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ARTICLE INFO ABSTRACT

Keywords: Early adversity can alter the maturation and function of neural regions that support affective functioning,
Childhood adversity including threat and safety learning. A growing body of cross-species research has specifically focused on the role
Caregiving

of unpredictability in childhood environments in shaping affective functioning; however, the links between
. . childhood unpredictability and neural function related to extinction learning in adulthood remain unclear. In this
Extinction learning e . . . A . i
A study, we probed the association between childhood unpredictability, extinction learning, and neural activation
mygdala X X . . X A o
FMRI in four regions implicated in extinction learning in healthy young adults (N = 45; aged 18-30 years). Results
revealed that adults exposed to more unpredictable childhood environments showed greater basolateral amyg-
dala activity to the former (i.e., extinguished) threat cue during early, but not late, extinction, including when
controlling for current anxiety and childhood trauma exposure. An exploratory analysis showed that exposure to
unpredictable caregiving, but not distal unpredictability (e.g., unpredictability of the physical home or com-
munity), specifically drove findings in the amygdala. Childhood unpredictability was not associated with activity
in the other regions of interest or with skin conductance response during extinction. These findings add to a
growing literature on longstanding impacts of unpredictable caregiving environments, with implications for
promoting healthy neurodevelopment and targeted clinical interventions.

Unpredictable stress

1. Introduction

Early life adversity has well-established effects on neuro-
developmental trajectories related to affective functioning (Gee, 2021;
Heim and Nemeroff, 2001; Sheridan and McLaughlin, 2020; Tottenham,
2014). Cross-species evidence suggests that exposure to unpredictable
environments in early life can exert distinct effects on development
(Glynn and Baram, 2019) from other features of adverse environments
(e.g., environmental harshness or deprivation; Ellis et al., 2009;
McLaughlin et al., 2021). Even after accounting for other exposures to
early adversity, children who experience more unpredictability in their
early environments show higher rates of anxiety and depression into
adulthood (Ross et al., 2016; Spadoni et al., 2022; Wang et al., 2023).
Early unpredictability may also have a sex-dependent association with

post-traumatic stress disorder (PTSD) symptoms, with women but not
men showing greater PTSD symptoms in adulthood following exposure
to unpredictable childhood environments (Spadoni et al., 2022).
Further, the predictability of prenatal and early life environments has
been shown to shape maturation of neural circuitry involved in affective
learning and memory (Bolton et al., 2018; Glynn and Baram, 2019;
Jirsaraie et al., 2023; Johnson et al., 2018; Molet et al., 2016). According
to theoretical work, chronic exposure to stressful and unpredictable
environments may also hinder learning from safety cues via increasing
expectations of threat—a potentially adaptive response to uncertain,
threatening contexts (Kaye and Krystal, 2020; Kube et al., 2020; Wil-
kinson et al., 2017). However, despite considerable work investigating
the effects of early life adversity (e.g., maltreatment, community
violence, poverty) on threat processing and its neural underpinnings (e.
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g., Hein and Monk, 2017; McCrory et al., 2011; Weissman et al., 2022),
little research has investigated the specific effects of early environmental
unpredictability on the neural circuitry involved with extinction
learning. Understanding the impact of early environmental statistics on
neural function during extinction represents an important area of study
given the well-established role of altered extinction learning in
anxiety-related pathology (Craske et al., 2018; Milad et al., 2014; Sin-
gewald and Holmes, 2019).

Considerable theoretical work proposes that environmental unpre-
dictability in early life alters threat processing into adulthood. For
example, predictive processing theories propose that prolonged expo-
sure to unpredictable, stressful environments spurs the development of
meta-level expectations (“priors”) of threat, facilitating threat percep-
tion and reducing the integration of external safety cues (Kaye and
Krystal, 2020; Kube et al., 2020; Wilkinson et al., 2017). Drawing from
the decision-making literature, environmental unpredictability can be
considered analogous to the concept of ‘“expected uncertainty”-
—environments with stochastic or noisy contingencies (Soltani and
Izquierdo, 2019). Exposure to expected uncertainty is thought to reduce
the influence of external cues on learning (Wilkinson et al., 2017).
Indeed, in cases of expected uncertainty, information is inherently
noisier and less informative, such that it is adaptive to reduce learning
rates from external cues (Griffin and Fletcher, 2017; Soltani and
Izquierdo, 2019; Wilkinson et al., 2017). For these reasons, individuals
may increase expectations (and perceptions) of threat and reduce
learning from disconfirmatory external evidence (e.g., evidence of
safety) after prolonged exposure to unpredictable, stressful environ-
ments during development. Still, further empirical work is needed to
investigate this theorized relationship between exposure to unpredict-
able early environments and reduced learning from evidence of safety.

Extinction learning tasks are commonly applied to model learning
about safety in formerly threatening environments. A standard extinc-
tion learning task consists of two phases: 1) the acquisition phase, in
which an aversive unconditioned stimulus (US; e.g., noise, shock) is
paired with a positive conditioned stimulus (CS+; e.g., a shape) while
another stimulus is unpaired (the negative conditioned stimulus or CS-);
and 2) the extinction phase, wherein neither CS is paired with the US
(Lebois et al., 2019). Extinction learning is operationalized as the change
in the conditioned response across extinction, which can be assessed via
physiological measures such as skin conductance response (SCR). These
tasks are often paired with functional magnetic resonance imaging
(fMRI) to probe the neural circuitry involved in threat and safety
learning.

Extinction learning involves neural circuitry including the ventro-
medial prefrontal cortex (vmPFC), hippocampus, basolateral amygdala
(BLA), dorsal anterior cingulate cortex (dACC), and anterior insula
(Fullana et al., 2018; Phelps and LeDoux, 2005; Singewald and Holmes,
2019; Suarez-Jimenez et al., 2020). Indeed, a meta-analysis of healthy
participants revealed consistent involvement of the dACC and anterior
insula during both extinction learning and recall, while activation of the
vmPFC, dorsolateral prefrontal cortex, and hippocampus most consis-
tently emerged when comparing response to the former (i.e., extin-
guished) CS+ and unextinguished CS+ (rather than the safety cue)
during extinction recall (Fullana et al., 2018). The amygdala has also
been consistently implicated in associative learning and threat condi-
tioning (Krabbe et al., 2018), and amygdala activation correlates with
conditioned threat responding during early extinction (Phelps et al.,
2004). Further, projections from the vmPFC to the basolateral amygdala
have been shown to facilitate formation of extinction memories
(Bloodgood et al., 2018; Bukalo et al., 2015; Singewald and Holmes,
2019), and stimulation of the medial PFC (mPFC) and mPFC-amygdala
pathway in animal models facilitates extinction learning (Bukalo
et al., 2015; Milad and Quirk, 2002). Preclinical work has also revealed
that identical mPFC neurons are activated during extinction learning
and later recall, indicating an involvement in forming memories of
extinction (Milad and Quirk, 2002; Phelps et al., 2004; Phelps and
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LeDoux, 2005).

Prior work has shown that trauma exposure interferes with extinc-
tion learning and the function of underlying neural circuitry. Trauma-
exposed populations with PTSD demonstrate attenuated extinction
learning (VanElzakker et al., 2014), yet potentiated learning of new
aversive cues (Handy et al, 2018; Kleim et al., 2012). Further,
trauma-exposed populations with PTSD show altered activity in the
dACC, hippocampus, BLA, and vmPFC during extinction (Garfinkel
et al., 2014; Milad et al., 2009; Rougemont-Biicking et al., 2011; Sripada
et al., 2013; Suarez-Jimenez et al., 2020). Specifically, PTSD is associ-
ated with vmPFC and hippocampal hypoactivation during extinction
learning (Rougemont-Biicking et al., 2011; Shvil et al, 2013;
Suarez-Jimenez et al., 2020), and greater dACC activation during both
extinction learning and recall (Milad et al., 2009; Rougemont-Biicking
et al., 2011). Exposure to maltreatment in childhood has been found to
augment amygdala responsiveness to threat into adulthood (Hein and
Monk, 2017; McCrory et al., 2011), and individuals with PTSD often
show increased amygdala activation during extinction learning
(Garfinkel et al., 2014; Milad et al., 2009; Suarez-Jimenez et al., 2020;
but see Shvil et al., 2014). While the effects of trauma exposure on these
processes are relatively well-established, the impact of early environ-
mental unpredictability on neural function during extinction remains
unknown.

1.1. Present study

Building on theoretical work proposing that statistical regularities
over development shape later threat processing (e.g., Wilkinson et al.,
2017), as well as evidence that exposure to unpredictable environments
impacts neural development (e.g., Glynn and Baram, 2019; Granger
et al., 2021), we investigated associations between early life unpre-
dictability and the physiological and neural correlates of extinction
learning. First, we hypothesized that greater exposure to unpredictable
childhood environments would be associated with weaker extinction of
initial fear responses, operationalized as less attenuation of SCR in
response to the extinguished threat cue (i.e., former CS+) in early but
not late extinction. Second, we hypothesized that childhood unpredict-
ability would be associated with altered activity in four a priori regions
of interest (ROISs) to the extinguished threat cue (i.e., blunted vmPFC and
hippocampus activity, greater dACC and BLA activity), especially in
early versus late trials of extinction. Because we were interested in
whether childhood unpredictability was associated with altered
extinction learning and neural function above and beyond exposure to
childhood trauma, we planned to follow up on any significant findings
with a sensitivity analysis including childhood trauma as a covariate.
Finally, in an exploratory analysis, we tested whether specific dimensions
of early unpredictability differentially related to neural function during
extinction for any significant findings.

2. Methods
2.1. Sample and procedures

We initially recruited 67 healthy unmedicated young adults (ages
18-30 years) from the greater New Haven area through flyers and online
advertisements as part of a larger study investigating the neural corre-
lates of conditioned inhibition via safety cue learning (Kribakaran et al.,
2022; Meyer et al., 2019; Odriozola et al., 2024). Participants completed
a clinical interview to rule out current psychopathology (the Anxiety
and Related Disorders Interview Schedule for DSM-5; Brown and
Barlow, 2014), self-report measures of childhood unpredictability
(Glynn et al., 2019) and childhood trauma (Bernstein et al., 2003), and
an affective learning task during fMRI and SCR data collection (Meyer
et al., 2019). Exclusion criteria included MRI contraindications (e.g.,
metallic implants, pacemakers, claustrophobia, possible pregnancy),
chronic  medical illness, neurological disorders, current
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psychopathology, and use of psychotropic medications. One participant
was excluded due to an incidental finding identified during scanning.
Prior to analyses, two participants with excessive motion were excluded
(mean absolute translational or rotational motion in any of the 6 rigid
directions of greater than 0.2 or 2°, respectively; mean relative motion
above 0.2 mm; greater than 15 % of data regressed out as a motion
outlier; Power et al., 2012). Motion was assessed using mean framewise
displacement, in line with Power et al. (2012). The subsample of par-
ticipants who met inclusion criteria and completed the measure of
childhood unpredictability (N = 45) was the focus of analyses (see
Table 1 for demographic characteristics). All participants provided
informed consent. The institutional review board at Yale University
approved all study procedures. Data, materials, and analysis code are
available via emailing the corresponding author.

2.2. Assessment of childhood unpredictability

Childhood unpredictability was assessed using the Questionnaire of
Unpredictability in Childhood (QUIC; Glynn et al., 2019), a 38-item
scale designed to capture chronic exposure to unpredictable environ-
ments prior to age 18. Example items include “At least one of my parents
had punishments that were unpredictable” and “I changed schools
frequently.” A portion of the items that Glynn et al. (2019) deemed more
applicable to younger children asked participants to focus on experi-
ences before age 12, such as “I had a bedtime routine” or “My parents kept
track of what I ate.” Responses are presented in a dichotomous (“yes”,
“no”) format and summed to create five subscales, with higher scores
representing more unpredictable environments: 1) parental monitoring
and involvement (capturing unpredictability of parental involvement
and family routines; e.g., “My family ate a meal together most days,” “At
least one of my parents regularly kept track of my school progress™), 2)
parental unpredictability (capturing unpredictability of parental mood
and behavior; e.g., “At least one of my parents was unpredictable,” “One of
my parents could go from calm to furious in an instant”), 3) parental
environment (capturing unpredictability of family structure and events;
e.g., “At least one of my parents changed jobs frequently,” “My parents got
divorced™), 4) physical environment (capturing unpredictability of the
childhood home and school environment; e.g., “In my house things I
needed were often misplaced so that I could not find them,” “I changed

Table 1
Sample demographic information.

Variable n %

Sex assigned at birth

Male 14 31.1
Female 31 68.9
Race and ethnicity
Asian 9 19.6
Black or African American 7 15.2
Hawaiian/Pacific Islander 0 0.0
Hispanic/Latine 4 8.7
Non-Hispanic White 26 56.5
Childhood adversity measure M (SD) Range (Min - Max)
QUIC (total score) 4.8 (4.8) 0-21
Parental monitoring/involvement 0.8 (1.4) 0-7
Parental unpredictability 2.4 (2.5) 0-9
Parental environment 0.8 (1.3) 0-6
Physical environment 0.6 (1.0) 0-4
Safety/security 0.2 (0.5) 0-3
CTQ 31.0 (7.7) 25-69

Note. Sample demographic information. Final sample N = 45. Age: M = 22.4
years, SD = 3.6 years, range = 18-30 years. Racial categories include multiracial
participants and thus add to N > 45. The QUIC subscales have a differing number
of items: parental monitoring/involvement - 9 items, parental unpredictability -
12 items, parental environment - 7 items, physical environment - 7 items, safety
and security - 3 items. Thus, a higher average value does not necessarily indicate
a higher level of relative endorsement. CTQ: Childhood Trauma Questionnaire;
QUIC: Questionnaire of Unpredictability in Childhood.
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schools frequently”), and 5) safety and security (capturing unpredict-
ability of food, resources, and safety in the home; e.g., “There was a
period of time when I often worried that I was not going to have enough food
to eat,” “There was a period of time when I did not feel safe in my home”).
The QUIC demonstrates good to excellent internal consistency (Cron-
bach’s as 0.84-0.92; Glynn et al.,, 2019) and showed good internal
consistency in this sample (o =.87).

2.3. Assessment of childhood trauma

The Childhood Trauma Questionnaire (CTQ) — Short Form is a 28-
item self-report questionnaire divided into five subscales assessing
exposure to neglect (physical and emotional) and abuse (emotional,
physical, and sexual) during childhood. Responses are reported on a 5-
point Likert-type scale (1: “never true”, 5: “very often true”). Example
items include “People in my family hit me so hard that it left bruises or
marks.” The CTQ demonstrates strong internal consistency, discriminant
validity, and structural validity, although studies on test-retest reli-
ability of the short form are more limited (Gerdner and Allgulander,
2009; Saini et al., 2019). A CTQ total score was calculated via summing
the five subscale scores (Crow and Levy, 2019). The scale showed
excellent internal consistency in this sample (o =.95).

2.4. Affective learning task

Blood-oxygen-level-dependent (BOLD) activity during extinction
learning was assessed via fMRI as part of a broader affective learning
task (Fig. 1). Geometric shapes of different colors served as the condi-
tioned stimuli (CS), and an aversive metallic white noise (Neumann
et al., 2008) delivered at 95-100 decibels served as the unconditioned
stimulus (US). An acquisition phase (~6.5 min) was followed by a
testing phase adapted from an AX+ /BX- task to assess conditioned in-
hibition via learned safety (two runs of ~7 min each; results reported in
Kribakaran et al., 2022; Meyer et al., 2019; Odriozola et al., 2024). Next,
participants completed the extinction learning phase (~4.5 min). During
the extinction phase (the focus of these analyses), participants were
presented with the former threat cue (former CS+, which was no longer
paired with the US) and the safety cue (CS-, which was never paired with
the US). Finally, in a reversal phase (~6.5 min), contingencies of the
former threat and safety cues were reversed, such that the former safety
cue was now reinforced by the US on 50 % of trials (yielding the new
CS+), while the former threat cue remained unreinforced by the US
(yielding a CS-). These phases were administered continuously during
fMRI data collection.

2.5. Physiological data acquisition and analysis

To assess extinction learning, skin conductance data were collected
during fMRI scanning with Biopac (https://www.biopac.com/) and
recorded with AcqKnowledge software (https://www.biopac.com/p
roduct/acqknowledge-software/). Two independent raters visually
inspected the data and excluded participants showing excessive motion
or other data distortions. The data were then analyzed with the Psy-
choPhysiological Modeling MATLAB toolbox using a general linear
model to produce reconstructed values (Bach and Friston, 2013). These
reconstructed values served as the primary measure of extinction
learning in this study. Participants were removed if they did not show
sufficient learning during acquisition, lacked a sustained physiological
response to the task, or had missing data due to acquisition issues,
leaving a final subsample of N = 29 with skin conductance data. Addi-
tional information about data processing and exclusions is available in
the Supplemental Materials.

2.6. fMRI acquisition, preprocessing, and analyses

fMRI data were collected during the affective learning task ona 3 T
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Fig. 1. Affective learning task design.
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Note. A) During the acquisition phase, participants were shown two stimulus types: one shape was paired with an aversive sound (unconditioned stimulus [US]) on
50 % of the trials to yield a threat cue (conditioned stimulus [CS]+), and the other shape was not reinforced, yielding a safety cue (CS-). During the testing phase,
participants were presented with a reinforced threat cue, unreinforced threat cue, safety cue, safety compound (threat and safety cues presented simultaneously), and
novel compound (threat and novel cues presented simultaneously). Results from the testing phase are reported elsewhere (Kribakaran et al., 2022; Meyer et al., 2019;
Odriozola et al., 2024). These analyses focus on the extinction phase, in which the former threat cue was not reinforced with the US (yielding a former CS+), and the
former CS- continued to be unreinforced. Finally, in the reversal phase, the contingencies of the former threat and safety cues were reversed, such that the former
safety cue was now reinforced by the US on 50 % of trials (yielding the new CS+), while the former threat cue remained unreinforced by the US (yielding a CS-). B)
An example trial with timing information. ITI (intertrial interval): participants waited for 10 s between trials. Anticipatory period: the cue (e.g., threat, safety) was
presented for 1.5 s. Response period: A dot was presented on the shape and participants were asked to press a button when they saw the dot. In reinforced trials, the
US occurred during the response period. Figure reproduced from Odriozola et al. (2024).

Siemens Magnetom Prisma scanner. Preprocessing was conducted with
the Human Connectome Project (HCP) minimal processing pipeline with
the HCP Pipelines BIDS app (v 3.17.14). First-level analyses were con-
ducted with the fMRI Expert Analysis Tool version 6.00 (FEAT), using
FSL’s Functional Magnetic Resonance Imaging of the Brain (FMRIB)
Software Library (FSL, fsl.fmrib.ox.ac.uk/fsl/) version 5.11. Stimulus
event timings (i.e., the full two seconds combining the anticipatory and
response periods for the former threat cue [CS+] and safety cue [CS-]
conditions) were convolved with a double-gamma canonical hemody-
namic response function, with temporal derivatives for each predictor as
a confound term. Timeseries were high-pass filtered with a 90-s cutoff,
estimated with the cutoffcalc function in FEAT, and prewhitened in
FMRIB’s Improved Linear Model (FILM). For further information about
MRI acquisition, preprocessing, and analyses, see the Supplemental
Materials. ROIs were anatomically defined and included the bilateral
dACC (Automated Anatomic Labeling Atlas 3; Rolls et al., 2020), bilat-
eral anterior vimPFC (derived from Mackey and Petrides, 2014), bilateral
anterior hippocampus (obtained from Hindy and Turk-Browne, 2016),
and bilateral BLA (Juelich Histological Atlas; Amunts et al., 2005). To
measure BOLD activity, mean percent signal change was extracted using
these anatomical masks for each ROI and stimulus type (former CS+ and
CS-). Regions of interest are shown in Figure S1 of the Supplemental
Materials.

2.7. Analyses

Prior to analyses, outliers defined as > 3 standard deviations from
the mean were removed for all adversity, clinical, physiological (SCR),
and neuroimaging variables. This process resulted in the removal of two
participants’ datapoints for hippocampal activation and skin conduc-
tance to the former CS+, and one datapoint for each of the following

variables: BLA and dACC activation to the CS- and former CS+, hippo-
campal activation to the CS-, childhood unpredictability (QUIC), and
childhood trauma (CTQ). Participants with an outlying datapoint on a
given variable were only removed from analyses if that variable was
present. Pearson correlations were conducted between variables of no
interest (age, sex assigned at birth, scanner site) and variables of interest
(BOLD activity, SCR). Gender identity was also collected but did not
differ from sex assigned at birth in this sample. Only sex assigned at birth
was significantly associated with the variables of interest and thus was
included in subsequent analyses.

To test for changes in SCR and BOLD activity across early versus late
extinction, linear mixed-effects models were conducted with the nlme
package in RStudio (Pinheiro et al., 2023). First, to assess whether
childhood unpredictability was associated with weaker fear extinction
(Hypothesis 1), mixed-effects models were conducted predicting SCR to
each stimulus type (former CS+ and CS-) during extinction, with fixed
effects of childhood unpredictability (QUIC), stage (early versus late
trials), their interactions, and sex assigned at birth, and a random
intercept for subject. To test the relationship between unpredictability
and BOLD activity in each ROI during extinction (vmPFC, dACC, hip-
pocampus, BLA; Hypothesis 2), mixed-effects models were conducted
predicting percent signal change for each ROI and stimulus type (former
CS+ and CS-) versus the intertrial interval, with fixed effects of unpre-
dictability, extinction stage, their interactions, and sex assigned at birth,
and a random intercept for subject. Multiple comparisons correction was
performed using Benjamini-Hochberg false-discovery rate correction to
balance specificity and preservation of power (Benjamini and Hochberg,
1995; Singh and Dan, 2006). To determine whether childhood unpre-
dictability was associated with altered neural function during extinction
learning above and beyond childhood trauma exposure, a sensitivity
analysis was performed with childhood trauma exposure (CTQ) added as
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a covariate in all significant models. Finally, to better understand any
significant associations between childhood unpredictability (QUIC total
score) and a variable of interest, exploratory Pearson correlations were
conducted between the outcome variable and each subscale of the QUIC.
For these subscale analyses, Bonferroni correction was applied for
multiple comparisons to be conservative given the exploratory nature of
these analyses.

3. Results
3.1. Psychophysiology

A mixed-effects model showed no significant differences in skin
conductance by extinction stage (early versus late trials) or stimulus
type (former threat cue versus safety cue), ps > .201. Contrasting with
Hypothesis 1 (greater childhood unpredictability will be associated with
weaker decrease in SCR to the former threat cue in early but not late
extinction), linear mixed-effects models revealed no significant effects of
childhood unpredictability or its interactions with stage (early vs. late
trials) on skin conductance to either stimulus (former threat cue, safety
cue) during extinction, ps > .429. As a check of overall task efficacy,
skin conductance data during extinction learning were visualized
(Fig. 2). Participants showed nominally greater skin conductance during
early trials of extinction, especially to the former threat cue, indicating
threat-related physiological changes in the expected directions.

3.2. Functional activity

Linear mixed-effects models were conducted predicting functional
activity to the former CS+ versus baseline for each ROI during extinc-
tion with childhood unpredictability, stage of extinction (early versus
late trials), and their interactions, controlling for sex assigned at birth.
Partially supporting Hypothesis 2 (childhood unpredictability will be
associated with blunted vimPFC and hippocampal activity and greater
dACC and BLA activity to the former threat cue during fear extinction,
especially in early versus late trials), results showed a significant inter-
action between childhood unpredictability and stage of extinction pre-
dicting BLA activity, t(41) = -3.16, FDR-corrected p = .012. Post-hoc
linear models revealed that higher childhood unpredictability was

0.005
S 0.004
c
©
‘g Stimulus
‘8 0.003 Former CS+
8 me
c J l I8
S 0.002
n
&
® 0.001
=

0.000

Ea'rly La;te Ea'rly La;te
Stage

Fig. 2. Skin conductance response during extinction by task stage and stimulus
type.

Note. Graph depicts mean skin conductance response during extinction sepa-
rated by stimulus [former (i.e., extinguished) threat cue, safety cue] and by
early versus late trials of extinction. There were no significant differences in
skin conductance response by stimulus type or stage of extinction. Former (i.e.,
extinguished) CS-+: Conditioned stimulus that was paired with threat during the
acquisition phase but is not reinforced during extinction; CS-: Conditioned
stimulus without threat.
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associated with greater BLA activity to the former threat cue in early
extinction, t(41) = 3.07, p = .004, but not late extinction, t(40) = -1.78,
p = .083 (Fig. 3). Childhood unpredictability and its interactions with
stage were not associated with altered activity of the vmPFC, dACC, or
hippocampus to the former threat cue, FDR-corrected ps > .707, nor any
ROI to the safety cue, FDR-corrected ps > .390.

3.3. Sensitivity analysis

Given evidence that childhood trauma may contribute to perceived
environmental unpredictability and is associated with altered neural
processing of threat (Hein and Monk, 2017; Maner et al., 2022), we
tested whether unpredictability-related alterations in BLA activity dur-
ing extinction remained significant even after accounting for childhood
trauma. Thus, a mixed-effects model predicting BLA activity to the
former threat cue versus the intertrial interval was conducted with
childhood unpredictability, stage of extinction (early versus late trials),
and their interactions, and childhood trauma and sex assigned at birth as
covariates. Results revealed a significant interaction between childhood
unpredictability and stage of extinction predicting BLA activity, t
(40) = -2.95, p = .005, even when controlling for childhood trauma.
Post-hoc linear models run separately by stage showed that when ac-
counting for childhood trauma, unpredictability was differentially
associated with greater BLA activity in early extinction, #(39) = 2.61,
p = .013, but not late extinction, #(38) = -1.82, p = .076. Results also
held when adding trait anxiety as a covariate (see Supplemental Mate-
rials), suggesting that these findings could not be explained by current
anxiety symptoms.

3.4. Basolateral amygdala activity by childhood unpredictability type

As an exploratory follow-up analysis, we examined whether findings
in the BLA were driven by exposure to unpredictability that was more
proximal (e.g., unpredictable caregiving) versus more distal (e.g., so-
cioeconomic factors or physical environment; Ugarte and Hastings,
2023). To this end, Pearson correlations were run between BLA activity
and each subscale of the QUIC, applying Bonferroni correction for
multiple comparisons (Bonferroni-corrected a =.01). Of note, results of
the safety/security subscale should be interpreted with caution due to
low endorsement of these items. Only the parental unpredictability
subscale—assessing the degree to which the child could predict care-
givers’ moods and behavior—was associated with heightened BLA ac-
tivity during early extinction, r(42)=.41, p=.005 (Fig. 4).
Associations between BLA activity and other aspects of caregiving
(parental monitoring and involvement, which assesses predictability of
caregiver routines; and parental environment, which captures predict-
ability of parental jobs and relationships) did not survive Bonferroni
correction, ps > .015. The subscales capturing distal unpredictability
factors related to the physical environment (e.g., moving frequently)
and safety/security (e.g., unpredictable family finances) were unrelated
to BLA activity, ps > .473.

4. Discussion

This study was the first to our knowledge to investigate the effects of
the predictability of the early life environment on neural function during
extinction learning in human adults. While we did not find an effect of
exposure to unpredictable environments in childhood on physiological
markers of threat responding, or vmPFC, dACC, or hippocampal activity
in extinction, the findings revealed an association between childhood
unpredictability and BLA function during extinction, a region critically
implicated in threat learning and detection (Barad et al., 2006; Ohman,
2005; Phelps and LeDoux, 2005). Specifically, we found that adults
reporting more unpredictable childhood environments showed greater
activity of the BLA in early (but not late) extinction, in line with hy-
potheses. Given evidence that BLA cellular activity and BOLD activity
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are correlated with the degree of threat conditioning and extinction 2021); current findings in early extinction could suggest that prolonged
learning (Barad et al., 2006; France et al., 2022), these results may exposure to unpredictability in childhood may alter neural responsive-
reflect initially weaker extinguishing of neural reactivity to threat ness to subsequent shifts in environmental contingencies (in this case,
among adults exposed to greater unpredictability in early life. (We note the shift of the CS+ from a threatening to neutral stimulus). Interest-
that there was a pattern of childhood unpredictability associated with a ingly, we observed these associations between the childhood environ-
possible decrease in amygdalar response to threat in later extinction ment and amygdala function in a non-clinical sample of adults,
trials, but this pattern was not significant so we have not interpreted it suggesting that the early environment may exert effects on neural
here.) The amygdala is thought to be involved in prediction error-driven functioning that persist across the lifespan, even in adults without psy-
computations and adjusting learning rates to volatility (Piray and Daw, chopathology. Indeed, the amygdala undergoes considerable postnatal
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development and may be differentially vulnerable to environmental
conditions in early life (Hein and Monk, 2017).

Importantly, childhood unpredictability was associated with altered
amygdala activity in early extinction even when controlling for child-
hood trauma, suggesting that an unpredictable early environment may
exert dissociable effects from other forms of adversity on the functioning
of threat-related circuitry. This finding aligns with past research
showing that early unpredictability is associated with altered cognitive
development and increased risk of psychopathology into adulthood,
beyond the effects of childhood maltreatment and other forms of early
life adversity (Davis et al., 2017; Maner et al., 2022; Spadoni et al.,
2022). Still, little research has previously disentangled the effects of
unpredictability and trauma on neural functioning. It is particularly
important to account for trauma exposure when examining amygdala
function, as both childhood maltreatment and broader trauma exposure
in adulthood have been reliably connected to amygdala hyperreactivity
to affective cues across the lifespan (Hein and Monk, 2017; McCrory
et al., 2011; Shin et al., 2004; Suarez-Jimenez et al., 2020). The current
study shows that even after accounting for trauma, the predictability of a
child’s environment may exert separable effects on amygdala function
during extinction in adulthood.

Exploratory analyses revealed a specific association between care-
giver unpredictability and altered amygdala function, whereas more
distal unpredictability factors such as unpredictability of the physical
home and community were not related to amygdala function during
extinction. These findings may have important implications for treat-
ment, as the consistency of parental behavior and routines could be
directly targeted through clinical interventions. Additionally, predict-
able caregiving may serve as a buffer between more distal forms of
unpredictability and developmental outcomes (Ugarte and Hastings,
2023). Future studies should empirically examine the potential buff-
ering role of predictable caregiving for children exposed to structural
adversities to inform intervention. Further, distal unpredictability fac-
tors, such as housing insecurity, may directly increase the risk of un-
predictable caregiving due to strain placed on families (Bess et al.,
2023). Policies that increase access to stable housing, food, childcare,
and other social programs could provide needed resources to boost the
predictability of caregiving and of children’s environments more
broadly (Glynn et al., 2024).

Based on theoretical work suggesting that unpredictable threat
exposure may increase expectations of threat and hinder safety learning
(Kaye and Krystal, 2020; Wilkinson et al., 2017), we also hypothesized
that childhood unpredictability would be associated with weaker
extinguishing of fear responses assessed with skin conductance. Con-
trary to hypotheses, we did not find associations between environmental
unpredictability and extinction learning. There are several possible ex-
planations for these findings. First, given the small sample size for SCR
analyses (N = 29), limited power may have contributed to these null
results. Second, past research suggests a possible dissociation between
SCR and amygdala activation during extinction. Specifically, Milad et al.
(2009) found that people with PTSD exhibit greater amygdala activation
during extinction (but not extinction recall), yet greater skin conduc-
tance during extinction recall (but not extinction). Thus, it is possible
that amygdala activity and skin conductance may correlate with distinct
components of threat and safety learning, or be differentially sensitive to
environmental stressors. Third, the non-clinical nature of the current
sample excluded participants with PTSD or anxiety disorders, who may
have shown more exaggerated fear responses (Shvil et al., 2013). Even
so, some research has shown that trauma-exposed individuals with PTSD
show potentiated startle responses but not altered skin conductance
(Glover et al., 2011); unpredictable childhood environments may exert
similar effects on threat and extinction learning that would be better
captured with other methods (e.g., acoustic startle).

The present study benefits from several key strengths. First, the study
is the first to our knowledge to empirically investigate the association
between the predictability of a child’s environment and later extinction
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learning. This research helps to bridge a gap between theoretical work,
which proposes that chronic exposure to unpredictable stress alters later
learning about threat and safety (Wilkinson et al., 2017), and empirical
science. Second, this study is one of the first to probe the effects of early
environmental unpredictability on the neural circuitry involved with
threat processing, an important area of study given evidence that these
regions are sensitive to the early environment (Hein and Monk, 2017).
Third, these findings are an important step in disentangling the effects of
environmental unpredictability and harshness (Ellis et al., 2009),
allowing for a more specific examination of the differential effects of
early life environmental unpredictability on neural development.
Fourth, impaired extinction learning is widely used as a clinical endo-
phenotype for anxiety disorders (Craske et al., 2018; Singewald and
Holmes, 2019), and exposure to unpredictable early environments has
been linked to later development of anxiety pathology (Spadoni et al.,
2022). Future work in clinical samples could build on our findings to
probe BLA function during extinction as a possible link between early
unpredictability and anxiety disorders.

Despite these strengths, several important limitations should be
considered. First, the SCR analyses relied on a smaller subset of the
participants due to well-documented causes of missingness in skin
conductance analyses (low SCR signal, technical issues, and/or failure to
sustain threat learning; Kribakaran et al., 2022; Lonsdorf et al., 2017;
Meyer et al., 2019). Second, although the final sample was larger than
the median sample size for fMRI studies (N = 45 versus N = 28.5; Grady
et al., 2020; Poldrack et al., 2017), the sample size was modest.
Expanding this work into a larger sample with a range of psychopa-
thology is indicated. The small sample also limits power to test for
moderation by sex, an important consideration given prior evidence of
sex-dependent associations between early unpredictability and mental
health outcomes (Spadoni et al., 2022). Third, the study assessed par-
ticipants’ childhood environment via retrospective self-report measures.
Reliance on self-report measures can increase risk of biased reporting,
including both overreporting and hesitancy to disclose painful memories
(McKinney et al., 2009; Rosenman et al., 2011). Still, self-report mea-
sures of childhood experiences, including trauma, have been shown to
be quite stable across time and only marginally influenced by current
mood state (Goltermann et al., 2023; Yancura and Aldwin, 2009). In
fact, recent research indicates that subjective reports of childhood
adversity are more predictive of psychopathology than objective mea-
sures (e.g., court records; Danese and Widom, 2021), highlighting the
importance of perceptions of early life environment on outcomes. Finally,
applying a measure that separately probes childhood unpredictability at
different developmental stages (e.g., infancy, toddlerhood, childhood,
adolescence) will be well-positioned to identify sensitive periods of
neural development related to vulnerability to environmental
unpredictability.

In sum, exposure to unpredictable environments in childhood is
differentially associated with altered neural function during extinction
into adulthood, over and above the effects of childhood trauma. Adults
exposed to unpredictable early environments show heightened activity
of the BLA during early extinction, possibly reflecting attenuated
extinction of neural reactivity to threat. Further, these findings are
specifically tied to unpredictable caregiving, rather than unpredict-
ability of the physical environment. This research adds to a growing
body of work implicating the predictability and consistency of caregiver
signals in childhood on developmental trajectories (Davis et al., 2017;
Glynn and Baram, 2019; Norona-Zhou et al., 2020).

Childhood environments that are fragmented and unpredictable are
distinct from other forms of early life adversity, such as poverty, abuse,
or neglect, yet have received comparatively much less empirical atten-
tion. Future studies are indicated that investigate environmental
unpredictability, extinction learning, and its neural correlates longitu-
dinally to clarify the mechanisms through which environmental incon-
sistency alters the function of neural circuitry involved in threat
processing and extinction learning. Future research should also expand
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on these findings within clinical populations, especially in a sample with
anxiety or trauma-related disorders such as PTSD, to determine whether
altered amygdala responsiveness during extinction learning links early
unpredictability with psychopathology. Crucially, caregiving predict-
ability (e.g., the consistency of parental signals or behavior) is modifi-
able and could represent a key target for clinical intervention. In the
future, this work may inform the development and refinement of in-
terventions that promote consistent caregiving for children, with the
goal of supporting healthy cognitive and neural development.
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