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Abstract 

Adverse childhood experiences (ACEs) are well established and strong risk factors for 

mental health challenges later in life, but the underlying mechanisms remain largely unclear. 

Associative learning, which shapes emotional and cognitive responses to environmental cues, may 

play a critical role in this relationship. However, the neural underpinnings linking ACEs and ACE 

load to alterations in associative threat and safety learning remain poorly understood. In this 

multimodal fMRI study, 171 participants (97 with ACEs, 74 without ACEs) underwent a fear 

conditioning paradigm, which included fear acquisition, generalization, extinction, and a return of 

fear test (ROF) after reinstatement. During fear acquisition, generalization and the ROF test, higher 

ACE load was associated with reduced discrimination between threat and safety cues, primarily 

driven by blunted responses to the threat cue across arousal ratings and central nodes of the fear 

network key brain regions (striatal regions and the vmPFC). During fear generalization, individuals 

with ACEs showed reduced activation in key brain regions to the CS+ (and GS+) but no differences 

in generalization gradients. In contrast, ACEs were neither related to expectancy ratings for nor 

aversiveness ratings for the unconditioned aversive event. These findings indicate a dissociation 

between cognitive and affective threat processing - putatively originating from a reduced transfer 

of US-related arousal to the CS+ as a hypothesized mechanistic pathway through which ACEs may 

become neurobiologically embedded, thereby potentially mediating the risk for mental health 

challenges. 
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Neural and Multimodal Signatures of Threat Learning, Generalization, and Return of Fear 

Linked to Adverse Childhood Experiences 

Introduction 

Adverse childhood experiences (ACEs) can be defined as ‘experiences that are likely to 

require significant adaptation by an average child and that represent a deviation from the expectable 

environment’ (cf. 1). This umbrella definition covers a broad range of experiences, such as 

physical, sexual and emotional abuse, physical and emotional neglect, domestic violence, peer 

victimization and institutional rearing (e.g., 1, 2). Beyond their high prevalence - 43.7% of the 

general German population report having experienced at least one adverse event (3) - ACEs are 

linked to considerable individual suffering and have been estimated to account for 29.8% of all 

mental health disorders (2,4–9). This highlights the need to better understand the mechanisms 

linking ACEs to mental health in order to inform targeted prevention and intervention approaches 

(e.g., 10,11). One potential pathway underlying this association is a disruption of the 

neurobiological systems supporting associative learning (12,13). Through associative learning, 

environmental cues acquire predictive value for specific outcomes and thereby gain motivational 

significance, shaping emotional and cognitive processes and ultimately behavior. Threat learning 

mechanisms can be investigated under laboratory conditions using fear conditioning paradigms 

(14): In the fear acquisition phase, one inherently neutral cue (conditioned stimulus, CS+) is 

repeatedly paired with an aversive unconditioned stimulus (US, e.g., electro-tactile stimulation), 

which leads to the CS+ eliciting a conditioned response (CR), which closely resembles the 

unconditioned response to the US. A second neutral cue is presented but never paired with the US 

and serves as a control or safety cue (CS-). In a fear generalization phase, additional generalization 

stimuli (GS) resembling the CSs are included and (defensive) responses to the GS reflect 
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generalization of the CR. During the extinction phase, both the CS+ and CS- are presented but 

without the CS+ being paired with the US any longer, typically leading to a gradual reduction of 

the CR (15,16). In a return of fear (ROF) test phase, the recurrence of the CR can be investigated 

following unannounced re-exposure to the US (i.e., reinstatement). Fear acquisition and extinction 

serve as a model for the development and exposure-based treatment of anxiety- and stress-related 

disorders, while ROF test phases have been used to experimentally model relapse phenomena 

(16,17). Reinstatement-based mechanisms are considered to have transdiagnostic relevance beyond 

anxiety-related disorders, given that exposure to stressful or aversive life events is a well-

established risk factor for the recurrence or worsening of symptoms across diverse 

psychopathological conditions.  

The neural network implicated in threat learning, extinction and generalization is well 

established (18–20). More precisely, in humans, fear acquisition is typically linked to the dorsal 

anterior cingulate cortex (dACC), insula, striatal regions, and thalamus, whereas fear extinction is 

associated with activation in the dACC, medial prefrontal cortex (mPFC), insula, dorsolateral 

prefrontal cortex (dlPFC), putamen, caudate, pallidum, thalamus, motor cortical regions, and the 

pons. (19). Generalization gradients have been described as positive gradients (i.e., highest 

response to the CS+) in the anterior insula, dACC and thalamus and negative gradients (i.e., highest 

response to the CS-) in the hippocampus, ventromedial prefrontal cortex (vmPFC) and amygdala 

(20). While our recent review (21) provides first evidence for blunted responding towards threat 

signals in individuals with a history of ACEs, an integrative interpretation of the current evidence 

base is challenging as the existing studies have largely examined single experimental phases which 

correspond to different learning processes and outcome measures in isolation. This provides an 

incomplete picture as results for the extinction phase cannot be interpreted without knowledge of 

results from the preceding fear acquisition training phase - leaving critical mechanistic questions 
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(i.e., threat vs. safety learning) open. Likewise, different outcome measures tap into slightly 

different mechanisms and timing of stimulus processing. Fragmented evidence is hence difficult to 

integrate into a coherent picture. Crucially, studies focusing on the neural underpinnings of these 

associations are rare and results inconsistent (21) with only a single study investigating the link 

between ACEs and threat generalization at a neuro-functional level (22). Similarly, the 

operationalization of ACEs differed considerably across studies (e.g., dimensional vs. categorical 

approaches including median-split dichotomization, or focussing on specific adversity types only, 

(21)). Hence, for the present study we decided to include both, a categorical as well as a 

dimensional (cumulative risk approach) analysis approach to enhance comparability. The primary 

aim of this pre-registered study is to systematically integrate results from different outcome 

measures - including measures of neural activation (fMRI) - across all experimental phases in a 

single well-powered study. This design enables both the direct comparisons of different outcome 

measures within the same study and allows findings to be interpreted comprehensively in reference 

to preceding or subsequent experimental phases. In particular, we aim to elucidate mechanistic 

pathways through which ACEs may contribute to mental health symptoms by examining alterations 

in threat learning processes, focusing on neural activation patterns in key brain regions implicated 

in these mechanisms (18). Based on our prior work (21), we hypothesize an association between a 

history of ACEs and ACE load and reduced CS discrimination, driven by attenuated CS+ 

responding during fear acquisition and generalization across outcome measures. At the neural level, 

we expect corresponding differences in threat-related regions (18). During generalization, group 

differences in generalization gradients are explored in regions implicated in fear generalization 

(20), while analyses for the extinction phase and the ROF phase are exploratory due to limited 

evidence (21). A secondary aim is to explore potential interactions between ACE load, CS-

discrimination and the general level of psychological, social and occupational functioning (i.e., 
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GAF; Global Assessment of Functioning). We chose the GAF score as a continuous measure based 

on the individuals’ clinical symptom load over categorical diagnostic grouping because the latter 

would not account for substantial within-diagnosis variance or comorbidities. Further, the resulting 

diagnostic subgroups would have been too small for adequately powered analyses. Hypotheses and 

analyses were pre-registered unless mentioned otherwise (OSF; 

https://doi.org/10.17605/OSF.IO/W3ARJ; January-12-2024; see Table S4 for minor deviations). 

Methods 

Sample 

We recruited 183 participants from a pre-screened sample and group assignment was based 

on the German version of the MACE questionnaire (Maltreatment and Abuse Chronology of 

Exposure; 23; i.e., KERF-I. Belastende Kindheitserfahrungen, 24). A full list of questionnaires as 

well as details on the sample are provided in chapter 1.1 the supplementary material. Participants 

recruited for the study additionally completed a telephone screening for current and lifetime 

psychiatric disorders using the Structured Clinical Interview for DSM-5 Disorders – Clinical 

Version (SCID-5-CV; 25) and were rated on their “general level of functioning” (Global 

Assessment of Functioning (GAF), American Psychiatric Association, 2000). Due to procedural 

and technical problems, the final sample consisted of 171 participants (for details see Table 1 and 

chapter 2.1 in the supplementary material). 

Paradigm 

Participants underwent a fear conditioning task in an MR scanner with habituation, fear 

acquisition, fear generalization, fear extinction and a ROF test phase following a fear reinstatement 

manipulation, with all phases completed on the same day. Colored circles (presented using 



ADVERSE CHILDHOOD EXPERIENCES AND THREAT LEARNING 8 

Presentation Software (Neurobehavioral Systems, Inc., Albany, California) served as conditioning 

stimuli (CS). Prior to the experiment, the electrotactile stimulation (i.e., the unconditioned 

stimulus; US) was calibrated to the maximum tolerable intensity aiming for a 7-8 on a scale from 

1 (not unpleasant at all) to 10 (extremely unpleasant; see Figure 1 and chapter 1.2 in the 

supplementary material for details). 

Data Acquisition and Preprocessing 

Fear-potentiated startle response (FPS) and skin conductance responses (SCR) were 

acquired pre-processed following published guidelines (26–28) and previous work within the MRI 

(29). (f)MRI data were acquired on a 3-Tesla MR-scanner (MAGNETOM Prisma, Siemens) with 

a 64-channel head coil. Details on data acquisition and pre-processing are described in the 

supplementary material. 

Statistical Analyses (physiological and rating data) 

As pre-registered, to examine the differences between individuals with and without ACEs 

(i.e., categorical analyses) and differential conditioned responding, two-way mixed ANOVAs were 

conducted, including CS type (CS+ vs. CS-) and ACE group (ACE vs. noACE) as independent 

variables for all outcome measures (arousal, valence, fear and US-expectancy ratings as well as 

SCR and FPS) and experimental phases. Significant group interactions were always followed up 

by post hoc independent samples t-tests. For the generalization phase, the linear deviation score 

(LDS) was used as an index of the linearity of the generalization gradient (30,31). It was calculated 

by subtracting the mean responses to all GS from the mean responses to both CS and compared 

between ACE groups using t-tests. To examine the relationship between ACE load (i.e., cumulative 

risk approach) - operationalized as the KERF sumscore - and conditioned responding, we 

conducted linear regressions for subjective ratings and the LDS. An additional exploratory 
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regression analysis with ACE group and CS-discrimination as predictors and the GAF score as 

continuous measure of general level of functioning as a dependent variable was performed. Further, 

we conducted a formal mediation-analysis to explore if the association of ACE load and GAF is 

mediated by CS-discrimination. For SCR and startle data, we used linear mixed-effects models 

(LMMs), including the KERF sumscore, stimulus type and their interaction as fixed effects, with 

random intercept for subject and random slope for CS type. All statistical tests for physiological 

and behavioral outcome measures were performed using R (R Core Team, 2023) with the 

significance level set to alpha < .05 (two-sided). Post-hoc t-tests were corrected for multiple 

comparisons by using Bonferroni-Holm correction. For data analyses and visualizations, as well as 

for the creation of the manuscript, we used the followring R packages1. 

 

Statistical models (fMRI): 

For all phases, for the first level general linear model (GLM), separate regressors for the 

stimuli (CS+, CS-, three GS for generalization) were included. US presentations, startle probes and 

ratings were included as additional regressors. For fear acquisition and extinction, the first CS+ 

 

1 R (Version 4.2.3; 32) and the R-packages afex (Version 1.4.1; 33), apa (Version 0.3.4; 34,35), 
car (Version 3.1.3; 36,37), carData (Version 3.0.5; 37), dplyr (Version 1.1.1; 38), effectsize 
(Version 1.0.1; 39), emmeans (Version 1.10.5; 40), ez (Version 4.4.0; 41), ggplot2 (Version 4.0.1; 
42), ggpubr (Version 0.6.0; 43), here (Version 1.0.1; 44), knitr (Version 1.42; 45), lme4 (Version 
1.1.35.5; 46), lmerTest (Version 3.1.3; 47), MASS (Version 7.3.58.2; 48), Matrix (Version 1.5.3; 
49), mediation (Version 4.5.1; 50,51–54), mvtnorm (Version 1.3.2; 55), papaja (Version 0.1.4; 35), 
psych (Version 2.5.6; 56), readxl (Version 1.4.3; 57), reshape2 (Version 1.4.4; 58), rstatix (Version 
0.7.2; 59), sandwich (Version 3.1.1; 60,61,62), sjPlot (Version 2.9.0; 63), tidyr (Version 1.3.1; 64), 
tinylabels (Version 0.2.4; 65), and xlsx (Version 0.6.5; 66) 
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and CS- were included as separate regressors and for the extinction phase, contrasts for early and 

late extinction were estimated separately. For the ROF test phase only the first two trials after 

reinstatement were included as regressor of interest, the remaining trials were modeled as separate 

regressors. Further, movement parameters were included as nuisance regressors in all analyses. 

The contrast estimates “CS+ > CS−” and “CS- > CS+” were taken to the second-level analyses. To 

test for differences in CS-discrimination between individuals with and without ACEs, two-sample 

t-tests for the CS+ > CS- contrast were calculated, for each phase separately. Additionally, linear 

regressions were conducted to investigate if ACE load predicted a reduction in the CS+ > CS- 

contrast during fear acquisition. Correction for multiple comparisons was done on the whole-brain 

level and within predefined anatomical regions of interest (ROI): bilateral amygdala, hippocampus, 

caudate nucleus, putamen, pallidum, nucleus accumbens and thalamus as well as dlPFC, dACC 

and vmPFC. To investigate potential differences in neural generalization gradients (30) between 

groups, we extracted ROI-level beta estimates from regions identified in fear generalization in a 

meta-analysis (i.e., anterior insula, caudate, thalamus, dlPFC, dACC, hippocampus, amygdala and 

vmPFC; 20). For bilateral ROIs, values were averaged across hemispheres. This approach was 

chosen because corresponding statistical analyses to calculate the linear deviation scores 

(LDS) cannot readily be implemented in SPM. Instead, these analyses were conducted in R using 

the extracted ROI-based parameter estimates.  

Results 

Sample characteristics 

The full sample consisted of 171 participants (see Table 1; 124 women, 47 men, age range: 

18 - 53 years, mean age = 25.64, SD = 4.78). 
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Threat-Safety Discrimination: 

In the full sample, the expected pattern of stronger responses to the CS+ (and GS) compared 

to the CS- across all behavioral and physiological outcome measures was observed for fear 

acquisition and generalization, while results for the fear extinction phase indicated successful fear 

extinction. During the ROF test phase, a re-occurrence of the conditioned response was observed 

(i.e., differential reinstatement with CS+ > CS- across all ratings, generalized reinstatement to both 

CSs in SCRs. See supplementary material and Table S1 for details. At a neural level, whole brain 

analyses for the CS+ > CS- contrast during the fear acquisition and generalization phase showed 

widely distributed activation patterns typically observed for differential fear conditioning. For 

extinction (whole phase as well as early versus late extinction), no significant effects for the CS+ 

> CS- contrast were observed. 

Associations between CS-discrimination and ACEs 

During the fear acquisition phase, CS discrimination in arousal ratings was reduced in 

individuals with ACEs as compared to those without (p = .011, see Table 2 and Figure 2B) driven 

by trend-wise but non-significantly blunted CS+ responding (MACE = 70.08) in individuals with a 

history of ACEs (MnoACE = 77.40, t(167) = 1.92, p = .057) while no significant differences were 

observed for the CS- (MACE = 16.9; MnoACE = 13.4, t(167) = -1.17, p = .243). No significant group 

differences were observed for other outcome measures, even though at a descriptive level (see 

Figure 2E) individuals with a history of ACEs showed generally - although statistically not 

significant - reduced SCRs to the CS+ and a trend-wise reduction in CS discrimination at the neural 

level in the left anterior insula as well as striatal ROIs (caudate, pallidum, putamen, see Table S5 

and Figure S2). During the generalization phase, individuals with ACEs showed reduced CS-

discrimination in the left caudate (pFWE = .022), dlPFC (pFWE = .049) as well as the left nucleus 
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accumbens (pFWE = .012; see Table S2). Extracted parameter estimates from ROIs show blunted 

CS+ (dACC: t(159) = 2.04, p = .04 , vmPFC: t(159) = 2.05, p = .04 ) and GS+ (amygdala: t(159) 

= 2.96, p = .004) responses while generalization gradients are comparable (see Figure 3). No 

significant differences in CS discrimination were observed between both groups in any other 

outcome measure (all p > .05, Table 2), nor for Linear Deviation Scores (LDS; all p > .05, see 

Table S2). During the extinction phase, no significant group differences in CS discrimination were 

observed (all p > .05, Table 2). At the ROF-test, group differences as observed during acquisition 

re-emerged (i.e., reduced CS-discrimination in individuals with ACEs) for arousal ratings but now 

also for expectancy and fear ratings. As during acquisition, this was driven by significantly lower 

CS+ ratings in individuals with ACEs (expectancy: t = 2.89, df = 153, p = .004, d = 0.47; arousal: 

t = 3.03, df = 153, p = .003, d = 0.49; fear: t = 2.12, df = 153, p = .036, d = 0.345) in absence of 

differences for the CS- (all p > .05; see Table 2). For valence ratings, a similar pattern, yet only at 

a non-significant descriptive level (p = .062) was observed. No group differences emerged for 

SCRs and BOLD fMRI. 

Associations between CS-discrimination and ACE Load 

As in the categorical analyses, higher ACE load was associated with significantly reduced 

CS discrimination in arousal ratings during acquisition (p = .019, see Table 2) resulting from non-

significantly reduced CS+ responding (b = -0.218, t(334) = -1.85, p = .065) as well as 

nonsignificantly increased CS- responding (b = 0.203, t(5678) = 1.72, p = .086, see Figure 4A). 

At a descriptive but statistically not significant level (see Figure 2E) individuals with higher ACE 

load showed reduced CS discrimination in fear and valence ratings as well as SCRs. This pattern 

was mirrored at the neural level with ACE load being significantly associated with a reduction in 

CS-discrimination in the right caudate (pFWE = .016), bilateral nucleus accumbens (pFWE = .027 and 
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pFWE= 0.046), left putamen (pFWE = .024), bilateral pallidum (pFWE = .046 and pFWE = .035) and the 

vmPFC (pFWE = .017; see Figure 5 and Table S5). No significant association between ACE load 

and CS discrimination was observed in any other outcome measure during acquisition or during 

generalization and extinction - also matching categorical analyses. One exception to this is the 

neural level during generalization: Higher ACE load was significantly associated with a reduction 

in CS-discrimination in left lateralized striatal areas (i.e., caudate, pFWE = .01; putamen, pFWE = .01; 

pallidum, pFWE = .003). Again matching categorical analyses, for the ROF test phase, higher ACE 

load was significantly associated with reduced CS discrimination in arousal (p = .048) and 

expectancy ratings (p =.036) and at the neural level with reduced CS discrimination in the dACC 

(pFWE = .01) but increased CS discrimination in the left caudate (pFWE = .039; see Figure 5). No 

such effects were observed in any outcome measure (all p > .05). 

ACEs and Psychological Functioning 

Exploratory analyses focused on arousal ratings, as these showed the most consistent effects 

across phases. Reduced CS-discrimination in post-acquisition arousal ratings was associated with 

lower global level of functioning (GAF; (b = .49, t(144) = 3.19, p = .002, Figure 6A). Importantly, 

this effect was only significant in exposed individuals (b = .14, t(85) = 2.74, p = .007) but not 

unexposed (b = .02, t(57) = 0.31, p = .756, see Figure 6B). A formal - albeit cross-sectional - 

mediation-analysis revealed that the association of ACE load and GAF is, in fact, (statistically) 

partially mediated (9%, p = .044) by reduced CS-discrimination in post-acquisition arousal ratings. 

This is consistent with a mediating role in the association between ACE load and GAF, as the 

indirect effect of ACE load on GAF reached significance (ACME = –0.036, 95 % CI [–0.1061, –

0.0006], p = .044). When controlling for CS discrimination in post-acquisition arousal ratings, this 

effect remained statistically significant (ADE = -0.36, p <.001). 
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Discussion 

We investigated how a history of ACEs and cumulative ACE load relate to key threat 

learning processes (acquisition, generalization, extinction, and ROF) across outcome measures, 

including neurofunctional measures. Using a pre-registered, multimodal experimental design in a 

large pre-screened sample (N = 171), this study aimed to provide the most comprehensive and 

mechanistic account of experience-dependent alterations in threat and safety processing as well as 

threat generalization to date. In sum, ACEs - particularly cumulative ACE load - was associated 

with reduced CS discrimination during fear acquisition and ROF, driven primarily by blunted CS+ 

responding while US expectancy ratings, US intensity and perceived US aversiveness were 

comparable between groups. This pattern emerged in arousal ratings and most prominently within 

the striatal salience circuitry (i.e., ncl. accumbens, caudate, putamen, pallidum) as well as the 

vmPFC and was less consistent in “classical” threat-related areas (e.g., insula, amygdala, 

hippocampus, dACC, see 18) and fear ratings. Notably, these associations were restricted to 

experimental phases characterized by imminent threat (fear acquisition and generalization). 

Importantly, neither ACE exposure nor ACE load were related to the shape of generalization 

gradients (i.e., LDS) highlighting that effects are restricted to the CS+ (and partly the GS+, see 

Figure 3) - thereby replicating previous work (22,32,33). The prominence of striatal and arousal-

based effects in absence of group differences in threat responding may reflect altered salience or 

value assignment to the threat cue (CS+), such that their affective impact is diminished despite 

preserved explicit knowledge about CS–US contingencies. Importantly however, the literature on 

associative threat learning in individuals with a history of ACEs is overall heterogeneous (for a 

review, see 21), with many studies reporting null findings but also studies that report enhanced 

responding to threat cues in individuals with a history of ACEs (e.g., 34). Recent work suggests, 

that this variability might reflect the influence of factors such as the developmental timing (35, 36) 
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and severity (35) of adverse experiences, which may differentially affect learning-related processes 

and subsequent symptom development (36). Notably, Sisk and colleagues identified distinct neural 

response profiles using a latent profile approach integrating both adversity characteristics and 

neural activation patterns, whereas cumulative ACE load alone did not account for the observed 

patterns. This highlights that sample characteristics as well as characteristics of adversity beyond 

cumulative exposure - such as developmental timing and severity - should be taken into account in 

future work to advance our understanding of how different aspects of adverse experiences shape 

developmental trajectories and may, in turn, help explain the heterogeneous findings in the existing 

literature. 

 Our results highlight the value of multimodal experimental approaches in providing 

mechanistic insights. Specifically, we demonstrate a dissociation between arousal and expectancy 

ratings in individuals with a history of ACEs, suggesting that ACEs are primarily associated with 

blunted flexible affective threat responses - potentially reflecting a reduced transfer of US-related 

arousal to the CS+ (37) - while leaving cognitive contingency learning intact. Typically, this 

transfer occurs as the CS+ becomes a reliable predictor of the (imminent) US thereby acquiring the 

ability to activate neural pathways and behavioral responses similar to those involved in processing 

the US itself (18,37). We speculate that this reduced transfer, seemingly specific to the arousal 

component, may have developed as an adaptive mechanism in environments characterized by high 

levels of unpredictability and uncontrollability - common features of ACEs (10,38). In such 

environments, attenuated arousal responding in the face of an uncontrollable predictor of threat - 

as the US in a fear conditioning experiment - may constitute an experience-dependent adaptive and 

energy efficient strategy (12,39). However, in more stable environments later in life, this response 

pattern may become maladaptive. A potentially reduced motivation to escape aversive states may 

interfere with the pursuit of goals (e.g., rewards) and manifest as anhedonia-like behavior - a core 
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symptom of mood disorders (40). Because the present paradigm offers little opportunity for control 

through action, future studies should explore in more detail whether alterations in the affective 

anticipatory threat response also affect subsequent decision-making processes and approach-

avoidance behavior (41,42). 

A notable exception to this dissociation emerged in the ROF test phase - an experimental 

model of relapse (17) - where ACE history and load were associated with reduced US-expectancy 

to the CS+ - accompanied by similarly blunted CS+ responses in arousal and fear ratings. Unlike 

the acquisition and generalization phase which involve strong and predictable CS+–US 

contingencies (i.e., 80% reinforcement rate, strong situation; 43), the ROF test phase is 

characterized by ambiguity following unsignalled US re-exposure (17). Individuals with a history 

of ACEs may therefore be less likely to trust that prior threat contingencies remain valid in 

ambiguous contexts, potentially reflecting heightened exposure to environmental unpredictability 

during development (10,38). At the neural level, individuals with higher ACE load were 

characterized by reduced discrimination in the dACC during the ROF test - a region known to be 

implicated in the threat learning and particularly tagging emotional events as action-relevant 

(44,45). In contrast, we observed enhanced discrimination-related activity in the (left) caudate, a 

region implicated in prediction error signalling in ambiguous contexts. . 

Thus, under conditions of uncertainty, individuals with higher ACE load showed reduced 

discrimination between threat and safety at the level of explicit US-expectancy in contrast to phases 

with more certainty (acquisition, generalization), in which this effect was only present in arousal-

based measures. In addition, discrimination-related activity in the striatum was enhanced in 

individuals with higher ACE load under uncertain conditions but reduced when contingencies were 

more certain. This dissociation between reduced explicit discrimination (i.e., expectancy ratings) 
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and increased striatal engagement under uncertainty may suggest a link between a history of ACEs 

and biases in threat learning toward more implicit, striatum-based representations that are engaged 

when environmental conditions are ambiguous but are less accessible to conscious expectancy 

evaluations. In addition to these main findings, in a secondary, exploratory set of analyses, we 

examined how ACEs, threat responding and global psychological functioning are interrelated to 

indirectly tackle an apparent paradox in the literature. Stress- and anxiety-related disorders are 

consistently and primarily linked to deficits in safety learning (i.e., enhanced responding to the CS-

; 46, 47, 48) while a history of ACE, as a well established risk factor (5,8,9), has been linked to 

blunted threat responding (i.e., CS+; 21). Strikingly, both lines of research show effects particularly 

pronounced in affective ratings but not in physiological measures. These exploratory analyses 

revealed an association of lower CS discrimination in arousal ratings and lower general functioning 

(i.e., lower GAF scores), yet, this was only true for individuals with a history of ACEs. Even though 

our study was not explicitly designed to solve the paradox outlined above, our exploratory analysis 

suggests that aberrant CS-discrimination might partially mediate the association of ACEs and the 

subsequent development of mental health symptoms. 

Limitations and Outlook 

While a large sample and the inclusion of multiple outcome measures provides possibilities 

that were not given in previous studies, they also come with challenges including higher data loss 

for physiological measures inside the MR and potential selection biases as compared to behavioral-

lab settings. In addition, despite the broad range of outcome measures included, reliance on post-

phase ratings limits temporal precision and future studies should focus on trial-by-trial ratings to 

capture learning dynamics and individual trajectories. Moreover, the cross-sectional design 

precludes causal or mechanistic conclusions and limits the interpretation of the mediation analysis, 
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hence longitudinal studies are needed to clarify the causal relationships. Finally, we relied on a 

traditional binary categorization of ACEs as well as on a cumulative load score relying on implicit 

assumptions of simple additive effects of adversity types (49). Both approaches represent a 

simplification of the heterogeneity inherent in ACEs (e.g., 50) and do not capture dimensions such 

as chronicity, severity, timing, or type of ACE (49). 

Conclusion 

In conclusion, the results of the current study suggest that reduced CS-discrimination in 

arousal-based measures linked to ACEs does not appear to reflectvalterations in declarative threat 

learning (i.e., associative learning of the cue-outcome contingencies) or threat reactivity per se. 

Rather, ACEs seem to be linked to a reduced transfer of US-related arousal to the CS+, a core 

mechanism of aversive learning in which the CS comes to predict the imminent US and thereby 

gains the ability to engage neural pathways involved in US processing. Similarly, reduced US-

expectancy during the ROF test indicated that individuals with ACEs are less likely to rely on 

learned contingencies in a new, ambiguous situation. Investigating how these alterations shape 

real-world anticipatory behavior and their long-term consequences represents a promising direction 

for future research. These processes, particularly the hypothesized reduced transfer of US-related 

arousal, should be examined in more detail using experimental paradigms specifically designed to 

probe these mechanisms and their translation into behavioral response patterns (42). 
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Figure Legends 

Figure 1 

Figure.1. A. Schematic overview of the fear conditioning paradigm. Participants completed five consecutive 
experimental phases: habituation, acquisition, generalization, extinction, and return of fear following a reinstatement 
manipulation, which consisted of two unsignalled presentations of the unconditioned stimulus (US, electro-tactile 
stimulation). The CS-US reinforcement rate during acquisition and generalization was 80%. The generalization phase 
included four additional generalization stimuli (GS) varying in perceptual similarity between the CS+ and CS-. 
Subjective ratings of US-expectancy, arousal, valence and fear) were obtained at the end of each phase. B. Schematic 
illustration of exemplary trials from the acquisition phase. CSs were presented for 6 - 8 seconds. On reinforced CS+ 
trials, the US was delivered 200 ms before CS offset. Inter-trial intervals (ITI) varied between 10 and 16 seconds. 
During the ITI, a fixation cross was displayed. Acoustic startle probes were presented in 30% of all trials and ITIs, 
occurring 3 - 5.5 seconds after CS or ITI onset, respectively. 

Figure 2 

Figure 2. Differences in mean (A) arousal, (B) expectancy, (C) fear, and (D) valence ratings, as well as (E) SCR and 
(F) FPS between individuals with and without a history of ACEs across all experimental phases for the CS+ (blue) and 
CS- (green). Solid lines and circles represent data from individuals without a history of ACEs compared to dotted lines 
and triangles for individuals with a history of ACEs. Error bars represent the standard error of the mean. Asterisks 
indicate significant group differences (p < .05, see Table 2 for details). 

Figure 3  

Figure 3. Positive (A) and (B) negative generalization gradients based on ROI-level parameter estimates extracted 
from regions of interest derived from a meta-analysis of the neural correlates of fear generalization. The gradients 
illustrate group differences between individuals with and without ACEs in responses to the CS-, CS+, and the three 
generalization stimuli (GS-, GSA, GS+). Error ribbons represent the standard error of the mean. dACC = dorsal anterior 
cingulate cortex; dlPFC = dorsolateral prefrontal cortex; vmPFC = ventromedial prefrontal cortex. Red and blue colors 
indicate the ROIs included in the fMRI analyses. 

Figure 4 

Figure 4.  Association between ACE load, operationalized as KERF sumscore, and mean (A) arousal, (B) expectancy, 
(C) fear and (D) valence ratings after fear acquisition phase, (E) mean SCR amplitude (log-transformed and range 
corrected) during fear acquisition phase, (F) and mean FPS amplitude (t-transformed) during fear acquisition phase 
for the CS+ (blue) and CS- (green). Dots represent the participant’s mean value.  Ribbons represent the standard error 
of the mean. 

Figure 5 

Figure 5. Negative association between ACE load, operationalized as the KERF sum score, and the CS+ > CS- contrast 
during (A) fear acquisition and (B) return of fear (ROF). First-level parameter estimates for the CS+ and CS- were 
extracted from the peak voxel that was identified in the regression analysis showing a negative association between 
ACE load and the CS+>CS- contrast.  These extracted peak-voxel parameter estimates were not used for statistical 
inference, but for visualization purposes only. Points represent the beta estimates for individual subjects. Ribbons 
indicate the standard error of the mean. The visualization threshold was set to p = .01 

Figure 6 
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Figure 6. (A) Association between clinical symptom load, operationalized as GAF and post-acquisition arousal ratings 
for the conditioned stimuli. Dots represent individual participants’ values. Ribbons represent the standard error of the 
mean. (B) Association between CS discrimination for post-acquisition arousal ratings and clinical symptom load, 
operationalized as GAF for individuals with and without history of ACEs. Dots represent individual participant’s 
values. Ribbons represent the standard error of the mean. (C) Cross-sectional mediation analysis indicates that higher 
ACE load predicts lower GAF scores both directly and indirectly via reduced post-acquisition CS discrimination in 
arousal ratings. Both the indirect effect and the direct effect were significant.  The association of ACE load and GAF 
is (statistically) partially mediated (9%) by CS discrimination 
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Table 1 

N = 171 no ACE (n = 74) ACEs (n = 97) group comparison 

Age 25.5 (5.38) 25.8 (4.3) p = .616 

Sex1 46w / 28m 78w / 19m p = .013 

KERF sumscore 6.68 (5.4) 26.14 (13.4) p < .001 

CTQ sumscore 32.1 (5.9) 47.2 (14.4) p < .001 

Education                                                                             

lower 5 4  
 

p = .120 
high school diploma 40 40 

bachelor degree 21 45 

master degree or higher 7 8 

GAF 86.7(11.1) 75.7 (13.7) p < .001 

SKID - acute vs. lifetime diagnosis (N = 1512)                                                                     

no diagnosis 39 30  

p <.001  lifetime 18 36 

acute 4 24 

STAI 35.6 (9.4) 44.4 (10.1) p < .001 

Subjective socio- economic status  

- childhood 
6.2 (1.5) 5.3 (1.7) p < .001 

Subjective socio- economic status 

- current 
5.9 (1.5) 5.3 (1.1) p = .010 

Saliva cortisol baseline (nmol/l)³ 3.92 (2.43) 3.35 (2.95) p = .100 

US intensity  2.60 (2.3) 2.43 (1.5) p = .581 

US aversiveness ratings 69.6 (17.7) 69.7 (19.8) p = .959 

startle aversiveness ratings 34.17 (20.93) 38.37 (25.78) p = .331 

SCR to US [rc, log] 0.51 (0.26) 0.53 (0.26) p = .388 

Table 1. Demographical data for individuals with and without ACEs. 1see supplementary material for sensitivity 
analyses; 2the sample size for the clinical interview data is smaller, as we decided to conduct the interviews as 
exploratory measure when the first 22 participants had already completed the study; 3see supplementary material for 
details 
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Table 2 

Phase Measure b SEb df1 F/t1 p f² / η² 95% CI 

Acquisition 

categorical Expectancy     1, 167 1.62 .205     

dimensional Expectancy 0.167 0.118 334 1.410 .16   [-0.066, 0.398] 

categorical Arousal     1, 167 6.68 .011 0.015   

dimensional Arousal 0.42 0.17 334 2.52 .012 0.019 [0.093, 0.748] 

categorical Valence     1, 167 2.78 .097     

dimensional Valence 0.163 0.16 334 1.021 .31   [-0.151, 0.478] 

categorical Fear     1, 167 3.05 .083     

dimensional Fear 0.24 0.185 334 1.290 .198   [-0.125, 0.602] 

categorical SCR     1, 125 2.24 .137     

dimensional SCR 0.001 0.001 125.3 1.66 .099   [-0.0002, 0.0022] 

categorical FPS     1, 116 0.13 .716     

dimensional FPS 0.038 0.048 278 0.81 .422    [-0.055, 0.132] 

Generalization  

categorical Expectancy     1, 161 0.34 .599     

dimensional Expectancy -0.03 0.11 322 0 .82   [.0.25, 0.199] 

categorical Arousal     1, 161 1.07 .301     

dimensional Arousal 0.16 0.16 322 1.01 .314   [-0.15, 0.48] 

categorical Valence     1, 161 0.16 .69     

dimensional Valence 0.04 0.16 322 0 .8   [-0.27, 0.35] 

categorical Fear     1, 161 0.51 .478     

dimensional Fear 0.08 0.17 322 0 .65   [-0.26, 0.42] 

categorical SCR     1,119 0.86 .355     

dimensional SCR 0.001 0.001 118.7 1.6 .113   [-0.0002, 0.0023] 

categorical FPS     1, 108 1.17 .281     

dimensional FPS 0.005 0.051 129 0.104 .917    [-0.095, 0.105] 
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Extinction  

categorical Expectancy     1, 157 2.02 .157     

dimensional Expectancy -0.29 0.17 314 -2 .09   [-0.63, 0.047] 

categorical Arousal     1, 157 1.06 .305     

dimensional Arousal -0.19 0.17 314 -1.1 .29   [-0.53, 0.157] 

categorical Valence     1, 157 2.61 .108     

dimensional Valence -0.25 0.16 314 -2 .13   [-0.56, 0.07] 

categorical Fear     1, 157 0.76 .384     

dimensional Fear -0.18 0.15 314 -1 .243   [-0.48, 0.122] 

categorical SCR     1,114 1.45 .231     

dimensional SCR 0.0003 0.0003 108.1 0.93 .356   [-0.00028, 0.0008] 

categorical FPS     1, 107 0.24 .627     

dimensional FPS 0.007 0.037 105 0.178 .859    [-0.066, 0.079] 

Return of Fear  

categorical Expectancy     1, 153 6.42 .012 0.014   

dimensional Expectancy 0.451 0.21 314 2 .032 0.015 [0.039, 0.86] 

categorical Arousal     1, 153 5.67 .018 0.01   

dimensional Arousal 0.415 0.211 314 1.97 .0498 0.012 [0.0004, 0.83] 

categorical Valence     1, 153 3.53 .062     

dimensional Valence 0.349 0.21 314 2 .094   [-0.06, 0.757] 

categorical Fear     1, 153 9.23 .003 0.012   

dimensional Fear 0.334 0.21 314 2 .12.   [-0.087, 0.755] 

categorical SCR     1, 113 6.8 .01     

dimensional SCR 0.001 0.001 96.6 1.54 .128   [-0.0002, 0.002] 

Extinction to Return of Fear  

categorical Expectancy     1,153 9.41 0.993 0.009   

categorical Arousal     1,153 7,93 0.006 0.005   

categorical Valence     1,153 9,43 0.003 0.006   

categorical Fear     1,153 11.19 0.001 0.006   
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categorical SCR     1,104 1,13 0.291     

 

Table 2. Associations between CS-discrimination and a history of ACEs (categorical approach) as well as ACE load 
(cumulative risk approach). 1Due to missing data for individual outcome measures and experimental phases, sample 
sizes vary. In brief, for ratings, the maximum number of valid data sets was 169, for SCRs 127, for FPS 118 and for 
imaging 166. For details see supplementary material. 
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