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INTRODUCTION

Neural signals that distinguish threat from safety subserve a fundamental protective
mechanism. Acute pain is a survival-relevant threat cue that typically elicits an adaptive
neural threat response that diminishes as threat decreases [16]. Yet, when pain becomes
chronic, its protective function is lost and the distinction between threat and safety (T-S)
becomes imprecise [36]. Dominant biopsychosocial models of chronic pain [56,57] indicate
that pain-related distress (catastrophizing and fear) is underpinned by aberrations in T-S
discrimination, forming an aberrant affective-learning pathway sustaining pain chronicity
[53]. Thus, T-S discrimination has emerged as a treatment target for patients with high pain-
related distress, for example via graded in vivo exposure [26,31,54,55,61].

Despite compelling data in adults, there is little understanding of how T-S discrimination
confers risk for pain-related distress and chronicity in adolescence. Approximately 1.7
million youth suffer from moderate to severe chronic pain in the US alone [23], conferring
risk for continued pain in adulthood [10,27]. In adults, the neural architecture supporting T-S
discrimination, hereafter referred to as the ‘threat-learning network’, involves amygdala,
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hippocampus, insula, anterior cingulate cortex, and ventromedial and dorsolateral prefrontal
cortices (vm/dIPFC) [18,19,45]. Amygdala-hippocampus-vmPFC circuitry, in particular, has
emerged as core circuitry within the threat-learning network. Converging cross-species
evidence outside of pain science shows protracted maturation of threat-learning network
circuitry throughout adolescence, potentially implicated in the emergence of pain during this
developmental period. Behaviorally, studies show less discrimination between threat and
safety cues [29] and attenuated extinction learning [40] in adolescence. At the brain level,
adolescents manifest stronger amygdala engagement [29] and altered vmPFC synaptic
activity during T-S discrimination, implicated in the formation and regulation of fear
responses [40]. Immature prefrontal regulation of subcortical structures during T-S
discrimination [40] could create an adolescent vulnerability for pain-related distress and
chronicity.

In this study we aimed to elucidate mechanisms of T-S discrimination in adolescent chronic
pain patients with high levels of pain-related distress compared to age-matched patients with
low distress and healthy controls. We implemented a traditional aversive conditioning
approach using a developmentally-appropriate T-S discrimination paradigm [29]. This
paradigm includes an acquisition phase (to establish discriminatory learning) and an
extinction phase which was completed in the MRI scanner to examine brain responses to the
learned threat and safety cues. We investigated activation in individual brain regions within
the threat-learning network (region-of-interest analysis) and the interconnected functioning
of the network (functional connectivity analysis). We predicted to observe an elevated fear
response to a learned threat cue (CS+) in patients with high pain-related distress compared
to both patients with low distress and healthy controls, as indexed by 1) elevated self-
reported fear and skin conductance response (acquisition and extinction phases), and 2)
increased activation in threat-learning network limbic regions (hippocampus, amygdala). We
also predicted to observe a deficient safety response (i.e., toward the learned safety cue; CS-)
in patients with high pain-related distress, as indexed by 1) elevated self-reported fear and
skin conductance response (acquisition and extinction phases), 2) decreased activation in
threat-learning network frontal regions (vmPFC, dIPFC), and 3) decreased threat-learning
network (fronto-limbic) functional connectivity.

MATERIALS AND METHODS

Participants.

Ninety-seven adolescents were recruited for this study. We adhere to the expanded definition
of adolescence as 10-24 years of age [44], reflecting recent consensus regarding continued
brain maturation and in line with the population observed at the pediatric pain clinic
recruitment site. Six participants were not included in analyses because they terminated the
study due to excessive fear (V=2 controls, 1 patient) or no longer met eligibility criteria (M
= 3 controls). Thus, our final sample included 91 adolescents (78 females): 59 adolescents
with chronic pain (defined as pain for >3 months; mean age = 15.5 years) recruited through
the Boston Children’s Chronic Pain Clinic, and 32 adolescents without chronic pain (mean
age = 15.5 years) recruited through local advertisements. The full sample was submitted to
self-report and skin conductance analyses to maximize power. Nineteen participants were

Pain. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heathcote et al.

Page 3

not included in the neuroimaging analyses (see exclusions below), thus the final sample
submitted to imaging analyses was 72 adolescents. Those participants who were retained in
imaging analyses were significantly older (M/= 15.9 years) than those who were removed
(M=13.9 years; £89) = -2.9, p=.005), but did not significantly differ on pain
catastrophizing score (489) = 0.79, p = .43). Participants included in imaging analyses were
predominantly white (88.9%).

Adolescent patients reported persistent musculoskeletal, neuropathic, or visceral pain
complaints that had persisted for an average of 33.9 months (SD = 38.6; Range = 3.4—
184.7). Patients reported an average pain intensity of 5.8 out of 10 (SD = 1.8; Range = 1-9)
and a maximum pain intensity of 8.0 out of 10 (SD = 1.6; Range = 2-10) in the preceding
four weeks. Patients reported an average pain intensity of 4.1 (SD= 2.1, Range = 0-9) at the
time of testing. We verified that none of the participants were taking opioid or antipsychotic
medications, had significant cognitive impairment, or had significant psychiatric conditions.
We did not exclude participants based on comorbid anxiety or depression related to their
pain condition, nor on taking selective serotonin reuptake inhibitor (SSRI) medication. This
study was approved by the Boston Children’s Hospital Institutional Review Board
(#P00013786). Participants and legal guardians (for participants <18 years) provided assent/
consent.

Self-Report Questionnaires

Demographics and Pain Characteristics.—Participants self-reported age, gender, and
pain intensity (10-point Likert scale). Pain duration (months) was calculated from medical
records based on when the child’s pain started and the study visit date.

Pain Catastrophizing Scale for Children [12].—The PCS-C is a 13-item
questionnaire that assesses children’s catastrophic thinking about pain, including rumination,
magnification, and helplessness. A higher total score indicates greater catastrophizing. The
PCS-C has good reliability and validity for young people older than 9 years.

State-Trait Anxiety Inventory for Children [50].—The STAI-C is a 20-item
questionnaire that assesses children’s state and trait anxiety symptoms via two separate
subscales. A higher total score indicates greater anxiety. We used the 10-item Trait subscale
as a covariate in analyses to ensure that our findings were specific to pain-related distress
rather than more general anxiety symptoms (Pearson correlation between PCS and STAI-C
in the current sample: r= .52, p. <.001; VIF and tolerance indices reveal no issues with
multicollinearity).

Functional Disability Inventory [58].—The FDI is a 15-item self-report measure that
assesses children’s perceived difficulty in performing common activities due to pain. Higher
total scores indicate greater disability.

Pain-Related Distress Groupings

We used a median split score on the PCS-C (Mdn = 22) to group patients into high and low
levels of pain-related distress. We decided a priorito divide patients into high and low
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distress groupings rather than to examine PCS-C scores continuously (see also [48]). Thus,
we aimed to recruit double the number of patients compared to healthy controls to facilitate
this grouped design. See Figure 1 for group comparisons on self-report measures.

Experimental Design and Statistical Analysis

Conditioning Paradigm and Study Procedure.—Participants completed an age-
appropriate T-S discriminatory task; the ‘Screaming Lady Paradigm’ [8,30] (Figure 2). The
task comprises pre-acquisition, acquisition, and extinction phases, presented using Eprime
2.0 software (Psychology Software Tools, Pittsburgh, PA). During pre-acquisition trials (7=
8), participants viewed two female actresses displaying neutral facial expressions [52].
During acquisition trials (7= 20), after seven seconds the neutral expression of one of the
faces (CS+) changed to an intense fear expression for one second that was paired with a 90—
95-db scream (US), on 80% of trials. The other face (CS-) remained neutral. During
extinction trials (n= 32), participants again viewed both actresses displaying only neutral
facial expressions. Inter-trial intervals were jittered ranging from 11 to 25 seconds, and trials
were separated over two blocks for the extinction phase. The face that served as the CS+,
and trial order, were counterbalanced across participants. Due to issues of startle-related
movement (from the US) and to prevent participant fatigue, only the extinction phase was
completed in the scanner, allowing us to probe neural responses to the learned threat and
safety cues. Thus, participants first completed the pre-acquisition and acquisition phases in a
separate study room, in the same building as the MRI suite. There was an approximate 30—
60-minute break in between acquisition and extinction phases, allowing for completion of
post-acquisition measures and relocation to the MRI suite.

Self-Report Ratings Acquisition and Analysis.—Ratings of self-reported
anxiousness towards (10-point Likert scale; “not at all anxious” to “extremely anxious”) and
perceived unpleasantness (10-point Likert scale; “not at all unpleasant” to “extremely
unpleasant™) were collected for each CS by presenting each neutral face on an iPad after
each phase. These ratings were combined (mean score) to create a self-reported fear rating.
Contingency awareness was assessed after the acquisition phase by asking participants what
percentage of the time they thought each CS screamed. While controlling for age and
anxiety (centered), ~tests were performed to test interactions between stimulus (CS+, CS-),
group (controls, patients low in distress, patients high in distress), and phase (pre-
acquisition, acquisition, extinction).

Skin Conductance Response Acquisition and Analysis.—Galvanic skin responses
were recorded using Biopac hardware (Biopac Systems, Inc., Goleta, CA, USA), with
sensors on the index and middle finger on the non-dominant hand. Skin conductance
response (SCR) amplitudes were calculated using the AcqKnowledge Event Related
Analysis (EDA) tool [4]. This calculates the height of the corresponding SCR as determined
by the change in the tonic EDA from the time of SCR onset to the maximum tonic EDA
amplitude achieved during the interval from 1s after CS-onset to 6s after CS onset. All raw
data was filtered through a high-pass filter at 0.05Hz; additionally, raw data from the
extinction phase was filtered through a low-pass filter at 5Hz to filter out MRI-related noise.
The first CS+ and CS- trials during pre-acquisition were excluded from analyses to remove
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initial orienting effects. Responses below the minimal response criterion (0.01 microsiemens
(uS)) were encoded as zero.

For each phase (pre-acquisition, acquisition, and extinction), we analyzed SCRs using
Tweedie mixed-effects models (log-link) with fixed effects for stimulus, group, and early
versus late sub-phase (50% of trials in each phase; acquisition and extinction only) and
participant-level random effects to account for repeated trials. The Tweedie distribution is a
special case of an exponential distribution that allows for a cluster of data at zero; thus, it
was chosen to appropriately account for the high amount of zero-response SCR data.

Neuroimaging Acquisition and Analysis.—Neuroimaging data were acquired on a 3T
MRI scanner (Siemens Magnetom Trio) using a 12-channel head coil. For eight participants,
extinction was performed outside of the scanner due to scanner malfunctions (V= 5) or
participant request (/= 3). Eight participants were excluded due to excessive motion and
three participants were excluded due to lack of any vision-related activation in occipital
cortex. Thus, 72 participants were included in the final imaging analyses.

For the functional images, a T2*-weighted standard echo-planar imaging (EPI) sequence
was used to acquire 51 axial slices (3 mm isotropic) covering the entire cortical volume,
using the following parameters: repetition time (TR) = 1110 ms, echo time (TE) = 30 ms,
flip angle = 70°, field of view (FOV) = 228 x 228 mm, matrix size = 76 x 90, slice
acceleration factor = 3. In total, 430 functional volumes were collected per run. In addition,
8 functional volumes using the same parameters but reverse phase encoding direction
(posterior to anterior) were acquired. T1-weighted anatomical images were acquired using a
3D multi-echo magnetization-prepared rapid gradient-echo (ME-MPRAGE) sequence with
the following parameters: 176 slices, 1 mm isotropic, TR = 2520 ms, TE1 = 1.74 ms, TE2
3.6 ms, TE3 5.46 ms, TE4 7.32 ms, flip angle = 7°, FOV = 240 x 240, GRAPPA
acceleration factor = 2.

Pre-processing.: Pre-processing of functional data was initiated with estimation and
correction of geometric distortions. From the pairs of EPI images that were acquired using
reversed phase-encoding directions (i.e., with distortions facing opposing directions), the
susceptibility-induced off-resonance field was estimated using a method similar to the one
described in Andersson et al [2] (topup of FMRIB Software Library [FSL] [49]). In a next
step, these distortions were corrected in the full functional dataset (FSL applytopup),
separate for each run. Pre-processing of the functional data further included 3D rigid motion
correction, linear trend removal, co-registration of functional and anatomical data,
normalization to MNI space, and spatial smoothing (6 mm FWHM kernel) (using DPARSF

[9D-

First-level analyses.: Unless stated otherwise, analysis steps were performed in Statistical
Parametric Mapping (SPM12) software [41]. To compare blood-oxygen-level dependent
(BOLD) responses to the different stimuli and across groups, a univariate random-effects
(RFX) General Linear Model approach was taken using two stages. On the first level, the
stimuli (i.e., CS+ and CS-) were modelled as predictors, convolved with the hemodynamic
response function (HRF). Individual motion parameters were added to the model as
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variables of no interest, including the six motion parameters as well as the first six derivates
of these parameters. In addition, the averaged time course was extracted from the white
matter (WM) and cerebrospinal fluid (CSF), and motion outliers were estimated and
modeled as stick predictors (FSL’s MotionOutliers), and added as nuisance variables. A
high-pass filter was applied using a cut-off of 128s. Runs with motion exceeding 6 mm/
degrees were excluded from the analysis (i.e., 9 participants were excluded; 7 patients, 1
control). An additional 12 participants (7 patients, 5 controls) had motion between 3 and 6
mm/degrees. In order to be liberal given our pediatric population, we evaluated these runs
visually to facilitate decisions to retain or exclude. We contrasted the visual stimuli (CS+,
CS-) with baseline and evaluated the quality of the maps visually on an individual level.
Three additional participants were excluded based on this procedure (2 patients, 1 control),
as they did not show any vision-related activation in occipital cortex. The other participants
were retained in the analysis. Following this, comparing mean frame-wise displacement
(FD, i.e., within-scan motion; [42]) did not show any significant motion differences across
groups (H2,69) = 1.23, p=.30).

Second-level analysis.: The individual contrasts (i.e., CS+ vs. baseline, CS- vs. baseline)
were entered into the second level analysis. Controlling for age and anxiety (centered), we
performed a 3x2x2 Ftest with group (controls, patients low in distress, patients high in
distress) as a between-subject factor, and stimulus (CS+, CS-) and extinction phase (early,
late) as within-subject factors. Main effects of stimulus and interactions between group and
stimulus were explored at the whole brain level (o< .001, cluster extent A= 10) to
corroborate the selection of our ROIs.

Threat-learning network regions of interest.: For our primary hypotheses, we extracted
beta coefficients (estimated activation) from threat-learning network regions of interest
(ROISs) using marsbar[7]) and analyzed effects of group and stimulus using the same
statistical model in SPSS version 25. Our a priori ROIs, based on established core threat-
learning circuitry described earlier, were the amygdala (basolateral and centromedial),
hippocampus, anterior insula (Al), anterior midcingulate cortex (aMCC), and ventromedial
and dorsolateral prefrontal cortex (vmPFC, dIPFC). Given their recent emergence as markers
of pain chronicity and increasing evidence for involvement in threat-learning mechanisms,
we also examined activations in the nucleus accumbens (NAc) [3,60] and periaqueductal
gray (PAG) [32]. Regions were extracted as follows: bilateral basolateral and centromedial
amygdala (extracted from Julich histological atlas, thresholded at 50%, [1]); bilateral
hippocampus, bilateral nucleus accumbens, bilateral ventromedial prefrontal cortex or
frontal medial cortex (extracted from Harvard Oxford atlases, thresholded at 50%,
[14,17,22,33]); periaqueductal grey (PAG; 10 mm radius sphere around coordinate x = 4/-4,
y =-29, z = 10, based on Linnman et al [32]); and bilateral anterior insula, bilateral
dorsolateral PFC, right anterior mid-cingulate (aMCC) (10 mm radius sphere around peak
coordinates from a meta-analysis contrasting CS+>CS- during the extinction phase [18]; left
anterior insula x = =54, y = 8, z = 2; right anterior insula x = 28,y = 24,z = -8, aMCC: x =
6,y =38,z =18, left dIPFC: x = -30, y = 46, z = 20, right dIPFC x = 34, y = 50, z = 24).
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Functional connectivity analyses.: In addition, a generalized psychophysiological

interaction (gPPI) analysis was performed to investigate stimulus-specific changes in
functional connectivity across threat-learning network ROIs and potential group differences
(using CONN; [59]. All ROIs were analyzed as seed regions within each analysis. PPI
predictors were created (i.e., interaction term between stimulus and the time course of the
seed) as well as two types of confound predictors: psychological predictors (i.e., stimulus
predictors, general effect of task) and physiological predictors (i.e., seed time course, as
some areas may be correlated with the seed time course regardless of the task). In CONN,
gPPI is implemented in a similar way as in FSL, convolving the stimulus factors rather than
deconvolving the BOLD signal. Main effects of group across both stimuli (i.e., CS+, CS-
separately) were evaluated in CONN using o-FDR < .05 to account for multiple
comparisons, including age and anxiety (centered) as covariates. For significant group
effects, betas were extracted and post-hoc comparisons were performed in SPSS version 25.

Associations between Brain, Physiology, and Behaviour.—In order to examine
accordance across modalities, and thus whether modalities reflected the same underlying
processes, we calculated stimulus difference scores (CS+ > CS-) across all modalities and
examined Pearson correlations between self-reported fear, SCR, and extracted beta
coefficients in ROIs that yielded significant interactions with group.

Self-Reported Fear

While controlling for age and anxiety, a 2 (stimulus) x 2 (group) x 3 (phase) ANOVA
yielded main effects of time (A2,162) = 10.93, p < .001) and stimulus (~1,81) = 82.88, p
<.001), and an interaction between time and stimulus (H2,162) = 45.27, p<.001) (see
Figure 3). These effects were subsumed under a three three-way interaction (H4,162) =
2.71, p=.03), indicating additional differences across groups. As expected, at pre-
acquisition, there were no significant main effects of group or stimulus, or interaction
effects (all p> .05). After acquisition the 2 (stimulus) x 3 (group) ANOVA yielded a
significant stimulus x group interaction (A2,85) = 5.78, p=.004). Consistent with
successful learning, participants reported significantly higher fear ratings to the CS+ than the
CS-in all three groups (all p’s <.001). Patients with high pain-related distress reported
significantly higher fear ratings to the CS+ compared to both patients with low distress (o-
corrected = .04) and controls (p-corrected = .04). Patients low in distress did not
significantly differ from controls (p-corrected > .05). After extinction, the 2 (stimulus) x 3
(group) ANOVA again yielded a significant stimulus x group interaction (H2,84) = 6.67, p
=.002). Participants maintained significantly higher fear ratings to the CS+ than the CS- in
all three groups (high distress p < .001; low distress p=.03; controls p=.048), indicating
some persistence of learned fear. Patients high in distress still reported significantly higher
fear to the CS+ compared to controls (p-corrected = .01). Patients low in distress did not
significantly differ from patients high in distress or controls (p-corrected > .05).

To further explore the apparent persistence of fear to the CS+ following extinction, a paired-
samples ttest revealed a significant difference between fear ratings after acquisition and
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after extinction (488) = 3.74, p< .001; collapsed across groups), with mean fear ratings
decreasing across time (acquisition M=5.49, SD = 2.21; extinction M= 4.56, SD=2.71).
Thus, findings indicated a significant reduction in learned fear following extinction but not a
complete elimination of that fear.

Contingency Awareness

A 2 (stimulus) x 3 (group) ANOVA yielded a main effect of stimulus only (H1,86) =
367.73, p<.001), reflecting that across all groups, participants were aware that the CS+ (M
=52.4%, SD = 25.8) was paired with the scream more often than the CS- (M= 0.23%, SD =
2.62).

Skin Conductance Response (SCR)

Descriptively, and consistent with learning, a significant difference between stimuli emerged
during acquisition, reflecting a greater stimulus-evoked SCRs to the CS+ compared to the
CS- (Figure 4). This difference was still evident during extinction, indicating, like for self-
reported fear, a persistent physiological fear response during extinction trials, although the
difference was attenuated. Tweedie mixed-effects regression models confirmed that there
was no main effect of stimulus at pre-acquisition, again confirming baseline stimulus
equivalence. Similarly to the self-report ratings, a main effect of stimulus emerged at
acquisition and at extinction (see Table 1). Tweedie models also confirmed that for both
acquisition and extinction, there was a main effect of sub-phase in that SCRs were
significantly reduced in the late compared to the early sub-phase. There were no significant
differences between groups, and no significant interactions between stimulus and group.
Given that no significant two-way interactions emerged, three-way interactions were not
tested.

Neural Correlates of T-S Discrimination

Neural activation patterns

Whole brain evoked response.: Whole-brain blood-oxygen-level dependent (BOLD) signal
analyses at early extinction confirmed a robust main effect for stimulus in T-S discrimination
across participants inclusive and extending beyond the threat-learning network ROIs
(Supplementary Figure S1 and Supplementary Table S1). Thus, the whole brain analysis for
the interaction between stimulus and group supported the interrogation of our theorized
ROIs (Supplementary Figure S2 and Supplementary Table S2). Given substantially less
(differential) activation in late extinction compared to early extinction, we describe results
separately for early and late extinction sub-phases below.

Threat-learning network during early extinction.: At early extinction, all ROIs yielded a
main effect of stimulus or an interaction between stimulus and group. Consistent with
successful threat-safety discrimination during the acquisition phase, the left Al, aMCC,
PAG, bilateral dIPFC, bilateral centromedial amygdala, and right NAc showed an increased
BOLD response to the CS+ compared to the CS- (all p’s <.05). There were no interactions
with group in these regions (all p’s > .05). Significant interactions between stimulus and
group were observed in bilateral vmPFC (left: A2,67) = 5.63, p=.005; right: A2,67) =
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3.05, p=.05), bilateral basolateral amygdala (left: A2,67) = 7.81, p=.001; right: A2,67) =

6.33, p=.003), bilateral hippocampus (left: A2,67) = 8.80, p< .001; right: A2,67) =9.04, p
<.001), and left NAc (left: A2,67) = 3.66, p=.03; right: A2,67) = 1.87, p=.16), indicating
differential effects across groups (Figure 5 and explored further below).

For the left and right vmPFC (Figure 5a), patients high in distress showed an increased
BOLD response to the CS+ compared to the CS-, while the opposite effect was observed in
patients low in distress (i.e., CS- > CS+). Controls showed no significant difference between
the CS+ and CS-, however they showed a similar pattern as patients low in distress.
Moreover, when comparing groups across stimuli, patients high in distress showed a
significantly lower vmPFC BOLD response to the CS- compared to both patients low in
distress (left only) and controls; patients low in distress and controls did not significantly
differ from each other.

For the hippocampus (Figure 5b) and basolateral amygdala (Figure 5c), patients high in
distress showed an increased left-lateralized BOLD response to the CS+ compared to
patients low in distress and controls. The right analogues showed a similar pattern. Notably,
we also observed opposite differential stimulus effects for patients low in distress versus
patients high in distress. That is, while patients low in distress showed significantly
increased bilateral BOLD response to the CS- compared to the CS+, patients high in distress
showed significantly increased bilateral BOLD response to the CS+ compared to the CS-.
Similar to the vmPFC findings, neural activation patterns for bilateral amygdala and
hippocampus patients with low distress were aligned with healthy controls.

For the NAc (Figure 5d), there was a significant left-lateralized interaction effect indicating
that patients high in distress showed a significantly decreased BOLD response to the CS-
compared to both patients low in distress and controls.

Threat-learning network during late extinction.: At late extinction, there were significant
main effects of stimulus only for the left Al, aMCC, PAG, right dIPFC, and bilateral NA (all
p's <.05). These regions all showed a greater response to the CS+ compared to the CS-,
indicating an enduring neural threat response in these regions. There were no main effects of
group or interactions with group at late extinction.

Post-hoc analyses examining distress (i.e., PCS score) as a continuous variable further
supported a priori group comparisons. Specifically, there were significant Pearson
correlations between patients’ level of distress and differential (CS+>CS-) activation in all
ROIs showing an effect of group (all surviving p < .01 correction for multiple comparisons).
This includes bilateral basolateral amygdala (left: r= .42, p=.005; right: r= .47, p=.002),
bilateral hippocampus (left: 7= .51, p<.001; right: r= 47, p=.001), bilateral vmPFC (left: r
= .57, p<.001; right: r=.52, p<.001), and NAc (r= .38, p=.01).

Functional Connectivity—Generalized Psychophysiological Interaction (gPPI) analyses
was performed to examine group differences in stimulus-specific functional coupling
between threat-learning network ROIs. All ROIs were analyzed as seed regions within each
analysis. As can be seen in Figure 6, we observed significant group effects for connectivity
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between the left vmPFC (seed) and three other regions, specifically in response to the CS-.
This included the right hippocampus (F(2,67) = 5.05, p-FDR = .04), left centromedial
amygdala (F(2,67) = 6.44, p-FDR = .03), and right anterior insula (F(2,67) = 5.83, p-FDR
=.03). There were no significant group differences in response to the CS+. Across all
regions, patients high in distress showed significantly greater functional coupling between
the vmPFC and all three of these regions in response to the CS- compared to patients low in
distress. In addition, patients high in distress also demonstrated significantly greater
functional coupling between the vmPFC and the right hippocampus compared to healthy
controls. A significant difference between patients low in distress and healthy controls
emerged only for the functional coupling between the vmPFC and right anterior insula, for
which healthy controls showed greater functional coupling for the CS-.

Associations between Brain, Physiology, and Behaviour

Across the full sample, Pearson correlations revealed a significant positive association
between self-reported fear ratings (CS+ > CS-) after acquisition and SCR at early
acquisition (Figure 7A). No other associations between SCR and self-report ratings reached
significance (all p> .05), indicating limited concordance between physiology and behavior
apart from initial acquisition. Regarding neural activation patterns, there were significant
positive associations between self-reported fear ratings (CS+ > CS-) and differential BOLD
activation in a number of threat-learning network regions that previously yielded interactions
with group, indicating some concordance between brain activation and behavior. This
includes bilateral basolateral amygdala and bilateral hippocampus (Figure 7B). There were
no significant associations between SCR and BOLD activation in any ROIs that previously
yielded interactions with group.

DISCUSSION

In this study we examined the neural processing of learned threat and safety cues in
adolescent chronic pain patients with varying levels of pain-related distress (catastrophizing)
as well as healthy controls, using functional MRI. Adolescent patients with high pain-related
distress showed elevated self-reported fear and limbic (hippocampus, amygdala) activation
in response to a learned threat cue (CS+). They also showed decreased frontal (vmPFC)
activation and aberrant fronto-limbic connectivity in response to a learned safety cue (CS-).
By comparison, patients with low pain-related distress and healthy controls appeared
strikingly similar across brain and behavior. These findings emerged while controlling for
age and state anxiety across analyses. A potential mechanistic pathway in chronic pain
underlined by differences in T-S discrimination and associated pain-related distress is
suggested.

Activations Observed in Threat-Leaning Network

Amygdala: Patients with high pain-related distress demonstrated both greater self-reported
fear and greater left-lateralized basolateral amygdala activations to the learned threat cue

(CS+) compared to healthy controls and compared to patients with low pain-related distress.
The amygdala has a well-established role in fear and aversive learning, and our findings are
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in line with studies revealing exaggerated amygdala reactivity in individuals with elevated
anxiety, including in PTSD populations [6,35,43].

Hippocampus: A similar pattern emerged in the hippocampus, with significantly greater
bilateral hippocampal activation for the CS+ in patients with high pain-related distress
compared to healthy controls and compared to patients with low pain-related distress. The
hippocampus is an important node in corticolimbic circuitry supporting learning and
memory [20], particularly in processing contextual fear memories [34]. It is implicated in
fear extinction and extinction recall [18] and shows reduced volume and altered connectivity
in adult patients with chronic pain [38,39]. It also shows increased activation to threat in
anxiety disorders [15], in line with our findings.

vmPFC and its connectivity: While group differences in amygdala and hippocampal
activations emerged for the threat cue (CS+), vmPFC differences emerged instead for the
safety cue (CS-). Specifically, patients with high pain-related distress showed reduced
vmPFC activation for the CS- compared to healthy controls and patients with low pain-
related distress. This is in line with prior data revealing attenuated vmPFC activity in
anxious individuals [28,46,51]. Moreover, patients with high pain-related distress showed
significantly greater functional coupling between the left vmPFC (seed) and right
hippocampus, left centromedial amygdala, and right anterior insula in response to the CS-
compared to patients with low pain-related distress. This difference was also significant in
comparison to controls for the right hippocampus. The vmPFC has received significant
attention as critical for the inhibition of fear, potentially due to its role in effortful emotion
regulation, although its precise role in fear extinction is still debated [18]. Nonetheless, the
mPFC-hippocampus-amygdala circuit is a primary neural substrate of emotional processing
and regulation, and is disrupted in anxiety disorders [15]. Our findings provide support for
our hypothesis that fronto-limbic connectivity, particularly in the processing of a learned
safety cue, is altered in patients with high pain-related distress.

Implications of Observed Brain Activations

We interpret the above findings as follows: (1) Patients with high pain-related distress
consistently showed a differential (and opposite) neural response to learned threat and safety
cues compared to both healthy controls and patients with low pain-related distress. Thus,
differential activation of threat-learning circuitry in adolescents depends on pain-related
distress rather than the mere presence of chronic pain. (2) Individual differences in pain-
related distress are mediated by fronto-limbic circuitry. Patients with high pain-related
distress show a limbically-mediated elevated response to a learned threat cue (CS+), and
aberrant fronto-limbic connectivity in response to a learned safety cue (CS-). Thus, group
differences in pain-related distress likely reflect a dynamic interplay of regions across the
threat-learning network, particularly between the subcortically-driven automatic response to
a learned fear and a cortically-driven experience of fear and its effortful inhibition. These
findings align with self-report data showing that patients with high pain-related distress
reported more fear towards the CS+ compared to both patients with low pain-related distress
and healthy controls. Indeed, there were significant correlations between self-reported fear
ratings and activation in brain regions of interest across the sample, indicating that cross-
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modal findings tap into the same underlying processes. Of note, however, there were no
group differences in skin conductance response in either study phase, and no significant
correlations between skin conductance and brain activation, potentially indicating a
discrepancy with this third modality. (3) Group differences resolved at late extinction. This
may reflect an overall habituation effect, or may indicate that pain-related distress is more
involved in the initial processing of a previously learned threat cue rather than the
subsequent effortful regulation of fear in response to prolonged extinction.

Implications of Threat-Safety Discrimination in Adolescents and Chronic Pain.

Our findings extend a growing literature on T-S discrimination in adolescents. Studies
combining multiple psychophysiological measures in developmental populations are rare.
Our findings, in one of the largest published samples to date, support using the Screaming
Lady task as a reliable experimental measure of aversive learning in young people with
chronic health conditions. Previous reports comparing self-reported fear in anxious and non-
anxious youth have been mixed, with some studies showing that anxious but not non-
anxious youth fail to show differential learning to threat and safety cues, or that non-anxious
youth show elevated fear responses [11]. In contrast, our findings concur with studies
showing that both anxious and non-anxious children show differential learning to threat and
safety cues (indexed by self-report and SCR), but that more anxious youth (here reflected in
higher pain-related distress) report greater overall fear toward threat cues [8,30]. Our
functional connectivity findings are also in line with other studies examining threat-learning
network functioning in adolescents with anxiety disorders, indicating that reduced prefrontal
regulation of subcortical structures during T-S discrimination [40] may create an adolescent
vulnerability for distress.

Our findings also extend a growing literature on behavioral and neural correlates of pain-
related fear. Consistent with a recent meta-analysis by Harvie and colleagues [24], there was
no evidence for reduced differential learning between threat and safety stimuli when
considering pain patients’ self-reported fear. In contrast, both adolescents with and without
chronic pain were able to discriminate between threat and safety cues, albeit with an
elevated fear response to the threat cue for patients with high pain-related distress.
Moreover, although attenuated, this discrimination endured across self-report, SCR, and
brain responses even following extinction. These findings mirror previous studies showing
that extinction learning is a fragile and often unsuccessful phenomenon [18].

Limitations.

Our study has various limitations including: (1) Sex: Participants were predominantly
female, precluding examining sex and gender differences. (2) Age: Participants spanned
early adolescence and emerging adulthood (11-24 years). Age was included as a covariate in
all primary models; however analyses were underpowered to examine age-related
differences. (3) Comorbidity. We excluded participants with significant psychiatric
conditions (clinician report) and those taking antipsychotic or opioid medications (child or
parent report); however, we did not exclude participants with comorbid depression and
anxiety or those taking SSRIs, all of which could influence T-S discriminatiom. Relatedly,
while we controlled for trait anxiety in analyses, it is conceptually erroneous to consider
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pain catastrophizing as wholly separable from anxiety. More research attention is needed on
the interaction and overlap between pain-specific and generalized anxiety in this population,
particularly on their contribution to transdiagnostic processes such as threat learning. (4)
Imaging data for extinction only. Due to issues of fatigue and startle-related movement
(from the scream), only the extinction phase was completed in the scanner. We therefore do
not know whether brain-based group differences in the processing of a learned threat are
also evident at the initial learning phase; (5) 7ask specificity. It is unclear whether these
findings would extend to a pain-specific conditioning task (with a nociceptive US). Our
findings point toward a transdiagnostic pathway for pain-related distress that extends beyond
learning about pain, to learning more generally about threat. (6) Causatior. This study
indicates that individual differences in T-S discrimination can differentiate patients with high
and low pain-related distress, but future studies are needed to clarify whether these
abberations are a cause or consequence of pain-related distress.

Conclusions and Implications for Treatment.

Despite limitations, our findings have implications for chronic pain treatment. Adolescent
chronic pain is a risk factor for chronic pain in adulthood [5,25], which costs an estimated
$560 billion each year in direct medical costs, lost productivity, and disability programs in
the US alone [21]. Exposure-based therapies that target threat-learning circuity are now
being applied to adolescents with chronic pain [13,47], yet they rely on findings from adult
studies where there is mature circuitry and function. Our findings concur with studies
demonstrating resistance to extinction in adolescence [40], and could indicate a need to
tailor exposure treatments for this developmental group. Recent rodent models reveal that
threat conditioning in adolescence accelerates fear behaviors and delays safety expression in
adulthood [37]. Thus, delineating how pain-related fear memories formed in adolescence
impact adult pain-related learning promises not only to refine exposure-based treatments but
also other treatments that utilize extinction principles including psychoeducation, cognitive-
behavioral therapy, and biofeedback [24].
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Figurel.

Psychological and pain profiles across groups. * p< .05, ** p< .01, *** p<.001. All p
values Bonferroni corrected. Note: Multiple comparisons for PCS-C scores were not
examined between patient groups to avoid circular analyses given that this measure was used
to create groupings.
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Self-reported fear ratings to the CS+ and CS- across groups and study phases. Significance
values reflect decomposed simple effects following a significant three-way interaction. Main
effects of group or stimulus not depicted for visual simplicity. * p< .05, *** p< .001. All p
values Bonferroni corrected.
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Skin conductance response (SCR) amplitudes for the CS+ and CS- collapsed across all

participants, averaged across study phases, and early and late extinction sub-phases.
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Beta coefficients reflecting BOLD responses to the CS+ and CS- at early extinction, across
groups. # p< .08, * p< .05, ** p< .01. All pvalues Bonferroni corrected. Main effects of

group or stimulus not depicted for visual simplicity.
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Beta coefficients reflecting condition-specific functional connectivity across ROIs. * p< .05,
** p<.01. All pvalues Bonferroni corrected.
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Scatterplots showing significant cross-modality Pearson correlations
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