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A B S T R A C T   

Background: Anxiety and irritability frequently co-occur in youth and are mediated by aberrant threat responses. 
However, empirical evidence on neural mechanisms underlying this co-occurrence is limited. To address this, we 
apply data-driven latent phenotyping to data from a prior report of a well-validated threat extinction recall fMRI 
paradigm. 
Methods: Participants included 59 youth (28 anxiety disorder, 31 healthy volunteers; Mage=13.15 yrs) drawn 
from a transdiagnostic sample of 331 youth, in which bifactor analysis was conducted to derive latent factors 
representing shared vs. unique variance of dimensionally-assessed anxiety and irritability. Participants under
went threat conditioning and extinction. Approximately three weeks later, during extinction recall fMRI, par
ticipants made threat-safety discriminations under two task conditions: current threat appraisal and explicit 
recall of threat contingencies. Linear mixed-effects analyses examined associations of a “negative affectivity” 
factor reflecting shared anxiety and irritability variance with whole-brain activation and task-dependent 
amygdala connectivity. 
Results: During recall of threat-safety contingencies, higher negative affectivity was associated with greater 
prefrontal (ventrolateral/ventromedial, dorsolateral, orbitofrontal), motor, temporal, parietal, and occipital 
activation. During threat appraisal, higher negative affectivity was associated with greater amygdala-inferior 
parietal lobule connectivity to threat/safety ambiguity. 
Limitations: Sample included only healthy youth and youth with anxiety disorders. Results may not generalize to 
other diagnoses for which anxiety and irritability are also common, and our negative affectivity factor should be 
interpreted as anxiety disorders with elevated irritability. Reliability of some subfactors was poor. 
Conclusions: Aberrant amygdala-prefrontal-parietal circuitry during extinction recall of threat-safety stimuli may 
be a mechanism underlying the co-occurrence of pediatric anxiety and irritability.   

1. Introduction 

Comorbidity is pervasive in psychiatry and complicates pathophys
iological research by yielding nonspecific correlates, impeding target 
identification and development of putative mechanistic treatment in
terventions (Insel, 2014; Kaczkurkin et al., 2020; Kapur, Phillips, & 
Insel, 2012; Kotov et al., 2017; Milham, Craddock, & Klein, 2017). In 
youth, anxiety and irritability are common and often co-occur (Mer
ikangas et al., 2010; Stoddard et al., 2014). Recently, in a clinical sample 
of 230 youth diagnosed with a primary anxiety disorder, approximately 
53% presented with elevated irritability (Shimshoni et al., 2020); in 

other samples with both treatment-seeking and typically developing 
youth, irritability and anxiety are significantly correlated (r’s=.42–.43; 
Cornacchio et al., 2016; Crum et al., 2020; Stoddard et al., 2017). 

Both anxiety and irritability involve high-arousal, phasic negative 
affect states (e.g., “negative affectivity”) (Cardinale et al., 2019; Lee 
et al., 2017; Rothbart, 2007), and show overlapping and distinct neural 
mechanisms of threat orienting (Kircanski et al., 2018). While a large 
literature links anxiety to aberrant threat responses (Craske, Hermans, & 
Vervliet, 2018; LeDoux & Pine, 2016; Milad & Quirk, 2012; Shin & 
Liberzon, 2010), a smaller literature examines threat responding in ir
ritability (Brotman, Kircanski, Stringaris, Pine, & Leibenluft, 2017; 
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Leibenluft, 2017). Aberrant threat response, both in irritability and 
anxiety, is associated with perturbations in the 
amygdala-prefrontal-hypothalamic-periaqueductal gray circuitry 
(Brotman et al., 2017; Craske et al., 2018; LeDoux & Pine, 2016; Lei
benluft, 2017; Milad & Quirk, 2012; Shin & Liberzon, 2010). Given the 
overlapping neural circuitry and high co-occurrence of irritability with 
anxiety, examining the neural mechanisms underlying this 
co-occurrence may improve the development of evidence-based treat
ment of these commonly co-occurring conditions (Kircanski et al., 2019; 
Shimshoni et al., 2020). In the present study, we use a computational 
latent phenotyping approach with a threat learning functional Magnetic 
Resonance Imaging (fMRI) paradigm to examine the neural mechanisms 
of threat learning underlying the commonality between anxiety and ir
ritability in youth. 

Increasingly, researchers use latent phenotyping approaches to 
address the challenge of parsing specific and shared pathophysiology 
underlying clinical comorbidity (Flagel et al., 2016; Friston, Redish, & 
Gordon, 2017; Kaczkurkin et al., 2020). Bifactor modeling represents 
one such approach (Bornovalova, Choate, Fatimah, Petersen, & Wiernik, 
2020; Caspi et al., 2014; Castellanos-Ryan et al., 2014; Harrewijn et al., 
2021; Kaczkurkin et al., 2020; Kircanski et al., 2018; Zald & Lahey, 
2017). Bifactor analysis uses observed data as indicators to estimate 
latent constructs (Caspi et al., 2014; Kaczkurkin et al., 2020; Reise, 
Moore, & Haviland, 2010). It is well-suited to handle correlated symp
toms, such as irritability and anxiety (Stoddard et al., 2014), to reveal a 
hierarchical structure of symptoms including a general/common factor 
and unique, orthogonal subfactors (Cardinale et al., 2019; Harrewijn 
et al., 2021; Kircanski et al., 2018). Thus, it is an appealing approach for 
research on pathophysiology of correlated domains to disentangle 
distinct and common variances (Castellanos-Ryan et al., 2014; Kircanski 
et al., 2018; Reise, 2012; Shanmugan et al., 2016; Zald & Lahey, 2017). 
While the use of bifactor and other latent models in psychopathology 
research is increasing, its application to task-based fMRI data is in its 
infancy (Castellanos-Ryan et al., 2014; Kircanski et al., 2018; Shanmu
gan et al., 2016). 

Prior work has begun to disentangle neural correlates of threat- 
related processing in anxiety and irritability. Two studies examined 
the neural correlates underlying the co-occurrence of anxiety and irri
tability by testing the interactions between irritability and anxiety 
symptoms (Crum et al., 2020; Stoddard et al., 2017). These studies found 
that high levels of both symptoms were associated with decreased 
anterior cingulate cortex (ACC) activation during viewing of negative 
images (Crum et al., 2020) and decreased amygdala-medial prefrontal 
cortex (mPFC) connectivity during implicit threat processing (Stoddard 
et al., 2017). In a recent study, Kircanski et al. (2018) applied bifactor 
analysis to parse the unique and shared variances of 
dimensionally-assessed irritability and anxiety symptoms in youth as it 
related to attentional threat orienting. Using an fMRI dot-probe task to 
examine attentional threat orienting, a common factor of irritability and 
anxiety (i.e., negative affectivity) was associated with increased 
thalamic activation during threat orienting (Kircanski et al., 2018). 
Together, these studies (Crum et al., 2020; Kircanski et al., 2018; 
Stoddard et al., 2017) provide preliminary data supporting the investi
gation of the co-occurrence of irritability and anxiety, which may pre
sent with unique neural markers distinct from those of either irritability 
or anxiety presenting alone. 

Findings from Kircanski et al. (2018) illustrate the promise of a 
bifactor modeling approach to parse the unique and common variance of 
irritability and anxiety and relate them to distinct neural correlates of 
threat orienting. The current study expands Kircanski et al. (2018) by 
focusing on threat-safety discrimination, rather than threat orienting. 
The ability to differentiate threat and safety through associative learning 
has been studied extensively in anxiety disorders using threat condi
tioning, extinction, and extinction recall paradigms (Craske et al., 2018; 
Shechner, Hong, Britton, Pine, & Fox, 2014). Such processes, mediated 
by amygdala-prefrontal cortex (PFC) function, are conserved across 

species (Milad & Quirk, 2012) and offer a useful means of understanding 
the pathophysiology underlying threat-safety learning and discrimina
tion in anxiety disorders (Graham & Milad, 2011). In particular, threat 
extinction recall paradigms are sensitive to detecting anxiety-related 
differences in memory recall of threat/safety signals, eliciting greater 
fronto-temporal activation (i.e., ventromedial PFC [vmPFC], subgenual 
and medial ACC, dorsolateral prefrontal cortex [dlPFC], inferior tem
poral cortex) (Britton et al., 2013; Gold et al., 2020; Michalska et al., 
2019) and altered amygdala-vmPFC connectivity during extinction 
recall across specific conditions/stimuli (Gold et al., 2016, 2020) in 
youth with anxiety. Currently, the literature on such processes is scarce 
in irritability (Kircanski et al., 2018; Stoddard et al., 2017). Indeed, to 
date, no studies have examined threat conditioning, extinction, or 
extinction recall in irritability alone or in combination with anxiety. 

In this study, we used a data-driven latent phenotyping approach, i. 
e., bifactor model, with a well-validated threat extinction recall para
digm (Britton et al., 2013; Gold et al., 2016, 2020) to identify the neural 
correlates of extinguished threat recall underlying the commonality 
between pediatric anxiety and irritability symptoms. During the task, 
participants are asked to make threat-safety discriminations under two 
attention conditions: threat appraisal and memory recall (Britton et al., 
2013; Gold et al., 2016, 2020). Specifically, participants rate their cur
rent levels of fear evoked by, and memory for, facial morph stimuli 
falling along a continuum with parametrically varying degrees of simi
larity to the extinguished threat (CS+) and safety (CS-) cues. This 
paradigm was designed to measure the response gradients, and capture 
the transitional boundary, between threat and safety. Previous research 
of extinction recall in clinical anxiety has used passive viewing to mimic 
non-human animal research; however, passive viewing does not mea
sure psychological processes relevant to clinical anxiety, such as sub
jective fear levels (e.g., threat appraisal). For each attention condition, 
participants provide continuous Likert scale ratings in response to one of 
two questions regarding each facial morph stimulus: 1) How afraid are 
you? (threat appraisal condition); 2) How likely was she to scream? 
(memory recall condition). 

This is the first study to examine threat conditioning, extinction, and 
extinction recall in irritability and anxiety. Prior work using variants of 
our threat extinction recall paradigm (Britton et al., 2013; Glenn, Fox, 
Pine, Peters, & Michalska, 2020; Gold et al., 2016, 2020; Michalska 
et al., 2019; Shechner et al., 2018) found that anxiety diagnosis or risk 
for anxiety (i.e., behavioral inhibition) was associated with perturbed 
function in frontal (vmPFC, dlPFC, ACC) and temporal (inferior tem
poral cortex) regions, as well as thalamus during memory recall of 
threat/safety signals and altered amygdala-vmPFC functional connec
tivity during extinction recall across conditions/stimuli. Using a 
different extinction recall paradigm, Marin et al. (2017) also reported 
reduced vmPFC activation and greater amygdala-vmPFC connectivity 
during extinction recall in adults with anxiety. Although prior behav
ioral research reveals similar patterns of discriminative learning during 
conditioning and extinction among anxious and non-anxious youth, 
anxious relative to non-anxious youth exhibit heightened behavioral 
and physiological fear responses to all conditioned stimuli (Abend et al., 
2020; Dvir, Horovitz, Aderka, & Shechner, 2019). During extinction 
recall, anxiety diagnosis or risk for anxiety (i.e., behavioral inhibition) 
was associated with elevated fear (Britton et al., 2013) and skin 
conductance response (SCR; Michalska et al., 2019) to extinguished 
threat/safety cues during threat appraisal and greater memory to 
extinguished threat cues (CS+; Britton et al., 2013; Shechner et al., 
2018). Based on these findings and studies on the co-occurrence of 
anxiety and irritability (Crum et al., 2020; Kircanski et al., 2018; Stod
dard et al., 2017), we hypothesized that the commonality between 
anxiety and irritability in youth (i.e., “negative affectivity”) would be 
associated with dysfunction in the vmPFC, ACC, thalamus, and temporal 
regions during memory recall of threat/safety signals. We also hypoth
esized that negative affectivity would be associated with altered 
amygdala-based functional connectivity during extinction recall across 
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conditions. Behaviorally, negative affectivity would be associated with 
heightened fear responses (in physiological measures and subject rat
ings) to all conditioned stimuli during conditioning and extinction and 
greater fear ratings during threat appraisal to, and better memory during 
recall of, the extinguished threat (CS+) relative to safety (CS-) cues. 

2. Method 

2.1. Participants 

Participants were recruited by the National Institute of Mental 
Health (NIMH) Intramural Research Program; written consent/assent 
was obtained from parents/children, respectively. Recruitment occurred 
in several steps. First, in a large transdiagnostic sample of youth 
(N=331; Mage=13.57 yrs; 54.08% female) with primary disruptive 
mood dysregulation disorder (DMDD; n=70), anxiety disorder(s) 
(n=95), attention-deficit/hyperactivity disorder (ADHD; n=39), and 
healthy volunteers (n=127), we conducted bifactor analysis to derive 
latent factors representing the common and unique variance associated 
with dimensionally-assessed anxiety and irritability symptoms (see 
below and eResults 1 in the Supplement for details). Second, of the 331 
youth included in the bifactor analysis, fMRI data on extinction recall 
were available in 59 youth who completed a threat conditioning and 
extinction paradigm, followed by the extinction recall fMRI paradigm. 
These 59 youth constituted the final sample of this study and included 
28 participants with anxiety disorder(s) and 31 healthy volunteers 
(Mage=13.15 yrs; 66.10% female), reflecting a subsample from a report 
by Gold et al. (2020). Additional bifactor model was not conducted in 
the final sample of 59 youth given the small sample size. We used the 
bifactor-derived factor scores as our clinical phenotypes; all reported 
analyses relating threat conditioning, extinction, and extinction recall to 
the bifactor-derived clinical phenotypes are new. See Table 1 for the 
sample characteristics across the entire sample of N=59 and the Sup
plement (eMethods 1) for detailed diagnostic/clinical assessments. 

2.2. Bifactor-derived clinical latent factors of anxiety and irritability 

Detailed results of the bifactor analysis of anxiety and irritability 
symptoms assessed using parent- and child-reports of the Screen for 
Child Anxiety Related Emotional Disorders (SCARED) (Birmaher et al., 
1997, 1999) and parent- and child-reports of the Affective Reactivity 
Index (ARI) (Stringaris et al., 2012), respectively, have been described in 
our prior work (Cardinale et al., 2019). In this study, we applied the 
bifactor-derived factor scores reported in Cardinale et al. (2019) to the 

behavioral and imaging analyses in the 59 youth who completed the 
extinction recall fMRI paradigm. The bifactor analysis revealed four 
factors: a general factor (termed “negative affectivity”), anxiety, 
parent-reported irritability, and child-reported irritability (see the eRe
sults 1 in the Supplement for details). 

Analyses indicated that only the general factor showed satisfactory 
reliability in terms of the index of construct replicability (H) and omega 
(ωh, omega hierarchical, i.e., the proportion of variances in the in
dicators attributable to the common factor) – H=.94 and ωh=.77 (H 
>.80 and ωh >.75 indicate acceptable reliability) (Hancock & Mueller, 
2001; Levin-Aspenson et al., 2021; Reise, Bonifay, & Haviland, 2013; 
Rodriguez, Reise, & Haviland, 2016). See the Supplement (eResults 1 & 
eFigure 1) for more details. Therefore, in this study, we focused on 
findings with the general factor (i.e., “negative affectivity,” standardized 
factor score M±SD = -.10±0.82), reflecting shared variance in anxiety 
and irritability symptoms. Exploratory findings regarding the other 
symptom-specific latent subfactors (i.e., anxiety, parent-reported irri
tability, and child-reported irritability) are presented in the Supplement 
(eResults 3-4 and eTable 1-3). See Discussion for methodological con
siderations and limitations regarding the other subfactors. 

2.3. Procedures 

2.3.1. Visit 1: Threat conditioning and extinction task 
Participants completed an established threat conditioning and 

extinction paradigm as reported in Gold et al. (2020) (eFigure 2A). 
Briefly, participants were presented with visual stimuli showing two 
women displaying neutral facial expressions as the conditioned threat 
and safety stimuli (CS: CS+ and CS-, respectively). The task consisted of 
three phases: pre-conditioning, conditioning, and extinction. SCR and 
startle response using electromyography (EMG; collected continuously), 
and self-rated fear (collected between phases) were recorded. For more 
details about this visit and psychophysiological measures, see the Sup
plement (eMethods 2) and Gold et al. (2020). 

2.3.2. Visit 2: Threat extinction recall during fMRI 
Approximately 3 weeks following Visit 1 (M±SD = 19±6.75 days; 

range = 10–35 days), participants returned for the fMRI scan during the 
threat extinction recall task (Gold et al., 2020) (eFigure 2B). Participants 
made threat-safety discriminations under two task conditions: threat 
appraisal and explicit memory. Specifically, participants rated, along a 
7-point Likert scale from 0 (not at all) to 6 (extremely), their current 
levels of fear evoked by, and memory for, facial morph stimuli falling 
along a continuum with varying degrees of similarity to the extinguished 
threat (CS+) and safety (CS-) cues (with 9 morphed images in between; 
eFigure 2B). See Supplement for details regarding the fMRI task pro
cedures (eMethods 2). 

2.4. Imaging data acquisition and preprocessing 

Neuroimaging data were acquired on a 3-T General Electric scanner 
using a 32-channel head coil. Data were preprocessed using the Analysis 
of Functional NeuroImages (AFNI) (Cox, 1996). The first four volumes of 
each functional run were discarded to allow for the magnetization to 
reach a steady state, resulting in 268 TRs per run. Standard pre
processing procedures were applied to the fMRI data (e.g., despiking, 
slice-timing correction, co-registration, normalization, and smoothing). 
TR pairs with a Euclidean norm motion derivative >1mm or an outlier 
fraction >0.1 were censored during linear regression (Gold et al., 2020; 
Kircanski et al., 2018). See eMethods 3 in the Supplement for acquisition 
and preprocessing parameters. 

Processed, scaled fMRI data were entered into three General linear 
models (GLMs) to estimate voxelwise blood oxygen level-dependent 
(BOLD) signal change and task-related functional connectivity of the 
amygdala (bilateral amygdala seeds) in the first-level analysis. One GLM 
estimated BOLD signal change and included the following parameters: a 

Table 1 
Sample characteristics.   

N (%) or Mean (SD) 

Age, mean (SD), y 13.15 (2.68) 
Female, n (%) 39 (66.10) 
IQ, mean (SD) a 113.73 (12.23) 
SES, mean (SD) b 36.16 (19.58) 
Motion, mean (SD) c 0.09 (0.06) 
Days between visits, mean (SD) 19 (6.75) 
Irritability Measures, mean (SD)  

Child-reported ARI 1.56 (2.42) 
Parent-reported ARI 1.54 (2.57) 

Anxiety Measures, mean (SD)  
Child-reported SCARED 20.75 (16.03) 
Parent-reported SCARED 17.90 (17.21) 

Abbreviations: ARI = Affective Reactivity Index; SCARED = Screen for Child 
Anxiety Related Emotional Disorders; SES = Socioeconomic status. 

a Measured by the Wechsler Abbreviated Scale of Intelligence. 
b Measured by the Hollingshead 2-factor index. Missing data for 2 

participants. 
c Calculated as the mean Euclidean distance of framewise volume shift after 

censoring. 
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quadratic detrending polynomial, a regressor for each of 6 translational 
and rotational motion parameters, and 22 gamma-convolved regressors 
of interest for modeling task conditions. These 22 task regressors cor
responded to each morphed image (11 images: 0% [=CS-], 10%, 20%, 
30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% [=CS+]) for each task 
condition (2 conditions: explicit memory vs. threat appraisal). The other 
two GLMs applied generalized psychophysiological interaction (gPPI) 
(McLaren, Ries, Xu, & Johnson, 2012) methods to identify brain regions 
that differed in their functional connectivity with each amygdala seed 
(left, right) as a function of task conditions. For details, see eMethods 3 
in the Supplement and Gold et al. (2020). 

2.5. Statistical analysis 

Analyses used participants’ continuous latent factor scores on four 
factors derived from the bifactor analysis: negative affectivity (common 
factor), anxiety, parent-reported irritability, and child-reported irrita
bility. These scores were used as between-subjects variables in the 
group-level analyses of behavioral (i.e., ratings and RT) and fMRI data. 

2.5.1. Behavioral data 
Behavioral data were analyzed using the lme package in R (Rstudio, 

2020). Two linear mixed-effects models were tested for behavioral data 
during fMRI, one for ratings and the other for RT. Models tested task 
condition (threat appraisal, explicit memory) by morph (1-11) by each 
bifactor-derived latent factor (negative affectivity, anxiety, 
parent-reported irritability, child-reported irritability) to examine as
sociations between the phenotypes and ratings/RT. The number of days 
between visits was modeled as a nuisance variable. 

2.5.2. Imaging data 
Group-level fMRI data were analyzed with linear mixed-effects 

modeling using 3dLME (Chen, Saad, Britton, Pine, & Cox, 2013), 
which relied on the lme function in R. We tested three models (one for 
activation and two for bilateral amygdala functional connectivity) of 
task condition (threat appraisal, explicit memory) by morph (1-11) by 
each latent factor (negative affectivity, anxiety, parent-reported irrita
bility, child-reported irritability) to examine associations between the 
bifactor-derived phenotypes and whole-brain neural activation and 
amygdala functional connectivity. Linear and quadratic trends of the 
morph stimuli (based on weights generated from orthogonal poly
nomials) served as within-subject variables. We tested linear trends to 
identify regions that showed activation/connectivity as a linear function 
of threat and quadratic trends to identify regions that responded more to 
ambiguous threat relative to CS- and CS+. The number of days between 
visits was modeled as a nuisance variable. 

A whole-brain gray matter mask was used in the analyses, as was a 
mask that included voxels for which data existed for at least 90% of 
participants (Abend et al., 2020; Gold et al., 2020). The initial 
voxel-wise threshold was set at p<.001, two-sided. Multiple-testing 
cluster-extent correction was set at family-wise error rate of 
α<.05/60=.00083 to correct for 60 F-tests (involving latent factors) via 
Monte Carlo cluster-size simulation by using methods designed recently 
to address concerns regarding inflated false positive rates (Cox, Chen, 
Glen, Reynolds, & Taylor, 2017). These 60 tests represents the three 
above-described models (one for activation and two for bilateral 
amygdala functional connectivity) for eight three-way interactions of 
task condition by morph (linear/quadratic) by each latent factor, eight 
two-way interactions of morph (linear/quadratic) by each latent factor, 
and four two-way interactions of task condition by each latent factor, i. 
e., 3*(8+8+4)=60. The resulting cluster-size threshold was k≥76 
(1187.5 mm3). At this threshold, we did not find significant three-way 
interactions, i.e., task condition by morph (linear/quadratic) by any 
latent factors in the activation analysis; however, we observed large 
clusters of 907 to 4757 voxels (14,172 to 74,328 mm3) for the two-way 
interactions of task condition by latent factors. To facilitate 

interpretation, we extracted clusters from the activation analysis by 
using a more stringent voxelwise threshold of p<0.0001 (cluster size =
28 voxels, i.e., 437.5 mm3). To characterize significant interactions, we 
extracted mean percent signal change and connectivity values averaged 
from each cluster using AFNI’s 3dROIstat program and conducted 
post-hoc analyses in RStudio using the lme function. 

3. Results 

3.1. Behavioral data 

Psychophysiological measures during threat conditioning and 
extinction demonstrated successful threat conditioning and extinction. 
There was a significant negative affectivity by phase by stimulus inter
action on the EMG data, F2,92=4.76, p=0.01. That is, higher negative 
affectivity was related to lower EMG to CS+ vs. CS- during pre- 
conditioning (r=-.43, p=0.002), but not during conditioning (r=.11, 
p=0.479) or extinction (r=-.05, p=0.738). For detailed out-of-scanner 
behavioral results, see eResults 2 in the Supplement. 

3.1.1. Task Ratings and RT during fMRI 
Analysis of task ratings indicated a three-way interaction of negative 

affectivity by task condition by morph (linear trend) (F1,1214=7.72, 
p=0.006) on ratings during the task. Follow-up analyses within each 
task condition indicated a significant negative affectivity by morph 
(linear trend) interaction in the threat appraisal condition (F1,580=5.24, 
p=0.02), but not in the explicit memory condition (F1,580=0.07, 
p=0.79). Specifically, during threat appraisal, fear ratings increased as 
the proportion of threat (% CS+ in the morphs) linearly increased, and 
this association was stronger in those with high vs. low negative affec
tivity (median split for visualization purposes; B=1.33, t(289)=4.30, 
p<0.001 and B=1.16, t(298)=3.44, p<0.001, respectively; see eFigure 3 
in the Supplement). No association between negative affectivity and RT 
was noted (ps>0.11). 

3.2. Brain imaging data 

3.2.1. Whole-brain Activation 
Analysis indicated two-way interactions of negative affectivity by 

task condition in multiple brain regions (Table 2; Figures 1 & 2). These 
included prefrontal cortex (i.e., ventrolateral prefrontal cortex [vlPFC] 
extending to vmPFC, inferior frontal gyrus, OFC, dlPFC), premotor 
cortex, insula, temporal regions (e.g., superior temporal gyrus, fusiform 
gyrus), parietal regions (e.g., inferior and superior parietal lobule), oc
cipital regions, cerebellum, and brain stem. Follow-up analyses indi
cated that, in general, higher negative affectivity was associated with 
greater activation in these regions during the explicit memory but not 
threat appraisal condition (Table 2). Additional findings with the other 
factors are reported in the Supplement (eResults 4). 

3.2.2. Amygdala functional connectivity 
Analysis revealed a three-way interaction of negative affectivity by 

task condition by morph (quadratic trend) on the connectivity between 
the left amygdala and left inferior parietal lobule (Talairach: x, y, z =
-51, -61, 26; 79 voxels [1234 mm3]; F1,1214=22.54, p<0.001). Follow-up 
analyses by each task condition showed differential effects of negative 
affectivity by morph (quadratic trend) for the threat appraisal (B=-0.39, 
F1,580=12.39, p<0.001) and explicit memory (B=0.32, F1,580=9.06, 
p=0.003) conditions. Specifically, during threat appraisal but not 
explicit memory, t-tests of the PPI estimate between the high vs. low 
negative affectivity group (median spit for visualization purposes) for 
each morph indicated that the high negative affectivity group, relative 
to the low group, showed greater connectivity between the left amyg
dala and left inferior parietal lobule in response to the most ambiguous 
morph between CS- and CS+ (50%CS+) (Fig. 3). No significant associ
ations with negative affectivity were noted for the right amygdala 
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Table 2 
Negative affectivity x task condition interaction from the whole-brain activation analysis.  

Regionsa BA Size (k) Peak(x, y, z)b Analysisc r d 

F1,1214 p value TA EM 

Prefrontal        
L vlPFC/vmPFC e 47 179 (− 36, 39, − 6) 26.85 <0.0001 0.00 0.28 
L inferior frontal gyrus 44 50 (− 44, 11, 4) 30.35 <0.0001 − 0.08 0.24 
R orbitofrontal cortex 11/47 45 (26, 41, − 6) 39.07 <0.0001 − 0.08 0.26 
R dlPFC 9/46 30 (46, 24, 26) 26.37 <0.0001 0.09 0.30 

Motor        
L premotor cortex 6 103 (− 19, − 1, 56) 31.74 <0.0001 − 0.01 0.21 
R premotor cortex 6 76 (39, 1, 56) 34.28 <0.0001 − 0.10 0.20 

Insula        
R insula 13 28 (36, 19, 14) 29.70 <0.0001 − 0.10 0.21 

Temporal        
L anterior STG 22 93 (− 49, − 1, − 4) 40.70 <0.0001 − 0.13 0.24 
L fusiform face area 37 52 (− 44, − 59, − 9) 27.17 <0.0001 − 0.09 0.09 
L fusiform face area 30 36 (− 36, − 41, − 14) 29.37 <0.0001 − 0.07 0.16 

Parietal        
L inferior parietal lobule 40/7 356 (− 29, − 46, 44) 39.85 <0.0001 − 0.06 0.28 
R superior parietal lobule 7 70 (34, − 61, 56) 29.10 <0.0001 0.09 0.27 
L S2 43 46 (− 51, − 16, 19) 40.04 <.0001 − 0.09 0.21 

Occipital        
R V2 18 34 (16, − 86, − 11) 30.53 <0.0001 − 0.02 0.22 

R cuneus 19 31 (31, − 74, 39) 26.66 <0.0001 0.06 0.30 
Cerebellum        

L cerebellum – 689 (− 16, − 81, − 26) 62.33 <0.0001 − 0.18 0.27 
Brainstem        

Brainstem – 41 (− 6, − 24, − 9) 33.02 <0.0001 − 0.18 0.19 

Abbreviations: BA = Brodmann area; dlPFC = dorsolateral prefrontal cortex; L = left; EM = explicit memory; R = right; S2 = secondary somatosensory cortex; STG =
superior temporal gyrus; TA = threat appraisal; V2 = secondary visual cortex; vlPFC = ventrolateral prefrontal cortex; vmPFC = ventromedial prefrontal cortex. 

a At voxelwise p=.001, the largest significant cluster was of 1598 voxels. To facilitate interpretation, we extracted clusters using the more stringent voxelwise 
p=.0001. At this threshold, clusters ≥ 28 voxels survive whole-brain correction at α=.05/60=.00083. Region comprising the greatest portion of the cluster extent. 

b Coordinates are in Talairach space. 
c Post-hoc linear mixed models on mean BOLD (blood oxygenation level-dependent) signal for extracted cluster. 
d Post-hoc correlations between negative affectivity factor and brain activation for each task condition (explicit memory [EM] and threat appraisal [TA]) after 

adjusting for days between visits and anxiety, parent-rated irritability, and child-rated irritability factors. 
e Two subjects were excluded from post-hoc analyses because of outliers (i.e., 3 SDs below the mean). 

Fig. 1. Negative affectivity by task condition interaction on vlPFC/vmPFC activation. (A) Whole-brain analyses revealed negative affectivity by task condition 
interaction on activation in the left vlPFC extending to vmPFC (Talairach: x, y, z = -36, 39, -6; 179 voxels). (B) Residualized scatterplot (adjusting for other latent 
factors and days between visits) depicting individual data points and the association between negative affectivity and the BOLD (blood oxygenation level-dependent) 
% signal change during the explicit memory and threat appraisal conditions. Higher negative affectivity was related to greater vlPFC/vmPFC activation during 
explicit memory but not threat appraisal. 
Note. vlPFC = ventrolateral prefrontal cortex; vmPFC = ventromedial prefrontal cortex. 
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connectivity, and no significant associations with other subfactors were 
noted for either the left or right amygdala connectivity. 

3.3. Behavior & brain imaging data 

Activations in the 17 significant clusters were not significantly 
correlated with ratings or RT during explicit memory after Bonferroni 
correction at alpha=.05/17=.0029 (r’s = -.25 to .29, p’s = 0.028 to 
.965). The connectivity between the left amygdala and left inferior pa
rietal lobule in response to the most ambiguous morph (50% CS+) 
during threat appraisal was also not correlated with either rating or RT 
to the same stimuli (r = -.13 and .04, respectively). 

4. Discussion 

This study used a data-driven latent phenotyping approach, i.e., 

bifactor model, to identify the common variance between pediatric 
anxiety and irritability symptoms and relate it to neural activation and 
amygdala connectivity during threat extinction recall. Results indicated 
that higher negative affectivity (i.e., disordered anxiety symptoms with 
elevated irritability) was associated with greater activation across 
multiple brain regions including the prefrontal, motor, insula, temporal, 
parietal, and occipital regions during memory recall of threat/safety 
stimuli. Moreover, higher negative affectivity was associated with 
greater functional connectivity between amygdala and inferior parietal 
lobule in response to threat/safety ambiguity during threat appraisal. 
Together, these findings suggest that aberrant amygdala-prefrontal- 
parietal circuitry during extinction recall of threat-safety discrimina
tion may be a mechanism underlying the co-occurrence of pediatric 
anxiety and irritability. 

Consistent with the literature (see Dvir et al., 2019 for a 
meta-analysis), participants showed successful discriminative 

Fig. 2. Negative affectivity by task condition interaction on activation in regions other than vlPFC/vmPFC. In general, higher negative affectivity was 
associated with greater activation across these regions during the explicit memory but not threat appraisal condition. 
Note. dlPFC = dorsolateral prefrontal cortex; FFA = fusiform face area; IFG = inferior frontal gyrus; L = left; OFC = orbitofrontal cortex; R = right; S2 = secondary 
somatosensory cortex; STG = superior temporal gyrus; V2 = secondary visual cortex. 
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conditioning across all measures (self-report, SCR, and startle response), 
independent of their negative affectivity (i.e., the bifactor-derived 
common factor of anxiety and irritability). Specifically, following con
ditioning, participants reported greater fear and showed greater SCR 
and startle response to CS+ relative to CS-. The effects for fear rating and 
startle response, but not SCR, were maintained following extinction; 
such divergence has been previously reported, potentially indicating 
that these measures assess related but distinct processes (Lonsdorf et al., 
2017). During extinction recall, fear ratings in the threat appraisal 
condition (but not ratings in the explicit memory condition) increased as 
the proportion of threat (% CS+) linearly increased, and this association 
was stronger in those with high vs. low negative affectivity. This in
dicates that youth with high negative affectivity, relative to those with 
low negative affectivity, showed greater discriminative appraisal of 
extinguished threat vs. safety cues. Of note, behavioral task measures (i. 
e., ratings and RT) did not correlate with brain activations or 
amygdala-inferior parietal lobule connectivity measures that were 
associated with negative affectivity, at the corrected threshold. Studies 
with larger samples, and thus greater statistical power, may be needed to 

link behavioral effects, such as ratings and RT, and brain-phenotype 
associations that emerge during extinction recall, although prior ana
lyses of the larger dataset from which this subsample was derived found 
no RT modulation on neural activation in youth with anxiety (Gold 
et al., 2020). While it is possible that neural measures are more sensitive 
than behavioral measures in detecting phenotype-related associations, 
future studies should strive to demonstrate convergent effects. 

Researchers are beginning to use latent variable models, specifically 
bifactor modeling, in psychiatric neuroimaging, demonstrating its 
promise in revealing both common and dissociable neural substrates of 
psychopathology and symptom dimensions (Cardinale et al., 2019; 
Kaczkurkin et al., 2020; Kircanski et al., 2018; Shanmugan et al., 2016). 
Using bifactor modeling with threat extinction recall fMRI data, we 
found that negative affectivity (i.e., the bifactor-derived common factor 
of anxiety and irritability) was associated with greater activation across 
multiple brain regions during memory recall of threat/safety stimuli and 
greater amygdala-inferior parietal lobule connectivity threat/safety 
ambiguity during threat appraisal. These findings extend the only pre
vious fMRI study using a bifactor approach with a threat orienting 

Fig. 3. Negative affectivity by task condition by morph (quadratic trend) interaction on the functional connectivity between left amygdala and left 
inferior parietal lobule. (A) The left amygdala seed. (B) The generalized PPI analysis revealed negative affectivity by task condition by morph (quadratic trend) 
interaction on the functional connectivity between the left amygdala and left inferior parietal lobule (Talairach: x, y, z = -51, -61, 26; 79 voxels). (C) Residualized PPI 
estimates (adjusting for other latent factors and days between visits) from CS- to CS+ by each task condition (threat appraisal, explicit memory) and by high vs. low 
negative affectivity (median split for visualization purposes). 
Note. PPI = psychophysiological interaction; CS = conditioned stimuli. *p<0.05 
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paradigm (i.e., dot-probe task), where negative affectivity was associ
ated with increased thalamic activation (but not with amygdala con
nectivity) during threat orienting (Kircanski et al., 2018). The current 
study also extends two other fMRI studies that examined the interaction 
between irritability and anxiety (Crum et al., 2020; Stoddard et al., 
2017) and reported associations between high levels of both anxiety and 
irritability and less ACC activation during viewing of negative images 
(Crum et al., 2020) and less amygdala-medial PFC connectivity during 
social threat processing (Stoddard et al., 2017). Notably, the neural 
correlates of comorbid irritability and anxiety appeared to be unique 
compared to those of either irritability or anxiety presenting alone 
(Crum et al., 2020; Kircanski et al., 2018; Stoddard et al., 2017). 
Consistent with this, our supplementary results showed that anxiety and 
irritability subfactors were negatively associated with brain activation 
during memory recall; the opposite pattern of association manifested in 
the negative affectivity common factor. However, these results should 
be interpreted with caution given the low reliability of the subfactors. 
Nonetheless, the current and past findings (Crum et al., 2020; Kircanski 
et al., 2018; Stoddard et al., 2017) provide emerging evidence for 
dissociable neural mechanisms of irritability, anxiety, and their 
co-occurrence. 

Our findings of positive associations between negative affectivity 
and activation across multiple brain regions, including the prefrontal 
cortex (e.g., vlPFC extending to vmPFC, a region particularly implicated 
in extinction recall; Milad & Quirk, 2012), insula, and temporal regions, 
during memory recall of threat/safety stimuli are largely consistent with 
our hypotheses and the past literature in pediatric anxiety. Specifically, 
past research using similar threat extinction recall paradigms found that 
youth at risk for or with anxiety disorders, relative to healthy volunteers, 
showed greater fronto-temporal-insular activation (i.e., vmPFC, sub
genual and medial ACC, dlPFC, inferior temporal cortex, anterior insula) 
during memory recall of threat/safety signals (Britton et al., 2013; Gold 
et al., 2020; Michalska et al., 2019). Young adults with childhood 
behavioral inhibition (a risk for anxiety disorders) also showed dlPFC 
dysfunction during memory recall of threat-safety stimuli (Shechner 
et al., 2018). Memory of threat/safety contingencies is one of the most 
robust conditioning markers of anxiety (Lissek et al., 2014). Our findings 
suggest that the neural dysfunction underlying the commonality of 
youth anxiety and irritability also manifests during explicit recall of 
extinguished threat/safety contingencies, but not during appraisal of the 
fear evoked by the threat/safety stimuli. Of note, greater motor, parietal, 
occipital, and cerebellar activation during memory recall of threat/
safety stimuli regions, which have not been found in previous studies in 
pediatric anxiety, may be distinctly associated with the common vari
ance between anxiety and irritability. The involvement of these regions 
may reflect the underlying neural dysfunction of irritability in the 
context of anxiety, as recent work demonstrates the importance of 
frontoparietal and motor-sensory networks—which support attention 
control, motor function, and integration of motor-sensory, emotional, 
and cognitive information—in predicting irritability symptoms (Schei
nost et al., 2021). 

In contrast, aberrant amygdala-based connectivity mediating the 
commonality between anxiety and irritability manifested mostly while 
youth appraised their fear associated with extinguished threat-safety 
cues. Two previous studies where the current sample was drawn from 
showed that youth with anxiety disorders, relative to healthy volunteers, 
exhibited altered amygdala-vmPFC connectivity (Gold et al., 2016, 
2020). Using a latent variable approach to examine the commonality 
between anxiety and irritability, we did not find associations of either 
the negative affectivity common factor or anxiety subfactor with 
amygdala-PFC connectivity. Instead, we found that negative affectivity 
was associated with greater amygdala-inferior parietal lobule connec
tivity in response to threat/safety ambiguity during threat appraisal. 
Inferior parietal lobule is part of the dorsal frontoparietal attention 
network and plays a critical role in sustained attention and attention 
shifting (Behrmann, Geng, & Shomstein, 2004; Singh-Curry & Husain, 

2009). Previous research suggests that inferior parietal hyperactivity 
may contribute to hypervigilance to threat that is common in anxiety 
(Balderston et al., 2017). Evidence also shows that reducing inferior 
parietal cortex activation during threat of shock via transcranial mag
netic stimulation is sufficient to reduce physiological arousal related to 
both fear and anxiety in adults (Balderston et al., 2020). Consistent with 
these findings in adults, our finding of greater amygdala-inferior parietal 
lobule connectivity associated negative affectivity may thus reflect 
greater vigilance and attention to ambiguous threat vs. safety cues when 
anxious youth with elevated irritability appraise the fear evoked by 
those cues. 

4.1. Limitations 

Several limitations are worth noting here. First, we examined irri
tability in youth with a primary anxiety disorder(s), for whom DMDD (a 
diagnosis characterized by high, severe levels of irritability) were 
exclusionary; we did not have extinction recall data from youth with 
DMDD. As a result, the range of irritability symptoms in this sample was 
restricted (i.e., low to medium irritability). Therefore, our negative 
affectivity factor should be interpreted as anxiety disorders with 
elevated irritability (relative to healthy volunteers with no/little anxiety 
and irritability). Future studies should include youth with severe, high 
levels of both irritability and anxiety to evaluate the replicability of our 
findings. Second, the current sample and their latent factor scores were 
drawn from a larger transdiagnostic sample (N=331; youth with anxiety 
disorders, DMDD, ADHD, healthy volunteers) where the bifactor anal
ysis was conducted, and the larger sample did not include all diagnoses 
that may involve anxiety and/or irritability. Thus, our findings may not 
generalize to other diagnoses for which anxiety and irritability are also 
common presenting complaints, e.g., major depressive disorder, bipolar 
disorder. Third, the reliability of subfactors (i.e., anxiety, parent- 
reported irritability, child-reported irritability) was poor. Therefore, 
we only focused on interpreting the results with the general/common 
negative affectivity factor. It will be essential for future studies to 
improve the reliability of the subfactors to enable examinations of the 
neural mechanisms that are specific to anxiety and specific to irritabil
ity, independent of those specific to the commonality of anxiety and 
irritability. Some of the strategies that might improve the reliability of 
the subfactors include the use of a larger sample size; targeted sampling 
to recruit youth with high irritability with and without anxiety; and 
inclusion of clinician ratings in addition to child- and parent-reports to 
address informant effects. Finally, future work is also needed to deter
mine the extent to which our findings regarding negative affectivity are 
specific to anxiety and irritability as opposed to a general psychopa
thology factor (Kotov et al., 2017). 

Anxiety and irritability are common in youth and often co-occur 
(Shimshoni et al., 2020; Stoddard et al., 2014). Children with both 
elevated irritability and anxiety, compared to children with anxiety 
alone or healthy volunteers, are more severely impaired in multiple 
domains of functioning (Shimshoni et al., 2020). However, few data 
exist to guide treatment for the common and impairing comorbidity of 
anxiety and irritability (Kircanski et al., 2019; Shimshoni et al., 2020). 
Exposure therapy, which is based on extinction principles, has been an 
effective treatment for anxiety disorders (Craske, Treanor, Conway, 
Zbozinek, & Vervliet, 2014). Our data showed aberrant extinction recall 
of threat-safety contingencies underlying the co-occurrence of pediatric 
anxiety and irritability, which may be mediated by alterations in the 
amygdala-prefrontal-parietal circuitry. Although these findings require 
replication, they contribute to building an evidence base for treatment 
development, such as exposure therapy for the comorbidity of anxiety 
and irritability, by examining the neural mechanisms underlying the 
commonality between these two phenotypes. This study also adds to the 
growing literature examining the co-occurrence of irritability and anx
iety and its underlying neural correlates, which may be distinct from 
those presented in either irritability or anxiety alone. 
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