significance, we use the confidence intervals from these models, rather than p-values, to
determine significance.

Structural Data Preprocessing—Within the fMRIPrep pipeline, the T1-weighted image
was non-uniformity corrected, skull-stripped, and brain surfaces were reconstructed using
recon-all (FreeSurfer 6.0.1 [14]) to assess cortical thickness. We also measured gray matter
volume using voxel based morphometry in SPM12. See supplementary methods for details
on structural preprocessing and analysis procedures.

Increased neural activity in somatosensory and motor cortices precedes new multisite

pain

At baseline, children who develop new multisite pain had increased neural activity in the
left superior parietal lobule/primary somatosensory cortex (S1; p = 0.007 FDR; Figure 1A)
and left primary motor cortex (M1)/S1 (p = 0.017 FDR; Figure 1B), and a trend towards
decreased neural activity in the medial prefrontal cortex (mPFC; p = 0.079 FDR; Figure 1C
and Table 1) compared to control children who do not develop new pain.

Increased connectivity to the salience network in children who develop multisite pain

Children who develop multisite pain had increased SLN — M1/S1 (p = 0.016 FDR; Table

1 and Figure 2A) and SLN — angular gyrus/middle temporal gyrus (MTG; p = 0.036 FDR;
Figure 2B) connectivity at baseline compared to matched controls. There were no significant
findings related to DMN or SMN seeds.

Stronger connectivity between pain-related brain regions precedes new multisite pain

Compared to matched controls, children who develop new multisite pain had increased
functional connectivity between the right posterior insula and bilateral medial M1/mid
cingulate (p = 0.012 FDR; Figure 2C; Table 1) at baseline. They also had increased
connectivity between the left mid insula and right M1/S1 (p = 0.003 FDR; Figure 2D). There
were trends towards increased baseline functional connectivity between the posterior insulae
and the bilateral angular gyri extending into the middle temporal gyri (right posterior insula
—right angular/MTG p = 0.071 FDR,; left posterior insula — left angular/MTG p = 0.096
FDR). Lastly, children who develop pain had decreased functional connectivity between the
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right thalamus and right occipital pole (p = 0.002 FDR), and two regions in the left occipital
pole (p = 0.006 FDR and p = 0.037 FDR). There were no significant findings in remaining a
priori seed regions.

Conditional Logistic Regression

Each of the neuroimaging metrics identified above were significant predictors of new
multisite pain in the CLR framework. The strongest association was for activation of

the superior parietal lobule/S1 (OR: 2.00, 95% CI: 1.50, 2.65) and the weakest was for
connectivity between the L mid-insula and M1/S1 (OR: 1.60, 95% Cl: 1.21, 2.12). Table 2
displays all model parameters. We did not observe any clear evidence of sex effects on the
prediction of multisite pain using the extracted neuroimaging values (data not shown).

Gray Matter Volume and Cortical Thickness

No significant differences in brain gray matter volume or cortical thickness were detected
between children who did or did not develop multisite pain.

Discussion

To our knowledge, this is the first study to report that altered brain signatures precede the
development of new multisite pain in children who were pain free at baseline. We found that
increased activity in sensorimotor regions and increased functional connectivity between the
insula, sensorimotor and DMN regions predicted new-onset multisite pain one year later.
Many of the results presented here are consistent with those observed in adults with chronic
nociplastic pain conditions which are characterized by widespread pain, as well as the ‘pain
vulnerable’ brain networks hypothesized by Denk et al. to set the stage for abnormal pain
processing later in life [15].

The role of the somatosensory cortex in pain perception has long been appreciated [7],

and altered activity and connectivity in S1 is frequently reported in various chronic pain
conditions [53]. M1 shares many connections with the sensory nuclei of the thalamus

and other pain processing regions and may therefore be an important modulator of pain
perception by virtue of its connectivity patterns [10]. We report an increase in S1 and M1
neural activity before multisite pain symptoms manifest. We also found stronger baseline
functional connectivity between the mid insula and M1/S1, between the posterior insula and
bilateral M1/mid-cingulate, and between the SLN and M1/S1. This latter result partially
overlaps with findings in adults with chronic multisite pain [31] (Figure 3), and suggests that
this connectivity may precede the development of chronic pain.

The insula is a key node of the SLN and an important region for pain perception and
cross-modal sensory integration [12]. The insula plays a critical role in converting salient
physiological inputs into higher level cognitive states or emotions [49], and acts as causal
switch for attentional control by coordinating activity in task positive (e.g. frontoparietal)
and task negative (e.g. DMN) brain networks [39]. The DMN, comprised of the posterior
cingulate, precuneus, inferior parietal lobule (which includes the angular gyrus), lateral
temporal cortex and mPFC, is active at rest and engaged during self-referential thought
[45]. In healthy participants, the DMN and SLN are anti-correlated at rest [20]. In
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children who develop multisite pain, we found increased connectivity between the SLN

and angular gyrus/MTG and trends towards increased connectivity between the bilateral
posterior insulae and bilateral angular gyri/MTG. These findings are remarkably consistent
with neuroimaging studies in adults with chronic pain that have found increased connectivity
between the insula and DMN [11; 41].

One major, unanswered question in adult studies is whether increased connectivity among
SLN, SMN and DMN regions is a cause or consequence of chronic pain. Our results
provide evidence that such changes precede symptomatic, multisite pain. One hypothesis is
that increased insula — DMN functional connectivity may prime an individual to be more
sensitive to sensory inputs, an idea consistent with the insula’s role in directing attention
and adjusting the gain on incoming stimuli [39]. This hypothesis is further supported by the
finding of increased M1/S1 neural activity and a trend towards decreased mPFC in children
who develop pain. Heightened insula/SLN to DMN connectivity in pain-free children may
be a subclinical marker of neural vulnerability for developing multisite pain later in life.

It is possible that brain circuits have been primed by innate (genetic) or acquired (early

life stress or environmental exposure) factors [15] in children who develop multisite pain,
resulting in brain regions being hyperactive and/or more strongly connected to each other.
Indeed, animal models have shown that activity in the insula, amygdala, cingulate, and S1 is
altered in adult rats that have experienced early life stress [28].

Interestingly, altered corticostriatal circuitry was not a significant predictor of new onset
pain. Previous work has implicated this pathway in the transition from acute to chronic pain
in adults [3]. We suspect that the children examined here are too early in the stages of pain
development to show this alteration, and that the involvement of these regions may become
apparent at future timepoints in children whose pain is unresolved.

There were no significant baseline differences in cortical thickness or gray matter volume
in children who developed multisite pain, suggesting that brain functional changes precede
pain onset, but structural changes do not. Rodriguez-Raecke and colleagues hypothesized
that gray matter changes are a consequence rather than the cause of chronic pain (i.e.
represent neuroplasticity) since they noted that gray matter abnormalities resolved after
successful hip replacement surgery in osteoarthritis patients [48], a finding that has been
since replicated in chronic pediatric pain [17].

Of note, we found no sex differences in the neural activity or functional connectivity
findings that preceded new multisite pain. This may initially seem inconsistent with the
established sex differences observed in pain sensitivity and the prevalence of many chronic
pain conditions, but it is actually consistent with indications that sex differences in chronic
pain emerge in mid-late puberty, and the majority of participants in this study were pre-
pubertal or in early puberty. Before puberty, boys and girls have a similar prevalence

of chronic pain [34]. However, this prevalence changes dramatically during puberty as
significantly more girls develop chronic pain than boys [33; 34; 36; 38; 51]. This largely
remains constant throughout the lifespan: adult females are about twice as likely to report
multisite pain than males [19]. Puberty is characterized by striking hormonal, physical and
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behavioral changes that are often sex-specific, and is also a period of substantial neural
reorganization and development particularly in cortical and limbic brain regions [26; 54].
Sex differences in brain function and structure coincide with pubertal development [30],
and appear to be partially mediated by hormones [42; 43]. Sex-specific hormonal changes
occurring during puberty may differentially affect pain processing and vulnerability [38],
and therefore, it is likely that sex differences in brain function and pain will emerge as the
ABCD sample reaches mid-late puberty.

Our study represents the largest pediatric pain neuroimaging study to date. However, it has
limitations. We relied on parental report of their children’s pain as there are no self-report
measures of pain in the ABCD timepoints examined here. At this phase of the ABCD
study, only parents have completed the CBCL about their child, but previous studies have
examined parent-child correspondence on the CBCL (parent report) and the Youth Self
Report (YSR; an age-appropriate self-report version of the CBCL) [22; 46; 47]. Although
associations between the pain questions in the CBCL and YSR tend to be low-to-moderate
(aches and pains r = 0.19, headaches r = .36, stomachaches r = .28)[47], parents generally
underreport pain in their children [22; 46; 47]. Thus, it is unlikely that our findings were
inflated by parental report, and instead, reflect conservative estimates. Moreover, parental
report of pain in children still appears to have predictive power for important outcomes
like pain chronification. In at least one study of which we are aware, parental report of
pain was associated with pain chronicity 24 months later, whereas child-reported pain was
not [13]. While the forms of pain assessed by the CBCL represent some of the most
common in pediatric populations, they are not comprehensive. We also did not control for
the different types and combinations of pain present across individuals. Future analyses
should examine if the neurobiological predictors are generalizable or are unique to specific
body regions. Further, the duration, severity and cause (i.e. injury or disease) of pain is
unknown. Importantly, at this stage we do not know if the pain reported here will become
chronic. The ABCD study presents an opportunity to follow these children over time and
examine the risk factors that facilitate chronification and/or the protective factors that confer
resilience to pain persistence.

In summary, we demonstrated that increases in activity and functional connectivity between
pain processing brain regions exist before the onset of multisite pain. Although our findings
were based on parental report of their child’s pain and should be interpreted with caution,
these results may represent the neural underpinnings of pain vulnerability and highlights
the need for more research on the developmental origins of pain. Future studies should
examine how the brain changes during pain chronification, and the moderating impacts of
environmental, psychosocial, and genetic factors. If these results are confirmed, they may
represent targets for early interventions that prevent pain chronification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pain

Control New Multisite
Pain

Figure 1. Altered neural activity in children before the onset of multisite pain.
At baseline, children who develop multisite pain had increased spontaneous brain activity,

as measured by fALFF, in the (A) left superior parietal lobule (SPL)/primary somatosensory
cortex (S1) and (B) the left primary motor cortex (M1)/S1 relative to matched controls. (C)
Additionally, children who develop multisite pain had a marginal decrease in neural activity
in the medial prefrontal cortex (mPFC) compared to controls.
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Figure 2. Increased functional connectivity in children before the onset of multisite pain.
Independent component analysis (ICA) was performed to assess functional connectivity of

resting state networks. There was increased connectivity at baseline between the salience
network (SLN) and (A) left primary motor/somatosensory cortices (M1/S1) and (B) right
angular/middle temporal gyrus (MTG) in children who develop new multisite pain 1-year
later, relative to matched pain-free controls. Next, seeds were placed in regions previously
shown to be associated with chronic pain in adults to examine functional connectivity to the
rest of the brain. Increased connectivity between the (C) right posterior insula and bilateral
M1/mid-cingulate, (D) left mid insula and right M1/S1 at baseline preceded the development
of multisite pain in children 1-year later. *denotes outlier according to the Grubb’s test. The
left mid insula seed analysis was performed again after removing the outlier and the result
remained significant (p = 0.034 FDR).
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MAPP ABCD
SLN - M1/51 SLN - M1/51

Figure 3. SLN - M1/S1 result overlaps with previous study of adults with established multisite
pain.

Children who develop multisite pain had increased SLN — M1/S1 (p = 0.016 FDR)
functional connectivity at baseline compared to matched controls. This result partially
overlaps with findings in adults with established multisite pain as part of the Multi-
Disciplinary Approach to the Study of Chronic Pelvic Pain (MAPP) Research Network

[31].
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Changes in neural activity and functional connectivity precede the development of new multisite pain one year

later
fALFF
New multisite pain > matched controls  MNI coordinates (x,y,z) ~Zscore Cluster size (voxels) p-value, FDR
L Superior parietal lobule/S1 -28, —46, 58 4.62 120 0.007
L M1/S1 -58, -8, 46 4.26 88 0.017
New multisite pain < matched controls
mPFC 246 -16 491 78 0.0797
ICA
New multisite pain > matched controls  MNI coordinates (X,y,z) ~Zscore Cluster size (voxels) p-value, FDR
SLN - L M1/S1 —28 —22 66 4.17 185 0.016
SLN - R Angular Gyrus/MTG 50 -54 10 4.19 133 0.036
Seed-to-whole-brain
New multisite pain > matched controls  MNI coordinates (X, y, z) Zscore Cluster size (voxels) p-value, FDR
R Posterior Insula Seed
Bilateral M1/mid-cingulate 2-2050 4.38 198 0.012
R Angular Gyrus/MTG 50, -48, 14 3.80 105 0.0717
L Mid Insula Seed
R M1/S1 40 -18 52 4.35 230 0.003
L Posterior Insula Seed
L Angular Gyrus/MTG -48 -70 22 3.82 114 0.0967
New multisite pain < matched controls
R Thalamus Seed
R Occipital Pole 26-924 4.38 314 0.002
L Occipital Pole -26-90 -8 4.22 232 0.006
L Occipital Pole -26,-90, 8 391 135 0.037

Tns.at p < 0.05 FDR
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Results of conditional logistic regression models. Neuroimaging metrics are standardized for ease of

interpretation.

Metric Odds Ratio | 95% CI LL | UL Likelihood Ratio Test Likelihood ratio test p
statistic value
fALFF
Superior parietal lobule/S1 1.996 1.500 2.654 | 28.04, <.001
L M1/S1 1.800 1.389 2.332 | 23.22; <.001
mPFC .569 439 738 20.73; <.001
Functional Connectivity
SLN -L M1/s1 1.892 1.430 2.502 | 24.53; <.001
SLN - R Angular/MTG 1.737 1.347 2.240 | 20.39; <.001
R posterior insula — Bilateral M1/mid-cingulate | 1.736 1.350 2.232 | 21.05; <.001
R posterior insula — R Angular/MTG 1.646 1.283 2.111 | 16.89; <.001
L mid insula— R M1/S1 1.604 1.214 2121 | 12.92; <.001
L posterior insula — L Angular/MTG 1.625 1.275 2.071 | 16.93; <.001
R thalamus - R occipital pole .608 AT7 774 18.24, <.001
R thalamus — L occipital pole .555 428 718 23.07; <.001
R thalamus - L occipital pole 578 449 745 20.47, <.001
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