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Abstract

There is a need to identify brain connectivity alterations predictive of transdiagnostic processes
that may confer vulnerability for affective symptomology. Here, we tested whether amygdala
resting-state functional connectivity (rsFC) mediated the relationship between catastrophizing
(negative threat appraisals; predicting poorer functioning) and altered threat-safety discrimination
learning (critical to flexibly adapt to new and changing environments) in adolescents with
persistent pain. We examined amygdala rsFC in 46 youth with chronic pain and 29 healthy peers
(age M=15.8, SD=2.9; 64 females), and its relationship with catastrophizing and threat-safety
learning. We used a developmentally appropriate threat-safety learning paradigm and performed
amygdala seed-based rsFC and whole-brain mediation analyses. Patients exhibited enhanced
connectivity between left amygdala and right supramarginal gyrus (cluster-level p-FDR < .05),
while right amygdala rsFC showed no group differences. Only in patients, elevated catastrophizing
was associated with facilitated threat-safety learning (CS+>CS-; 7, = .49, p=.001). Furthermore,
in patients, elevated catastrophizing was associated with reduced left amygdala connectivity

with supramarginal gyrus/parietal operculum, and increased left amygdala connectivity with
hippocampus, dorsal striatum, paracingulate and motor regions (o < .001). And, blunted left
amygdala rsFC with right supramarginal gyrus/parietal operculum mediated the association
between catastrophizing and threat-safety learning (p < .001). To conclude, rsFC between left
amygdala (a core emotion hub) and inferior parietal lobe (involved in appraisal and integration

of bodily signals, and attentional reorienting) explains associations between daily-life relevant
catastrophizing and threat-safety learning. Findings provide a putative model for understanding
pathophysiology involved in core psychological processes that cut across diagnoses, including
disabling pain, and are relevant for their etiology.
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School of Medicine, 1070 Arastradero Road, Suite 300, Palo Alto, CA 94304, United States. itimmers@stanford.edu.
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Introduction

Many interrelated and co-occurring disorders such as anxiety, depression, and chronic pain
are characterized as complex network-based disorders [40,51]. In chronic pain, both sensory
and affective neural network alterations are implicated in the etiology and maintenance

of chronic pain [9,31,48]. Transdiagnostic affective processes such as fear, catastrophizing
and threat-safety discrimination learning, also contribute to individual differences in pain
persistence and disability [30,36,45]. However, integration and segregation of relative
contributions of neural circuits to specific psychological processes remains largely elusive.
And, neural correlates of these transdiagnostic mechanisms have yet to be identified in
chronic pain.

Chronic pain is common and can have a major impact across life domains [7,13,54].

One factor shaping the way an individual processes pain, which may explain chronic pain
vulnerability, is catastrophizing [44,73,74], also referred to as pain-related distress or worry,
or repetitive negative thinking [15,22]. Broadly speaking, catastrophizing is conceived as a
tendency to exaggerate a perceived threat, to overestimate the seriousness of its potential
consequences [12,19], and to feel helpless and ruminate about it [62]. Elevated levels

of catastrophizing are consistently associated with poorer functioning [18,24,26,28,53].
Catastrophizing may further influence threat-safety discrimination learning by affecting
coping with threat. Learning to discriminate threat from safety signals guides our behavior
and is fundamental to survival. Typically, threat-safety discrimination is studied using a
classical conditioning paradigm, in which a neutral stimulus is paired with an aversive
stimulus (i.e., turning into a threat signal/CS+), while other stimuli are never paired with the
aversive stimulus (i.e., safety signals/CS-). Alterations in threat-safety learning have been
reported across clinical samples [8,29,30,72]. Recently, we reported altered neural signatures
in youth with chronic pain (e.g., amygdala, hippocampus, medial prefrontal cortex) during
extinction of a learned threat [34], specifically in patients with elevated catastrophizing.

The amygdala forms an emotional hub, critical for processing and regulation of affective,
social and stress-related information [39,60,63,64,80]. As pain inherently is an emotionally-
salient threat, the amygdala is also implicated in acute pain processing [66] and is linked

to individual differences in acute pain regulation [25,41]. In adults and adolescents with
chronic pain, alterations in amygdala rsFC are observed [6,31,37] and associated with
individual differences in pain-related distress and treatment responses [55,67]. In parallel,
research has shown that amygdala circuitry serves a key role in threat-safety learning
processes [20,42,60], including through its connectivity with prefrontal cortex [38,59]. Yet,
no studies have modelled the specific relationship between these psychological and brain
circuit factors.

Here, we sought to evaluate the role of amygdala circuitry in chronic pain as it relates

to catastrophizing and threat-safety learning - two transdiagnostic processes conferring
vulnerability to affective symptomology. We focused on youth (i.e., aged 10-24) to extend
on our previous findings in this sample, and because adolescents offer unique insights

into these processes as they pose risk for persistence into adulthood. We hypothesized that
amygdala rsFC would (a) be altered in patients (in particular left amygdala rsFC, given its
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importance for clinical pain [66]), (b) mediate the association between catastrophizing and
threat-safety learning, potentially in connectivity with the prefrontal cortex.

Methods and Materials

Participants

Ninety-seven adolescents participated in this study. 61 adolescent patients with chronic pain
(5 males, 56 females) were recruited when they presented to the Pain Treatment Service

- Chronic Pain Clinic at Boston Children’s Hospital for a multi-disciplinary evaluation.
Inclusion criteria were age 10-24, pain duration > three months, confirmed diagnosis

of chronic non-disease related pain. Patient exclusion criteria were significant cognitive
impairment, significant medical or psychiatric disorder, pregnancy, claustrophobia and
magnetic implants. The other 36 adolescents were pain-free peers (9 males, 27 females),
recruited from the community. For controls, the same inclusion and exclusion criteria were
used, plus one additional exclusion criterion: current or history of chronic pain (symptoms
for more than 3 months). 11 participants could not be included in the analyses described
here (n=6 terminated study prior to scan, n=2 scanner malfunctions, n=3 excluded due to
chronic pain history/incidental finding), and another 11 participants were excluded due to
extensive motion (see MRI data analysis). Thus, in the main analyses, 75 participants were
included (age M=15.8, SD=2.9; 64 females); 46 patients and 29 controls. For additional
information, see Table S1.

Study procedure

The data presented here is part of a larger study, examining fear acquisition and extinction
in youth with chronic pain in comparison to healthy controls. This study was approved

by the Boston Children’s Hospital Institutional Review Board (#P00013786). Participants
and legal guardians provided written assent/consent. Figure 1 gives an overview of the
study procedure. One paper has been published before describing the fear acquisition and
extinction paradigm findings [34]. Resting-state data has not been described before.

Fear conditioning paradigm and fear assessment

The Screaming Lady Paradigm was used in which during the fear acquisition phase a
neutral stimulus (neutral face; CS+) was paired with an aversive stimulus (95 dB scream
and scared face; US), while another neutral stimulus was never paired with the US (CS-;
Figure 1) [8,43]. In the subsequent fear extinction phase, both stimuli (CS+ and CS-)

are presented in absence of the US. At several time points, we assessed how anxious the
participants were of each of the faces on a numerical rating scale (NRS) ranging from 1
(not anxious) to 10 (extremely anxious), as well as how unpleasant the faces were ranging
from 1 (not unpleasant) to 10 (extremely unpleasant), and combined these into one ‘fear’
composite rating (in line with [34]). Note that the resting-state fMRI was acquired following
acquisition, prior to extinction. Additional details regarding the fear conditioning paradigm
can be found in Heathcote ef a/. [34].
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Other self-reported assessments

Participants filled out questionnaires using REDCap electronic data capture tools hosted

at Boston Children’s hospital. Here, pain catastrophizing is of greatest interest, and was
assessed using the Pain Catastrophizing Scale for Children (PCS-C), which is a 13-item
questionnaire assessing catastrophic thinking about pain, including rumination, helplessness
and magnification [14]. Participants respond to each item using a 5-point scale, ranging from
0 (not at all true) to 4 (very true). This measure is a direct adaptation of the adult version, is
widely used in youth, and shows high validity and reliability [14,21]. In the current sample,
internal consistency was good to excellent (Cronbach’s alpha = .92 for the entire sample;

a = .89 for the patient sample; a = .84 for the controls). Scores were roughly normally
distributed in both groups. The range of scores for patients was 4-40 with the majority in
the moderate (45%) and high (31%) range, while the range for controls was 0-24 with the
majority in the low range (86%) (see Table S1) [61].

Other assessments included demographics (e.g., age, sex) and information about their pain
(e.g., when it started, what type of pain). In addition, average pain intensity was reported
using a Visual Analogue Scale (VVAS) ranging from 0 (no pain) — 10 (worst possible

pain). Pain-related functioning was assessed using the Functional Disability Inventory (FDI),
which is a 15-item self-report measure [77]. Trait anxiety was assessed using the trait part of
the State-Trait Anxiety Inventory for Children (STAI-C), a 20-item questionnaire assessing
anxiety symptoms [71]. Finally, alertness levels before and after the resting state scan were
assessed using a VAS ranging from 0-10. See Table S1 for more information on these
variables across the groups.

MRI acquisition

MRI data were collected using a 3 Tesla whole body MRI scanner (Siemens Magnetom
TrioTim syngo MR B17) using a 12-channel head coil. For the resting-state functional
images, a T2*-weighted standard echo-planar imaging (EPI) sequence was used to acquire
51 axial slices (3mm 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, slice acceleration factor = 3. In total, 425 functional
volumes were collected with eyes open looking at a black screen. In addition, 8 functional
volumes using the same parameters, but reverse phase encoding direction, 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.

MRI data analysis

MRI data - pre-processing.—Pre-processing of resting-state 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. [1] (topup of FMRIB
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Software Library/FSL; [70]. In a next step, these distortions were corrected in the full
resting-state dataset (FSL’s applytopup). Undistorted images were uploaded to CONN
[79] where pre-processing continued, including 3D head motion correction, segmentation
into white matter, grey matter and cerebral spin fluid (DARTEL), normalization to MNI
space and spatial smoothing (6 mm using a full-width at half-maximum Gaussian kernel
[FWHM]).

MRI data — denoising and first-level analysis.—Denoising procedures included
regression of motion parameters and their first derivatives (12 parameters) as well as
WMI/CSF noise components (estimated using anatomical component-based noise correction,
aCompCor [5]; 2x5 parameters), linear trend removal, and simultaneous band pass filtering
(.005 - .1 Hz). Quality assurance steps were performed to identify outliers. Datasets with
motion exceeding 3 mm/degrees were excluded from the analysis (i.e., 11 participants

were excluded: 9 patients, 2 healthy controls). First-level analysis then estimated bivariate
correlation coefficients from the defined ROIs or seeds with the rest of the brain.

MRI data — seeds.—The a priori defined seed was the amygdala and was based on

the Harvard-Oxford atlas, using probabilistic maps with a threshold of 50% [16,23,27,47].
As left and right amygdala showed different rsFC patterns, we assessed these homologues
separately (Supplementary Results).

MRI data — second-level statistical analysis.—A seed-to-voxel functional
connectivity analysis was performed in CONN [79]. To investigate patients’ amygdala

rsFC in comparison to the control group, seed-based FC analyses were performed having
Group (Controls, Patients) as between-subject factor. Main effects of group were evaluated
at a cluster-defining threshold of p < .001, and subsequent cluster-level p-FDR < .05.

In case of significant effects, estimated bivariate correlation coefficients were extracted

and transformed using Fisher z for further exploration. Age and staiT-C [71] were used

as regressors of no interest [34]. In addition, in case of significant group differences,

the mediation toolbox (CANIab; github.com/canlab/MediationToolbox; [75,76] was used

to examine rsFC brain mediators of the relation between pain catastrophizing and threat-
safety learning in the patient group. Pain catastrophizing was assessed using the Pain
Catastrophizing Scale for Children (PCS-C) (see Other self-reported assessments) [14]. The
mediation model including all paths is visually depicted in Figure 2: pain catastrophizing
was modelled as the independent variable (X), threat-safety learning (i.e., differential fear,
CS+>CS-, at post-acquisition) as the dependent variable (Y) and the rsFC maps (i.e., from
the seed to rest of the brain) were inputted as mediator (M). The paths were evaluated
separately and were thresholded using p < .001, as well as more liberally at p < .005, p<
.01 and p < .05 for anatomical reference. For significant brain mediators, the paths were
visualized by repeating an offline mediation analysis using Hayes mediation macro for SPSS
(PROCESS, version 3.0), which estimates indirect effects using bias-corrected bootstrapped
confidence intervals (with //=5,000 bootstrap resamples, estimating a 99% confidence
interval) [32].
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Results

Contrasting amygdala rsFC across patients and controls

To learn whether and how amygdala rsFC was altered in this patient group compared to
controls, we conduced seed-to-whole-brain connectivity analyses and group comparisons.
Figure 3A and B show the connectivity maps of the left amygdala per group, showing
robust bilateral positive coupling with the amygdalae, hippocampus, insular region, medial
and lateral prefrontal cortex, temporal fusiform gyrus, thalamus, putamen and caudate as
well as negative coupling with precuneus, supramarginal gyrus (SMG), angular gyrus and
lateral frontal cortex in both groups (Table S2-S3). The right amygdala showed very similar
patterns overall (Figure 3A-3B, Table S4-S5, but see Supplementary Results too). Group
contrasts show that rsFC between left amygdala and right anterior SMG was enhanced in
patients compared to controls (MNI x = 64, y = —-28, z = 48, cluster-level p-uncorr=.002,
cluster-level p-FDR = .035; Figure 3C, Table S6). In patients, this rsFC was furthermore
correlated with pain catastrophizing (r=-.33, p=.03), such that enhanced amygdala-SMG
rsFC was associated with lower levels of catastrophizing, but not with current pain intensity
levels (r=-.09, p=.57). In controls, the relation with pain catastrophizing was not present
(r=.03, p=.89). There were no group differences in rsFC of the right amygdala, and

there was no interaction between group and hemisphere (i.e., no differences across left and
right amygdala that were dependent on group) (also not when lowering the threshold to
cluster-level p-uncorr< .05).

Relation between pain catastrophizing and threat-safety learning (total effect - path c)

In patients, there was a moderate, positive correlation between pain catastrophizing and
self-reported differential fear (CS+ > CS—; 1, = .49, p=.001) (Figure 4), with elevated pain
catastrophizing being associated with increased differential fear (i.e., the total effect, path ¢).
In controls, this correlation was not present (7, = .15, p=.44; see Figure S1).

Relation between pain catastrophizing and amygdala rsFC (path a)

To investigate left amygdala rsFC associations with pain catastrophizing, we inspected path
a of the mediation analysis (Figure 5, Table S7). Higher levels of pain catastrophizing

were associated with greater connectivity from left amygdala to several regions, including
hippocampus, caudate, putamen, precentral gyrus, and angular gyrus (positive correlations).
And, higher levels of pain catastrophizing were related to weaker connectivity between

left amygdala and regions including bilateral SMG / parietal operculum (PO), paracingulate
gyrus, occipital cortex and cerebellum (negative correlations).

Relation between amygdala rsFC and threat-safety learning (path b)

To evaluate the relation between left amygdala rsFC and threat-safety learning while
controlling for the effect of catastrophizing, we inspected path & (Figure 6, Table S8).
Greater differential self-reported fear was associated with weaker rsFC between left
amygdala and regions including the SMG/PO, anterior and posterior cingulate cortex,
precuneus, fusiform, angular, postcentral gyrus, and occipital cortex (negative correlations).
In contrast, greater differential self-reported fear was associated with stronger rsFC between
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left amygdala and regions including right inferior frontal, middle temporal gyrus, and lateral
occipital cortex (positive correlations).

Brain mediators of the relation between pain catastrophizing and threat-safety learning
(indirect effect - path a x b)

Then, we explored whether left amygdala coupling was a mediator for the relation between
catastrophizing and threat-safety discrimination learning. We observed that left amygdala
rsFC with two clusters served as a mediator: right SMG/PO and brainstem (SMG/PO: MNI
x =50,y =-26, z = 30, p-uncorr=.0004; brainstem: MNI x = 10, y = -48, z = —46,
p-uncorr=0.0006; Figure 7A, Table S9). Together, this indicates that stronger associations
between pain catastrophizing and threat-safety discrimination learning are mediated by
reduced left amygdala coupling with right SMG and brainstem. The separate paths and their
coefficients are visualized in Figure 7B. Specifically, it shows that the higherthe levels of
pain catastrophizing the weakerthe connectivity between amygdala and SMG (also shown
in path &), and the weakersuch connectivity, the greaterthe differential threat-safety learning
(even controlling for path g, depicted in path ). In particular, the mediating result shows
that if variability in amygdala rsFC with these clusters was kept constant across patients,
the relationship between pain catastrophizing and threat-safety learning would no longer
exist. In controls, these clusters did not serve as a mediator (i.e., none of the paths were
significant).

Overview of findings implicating the inferior parietal lobe

The group contrast as well as all paths in the mediation analysis implicate amygdala
coupling with the inferior parietal lobe (IPL). Figure 8 shows the close vicinity of the group
difference and brain mediator clusters, yet it also shows that the center of mass of the brain
mediator cluster as well as the IPL cluster in path a and path b are more inferior compared to
the group difference cluster; see Figure 8A and B for a comparison. When overlaying on the
Harvard-Oxford atlas (Figure 8C), the superior cluster overlaps with right SMG while the
inferior one overlaps with SMG too, but also extends towards the PO. The Supplementary
Information presents more comparative details, including the moderate correlation between
amygdala rsFC with the two clusters (r= .48, p=.001), suggesting differentiation.

Discussion

We evaluated a role for amygdala rsFC in the association between catastrophizing and
threat-safety learning. Our key findings are that 1) overall, youth with chronic pain show
enhanced coupling between left amygdala and right SMG compared to controls, while right
amygdala showed no group differences, and 2) in patients, reduced coupling between left
amygdala and the right SMG/PO mediates the association between catastrophizing and
threat-safety learning. Thus, findings converge on the right IPL, indicating that amygdala-
IPL connectivity is aberrant in youth with chronic pain and that this circuitry plays a
mechanistic role underlying how individual difference factors in appraisal of and learning
about threats confer increased risk for affective disorders.
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Enhanced left amygdala rsFC in youth with chronic pain

Our findings demonstrate that left amygdala-SMG connectivity was enhanced in youth with
chronic pain compared to controls, while no differences were observed for right amygdala.
This is generally in line with fMRI activation studies of pain, observing greater left
amygdala activation in clinical compared to experimental studies [66]. Greater involvement
of the left amygdala is also seen in other affective symptomologies (e.g., depression)
[58,81]. Interestingly, the left amygdala matures earlier [65], and may therefore be more
vulnerable to adversity. It is unclear, though, what the enhanced rsFC with SMG reflects.
The SMG lies in the IPL and is part of the somatosensory association cortex, involved in
integration and interpretation of somatosensory information. The peak coincided with the
anterior IPL [10,11], mainly connecting with prefrontal and premotor cortex [78]. The right
IPL is further involved in several higher-order cognitive processes, including attentional
reorienting to relevant, salient stimuli [4].

Previous studies in youth with chronic pain have also identified altered IPL connectivity
patterns. The IPL was among the clusters showing enhanced rsFC with left amygdala in
youth with complex regional pain syndrome [67], and another study reported enhanced right
SMG/IPL rsFC as part of the salience and sensorimotor network, and lower rsFC in an
SMG cluster in the frontoparietal network [3]. In a recent review, though, the IPL was not
identified as a region with robust alterations in pediatric chronic pain, although research is
still scarce [6].

Interestingly, while amygdala-IPL rsFC was enhanced in patients on a group-level,

across patients there was a negative correlation with catastrophizing. This is seemingly
contradictory, as it indicates that patients with lower catastrophizing showed greater
amygdala-IPL rsFC (bearing in mind that levels were predominantly moderate and high).
In patients, amygdala-IPL engagement may therefore reflect a protective or compensatory
factor, such that greater rsFC with IPL has regulatory effects on the amygdala. In controls,
catastrophizing was not associated with amygdala-IPL rsFC. These findings suggest that
amygdala engagement and its association with catastrophizing may be distinctive for
individuals for whom catastrophizing is daily-life relevant.

Together, these findings indicate that communication between amygdala and IPL was
altered in patients, and that across patients, individuals with relatively less negative threat
appraisals show greater amygdala-IPL connectivity. This may promote altered -potentially
compensatory- (attentional) responses to threat stimuli, which would fit with the proposed
key role for vigilance and attention to bodily signals in chronic pain [33,49].

Amygdala rsFC as a brain mediator

The mediation analysis demonstrated that in patients the amygdala-1PL circuitry, peaking
more ventrally (SMG/PO), was associated with catastrophizing and with threat-safety
learning. Previously, we reported aberrant neural signatures of threat extinction learning in
youth with elevated catastrophizing [34]. Here, we extend those findings by demonstrating
that amygdala circuitry during rest also track with catastrophizing. Elevated catastrophizing
was reflected in enhanced amygdala coupling with regions involved in stress regulation
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and memory (hippocampus), habitual learning and reward signaling (caudate, putamen;
dorsal striatum) [2,57], and response selection and motor planning (dorsal striatum, motor
cortex). This is roughly in line with another rs-fMRI study, in which enhanced amygdala
connectivity with the central executive network was related to catastrophizing [37]. In
contrast, elevated catastrophizing was reflected in b/unted coupling with somatosensory
regions that process somatosensory signals and integrate these with other senses (SMG/PO).

The amygdala circuitry that was associated with threat-safety learning is in line with
previous studies. In adults, both positive and negative connectivity with the amygdala is
typically observed in the context of threat-safety learning, with blunted connectivity related
to increased differential learning indices [82]. Also in our adolescent sample, increased
differential fear was associated with blunted amygdala connectivity with a circuit involving
precuneus, IPL, cingulate, fusiform and occipital regions, but also with enhanced amygdala
rsFC with inferior frontal and middle temporal regions. This supports the idea that amygdala
connectivity is implicated in associative learning in adults and adolescents, particularly for
threat-relevant stimuli [20,38].

Going beyond associations, our findings demonstrate that amygdala rsFC mediated the
relation between catastrophizing and threat-safety learning in patients. This suggests that
blunted amygdala connectivity is a core mechanism explaining how individuals with
elevated catastrophizing tend to have facilitated threat-safety discrimination learning — both
conferring increased vulnerability for affective disorders, and likely reinforcing each other.
The peak of the IPL mediator cluster was also located more inferior/ventral compared to the
IPL group-difference cluster and covered part of SMG, while extending into PO (secondary
somatosensory cortex/Sll). This implies that this mediator region may be more specifically
involved in somatosensory processing compared to the IPL region that was enhanced in
patients, although this remains speculative. It should be noted that amygdala-brainstem
circuitry mediated this relation too, but we are more cautious in its interpretation, given that
the cluster is at the edge of the field-of-view and the subthreshold data (i.e., up to p<.05) did
not show the expected anatomical consistency. Thus, whether and how amygdala-brainstem
rsFC is involved will have to be further investigated in studies with a clearer focus on
brainstem circuitry.

Considerations and future perspectives

Catastrophizing is proposed as a core transdiagnostic mechanism [26], and elevated levels
are robustly associated with poorer outcomes in other affective disorders too [28,50]. The
absence of associations between catastrophizing, threat-safety learning and amygdala rsFC
patterns in controls suggests that catastrophizing is particularly mechanistically pertinent
when it is daily-life relevant. Fortunately, treatment approaches targeting catastrophizing
(e.g., cognitive behavioral treatment/CBT) are successful in improving outcomes in these
clinical samples [35,56,68,69]. In analogue, threat-safety learning is found to be impaired
across these diagnoses [8,17,52], reflecting that individuals with affective symptomology
more easily and more strongly associate certain cues with threat and/or have more
difficulties with safety learning. Research has shown that the acquisition of such associations
may be facilitated, may generalize more quickly and may be more resistant to subsequent
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extinction [46]. Our findings demonstrate robust brain-behavior interactions, and indicate
that blunted communication between the core emotional hub (amygdala) and sensory
regions involved in the integration and appraisal of bodily signals (IPL) may be crucial

in explaining how worries and amplifications of threat result in facilitated threat-safety
learning. Research using task-based fMRI could shed more light on this. As previous
studies have found stronger engagement of the amygdala during threat-safety learning

in adolescents compared to adults [42], it remains to be tested whether our findings

extend to adults. It would also be interesting to examine whether this generalizes to other
affective diagnoses with less involvement of the sensory system (e.g., anxiety). Our findings
furthermore suggest that targeting catastrophizing may have beneficial effects on associative
learning processes, potentially extending to extinction. Whether and how catastrophizing,
extinction learning, and amygdala-IPL circuitry are associated and interact, remains to be
investigated.

Findings need to be interpreted in light of some considerations. First, we did not differentiate
across amygdala subnuclei, although they carry different functions. Second, although we
used the same stringent statistical thresholding across all imaging analyses (p<.001), we
only applied additional cluster-extent based thresholding for the group contrasts. The group-
level whole-brain mediation analysis is quite strict and specific already and to exclude

noise clusters we inspected the anatomical consistency using sub-threshold data. Third,

we focused on resting-state data, which can arguably be considered as a more trait-like
representation of brain connectivity but has inherent interpretation limitations. Last, our
mediation analysis was performed on cross-sectional, group-level data, and hence we cannot
infer on causality, but rather provide initial understanding on mechanistic involvement of
amygdala rsFC warranting further testing (e.g., using multi-level brain mediation analyses
allowing trial-by-trial estimations; [75]).

Conclusion

Chronic pain and affective disorders make up a significant part of individuals living

with social, functional and school- or work-related impairments. Treatments that target
catastrophizing as well as associative learning processes are deployed in these clinical
samples, yet the specific relation and interactions between them, their neural correlates and
shared mechanisms had not yet been identified. Here, we identified robust brain-behavior
interactions showing that, in chronic pain, when catastrophizing is relevant to daily-life,
left amygdala-IPL circuitry may be mechanistically involved in the association between
catastrophizing and facilitated threat-safety learning, and hence should be a therapeutic
target. Although the generalizability to adults and other disorders remains to be established,
our findings provide a putative model for understanding the pathophysiology involved in
core psychological processes that cut across affective diagnoses and are relevant for their
etiology, including that in disabling pain.

Supplementary Material
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Figure 1. Overview of the study visit and the data acquired, with an emphasis on the fear
acquisition paradigm and related ratings.
CS+/CS- = conditioned stimulus, US = conditioning stimulus, ITI = intertrial interval, TAIW

= T1-weighted (anatomical MR scan), fMRI = functional magnetic resonance imaging
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Figure 2. Schematic of thetotal path model (A) and the mediation model with its separate paths
(B).

rsFC = resting state functional connectivity. Pain catastrophizing is the independent variable
(X), threat-safety learning (i.e., differential fear, CS+ > CS—, post-acquisition) the dependent
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variable (), and amygdala rsFC is the proposed mediator (M).
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A. Amygdala rsFC in patients
left amygdala

precuneus

lateral

posterior
supramarginal/
angular

R !
caudate amygdala seeds

brainstem ‘ -8 -32 32 8
Be nr 3 ]
/ i initial p < .001, cluster-level p-FDR < .05
iﬁk & »é 1 b b
«

B. Amygdala rsFC in healthy controls
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Figure 3. Amygdala rsFC across groups.
Maps depict left and right amygdala coupling with the rest of the brain, with the

seed region overlaid (red) for patients (A) and controls (B). In C, the group difference
(patients > controls) in left amygdala — right anterior supramarginal gyrus coupling

is presented, including the anatomical reference, the connectivity values per group
(showing enhanced rsFC in patients compared to controls) and the association with pain
catastrophizing (showing negative correlation between catastrophizing and amygdala rsFC
with supramarginal gyrus in the patient group). Note that labels mostly refer to peak
coordinates, even though clusters may extend into other regions (see also Tables S2—
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S5). rsFC = resting-state functional connectivity; SMG = supramarginal gyrus. * depicts
significant difference
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Figure 4. Association between pain catastrophizing and threat-safety learning (path c) in patients
with chronic pain.

There is a positive, moderate relation between pain catastrophizing and threat-safety

learning.
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Figure 5. Relation between pain catastrophizing and left amygdala rsFC.
The seed-to-whole-brain group-level mediation model is presented, highlighting the path

of focus (path &). Regions in purple show positive correlations, i.e., where higher levels

of catastrophizing across patients are related to greater amygdala connectivity. Regions in
blue show negative correlations, i.e., where higher levels of catastrophizing across patients
are related to weakeramygdala connectivity. Note that only clusters surviving p < .001 are
presented, along with their surrounding subthreshold voxels, for a more complete illustration
of the functional anatomy of significant clusters. Labels refer to peak coordinates, even
though clusters may extend into other regions (see Table S7 for more details).
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Figure 6. Relation between left amygdala rsFC and threat-safety learning while controlling for
pain catastrophizing.

The seed-to-whole-brain group-level mediation model is presented, as well as the brain
regions that -in coupling with the amygdala- are associated with threat-safety discrimination,
after controlling for the influence of pain catastrophizing. Regions in purple show positive
correlations, i.e., where greateramygdala connectivity is related to increased differential
threat-safety learning. Regions in blue show negative correlations, i.e., where weaker
amygdala connectivity is related to increased differential threat-safety learning. Note that
only clusters surviving p < .001 are presented, along with their surrounding subthreshold
voxels, for a more complete illustration of the functional anatomy of significant clusters.
Labels refer to peak coordinates, even though clusters may extend into other regions (see
Table S8 for more details).
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left amygdala rsFC mediating relation between pain catastrophizing and
threat-safety learning (a x b)
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Figure 7. Brain mediators of therelation between pain catastrophizing and threat-safety
discrimination.

A. Brain regions in purple are significant mediators of the relationship between pain
catastrophizing and threat-safety learning, meaning that stronger associations between pain
catastrophizing and threat-safety discrimination learning are mediated by reduced left
amygdala coupling with right supramarginal gyrus and brainstem. Note that only clusters
surviving p < .001 are presented, along with their surrounding subthreshold data. B. The
path diagrams and standardized coefficients are presented for descriptive purposes, as
calculated offline (post-hoc). See Table S9 for more details. SE = standard error, Cl =
confidence interval. *p< .01, ** p<.005, *** p<.001, " p> .05 (not significant)
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Figure 8. Overview of inferior parietal findings and atlasreference.
A. The group difference is presented, with patients showing enhanced left amygdala rsFC

with right supramarginal gyrus. B. Findings from the different paths of the mediation
analysis: path &, band a x b (indirect effect), which all converge on a cluster in
supramarginal gyrus / parietal operculum. C. For anatomical reference, the atlas regions
supramarginal gyrus (anterior part; superior cluster) and parietal operculum (inferior cluster)
are presented as defined in Harvard-Oxford cortical atlas (thresholded at .25). Note that the
specific details of all findings can be found in Figures 3, 5, 6 and 7.
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