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A B S T R A C T   

Exposure to childhood trauma is extremely common (>60 %) and is a leading risk factor for fear-based disorders, 
including anxiety and posttraumatic stress disorder. These disorders are characterized by deficits in fear 
extinction and dysfunction in underlying neural circuitry. Given the strong and pervasive link between childhood 
trauma and the development of psychopathology, fear extinction may be a key mechanism. The present study 
tests the impact of childhood trauma exposure on fear extinction and underlying neural circuitry. Children (N =
44, 45 % trauma-exposed; 6–11 yrs) completed a novel two-day virtual reality fear extinction experiment. On day 
one, participants underwent fear conditioning and extinction. Twenty-four hours later, participants completed a 
test of extinction recall during fMRI. Conditioned fear was measured throughout the experiment using skin 
conductance and fear-related behavior, and activation in fear-related brain regions was estimated during recall. 
There were no group differences in conditioned fear during fear conditioning or extinction learning. During 
extinction recall, however, trauma-exposed children kept more distance from both the previously extinguished 
and the safety cue, suggesting poor differentiation between threat and safety cues. Trauma-exposed youth also 
failed to approach the previously extinguished cue over the course of extinction recall. The effects on fear-related 
behavior during extinction recall were accompanied by higher activation to the previously extinguished cue in 
fear-relevant brain regions, including the dorsal anterior cingulate cortex and anterior insula, in trauma-exposed 
relative to control children. Alterations in fear-related brain regions and fear-related behavior may be a core 
mechanism through which childhood trauma confers heightened vulnerability to psychopathology.   

1. Introduction 

Exposure to childhood trauma is considered to be a leading risk 
factor for psychiatric disorders, particularly fear-based disorders 
including anxiety and posttraumatic stress disorder (PTSD), during 
childhood, adolescence, and adulthood [1–4]. Unfortunately, exposure 
traumatic events such as physical abuse or witnessing violence, is 
extremely common during childhood, with national survey studies 
showing that nearly two thirds of youth will experience one or more 
traumas before their 18th birthday [5,6]. In addition, epidemiological 
studies show that childhood trauma exposure may be even more com-
mon among lower socioeconomic status (SES) households [7]. Although 

the strong and pervasive link between exposure to childhood trauma and 
psychiatric disorders has been well-defined, we still lack mechanistic 
understanding of how childhood trauma alters brain development in 
ways that increase risk of future fear-based disorders. 

A primary translational target for understanding the neurobiological 
basis of fear-based disorders is the neural circuitry involved in fear 
learning and extinction [8]. During Pavlovian fear conditioning, a pre-
viously innocuous cue (conditioned stimulus, CS+) is paired with an 
aversive unconditioned stimulus (US). After repeated pairings, presen-
tation of the CS+ alone elicits a conditioned fear response, measured, for 
example, by elevated skin conductance responses (SCRs). Fear extinc-
tion is a form of fear regulation wherein the previously conditioned cue 
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(CS+) is no longer paired with the aversive US. This new learning (i.e., 
CS-no aversive US association) interferes with the expression of condi-
tioned fear, resulting in a gradual reduction of conditioned fear (e.g., 
lower SCRs) to the extinguished cue (CS+E) over the course of extinction 
learning. Importantly, adults with anxiety disorders and PTSD show 
deficits in extinction learning and the later ability to retain this learning, 
evidenced by heightened SCRs to the CS+E during a test of extinction 
recall [9–12]. A recent meta-analysis of functional magnetic resonance 
imaging (fMRI) studies in adults with PTSD show that the deficits in 
extinction learning and recall are accompanied by a consistent pattern of 
increased activation of fear-relevant brain regions, including the 
amygdala, anterior insula (AI), and dorsal anterior cingulate cortex 
(dACC) [13]. Hyperactivity of these brain regions, which promote the 
detection and expression of fear, was observed in patients with PTSD 
during extinction recall, as well as, during extinction learning and fear 
conditioning [13]. This pattern of hyperactivity is consistent with the 
clinical profile of prolonged and exaggerated threat responding in PTSD 
[13,14]. In addition, during extinction recall, adults with PTSD consis-
tently show lower activation in the ventromedial prefrontal cortex 
(vmPFC), a region linked to the successful recall of extinction learning in 
healthy adults [15–18]. Together, these activation patterns suggest 
aberrant activation of fear-related brain regions and/or deficient acti-
vation of brain regions supporting extinction recall in adults with anx-
iety and PTSD. Although fewer studies have been conducted in children 
and adolescents, impaired extinction learning is consistently reported 
across youth with anxiety disorders and PTSD [19,20]. In these studies, 
fear conditioning is largely comparable between youth with anxiety and 
unaffected controls, although poor discrimination between threat and 
safety cues has been reported in more anxious youth relative to less 
anxious youth during fear conditioning [21]. Together, given that al-
terations in fear extinction are commonly reported in anxiety disorders 
and PTSD in adults and in youth, exposure to childhood trauma may 
alter fear extinction and/or functioning of fear-relevant neural circuitry 
in a way that increases risk of fear-based disorders. 

Emerging neuroimaging studies in youth support the hypothesis that 
exposure to fear-inducing events during childhood alters structure and 
function of fear-related neural circuitry. For example, childhood trauma 
exposure has been linked to increased volume of the amygdala [22], 
increased activation in regions involved in fear expression (e.g., amyg-
dala, dACC) during emotion regulation tasks [22–24], and altered 
resting-state functional connectivity between fear-relevant brain regions 
(amygdala-dACC and amygdala-AI) [25,26]. To our knowledge, three 
studies have examined the impact of trauma exposure on fear condi-
tioning and/or extinction learning in children. In a recent study of 
4− 7-year-olds, Machlin et al. [27] reported no main effects of trauma 
exposure (as defined by higher levels of early threat, e.g., violence) on 
SCR amplitude to the CS+ during fear conditioning, controlling for SCR 
amplitude to the CS-. There was, however, an age x trauma interaction 
for SCRs to the CS+ during early (but not late) fear conditioning such 
that SCRs increased with age among trauma-naïve (but not 
trauma-exposed) children [27]. In the trauma-exposed group, in 
contrast, children exhibited SCR responses to the CS+ across the entire 
age range (4− 7 years). The authors interpreted this lack of age-related 
effects in the trauma-exposed group as an earlier emergence of differ-
ential fear conditioning in this group. Earlier emergence of fear condi-
tioning fits with research suggesting accelerated development of fear 
learning processes in the context of dangerous and/or unpredictable 
threat (e.g., violence), which may be adaptive in the short-term but 
harmful in the long-term [28]. Indeed, in an older sample of 6− 18 
year-olds, McLaughlin et al. [29] demonstrated poorer differentiation in 
SCRs between the threat (CS+) and safety (CS-) cues during fear con-
ditioning in trauma-exposed relative to unexposed children and ado-
lescents. This effect was driven by blunted SCRs to the CS+ during 
conditioning in the trauma-exposed group [29]. Thus, the earlier 
emergence of aversive learning observed in younger trauma-exposed 
children may transition to a difficulty in discriminating between threat 

and safety cues by adolescence. In the same sample, trauma-exposed 
children showed higher SCRs to the CS+E during extinction learning, 
supporting the notion that fear and extinction learning may be altered 
among trauma-exposed children and adolescents [30]. 

Although the aforementioned studies suggest that trauma exposure 
alters fear-related learning in children, there have been no studies 
reporting the effects of childhood trauma on extinction recall. The ef-
fects of childhood trauma may be more apparent during extinction 
recall, in particular, because of immature neural circuitry. Indeed, pre-
vious studies by our group and others show that pre-adolescent children 
are capable of fear conditioning and extinction learning within-session 
[31,32]. However, overall, pre-adolescent children show poor 
between-session recall of extinction learning, as measured by height-
ened SCR amplitudes and an avoidant behavioral pattern 24 h following 
extinction learning [31]. These conditioned fear measures indicate poor 
extinction recall in children, which was accompanied by activation of 
fear-relevant brain regions, including the dACC and AI, during extinc-
tion recall [31]. Together, these data suggest that the neural circuitry 
implicated in supporting extinction recall in healthy adults (e.g., 
vmPFC) is immature in pre-adolescent children, fitting with data sug-
gesting protracted development of top-down connections from the 
vmPFC to amygdala [33]. Rather, pre-adolescent children show a 
pattern of fear expression that is similar to what is observed in healthy 
adults during contextual reinstatement of fear (i.e., higher SCRs and 
activation of the dACC and AI) [34]. These patterns also resemble those 
reported in adults with PTSD – i.e., poor recall and heightened activation 
of fear-relevant brain regions (i.e., dACC, AI, amygdala) [12]. Aberrant 
activation of fear-related brain regions during extinction recall may 
explain variability in between-session retention of therapeutic gain for 
treatments that rely on principles of extinction, such as exposure-based 
therapy [35]. Importantly, exposure to fear-inducing events during 
childhood may exacerbate activation of fear-related brain regions and 
fear-related behavior. Thus, trauma-exposed children may show aber-
rant activation of fear-relevant brain regions during extinction recall. 
Inappropriate activation of these regions may impair the development of 
neural networks supporting extinction recall, as seen in healthy adults 
[e.g., 18]. In other words, trauma-exposed children may have an 
adult-like ability to learn fear and extinguish fear within-session, but 
may not be able to easily overcome it, evidenced by the between-session 
return of fear. 

The present study uses a novel Pavlovian fear extinction paradigm 
previously adapted and validated by our group [32] to assess the impact 
of childhood trauma exposure on fear conditioning, extinction learning, 
and extinction recall in pre-adolescent children. Using fMRI, we also 
examine the effects of trauma on activation of fear-relevant brain re-
gions during extinction recall. Based on prior studies of trauma exposure 
in youth [27,29,30], we predict that trauma-exposed pre-adolescent 
children will show higher conditioned fear to the CS+ or CS+E during 
fear conditioning and extinction learning, respectively, relative to 
trauma naïve youth. We also predict poorer extinction recall and 
increased activation of fear-relevant brain regions in children who have 
experienced trauma, relative to children who have not experienced 
trauma. These predictions are based on prior fMRI studies of extinction 
recall in adults with PTSD showing poor extinction recall and height-
ened activation of fear-relevant brain regions across all experimental 
phases (i.e., fear conditioning, extinction learning, extinction recall) 
[see meta-analysis; 13]. We also performed several exploratory analyses 
(given in the Supplemental Material) to test for effects of age, symptoms 
of PTSD, anxiety, depression, parental psychopathology (symptoms of 
PTSD, anxiety, depression), and number of total traumas experienced on 
conditioned fear and neural activation. 
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2. Methods 

2.1. Participants 

This study included data collected from 44 children, ages 6–11 years 
(M = 8.8, SD = 1.45 years, 22 females), who completed a two-day fear 
extinction experiment. This sample has been previously reported on as a 
part of a validation study of the VR paradigm, and overall patterns of 
extinction recall in pre-adolescent children [31,32]. The effects of 
trauma exposure have not yet been reported on in this sample. Partici-
pants were recruited through local and online advertisements or re-
ferrals from local (Metro Detroit) healthcare providers. The sample was 
separated into trauma-exposed (n = 20) and unexposed control (n = 24) 
groups, as defined below (see Table 1). Trauma-exposed and control 
groups were matched on sex, race distribution, IQ, and pubertal devel-
opment. However, there was a group difference in age (p = 0.01). Effects 
of age were explored in all analyses and patterns associated with 
conditioned fear responding were examined in trauma and control 
groups, separately. Non-native English speakers and children with a 
history of brain injury with loss of consciousness or a neurological 
condition (e.g., epilepsy) were excluded from this study. Participants 
were also free of MRI contraindications, obsessive compulsive disorder, 
psychotic disorder, or significant learning disorder. All study procedures 

were approved by the Wayne State University Institutional Review 
Board (IRB) and conducted in agreement with IRB guidelines. All 
parents/guardians and children provided written informed consent or 
oral assent, respectively. 

2.2. Testing procedures 

The experimental procedures took place over the course of two 
subsequent days (i.e., Saturday, Sunday). On the first day, parents and 
children completed interviews and self-report questionnaires. Children 
subsequently completed fear conditioning and extinction learning in VR 
(details provided below), with a 10-minute break between phases. On 
the second day, participants returned to complete a test of extinction 
recall during fMRI scanning. 

2.2.1. Trauma exposure 
Childhood trauma exposure was measured using parent and/or child 

report of trauma exposure, as defined by the UCLA PTSD Reaction Index 
(RI) for DSM-IV [36,37]. Participants were classified as either trauma or 
control based on parent and/or children reports of the child’s exposure 
to a Criterion A trauma listed on the UCLA PTSD RI (see Table 1). 
Structured clinical interviews were performed with parents and chil-
dren, separately, by a trained postdoctoral research fellow or clinical 
psychology PhD student. Additional measures (e.g., PTSD symptoms, 
number of adversities, parent psychopathology) were collected and used 
in exploratory analyses (see Supplemental Material). 

2.3. Fear extinction paradigm 

The present study used a virtual reality Pavlovian fear extinction 
paradigm (see Fig. 1), previously validated for use in children in our lab 
[31,32]. This paradigm was adapted from Milad et al. [18] using 
interpersonal stimuli that model common fear-inducing events in our 
Detroit sample (e.g., abuse, violence exposure). The experiment took 
place over two days and consisted of three phases: fear conditioning, 
extinction learning, and extinction recall. Day 1 was performed in the 
lab using a VR platform (see Supplemental Material) and day 2 was 
performed during fMRI scanning. On day one, participants underwent 
fear conditioning, during which one conditioned stimulus (CS+) was 
paired with an aversive white noise burst (500 ms, 95 dB), which served 
as the US). One CS was never paired with the US, creating a safety cue (i. 
e., CS-). The CSs were virtual adult males of varied races (i.e., Caucasian, 
African American, Asian) to match the demographics of our population. 
Conditioning occurred in one of two virtual contexts (CXT+), which was 
either an indoor or outdoor hallway. Participants were instructed to 
approach the CS using a joystick or an MR compatible response device. 
The joystick or response device was also used to capture behavioral and 
subjective markers of conditioned fear (see Section 2.4 Measures of 
Conditioned Fear and Supplemental Material). The subsequent extinc-
tion learning phase occurred in the other virtual context (CXT-), creating 
a safety context. During extinction, the CS+ was extinguished (i.e., 
displayed in the absence of the US) creating an extinguished cue (i.e., 
CS+E). The safety cue (i.e., CS-) was also presented throughout. On day 
two (24 h later), participants returned to complete a test of extinction 
recall during fMRI scanning using an adapted version of the VR task in 
2D. During extinction recall, participants encountered the CS+E and CS- 
in the CXT-. Fear conditioning consisted of 8 CS- trials, and 6 reinforced 
and 2 non-reinforced presentations of the CS+ . Extinction learning 
consisted of 8 trials each of the CS+E and CS-. Extinction recall consisted 
of 8 non-reinforced trials each of the CS+E and CS-. Of note, the 
experiment also included an extinction renewal phase and a third CS 
(CS+U, unextinguished) to test the integrity of the fear memory if 
children showed good extinction recall. However, as we have reported 
previously, children showed poor extinction recall. Thus, the present 
study focused on the extinction recall phase. For further details on the 
experimental task, please see [31,32]. 

Table 1 
Participant demographics.  

Variable Trauma-exposed 
(N = 20) 

Unexposed 
controls 
(N = 24) 

P- 
value 

Age, M (SD) 9.44 (1.3) 8.33 (1.4) 0.01 
Sex, n females (%) 8 (40 %) 14 (58.3 %) 0.23 
Handedness, n right-handed 

(%) 
18 (90 %) 23 (96 %) 0.45 

Pubertal Development    
Pre/early (Tanner stages 

1− 2), n (%) 
15 (75 %) 19 (79.2 %) 

0.74 Middle/late (Tanner stages 
3− 5), n (%) 5 (25 %) 5 (20.8 %) 

Race/ethnicity    
Caucasian, n (%) 9 (45 %) 12 (50 %) 

0.36 

African American, n (%) 6 (30 %) 10 (42 %) 
Latino/Latina, n (%) 2 (10 %) 0 (0%) 
Asian American, n (%) 0 (0%) 1 (4%) 
Native American, n (%) 1 (5%) 0 (0%) 
Other or not reported, n (%) 2 (10 %) 1 (4%) 
Annual Income    
Less than $10,000, n (%) 3 (15 %) 2 (8.3 %) 

0.45 

$10− 20,000, n (%) 1 (5%) 2 (8.3 %) 
$20− 30,000, n (%) 6 (30 %) 2 (8.3 %) 
$30− 40,000, n (%) 0 (0%) 2 (8.3 %) 
$40− 50,000, n (%) 1 (5%) 1 (4.2 %) 
$50− 60,000, n (%) 0 (0%) 2 (8.3 %) 
$60− 80,000, n (%) 2 (10 %) 4 (16.7 %) 
$80− 100,000, n (%) 0 (0%) 1 (4.2 %) 
$100− 120,000, n (%) 1 (5%) 1 (4.2 %) 
$120− 140,000, n (%) 3 (15 %) 3 (12.5 %) 
$140− 160,000, n (%) 3 (15 %) 1 (4.2 %) 
$160− 200,000, n (%) 0 (0%) 1 (4.2 %) 
$200− 250,000, n (%) 0 (0%) 2 (8.3 %) 
IQ (KBIT-2), M (SD) 105.6 (9.8) 100.4 (17.9) 0.24 
Trauma type$   

N/A 

Domestic violence, witness n 
(%) 

6 (30 %) 0 (0%) 

Bullying/peer victimization, n 
(%) 

3 (15 %) 0 (0%) 

Domestic violence, victim, n 
(%) 1 (5%) 0 (0%) 

Illness/medically-related 
trauma, n (%) 

15 (75 %) 0 (0%) 

Abbreviations: KBIT-2, Kaufman Brief Intelligence Test, Second Edition; $ Six 
children reported exposure to more than one type of trauma, as defined on the 
UCLA PTSD Reaction Index for DSM-IV. 
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2.4. Measures of conditioned fear 

Conditioned fear responses to the CS+/CS+E and the CS- were 
measured throughout each phase using (1) SCRs and (2) distance kept 
from the CS in the virtual environment. SCR was measured throughout 
the experiment using two electrodes on the area of skin between the first 
and second phalanges of the second and third digits of the non-dominant 
hand. A third ground electrode was used during fMRI scanning. SCR data 
were collected and analyzed using an MP160 system and AcqKnowledge 
software v.5 (BIOPAC Systems, Inc). SCRs were calculated as the 
maximum response within a 0.5–4.5 s window following stimulus onset 
and controlling for a baseline period of 2 s prior to CS onset. SCRs were 
square root transformed to normalize the distributions across partici-
pants and the minimal response criterion was 0.02 μS. For paired CS-US 
trials during fear conditioning, we used a smaller window size (0–3.5 s 
latency) to assess the level of conditioned responding in anticipation of 
the aversive US separate from unconditioned responses to the noise 
bursts, themselves. Of note, this may have excluded peak SCRs to the 
CS+ that occurred after this window. For further details see [32]. Dis-
tance kept from the CS (forward-to-backward) was recorded as a mea-
sure of behavioral avoidance. Overall response to the CS+ or CS+E and 
CS- were calculated during each phase (fear conditioning, extinction 
learning, and extinction recall). We also calculated conditioned fear 
responding during the first (early) and second half (late) of each phase to 
assess effects of trauma over time (i.e., early vs. late). 

2.5. fMRI 

2.5.1. fMRI data acquisition 
A subset of participants (n = 35, 18 trauma-exposed, 17 controls, 

χ(1)2 = 2.46, p = 0.11) underwent fMRI scanning during extinction 
recall. FMRI data were collected during extinction recall given our a 
priori interest in this phase. FMRI data were collected using a 2D version 
of the task with a research-dedicated Siemens 3 T MAGNETOM Verio 
system (MRI Research Facility, Wayne State University). Extinction 

recall took place at the end of the scan period to mitigate effects of a 
novel scanning environment and we previously demonstrated no dif-
ference in conditioned fear responding for this experimental task inside 
vs. outside of the scanner [31]. A multi-echo/multiband (ME/MB) 
echo-planar imaging sequencing was used to acquire whole-brain blood 
oxygen level-dependent (BOLD) functional images. The following 
sequence was used for fMRI data collection: 51 slices, 186 mm field of 
view (FOV), 64 × 65 matrix size yielding 2.9 mm isotropic resolution, 
in-plane GRAPPA acceleration factor 2, flip angle (FA) = 83 degrees, 
repetition time (TR) = 1.5 s, and echo time triplet (TEs) = 15, 31, 46 ms. 
A magnetization prepared rapid acquisition GRE (MP-RAGE) sequence 
was also collected within the same scan session for fMRI image 
co-registration: 128 slices, 256 mm FOV, 384 × 384 matrix size yielding 
0.7 × 0.7 × 1.3 mm resolution, in-plane GRAPPA acceleration factor 2, 
FA = 9 degrees, TR = 1.68 s, TE = 3.51 ms. 

2.5.2. fMRI processing and analysis 
ME-ICA software (v3, beta 1: https://bitbucket.org/prantikk/mei 

-ca) was used for fMRI preprocessing and denoising. Following ME- 
ICA, head motion, as measured by framewise displacement, was rela-
tively low across the sample (M = 0.47, SD = 0.38 mm). Following 
preprocessing, SPM8 was used for first and second level fMRI analyses. 
Experimental conditions (CS+E, CS+U, CS-, context) were modeled at 
the first level using an event-related design, and analyses focused on 
neural response to the CS+E following our prior work [31]. To examine 
neural response to the safety cue and test for specificity of results as 
compared to the CS+E, we also examined neural response to the CS-. 

2.6. Statistical analyses 

2.6.1. Conditioned fear 
Overall patterns of conditioned fear (SCRs, CS distance) for each 

phase are presented in Figure S1 and also described in our previous 
work [31,32]. Our main analyses focused on effects of childhood 
trauma. First, we performed a 2 (group: control, trauma) x 2 (CS-type: 

Fig. 1. Experimental overview (a) and outcome measures 
(b). (a) Days 1 and 2 were conducted approximately 24 h apart. 
Day 1 consisted of fear conditioning, during which one condi-
tioned stimulus (CS+) was paired with a white noise burst, 
which served as the unconditioned stimulus (US). A second 
conditioned stimulus (CS-) served as the safety cue and was not 
paired with the US. During the subsequent extinction learning 
phase, the CS+ was extinguished (i.e., presented in the absence 
of the US) and is thus referred to as the extinguished cue 
(CS+E). Day 2 was conducted during fMRI scanning to examine 
activation of fear-relevant brain regions during extinction 
recall. We focused on activation of fear-relevant brain regions 
based on our prior research showing poor extinction recall, as 
measured by expression of conditioned fear to the CS+E, 
coupled with activation of fear-relevant brain regions, in pre- 
adolescent children. (b) Conditioned fear responses to the 
CS+ or CS+E and CS- were measured throughout each phase 
using skin conductance responses (SCR) and distance kept from 
the CS (virtual meters). Of note, for SCR, the third palm elec-
trode was used as a ground during fMRI scanning only. Fear 
and US expectancy ratings were also collected during each 
phase for use in exploratory analyses (see Supplemental Ma-
terial). We also measured activation in fear-relevant brain re-
gions during extinction recall. In particular, we focused on the 
dorsal anterior cingulate cortex (dACC) and anterior insula (AI) 
given that these regions consistently showed activation during 
extinction recall in a meta-analysis of fMRI studies in adults 
[38] and that adults with PTSD show a consistent pattern of 
overactivation in these regions during extinction recall and 
other phases [13].   
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CS+, CS-) x 2 (phase: fear conditioning, extinction learning, extinction 
recall) analysis of variance (ANOVA) for each conditioned fear measure 
(i.e., SCR amplitude, CS distance) to test for main effects or interactions 
of trauma exposure across the experiment. Next, we performed separate 
2 (group: control, trauma) x 2 (CS-type: CS+, CS-) x 2 (time: early, late) 
ANOVAs for each phase (fear conditioning, extinction learning, extinc-
tion recall) and conditioned fear measure (SCR amplitude, CS distance), 
to test for within-phase effects of trauma exposure. Main effects and 
interactions were considered significant at p < 0.05 (two-tailed), and 
Hynh-Feldt correction was applied in the case of sphericity violation via 
Mauchly’s test. Post-hoc t-tests were performed following significant 
main effects or interactions. All statistical analyses were performed in 
SPSS v.26 (IBM Corp). Given the observed group difference in age (see 
Table 1), we examined the impact of age on results in follow-up analyses 
and effects of time or CS-type were explored in trauma and control 
groups, separately. Various exploratory analyses were performed using 
Pearson Bivariate Correlation, including effects of age, number of ad-
versities, parent psychopathology (symptoms of PTSD, anxiety, 
depression), and child psychopathology (symptoms of PTSD, anxiety, 
depression; see Supplemental Material). Potential outliers were detected 
using |Z| > 3. One child in the control group kept excess distance from 
both the CS+E and CS- during extinction learning. Reported results did 
not change when this participant was excluded from analyses. 

2.6.2. FMRI 
Statistical analyses on fMRI data were performed using a region of 

interest (ROI) approach targeting the main regions of fear neural cir-
cuitry [39]. In particular, we focused on the AI and dACC given that 
these regions consistently showed activation during extinction recall in a 
meta-analysis of fMRI studies in adults [38] and that adults with PTSD 
show a consistent pattern of overactivation in these regions during 
extinction recall and other phases [13]. We previously reported activity 
in these regions in response to the CS+E during a test of extinction recall 
in children, which corresponded with conditioned fear responding [31]. 
These data suggest that, overall, children show activity in these 
fear-relevant structures during extinction recall. Interestingly, although 
the amygdala is often considered a core component of fear neural cir-
cuitry, activity in the amygdala is not consistently reported in fMRI 
studies of fear conditioning or extinction [38,40]. Nonetheless, we 
performed exploratory analyses on the amygdala as an additional ROI 
(see Supplemental Material). Although fear extinction neural circuitry 
appears to be immature during childhood, we also performed explor-
atory analyses on ROIs implicated in fear extinction, including the 
hippocampus and vmPFC [16,41] (see Supplemental Material). Our 
main analyses tested for group differences (trauma, control) in BOLD 
response to the (1) CS+E or (2) CS- during extinction recall, using two 
separate two-sample t-tests in SPM8. Group differences were evaluated 
within ROIs (10 mm radii spheres) using regions defined in a 
meta-analysis of fMRI studies on extinction learning and recall adults 
[38], using small volume familywise error correction (pFWE < 0.05, plus 
5 voxel minimum). BOLD response to the CS+E or CS- was subsequently 
extracted from peak regions of group difference using 6 mm radii 
spheres and used for visualization of results (see Fig. 4). These values 
were also submitted to Pearson Bivariate Correlation in SPSS for 
exploratory analyses, such as correlations between BOLD response and 
symptoms of PTSD (see Supplemental Material). 

3. Results 

3.1. Effects of trauma exposure on conditioned fear measures (SCRs, CS 
distance) 

3.1.1. Group (control, trauma) x CS-type (CS+ or CS+ E, CS-) x phase 
(fear conditioning, extinction learning, extinction recall) ANOVAs 

A 2 (group: control, trauma) x 2 (CS-type: CS+, CS-) x 2 (phase: fear 
conditioning, extinction learning, extinction recall) ANOVA revealed a 

significant group x CS-type interaction (F(1,36) = 4.16, p = 0.049, ηp2 =

0.1) on SCRs. This interaction appeared to be driven by overall higher 
SCRs to the CS+ relative to the CS- in the trauma (but not control) group. 
However, the main effect of CS-type within the trauma group did not 
reach significance, (F(1,15) = 3.39, p = 0.085, ηp2 = 0.18). There were 
no other significant main effects or interactions for SCRs. For CS dis-
tance, the 2 (group: control, trauma) x 2 (CS-type: CS+, CS-) x 2 (phase: 
fear conditioning, extinction learning, extinction recall) ANOVA 
revealed a significant main effect of phase (F(1.39, 54.27) = 19.42, p <
0.001, ηp2 = 0.332). This main effect was driven by children keeping 
more distance from the CS during extinction recall, followed by fear 
conditioning, followed by extinction learning (all ts > 2.3, ps < 0.05). 
The overall large CS distance during extinction recall is likely due to the 
change in response device from day 1 to day 2 (i.e., joystick to the MR- 
compatible SR box). There were no other significant main effects or 
interactions for CS distance. Fig. 2 displays overall patterns of condi-
tioned fear across initial learning sessions, by group (control, trauma). 
Of note, overall patterns (i.e., independent of trauma exposure) have 
been described previously [31,32]. 

3.1.2. Group (control, trauma) x CS-type (CS+E or CS+ vs. CS-) x time 
(early, late) ANOVA 

A 2 (group: control, trauma) x 2 (CS-type: CS+, CS-) x time (early, 

Fig. 2. Overall patterns of conditioned fear across initial learning phases 
(fear conditioning, extinction learning), measured by SCR (a) or distance 
from the CS (b), by group (control, trauma). (a) The overall patterns (i.e., 
independent of trauma exposure) across phases have been previously described 
[31,32]. Abbreviations: SCR, skin conductance responses; CS, conditioned 
stimulus; CS+, conditioned stimulus paired with the US and subsequently un-
derwent extinction; US, unconditioned stimulus; CS-, safety cue that was not 
paired with the US. *p < 0.05, paired sample t-test. 
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later) ANOVA found no significant main effects or interactions on SCRs 
during fear conditioning (F’s < 2.9, p’s > 0.09). During extinction 
learning, there was a significant main effect of time (F(1,40) = 4.33, p =
0.044, ηp2 = 0.1) such that overall, SCRs decreased over time (see 
Fig. 2A). There was also a significant main effect of time on SCRs during 
extinction recall (F(1,36) = 8.9, p = 0.005, ηp2 = 0.2), such that overall 
SCRs increased over time. There were no significant main effects of 
group or CS-type, and no significant interactions among group, CS-type, 
or time in SCRs during any phase. For CS distance, the main effect of 
time was significant for both fear conditioning (F(1,41) = 5.5, p = 0.023, 
ηp2 = 0.12) and extinction learning (F(1,40) = 8.79, p = 0.005 ηp2 =

0.18), such that overall, children approached the CS over time (see 
Fig. 2B). There were no significant main effects of group, group x CS- 
type interactions, or group x time interactions for SCRs or CS distance 
during initial learning phases (i.e., fear conditioning, extinction 
learning). During extinction recall, however, the group x time (F(1,40) =
5.25, p = 0.027, ηp2 = 0.12) and group x CS-type interactions (F(1,40) =
5.29, p = 0.025, ηp2 = 0.12) reached significance for CS distance. The 
group x CS-type interaction was driven by control youth keeping more 
distance from the CS+E relative to the CS- (t(22) = 2.35, p = 0.025) 
whereas trauma-exposed youth kept distance from both cues during 
extinction recall (p = 0.34; see Fig. 3A). The group x time interaction 
was driven by children in the control group approaching the CS+E over 
the course of extinction recall (i.e., early vs. late recall; t(22) = 2.67, p =
0.014; see Fig. 3B). Trauma-exposed children, in contrast, failed to 
approach the CS+E over the course of extinction recall (t(18) = 0.12, p =
0.91). Overall, the time x CS-type interaction also reached significance 

(F(1,40) = 3.87, p = 0.028, ηp2 = 0.11) for CS distance during extinction 
recall. Post hoc t-tests suggested that the time x CS-type interaction was 
driven by overall, children approaching the CS+E (t(41) = 2.3, p =
0.027) but not the CS- (t(41) = 0.3, p = 0.76) over the course of 
extinction recall. 

3.2. Effects of trauma exposure on activation of fear-relevant brain 
regions 

Relative to trauma-naïve controls, children exposed to trauma 
showed higher response in the left AI (xyz = -45, 15, 9, Z = 3.62, 5 
voxels, pFWE = 0.032) and the dACC (xyz = -7, 43, 12, Z = 4.7, 6 voxels, 
pFWE = 0.001) to the CS+E during extinction recall (see Fig. 4). These 
results remained significant when controlling for age. There were no 
ROIs showing the opposite pattern of greater neural response to the 
CS+E in controls relative to trauma-exposed children. There were also 
no ROIs showing group differences in activation to the CS- during 
extinction recall. 

4. Discussion 

To our knowledge, this is the first study to report effects of trauma 
exposure on extinction recall in children. Using both autonomic (SCRs) 
and behavioral (distance from the CS) measures of conditioned fear, we 
found relatively limited main effects of trauma exposure on conditioned 
fear across all experimental phases (i.e., fear conditioning, extinction 
learning, extinction recall). While trauma exposure was not associated 
with differences in SCRs, there was an effect of trauma exposure on fear- 
related behavior during extinction recall. In particular, children who 
experienced trauma kept more distance from both the previously 
extinguished cue (CS+E) and the safety cue (CS-) as compared to chil-
dren in the control group. In addition, children who experienced trauma 
kept more distance from the CS+E over the course of extinction recall 
whereas children who did not experience trauma approached the cue 
over time. These fear-related behavioral patterns were accompanied by 
increased activation in fear-relevant brain regions (i.e., dACC, AI) dur-
ing extinction recall in trauma-exposed youth relative to unexposed 
controls. Interestingly, these patterns are similar to those reported in 
studies of contextual fear renewal in healthy adults [34], and adults with 
PTSD during extinction recall [13]. Together, these findings demon-
strate alterations in fear-related behavior and overactivation of 
fear-relevant brain regions in trauma-exposed youth during a test of 
extinction recall. Overactivation of fear-relevant brain regions may 
interfere with the typical development of neural circuitry supporting 
extinction recall in healthy adults (e.g., vmPFC) [17,18]. These patterns 
suggest that trauma-exposed children are able to learn fear associations 
and subsequently extinguish fear within-session. However, when later 
encountering those cues, the fear memory prevails, suggesting that fear 
memories are resistant to extinction over time. Taken together, alter-
ations in fear-related behavior and activation of fear-relevant brain 
structures may be important for understanding the link between child-
hood trauma exposure and heightened risk of fear-based disorders. 

Interestingly, the acquisition and within-session extinction of 
conditioned fear were intact across trauma-exposed and trauma-naïve 
groups on day 1. On day 2, however, there was a group difference in 
fear-related behavior during a test of extinction recall. There were no 
group differences during extinction recall in SCRs or in subjective 
measures of fear (the latter results reported in the Supplemental Mate-
rial). The divergent effects of childhood trauma exposure on different 
measures of conditioned fear during extinction recall is in line with the 
notion that different outcome measures capture different dimensions of 
fear, e.g., behavioral (CS distance), autonomic (SCRs), affective (valence 
ratings), and cognitive (US-expectancy) responses [42,43]. Divergent 
patterns of responses across different conditioned fear measures has 
been reported in previous work, for example, in adults with PTSD [43]. 
Thus, our data suggest that childhood trauma exposure may have 

Fig. 3. Effects of childhood trauma on fear-related behavior during 
extinction recall. (a) Children in the control group kept more distance from 
the previously extinguished cue (CS+E) relative to the safety cue (CS-) during a 
test of extinction recall whereas trauma-exposed youth kept distance from both 
cues. (b) Children in the control group approached the CS+E over the course of 
extinction recall (i.e., early to late recall), whereas trauma-exposed children 
failed to show this approach behavior to the CS+E. *p < 0.05. 
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distinct effects on different dimensions of fear. One advantage of the 
present study is that we also assessed fear-related behavior, measured by 
distance from the CS. Behavioral avoidance of the CS may capture the 
behavioral domain of fear and PTSD pathology that is not commonly 
measured in fear conditioning paradigms. We found that 
trauma-exposed children kept more distance from the CS+E and the CS- 
during extinction recall and failed to approach the CS+E over the course 
of extinction recall. Trauma-naïve children, in contrast, kept more dis-
tance from the CS+E as compared to the CS- but approached the CS+E 
over the course of recall. The lack of approach behavior and difficulty in 
discriminating between the CS+E and CS- during extinction recall may 
suggest an avoidant behavioral pattern in trauma-exposed youth. 
Avoidance is considered to be a core feature of PTSD, and avoidant 
symptoms have specifically been linked to heightened activation of fear 
circuitry (e.g., amygdala, insula) during conditioning and extinction 
learning [44]. Avoidance is also an important symptom cluster in PTSD 
in children, in particular, and behavioral avoidance has been shown to 
predict chronicity of PTSD across childhood [45]. Thus, the observed 
pattern of behavioral avoidance coupled with heightened activation of 
fear circuitry in trauma-exposed children in the present study may 
reflect heightened susceptibility to PTSD or other fear-based disorders. 
Links among childhood trauma exposure, avoidance, and psychopa-
thology have been demonstrated in prior studies. For instance, a recent 
study in 432 adults found that experiential avoidance (e.g., attempts to 
avoid certain thoughts, memories or feelings) meditates the link be-
tween childhood trauma and symptoms of PTSD [46]. Taken together, 
our data suggest a pattern of behavioral avoidance during extinction 
recall in trauma-exposed children. Future studies should test whether 
this pattern is associated with the future development of anxiety or PTSD 
symptoms during adolescence or adulthood. 

In addition to behavioral effects, trauma-exposed children exhibited 
greater activation in brain regions involved in the promotion of fear 
signal detection, including the dACC and AI, during extinction recall. 
Interestingly, a similar pattern of activation was reported in a previous 

study of adults with PTSD such that patients with PTSD showed greater 
activation in the dACC and the AI during extinction recall as compared 
to trauma-exposed controls without PTSD [12]. These patterns were 
replicated in a recent meta-analysis of fMRI studies in PTSD, and suggest 
that heightened activation of fear-relevant brain regions (e.g., dACC and 
AI) may be evident across all experimental phases (i.e., fear conditioning 
extinction learning, extinction recall) [13]. The authors of the 
meta-analysis suggest that these activation patterns may contribute to a 
prolonged and exaggerated threat response that characterizes PTSD 
[13]. Thus, heightened activity of fear-relevant brain regions observed 
here in trauma-exposed children may reflect increased vulnerability to 
the development of psychopathology. 

In addition to contributing to exaggerated threat responding, over-
activation of fear neural circuitry in trauma-exposed youth may inhibit 
the typical development of fear extinction neural circuitry. Extinction 
recall is intact in healthy young adults and has been shown to depend on 
vmPFC-based circuitry [17,18]. Adults with PTSD demonstrate poor 
extinction recall (e.g., heightened SCRs to the CS+E), overactivation of 
fear neural circuitry, and lower activation in brain regions supporting 
extinction recall, such as the vmPFC [13]. Importantly, we previously 
demonstrated that overall, pre-adolescent children show poor extinction 
recall, which suggests that the capacity to recall extinction learning 
develops between childhood and adulthood [31]. Exposure to trauma 
during childhood may impair the typical development of fear extinction 
neural circuitry during adolescence, and thus inhibit trauma-exposed 
youth from developing the ability to successfully recall extinction 
learning. This hypothesis is fitting with data showing protracted 
development of vmPFC-based circuitry through adolescence, including 
top-down vmPFC-amygdala connections [33] and connections between 
the vmPFC and hippocampus [47]. Further, a study by Keding et al. [48] 
reported lower volume of the vmPFC in youth with PTSD relative to 
healthy youth. Altered development of fear extinction neural circuitry in 
trauma-exposed youth may lead to increased susceptibility to fear-based 
disorders – a hypothesis that should be tested in future work. 

Fig. 4. Effects of childhood trauma exposure 
on activation of fear-relevant brain regions 
during extinction recall. Children who have 
experienced trauma, shown in green, show 
greater activation in the left AI and the dACC to 
the previously extinguished cue (CS+E) relative 
to children who have not experienced trauma (i. 
e., controls), shown in grey. Results significant 
using small-volume family-wise error correction 
(pFWE < 0.05) using regions defined in a meta- 
analysis of fMRI studies on extinction learning 
and recall adults [38]. Abbreviations: CS+E, 
previously extinguished conditioned stimulus; 
dACC, dorsal anterior cingulate cortex; L AI, left 
anterior insula; BOLD, blood-oxygen-level- 
dependent.   
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Our results in 6–11 year-olds have both similarities and differences 
to those reported in prior studies of childhood trauma exposure and fear 
conditioning [27,29,30]. In 6− 18 year olds, McLaughlin et al. reported 
blunted SCRs to the CS+ and poor differentiation between the threat and 
safety cues in trauma-exposed children relative to controls during fear 
conditioning and extinction [29,30]. In a younger sample of 4− 7 year 
olds, there were no main effects of trauma exposure on SCRs during fear 
conditioning, but there was an age x trauma interaction for SCR 
amplitude to the CS+ during fear conditioning [27]. In particular, this 
effect was driven by an age-related increase in SCR amplitude to the CS+
in the trauma-naïve (but not trauma-exposed) group [27]. Similar to the 
study by Machlin et al. (2019), we found no main effect of trauma 
exposure on SCRs during fear conditioning, but we did find an effect of 
trauma exposure on fear-related behavior during extinction recall. 

This study is novel because it examined extinction recall and acti-
vation of fear-relevant brain regions in children who have experienced 
trauma and a comparison group of trauma-naïve children. Although the 
study had several strengths, including assessment of various measures of 
conditioned fear (SCRs, behavioral, neural activation), the limitations 
warrant mention. First, fMRI data were collected during extinction recall 
only. Future studies should test whether the observed heightened acti-
vation of fear-relevant brain regions in trauma-exposed children relative 
to unexposed controls during extinction recall also extend to different 
phases (i.e., fear conditioning, extinction learning), as observed in 
studies of adults with PTSD [13]. In addition, although we took steps to 
reduce the potential influence of the novel scan environment on fear 
responding (e.g., mock scanner pre-training, extinction recall task per-
formed at the end of the scan), we cannot rule out the potential impact of 
the scan environment on contextual processing during the task. Next, the 
relatively limited sample size precluded our power to detect effects and 
interactions with other important variables, such as age. Future studies 
with larger longitudinal samples are needed to fully examine patterns of 
age-related change and effects of other important variables (e.g., care-
giver support) [see 47]. Future studies in adolescents should also 
consider examining the effects of pubertal development, such as pu-
bertal steroid hormones, in light of emerging data in adults linking 
estradiol levels with extinction recall, which may explain the elevated 
risk of PTSD in females relative to males [50]. In addition, the trauma 
group consisted of a large number of children with medically related 
trauma who were recruited from healthcare providers. Greater 
involvement with healthcare may be associated with enhanced psy-
chosocial support from medical providers (e.g., nurses), which may 
buffer trauma-exposed children from the expression of psychopathol-
ogy. This may explain the fact that overall, trauma and control groups 
did not differ in current anxiety and depressive symptoms (see Supple-
mental Material). Future work should evaluate different forms of trauma 
(e.g., community violence) and the impact of potential moderating 
variables (e.g., psychosocial support, parent-child relationship). None-
theless, results of the present study suggest that early interventions that 
target fear-related behavior and overactivation of fear-circuitry, or 
augment the development of fear extinction neural circuitry, may be 
explored to prevent the emergence of psychopathology among 
trauma-exposed children. 

5. Conclusions 

The present study reports altered fear-related behavior coupled with 
increased activation of fear-relevant brain regions (dACC, AI) during 
extinction recall in trauma-exposed children relative to unexposed 
children. Given that alterations in fear extinction are commonly re-
ported in anxiety disorders and PTSD in adults and in youth, exposure to 
childhood trauma may alter fear extinction and/or functioning of fear- 
relevant neural circuitry in a way that increases vulnerability to fear- 
based disorders. Further research is needed to direct targeted interven-
tion strategies for trauma-exposed youth to prevent the development of 
psychopathology. 
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