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Posttraumatic stress disorder (PTSD) is characterized by exaggerated responses to trauma-relevant 
cues and impairments in relation to contextual information. However, it is not clear whether this 
dysfunction is related only to memory processes, or whether early perceptual and attentional 
processing is already dysfunctional. We examined early processing and retrieval of trauma-related cues 
and neutral contexts in 20 individuals diagnosed with PTSD (PTSD) and 20 trauma-exposed controls 
without diagnosis of PTSD (NPTSD) using simultaneous high-density electroencephalography and eye-
tracking. A group of 20 non-trauma-exposed healthy controls (HC) was employed to test for responses 
to trauma-unrelated cues and contexts. The earliest visual event-related potential (C1) was positive for 
individuals diagnosed with PTSD and negative for NPTSD, suggesting enhanced early visual processing 
of the cue. Eye-tracking showed that PTSD but not NPTSD displayed significantly longer latencies 
before looking at contexts than at trauma-related cues. The PTSD group performed significantly 
worse than the NPTSD group in correctly retrieving rearranged cue/context associations compared 
to consistent associations. Memory strength for rearranged cue-context pairs was significantly 
predicted by the early processing measures of the context. Perception of traumatic cues in neutral 
contexts is biased in PTSD at early processing stages and contributes significantly to the impairment 
in context-relational memories. For trauma-unrelated cues and contexts no significant differences 
emerged between PTSD and trauma-exposed as well as non-trauma-exposed controls. Treatments for 
individuals diagnosed with PTSD should focus on early processing, perception and attention of cue/
context traumatic associations in addition to contextual memory.

Posttraumatic stress disorder (PTSD) develops in response to a traumatic event and is characterized by a number 
of distressing symptoms. These include re-experiencing of the traumatic event (intrusive memories, thoughts 
and/or flashbacks), heightened general arousal (hyperattention and continuous monitoring for potential threats, 
enhanced startle reactivity), avoidance of reminders of the traumatic event and negative alterations in cognitions 
and mood1.

Several psychobiological mechanisms have been proposed for the development of PTSD. Among them are 
heightened fear learning and memory, increased salience/threat detection, diminished executive control and 
deficient emotion regulation with respect to trauma cues. In addition, it has been proposed that the heightened 
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cue reactivity might be related to deficient contextual processing2–4. For example, while individuals diagnosed 
with PTSD may show preserved or even enhanced explicit memory for trauma-related information, particularly 
for central or emotionally salient cues5, contextual aspects of memory, including the specificity of the conditioned 
response, are often impaired6. By ‘explicit memory,’ we refer to the conscious recall of factual information or 
events, while ‘contextual aspects’ relate to details such as time, place, and the relationships between different 
elements of an experience. However, it is important to acknowledge that memory for trauma remains a complex 
and debated topic. While vivid intrusions of traumatic images and sensations are hallmark features of PTSD7, a 
substantial body of literature has also documented amnesia, delayed recall, and disruptions in autobiographical 
memory, particularly in cases of childhood or developmental trauma8–13.

Disturbances in autobiographical memory in PTSD, characterized by poor elaboration and deficient 
contextualization, may prevent individuals from realizing that trauma reminders in a safe context are no longer 
threatening. This can lead to a persistent feeling of being unsafe due to deficient safety signal learning and 
overgeneralization6,14. Deficient contextual processing is believed to result in dysfunctional representations of 
stored trauma cues3,4, potentially explaining the intrusions and flashbacks characteristic of PTSD. The frequently 
observed hippocampal impairments in PTSD15 might be related to poorer performance in contextually based 
memories such as extinction, extinction recall, and fear renewal. Steiger et al. (2015) found that, compared 
to healthy controls, individuals diagnosed with PTSD exhibited lower accuracy in identifying threatening and 
safe contexts during a context discrimination task16. Furthermore, individuals diagnosed with PTSD failed to 
extinguish conditioned contextual and cued fear responses and showed increased fear to both dangerous and 
safe contexts16. These deficient contextual fear memory mechanisms suggest a predominance of elemental (cue-
based) representations of trauma at the expense of contextual representations4,17. Neurobiological studies have 
shown that the amygdala is involved in elemental processing, while the hippocampus and peri- and postrhinal 
systems mediate contextual processing18,19. Negative emotions have been found to favor amygdalar item memory 
and disrupt hippocampal associative memory20. This hippocampal impairment can also be related to a lack of 
differentiation between dangerous and safe contexts19.

While many aspects of fear memory have been extensively studied in individuals diagnosed with PTSD2,3,6, 
the role of sensory and early processing has only recently gained research attention.

Recent evidence has highlighted alterations in early visual and midbrain circuits associated with trauma-
related processing in PTSD. Notably, the superior colliculus, a structure involved in the earliest stages of visual 
attention and orienting responses, has been implicated in both basic perceptual mechanisms and trauma-related 
hypervigilance21,22. Moreover, aberrant alpha-band activity in visual cortex and disrupted connectivity with 
default mode and sensorimotor networks have been reported in individuals with PTSD, further supporting the 
notion of early sensory hyperresponsivity23–26. These findings suggest that abnormalities in early perceptual 
processing may play a critical role in the maintenance and expression of PTSD symptoms. Magnetic resonance 
imaging (MRI) studies have linked structural integrity in early visual regions in trauma-exposed individuals to 
susceptibility to PTSD27 and to symptom severity in individuals diagnosed with PTSD compared to trauma-
exposed individuals without diagnosis of PTSD (NPSTD)28. Modulation of the visual network by transcranial 
magnetic inhibitory stimulation has been shown to reduce the emotional intensity of intrusions in non-trauma-
exposed individuals exposed to distressing content29.

Perceptual and attentional modulation of incoming sensory information occurs at very early stages (20–80 
ms) of processing30,31. This altered perception of trauma-related information could contribute to a mnemonic 
bias in PTSD. In visual perception, the earliest component of the event-related potential (ERP), C1, is a deflection 
originating mainly in primary visual processing areas32. C1 exhibits polarity reversal when stimuli are presented 
in different parts of the visual field32,33, such as the lower/upper part. Perceptual34 and emotional learning35 also 
modulate C1.

We hypothesized that individuals diagnosed with PTSD might show a bias toward the location of trauma-
related cues (mainly placed in the lower part of the pictures) at the expense of the surrounding context, resulting 
in early perceptual modulation of C1 indicated by polarity inversion. Eye-tracking studies have revealed faster 
initial fixations to traumatic words and images in individuals with PTSD compared to those without PTSD36,37. 
A positive correlation between PTSD symptoms and increased attention to and better recognition of fear faces in 
negative rather than in neutral or positive contexts38 has also been reported. Our study examined early perceptual 
and attentional processes to cues and contexts and their effects on memory by combining eye-tracker and EEG 
recordings during free viewing of traumatic cues embedded in neutral contexts. This session was followed 
by a memory retrieval test on the viewed material where we used two types of stimuli: those with consistent 
cue-context pairs and those with rearranged pairs. We expected individuals diagnosed with PTSD to show an 
enhanced focus on trauma-related cues, resulting in an early affective and perceptual bias compared to NPTSD, 
as indicated by the polarity reversal of the visual C1 component and shorter fixation latencies to the cue with 
longer fixation latencies to the context in eye-tracking. Additionally, we anticipated that individuals diagnosed 
with PTSD would demonstrate better retrieval of pictures with consistent cue-context pairs. Their heightened 
attentional bias toward the cue may facilitate recognition of both previously seen and newly learned cue-context 
pairs, as these can be processed through familiarity-based and recall-to-reject recognition rather than effortful 
recollection39. Familiarity-based recognition refers to recognizing something without recalling specific details, 
while ‘recall-to-reject’ involves remembering specific features to correctly reject incorrect options. In contrast, 
identifying rearranged pairs requires detecting and resolving inconsistencies between elements or associations, 
engaging hippocampal and prefrontal-dependent recollection processes, a domain particularly affected in 
PTSD40. These brain-based processes are involved in retrieving specific relational information, such as how 
elements were connected in the original experience. We therefore, expected that EEG amplitudes to the cue-
context picture pairs and eye-tracking attentional data to contexts would predict memory for rearranged cue-
context pairs. By contrast, ERP and eye-tracking data of the trauma cues would predict memory for consistent 
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cue-context pairs. From this point forward, we refer to memory retrieval for consistent pairs as item memory 
and retrieval for rearranged pairs as association memory.

We confined our analyses of trauma-related cues and neutral contexts to trauma-exposed individuals with 
and a without diagnosis of PTSD, as non-trauma-exposed individuals did not have traumatic events to report 
and rated them as less relevant. However, we compared trauma-unrelated cues and contexts across all groups to 
determine whether there were alterations in perception and memory beyond trauma-relevant cues in the PTSD 
and both control (trauma-exposed and non-trauma-exposed) groups.

Results
Event-related potential (ERP) data during processing of traumatic cues and neutral contexts
In the ERPs, we compared the polarity of the earliest visual ERP component (C1) between the PTSD (n = 16) 
and NPTSD (n = 16) groups, while they were viewing traumatic cues embedded in neutral contexts. Firstly, 
we identified a C1 deflection with an onset peaking at 40 ms, which was maximal over posterior parieto-
occipital and occipital sites. The C1 peak of the PTSD group was positive, whereas that of the NPTSD group 
was negative. This difference in polarity was statistically significant: peak amplitude, effect group: F(1, 
30) = 4.939, p = .034, partial η2 = 0.141 (Fig. 1ABCD). Neither laterality nor group by laterality were statistically 
significant (F(1,30 = 0.254, 0.119, p = .732, partial η2 = 0.004). We used independent component analysis to better 
characterize our C1 deflection. These components were grouped into several clusters on the basis of dipole 

Fig. 1.   Inverted polarity of the early visual C1 in indivisuals diagnosed with PTSD and trauma controls.  In 
panel A, the grand average event-related potentials for the left and right parieto-occipital clusters, highlighted 
in gray is the time window of the C1 whose peak was significantly different between individuals diagnosed 
with posttraumatic stress disorder (PTSD) and the trauma-exposed control group without PTSD diagnosis 
(NPTSD). Panel B shows scalp maps at specified latencies in the PTSD (orange) and NPTSD (black) groups. 
In panel C, the mean waveform of the two clusters showing the entire epoch and the identified visual 
components. In panel D, for the layout of the electrode array, the electrodes used for statistical analyses 
are shown in blue, with midline electrodes separating the right and left clusters. P100 refers to the positive 
deflection peaking at ~ 100 ms, N200 refers to the negative deflection at ~ 200 ms, and P300 refers to the 
positive deflection at ~ 300 ms; these parameters were not analyzed in this paper.
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location, power, average ERP in the 20–60 ms window of interest, mean event-related spectral perturbation 
(ERSP) and phase coherence41. Six clusters of independent components explained most of the variance in our 
ERP epoch following stimulus onset (see Fig. 2), with two clusters showing dipoles in the visual cortex. The 
other clusters were located laterally and medially in line with the limbic anterior (ACC) and posterior cingulate 
cortex (PCC), and subcortical (thalamus and hippocampus) regions (see Table S3 in the Supplement). The dipole 
locations and clusters are shown in Fig. 2. The approximated estimated Talairach coordinates, as defined by the 
Yale BioImage Suite software website (http://www.bioimagesuite.org), and the nearest gray matter of the mean 
equivalent current dipole of each cluster are presented in Fig. 2 and Table S3 in the Supplement (see also41,42.

Eye-tracking results for traumatic cues and neutral contexts
We compared the latency to the first fixation of the traumatic cues and the neutral contexts between the PTSD 
(n = 19) and NPTSD (n = 18) groups during picture viewing. For the time to first fixation, there was a significant 
interaction between stimulus type (cue versus context) and group, F(1,35) = 5.121, p = .030, partial  η2 = 0.128 
(Fig. 3A). Post hoc tests showed that the PTSD group had a significantly longer latency for looking to the context 
than the NPTSD group (F(1,35) = 6.220, p = .018), whereas there was no significant group difference in the 
latency to fixation of the cue (F(1,35) = 0.441, p = .511). The latency interval between looking at the cue and 
looking at the context was also significantly longer in PTSD compared with NPTSD (t(36) = 2.496, p = .017). In 
addition, individuals diagnosed with PTSD showed significantly longer latencies to first fixation on the images 
compared to individuals in the NPTSD group, regardless of whether the stimuli were cues or contexts, group: 
F(1,35) = 4.278, p = .046, partial   η2 = 0.109. Across all participants, cues were generally fixated more quickly than 
contexts, stimulus type: F(1,35) = 68.415, p < .001, partial η2 = 0.662.

Results of the memory test related to trauma cues and neutral contexts
We compared memory strength (correct responses) and accuracy (hit rates adjusted for false alarm rates) for 
retrieval of consistent versus rearranged old/new traumatic cues and neutral context pairs between the PTSD 
(n = 19) and NPTSD (n = 19) groups during a picture retrieval task. We refer to memory retrieval for consistent 
pairs as item memory and retrieval for rearranged pairs as association memory (see Methods for details). For 
memory strength, we observed a significant memory type (item/associative) by group interaction, F(1, 36) = 4.956, 

Fig. 2.   Source localization (dipole clusters).  Equivalent dipole localization plots showing the centroid of (left) 
and the source cluster (right) of each independent component in the Montreal Neurological Institute (MNI) 
template brain. In orange individuals diagnosed with posttraumatic stress disorder (PTSD) and in black the 
trauma-exposed control group without PTSD diagnosis (NPTSD).
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p = .032, partial η2 = 0.121 (Fig. 3B). Compared to the NPTSD group, the PTSD group reported significantly 
reduced memory strength scores in retrieving pictures of the association category than in retrieving pictures 
of the item category. There was also a significant effect of memory type, with item associations generally better 
retrieved than context associations (F(1,36) = 7.380, p = .010, partial η2 = 0.170), whereas the factor group was 
not significant (F(1,36) = 0.006, p = .938). The repeated measures ANOVA with adjusted hit rates yielded similar 
results. We observed a significant memory by group interaction, F (1, 36) = 4.814, p = .035, partial η2 = 0.118. 
Compared to the NPTSD group, the PTSD group had significantly lower accuracy in retrieving pictures of the 
association than of the item category. There was also a significant effect of memory type, with item generally 
more accurately retrieved than association memory (F (1, 36) = 28.484, p < .001, partial η2 = 0.442), whereas the 
factor group was not significant (F (1, 36) = 0.063, p = .803).

Results of the hierarchical regression related to trauma cues and neutral contexts
We examined whether early visual processing (C1 ERP) and initial attention allocation (time to first fixation) 
of traumatic cues in neutral contexts could predict association and item memory strength. For association 
memory, we found that the best fitting model included the mean C1 ERP peaks (left and right) and the latency 
to first fixation of the context. These combined ERP and eye-tracking variables significantly predicted the mean 
memory association scores, reaching ~ 50% of the explained variance (R2 = 0.551, F(3, 27) = 9.811, p < .001; 
adjusted R2 = 0.495). C1 alone explained ~ 30% of the variance in the memory scores (R2 = 0.355, F(2, 27) = 6.884, 
p < .001; adjusted R2 = 0.304). The addition of the latency to first fixation of the context (ΔR2 of 0.196, ΔF(1, 
24) = 10.456, p = .004) but not of the cue (ΔR2 of < 0.001, ΔF(1, 23) = 0.003, p = .954) to the ERP C1 data led to 
a statistically significant increase in the prediction of association memory (see Table 1). Item memory was not 
significantly predicted by any of these variables.

Results with non-traumatic cues and non-trauma-exposed individuals
We compared C1 polarity, latency to the first fixation of the non-traumatic (negative, positive and neutral) cues 
and the neutral contexts, as well as item/association memory related scores between the (resp. PTSD (n = 16; 
n = 19; n = 19) and NPTSD (n = 16; n = 18; n = 19) and HC (n = 16; n = 16; n = 19) groups (see Supplement for 
details). There was no significant effect that survived follow-up tests neither in ERP, eye-tracking or memory 
(see the Supplement for details).

Fig. 3.   Differences in perceptual processing (eye-tracking data) and memory retrieval. Panel A shows the 
mean eye-tracking time to first fixation. Individual diagnosed with posttraumatic stress disorder (PTSD) show 
significant longer latency to look at the context than those in the trauma-exposed controls without diagnosis of 
PTSD (NPTSD). Panel B shows that individual diagnosed with PTSD perform significantly worse than those 
NPTSD in correctly retrieving rearranged (association) versus consistent cue-context pairs (item).
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Discussion
We investigated early perceptual and attentional processing and retrieval of competing realistic information 
(trauma cues embedded in neutral contexts) in individuals diagnosed with PTSD compared to trauma-exposed 
NPTSD controls. Our data on the earliest visual ERP (C1), the time to first fixation and the retrieval of cue/
context pairs indicate early altered processing of traumatic materials as well as a deficit in the retrieval of 
rearranged pairs (associations) versus consistent pairs (items). Traumatic cues are attended with shorter latencies 
than neutral contexts in both groups, but only in the PTSD group this is followed by a significantly longer latency 
to look at the contexts, compared to the NPTSD group. Reduced memory strength in individuals diagnosed with 
PTSD for associations was predicted by poorer contextual processing.

During early processing of the pictures, the PTSD, compared with the NPTSD group, showed a very early 
perceptual difference, as indicated by the polarity (positive in PTSD versus negative in NPTSD) of the first 
identified visual ERP deflection (C1). C1 has been described with latencies ranging between 20 and 80 ms (see43 
for a review) for complex stimuli. Changes in the polarity of the C1 deflection have been related to differences in 
upper/lower visual field sensory processing due to its retinotopic properties44,45. In the case of complex stimuli 
such as pictures, changes in polarity have been related to the processing of different but concurrent information 
in the visual field competing for neural representation46. Our results suggest that individuals diagnosed with 
PTSD prioritize trauma cues in the lower visual field while neglecting contextual details. In contrast, NPTSD 
individuals focus more on the context. The amplitude of the C1 deflection has also been associated with affective 
top-down modulation in aversive learning35 and was found to be modulated by anxiety states and emotional 
processing47. Like in this study, Yoneda et al. (1995), using EEG and magnetoencephalography (MEG), observed 
an early visual response at ~ 40 ms after the stimulus, likely generated in the striate cortex48. Another MEG study 
also showed that stimulus-type (faces-objects-abstract patterns) and task-dependent (comparison of pairs of 
faces instead of objects or individual faces) modulations in the early latency window (30–60 ms) and amplitude 
were present49. Interestingly, and in line with our results, only the task that required an association and use of 
faces versus neutral objects led to faster and greater neural responses.

Our deflection starts at 20 ms and peaks at approximately 40 ms. Braeutigam et al. (2001) described the 
finding of an earlier onset for C1 as consistent with suggestions of anatomical pathways between thalamic nuclei 
and subcortical as well as cortical locations that may be activated simultaneously with or even before the striate 
cortex49. In our source location results, we found that cortical sensory and limbic regions (occipital and cingulate 
regions) as well as subcortical structures (thalamus and hippocampus) explained significant variance in the 
ERP signal. The primary visual cortex, specifically the calcarine fissure, has been for long described to be the 
main generator of the visual C150 and to be impermeable to attentional changes. In contrast, several studies 
using emotional material35,45,47 and a recent meta-analysis on the C1 showed an effect of attention of moderate 
size51, suggesting that input from several regions could contribute to the computation of prior activations in 
the primary visual cortex. The type of used stimuli should be considered, as many of the initial studies on the 
C1 generators implied non-emotionally relevant stimuli. In this study, we found that the anterior and posterior 
cingulate cortices (ACC, PCC), together with prefrontal regions, were identified as sources contributing to the 
ERP signal. While we did not perform formal network analyses, these regions could be part of a frontoparietal 
attentional network involved in amplifying relevant and suppressing irrelevant input, thus increasing afferent 
information-related sensory representations (Bayer et al., 2017). Notably, the PCC is typically associated with the 
default mode network52, and it may also be flexibly recruited during attentional processing, depending on task 
demands. Animal studies described not only feedback but also feedforward modulation to the primary visual 
cortex from other cortical regions53 enhancing visual representation and contributing to context-dependent 
modulation of visual processing54. Anatomical studies in primates have shown that higher-order occipital areas, 
temporal regions such as the inferotemporal cortex (IT), and subcortical structures including the pulvinar and 
superior colliculus contribute in parallel to the hierarchical organization of the visual system55. Hippocampus 
and thalamus generators of our ERP signal could then send information for the contextualization and the salience 
portion of the visual stimuli. In line with Qin et al., stimulus-dependent (e.g. color, location, intensity) and 
observer-dependent information (e.g. contextualization biases) are integrated dynamically, thereby supporting 
an efficient selection of the most relevant information51.

The eye-tracking results of the viewing task are in line with the neural ERP results. Individuals diagnosed with 
PTSD had significant longer latencies to look at the neutral backgrounds versus the trauma cues compared to the 
NPTSD group. The NPTSD group looked at the cue as fast as the PTSD group. This suggests that both groups do 

Criterion variable
Memory
Association category

Model N° predictors R2 p< Change in R2 ΔR2p<

1
C1 (right/left) 2 0.355 0.005 -

2
C1 (right/left) Eye-tracker context 3 0.551 0.0005 0.196 0.005

3
C1 (right/left) Eye-tracker context
Eye-tracker cue

4 0.551 0.005 0.003 0.954

Table 1.  Hierarchical regression between perceptual and attentional measures and memory accuracy of cue/
context associations. R2 = coefficient of determination; ΔR2 = change in R2 between models.
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not differ much in the processing of trauma cues, but that the difference resides in contextual processing. These 
results add to previous studies that used eye-tracking to examine differences in the processing of trauma or other 
emotional stimuli in individuals with PTSD, but that did not consider the context. For example, individuals 
diagnosed with PTSD showed significantly more first fixations of traumatic words than did those with NPTSD 
or HCs36. Thomas et al. (2013) showed that individuals diagnosed with PTSD compared to HC have significantly 
more initial fixations of trauma-related images, with the trauma-exposed NPTSD group in between37. Consistent 
with our primary findings, no significant interactions emerged when analyzing non-traumatic cues embedded in 
neutral contexts. Although a significant two-way interaction between item-association and group was observed, 
post hoc comparisons were not significant, limiting interpretability. This suggests that alterations in cue-context 
memory in PTSD may be particularly pronounced when processing trauma-related cues, rather than extending 
to non-traumatic emotional stimuli. Further research is needed to clarify whether these patterns generalize 
beyond trauma-related material. Partially in contrast to this, a recent study recording saccade latency, reported 
enhanced overt attentional allocation towards emotional material (positive, negative and violent) in PTSD than 
in HC56. In their study, participants were intentionally instructed to orient their gaze in a given direction, thus 
it can be that such paradigm may have been more suitable in highlighting differences in explicit orientation of 
attentional processes.

Many studies have shown that PTSD is associated with heightened vigilance and increased attention to threat-
related information, which is collectively referred to as a threat-related attentional bias36,37,57,58. Our results add 
to this research by showing that individuals diagnosed with PTSD, compared to NPTSD, fail to adequately focus 
on the context of a traumatic event without significant differences in fixations latencies. A recent review found 
little support for enhanced threat detection, hypervigilance and attentional avoidance and supported instead 
the concept of sustained attention to threat (i.e. attention maintenance) in PTSD59. Difficulty in disengaging 
attention from a stimulus has been reported also in other studies56. Our results suggest that difficulties in the 
processing of the context in which a stimulus is embedded may be partially responsible for this bias.

The results of the memory tests are in line with the assumption that association memory is impaired in 
individuals diagnosed with PTSD4,11. Individual diagnosed with PTSD performed significantly worse in flexibly 
retrieving cue/context associations than did those in the NPTSD group. This finding is supported by the notion 
that deficient contextual memory enhances traumatic cue retrieval20. This impairment in associative retrieval is 
consistent with findings in both acute and chronic post-trauma conditions. For example, a study demonstrated 
that individuals with acute stress disorder (ASD) exhibited marked deficits in associative memory compared 
to item memory for neutral stimuli, suggesting that impaired binding of event components might be an early 
cognitive consequence of trauma exposure60. This deficit, particularly in visual associative memory, was found 
to persist even after ASD symptoms resolved, highlighting a potentially enduring cognitive vulnerability60. 
Similarly, research on acute stress in non-clinical samples has shown that stress impacts associative recognition 
more than item recognition, particularly for pictorial stimuli61. These findings support the idea that associative 
memory, rather than simple item recognition, is more susceptible to stress-related disruptions, which could 
explain the pronounced contextual memory deficits observed in PTSD.

To better capture these memory processes, we computed separate scores for item and association memory. 
Item memory was derived from responses to consistent cue-context pairs (identical and new/new), where 
participants were not explicitly required to evaluate the cue, context, or their relationship but rather judged 
whether the image as a whole was entirely new or previously seen. In contrast, association memory was extracted 
from rearranged cue-context pairs (new/old, old/new, and old/old), where participants had to determine whether 
recombination of cues and contexts had been encountered before.

This distinction aligns with theoretical models suggesting that consistent cue-context pairs can be supported 
by familiarity-based recognition, while rearranged cue-context pairs require more effortful relational retrieval, 
engaging hippocampal and prefrontal-dependent processes that are particularly impaired in PTSD39,40. Thus, 
recognizing a familiar picture as a whole may rely on a general sense of familiarity, while recognizing that specific 
elements have been rearranged demands more complex memory processes that involve linking parts together, 
a function often disrupted in PTSD. The present results suggest that the PTSD-related memory impairment is 
specific to associative retrieval rather than general deficits in recognizing previously encountered stimuli or 
correctly rejecting novel ones, a process that may involve recall-to-reject mechanisms (Yonelinas, 2002). Given 
the central role of context in flexibly representing and retrieving information, as well as in resolving ambiguity, 
particularly through interactions within a hippocampal-prefrontal-thalamic network, deficits in contextual 
processing may lead to a heightened focus on cues62. This, in turn, could contribute to various aspects of 
posttraumatic psychopathology, including exaggerated emotional responses, impaired emotion regulation, and 
reduced flexibility in behavioral choices2.

Finally, our hierarchical regression results showed which perceptual variables are predictive of the memory 
impairment in PTSD. Only measures associated with contextual processing, both in ERPs and eye-tracking, 
significantly predicted variation in memory strength in the association category.

It is not clear which mechanisms could underlie this contextual processing deficit. Levy-Gigi et al.63 reported 
that individuals repeatedly exposed to traumatic experiences cannot properly integrate contextual information 
even when they did not (or not yet) develop PTSD63. In line with this study, several lasting sequelae to the brain 
have been reported as caused by traumatic stress, including increased cortisol and norepinephrine responses 
to subsequent stressors64 and have been associated with gray matter reduction of relevant structures, like the 
hippocampus65. Developing more comprehensive models is important for understanding PTSD. These models 
could link dysfunction in neuroendocrine, genetic, immunological, and psychophysiological markers in relevant 
brain circuits to the mechanisms of symptom development and disease maintenance2. Longitudinal studies are 
needed to validate these models.
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This study has several limitations. C1 studies usually require specific paradigms with extensive usage of simple 
stimulus repetition in different parts of the visual field, which we could not implement with the use of complex 
stimuli followed by a memory test. To overcome this limitation, we combined shorter EEG recordings with 
simultaneous eye-tracking and the use of a limited number (30 pictures) of traumatic cues in neutral contexts. 
When referring to group differences in trauma cue processing throughout the manuscript, we refer specifically 
to early visual attention and perception of static images. Importantly, this interpretation is limited to the specific 
experimental context and methodology employed, including the analysis of the early visual ERP component 
(C1) and eye-tracking measures. Our design does not allow for conclusions about deeper neural structures 
or the processing of dynamic or ecologically richer stimuli. Before conducting the study, a power analysis was 
performed to estimate the necessary sample size. This analysis was based on detecting an effect size of Cohen’s 
f = 0.40, with a power of 0.80 and a significance level of α = 0.05. The calculation suggested that a sample of n = 18 
participants per group would be sufficient for identifying effects of this magnitude. We collected data of 20 
participants to be on the safe side but could not use all because of technical reasons. After running the study, the 
observed effect sizes for the interaction effects were somewhat lower than anticipated. Specifically, the memory 
× group interaction yielded a partial η2 of 0.118 (Cohen’s f ≈ 0.36), while similar interactions in eye-tracking 
and EEG data showed partial η2 values of 0.128 and 0.141, respectively. While these are still meaningful effects, 
they fall below the originally anticipated effect size of partial η2 ≈ 0.14–0.16 (Cohen’s f ≈ 0.40) that would ensure 
optimal statistical power. This difference suggests that the study may have profited from a increased sample sizes 
to better capture smaller but meaningful interaction effects and to further enhance the generalizability of the 
results. However, it is important to note that, despite these considerations, the study still identified significant 
effects across multiple measures, reinforcing the robustness of the findings. We limited our main investigation 
to traumatic cues and neutral contexts. We separately examined the processing and retrieval on non-traumatic 
cues and neutral contexts in comparison with HC. For this more complex design our sample might have been 
underpowered and therefore the effects found were not significant. Further studies with a central interest in 
non-traumatic stimuli should investigate this more extensively. The presence of trauma heterogeneity provides 
ecological validity to the study, but also needs to be considered as a possible source of noise in the data. Further 
studies focusing specifically on one trauma type might be helpful.

In conclusion, individuals diagnosed with PTSD exhibited altered early visual and attentional processing, 
showing a bias toward cues over contexts and significantly slower orientation toward the neutral background 
surrounding the trauma reminder. In contrast, individuals who did not develop PTSD processed the context 
more extensively and displayed a balanced attentional distribution between cues and contexts. This perceptual 
pattern may serve as a valuable indicator not only for assessing avoidance and generalization phenomena but 
also for understanding threat detection mechanisms and attentional allocation in response to both traumatic 
and non-traumatic materials. Memory retrieval data demonstrated that explicit associative links between 
cues and contexts were not properly retrieved in individuals diagnosed with PTSD, and this impairment was 
closely related to deficits in perceptual processing of contextual information. Our findings contribute to the 
growing body of literature on PTSD mechanisms by highlighting that not only trauma- and context-related 
learning and memory but also the perceptual processing of contextual information is altered. These findings 
are consistent with recent neuroimaging and electrophysiological studies showing altered sensory processing in 
PTSD, including disrupted early visual and midbrain activity during trauma cue exposure21,22. Evidence of visual 
cortical hyperactivity and aberrant oscillatory dynamics further supports the idea that trauma-related sensory 
input is processed differently from very early stages of23–26. This insight has important implications for both 
assessment and treatment approaches, emphasizing the need to enhance perceptual processing of contextual 
information in competition with dominant trauma-related cues. For instance, Narrative Exposure Therapy 
(NET)66 works in this direction, by helping individuals process the particular elements of their trauma network, 
including sensory, affective and cognitive memories, thereby enhancing their ability to contextualize these cues 
and reduce their emotional impact. Another form of therapy worth considering in this context is Deep Brain 
Reorienting (DBR67, which specifically targets early orienting responses, including activity at the level of the 
superior colliculus. DBR may complement exposure-based methods by addressing basic sensory mechanisms 
implicated in trauma-related perceptual processing.

Methods
Participants
We compared the responses of 20 trauma-exposed persons with PTSD and 20 trauma-exposed persons without 
PTSD (NPTSD) as a trauma control group to individualized traumatic cues and neutral contexts. Twenty HCs 
(the non-trauma control group) were added for the comparison of non-traumatic standardized positive, negative 
and neutral cues and neutral contexts. Individuals with PTSD were recruited via the outpatient clinic of the 
Central Institute of Mental Health, Mannheim, and were self-referred based on press coverage and information 
on the website of the institute. The Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I)68 was 
used to assess mental disorders, and the Structured Clinical Interview for DSM-IV Axis II Disorders (SCID-II) 
German version was used to assess personality disorders69. The Clinician-Administered PTSD Scale (CAPS 
for DSM-IV)70 was used to assess the current diagnosis of PTSD together with the Posttraumatic Diagnostic 
Scale (PDS)71. Depressive symptoms were assessed using the German version of the Center for Epidemiological 
Studies Depression Scale72, and the level of trait anxiety was assessed with the German version of the State-
Trait Anxiety Inventory73. Participants in the trauma control group were only included if they had a history of 
a criterion A trauma for at least 3 months before participation in the study. Seven people with PTSD also met 
the criteria for current major depressive episodes (MDEs), panic disorder (PD), social phobia (SP) or specific 
phobia. Three trauma-exposed controls also met the criteria for PD, one for SP and one for current MDE. 
Exclusion criteria were comorbid borderline personality disorder, history of schizophrenia-spectrum psychosis, 
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bipolar type I affective disorder, current substance abuse, neurological disorders, traumatic head injuries, mental 
impairments and lack of German language skills. Exclusion criteria for healthy controls (HC) comprised also 
any personality disorder or Axis I disorder assessed by the German Version of the Structured Clinical Interview 
for DSM-IV Axis I and II Disorders (SKID-II and SKID-I);68,69, or any history or current psychiatric treatment, 
and history of trauma.

The PTSD, NPTSD and HC groups did not significantly differ in age, sex, handedness or education. 
Individuals diagnose with PTSD scored significantly higher than the NPTSD individuals and HCs in terms of 
depressive symptoms and anxiety levels.

None of the participants was medicated and all were examined by trained clinical psychologists (see Table 2 
for the clinical and demographic characteristics of the sample).

Depending on the trauma experienced, the participants in the PTSD or NPTSD groups belonged to seven 
trauma types: car accident (PTSD = 4; NPTSD = 6), fire (PTSD = 3; NPTSD = 1), hospital (PTSD = 1; NPTSD = 2), 
war (PTSD = 2; NPTSD = 2), rape (PTSD = 7; NPTSD = 4), suicide (PTSD = 1; NPTSD = 3), and aggression 
(PTSD = 2; NPTSD = 2). There were no significant differences in the proportions of patients and trauma controls 
in the different trauma types as assessed by Fisher’s exact test, p = .787. All participants reported to have slept 
seven or more hours on the day of the assessment. All participants had normal or corrected to normal vision. 
After informing the participants, by explaining the procedures of the study (EEG, eye-tracking) and the possible 
emotional content of the stimuli, we obtained written consent of the participants. The study was approved 
by the Ethics Committee of the Medical Faculty Mannheim of the Heidelberg University and adhered to the 
Declaration of Helsinki.

Procedure
The participants underwent a two-day experimental paradigm (see Fig. 4 for a schematic representation of the 
experimental paradigm and of the used stimuli). On day one, simultaneous high-density 128-channel EEG 
and eye-tracker recordings were performed during free viewing of visual stimuli (acquisition details in the 
Supplement). Thirty traumatic cues per trauma type (car accident, aggression, rape, hospital, fire, suicide and 
war) were embedded in neutral contexts (see details regarding the images in the Supplement; Tables S1, S2 and 
S3). Each participant saw only the traumatic images related to their specific trauma.

For the comparison with the HCs, we added nontraumatic stimuli, which consisted of 30 neutral, negative 
and positive cues embedded in neutral contexts for 120 images (for details, see the Supplement). Each image was 
presented for six seconds. The intertrial (ITI) interval varied from two to four seconds.

PTSD (20) NPTSD (20) HC (20) Statistics

AGE (mean years ± sd, Range) 41.50 ± 8.84 (30–55) 44.35 ± 12.55 (19–62) 36.15 ± 11.39 (20–52) F(2,60) = 2.84

SEX (female/male) 11/9 13/7 11/9 χ2(2) = 0.55

ADS (mean ± sd) 1.54 ± 0.35 0.65 ± 0.42 0.40 ± 0.29
F(2,57) = 54.56*
p < .001
PTSD > NPTSD and HC;

STAI (mean ± sd) 59.42 ± 6.28 35.94 ± 9.37 32.94 ± 7.43
F(2,57) = 68.62*
p < .001
PTSD > NPTSD and HC;

CAPS TOTAL (mean ± sd) 68.05 ± 26.52 10.86 ± 11.92 t(35) = 8.376; p < .001

CAPS Re-experiencing subscale 18.07 ± 8.49 3.91 ± 5.26 t(35) = 6.053; p < .001

CAPS Avoidance/numbing subscale 29.52 ± 21.52 5.11 ± 5.98 t(35) = 4.642; p < .001

CAPS Hyperarousal subscale 20.44 ± 5.66 1.83 ± 4.01 t(35) = 11.46; p < .001

PDS total score (mean ± sd) 30.00 ± 17.42 10.61 ± 6.91 t(35) = 4.401; p < .001

Trauma Type (n per group):

Proportion Fisher’s exact test, p = .787.

Car accident 4 6

Fire 3 1

Hospital 1 2

War 2 2

Rape 7 4

Aggression 2 2

Suicide 1 3

Table 2.  Demographic and clinical variables of the groups. CAPS, Clinician-Administered PTSD Scale 
(PTSD = 19/NPTSD = 18); ADS-L, German version of the Center for Epidemiological Studies—Depression 
Scale (CES-D) (PTSD = 20/NPTSD = 19/HC = 19); STAI-T, State-Trait Anxiety Inventory Trait (PTSD = 20/
NPTSD = 19/HC = 19); PDS, Posttraumatic Stress Diagnostic Scale (PTSD = 19/NPTSD = 18); sd = standard 
deviation. *Post hoc tests revealed that the ADS-L and STAI-T scores were significantly greater for individuals 
diagnosed with PTSD than for both NPTSD and HC controls (ADS-L mean differences, 0.89; p < .001; 1.15; 
p < .001; STAI-T = 23.47; p < .001; 26.47; p < .001), while the NPTSD and HC scores were not significantly 
different (resp. ADS-L = 0.25; n.s.; STAI-L -3.00; n.s.).
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On day two, the subjects participated in a memory test (retrieval) of the pictures seen on the previous day. 
The pictures were created by manipulating the presence of old/new cues and contexts and their associations 
to assess the differential impact of the cue/context manipulation on memory retention. The test included five 
picture categories composed of six slides each (see below a more detailed description) (identical – new/new – 
new/old – old/new – old/old). The identical category included pictures which were exactly the same as those 
presented on the day before; the new/new category referred to pictures where both cue and context were new, 
not at all seen on the previous day; the new/old and old/new categories included an old cue inserted in a new 
background and a new cue inserted in a previously seen background, respectively; and in the old/old category, 
both the cue and context were already seen on the previous day but rearranged in a different pair (i.e., the 
cue was in a different context). The memory test was administered using Presentation® software (Version 18.0, 
Neurobehavioral Systems, Inc., Berkeley, CA, USA, www.neurobs.com). Every image was shown for six seconds, 
followed by five forced choice questions: “Please choose which one of the following statements best describes this 
picture”. The answers included “the same pair”, “a new pair”, “only the background is old”, “only the object is old” 
or “a rearranged pair”. After the memory test, we collected self-reported data on the traumatic pictures, valence, 
arousal, relevance to self and item/background balance (asking to indicate their relative presence in the picture 
to control for identification biases) (see Supplement for details and Table S1).

Data analysis
EEG
The EEG data were analyzed off-line with EEGLAB74 running in MATLAB 8.2 (MathWorks, Natick, MA, USA) 
(see Supplement). To specifically assess early visual activity, peak-to-baseline mean values were extracted from 
parieto-occipital and occipital posterior channels and grouped into two hemispheric clusters (E63, E64, E65, 
E66, E68, E69, E70, E73, and E74; for the left hemisphere; and E82, O2, E84, E89, E90, E94, E95, and E99 for the 
right hemisphere), which surround and approximate Oz and were averaged according to the latency of interest 
(20–60 ms)49,75,76. Because of technical reasons and artefacts (less than < 75% good epochs) we had to exclude 
EEG data of four subjects per group (PTSD = 16/NPTSD = 16/HC = 16).

Eye-tracking
Fixations were automatically determined by the eye-tracking software that uses a dispersion-based algorithm, 
with a threshold of 1º radius. The eye movement parameter total time to first fixation (TTtFF), the time from 
stimulus onset until the first fixation, was sampled with the pupil center corneal reflection method and extracted 

Fig. 4.   Schematic representation of the experimental paradigm and of the used stimuli. Panel A shows the 
experimental paradigm. On day 1 (left), high-density electroencephalography (EEG) and eye gaze recording 
occurred during free viewing of visual stimuli. Each trial began with a fixation cross with variable intertrial 
interval (ITI) duration between 2 and 4 s, followed by the picture of interest lasting 6 s; on day 2 (right) a 
memory retrieval test took place on the pictures seen on the previous day. Each trial began with a picture 
lasting 3 s, followed by questions concerning the cues, the contexts and their associations respect to day one. 
Panel B, below, shows an example of stimuli preparation, with the cues extracted from their original pictures 
and inserted in neutral contexts. The pictures shown are for illustration purposes, they were not used in the 
study. The pictures were taken from us and processed in a final image using the software Adobe Photoshop CS5 
Extended Version 12.0 https://www.adobe.com/de/products/photoshop.html.
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after manually tracing the main object called area of interest (AOI) aka CUE, in each image. Everything outside 
the AOI would be then considered to be the context. This procedure allowed us to obtain separate values for 
cues and contexts. Eye-tracking data of three (PTSD = 19/NPTSD = 18) and of four participants in the HC group 
(HC = 16) could not be used because of data acquisition issues. For details on used hardware and software please 
refer to the “Eye-tracking data acquisition” paragraph in the Method section of the Supplement.

Memory retrieval
Correct responses for each of the five memory categories (identical, new/new, new/old, old/new, and old/old) 
were summed and averaged to obtain a single score per category and subject. These categories were analyzed 
separately for traumatic cues in neutral contexts and non-traumatic cues in neutral contexts. Given the limited 
sample size, we sought to avoid analyzing each category in isolation and instead applied principal component 
analysis (PCA) as a data reduction method. The PCA identified two distinct components that corresponded to 
the different memory processes required by the task. The first component, item memory (consistent cue-context 
pairs), loaded on the identical and new/new categories, representing memory for pictures where the cue-context 
association remained unchanged. Recognition of these pairs was likely supported by familiarity-based retrieval, 
allowing participants to judge whether an image had been encountered before as a whole rather than explicitly 
evaluating the relationship between its components. The second component, association memory (rearranged 
cue-context pairs), loaded on the new/old, old/new, and old/old categories, which required participants to detect 
and resolve recombined cue-context associations. Accurate responses in these conditions relied on effortful 
associative retrieval, as participants had to determine whether the cue and context had been previously presented 
together or in a different configuration39,77.

This factor structure provided a clear, data-driven distinction between item-based and association-based 
retrieval and was consistent with theoretical models of memory function in PTSD. Based on this, we then 
computed an average of the category-specific adjusted variables to obtain a mean value representing memory 
retrieval for the item (consistent pair) and one for the association (rearranged pair) (see also Table 3 below). 
In addition to analyzing correct response rates, we calculated an adjusted measure of memory accuracy by 
incorporating false alarm rates, similar to prior work on associative recognition. Hit rates were defined as the 
proportion of correct responses per memory category, while false alarms were calculated as instances where 
participants misclassified a given condition as another. For each category, we subtracted the category-specific 
false alarm rate from the hit rate, resulting in an adjusted accuracy score that accounts for response bias. These 
adjusted scores were then subjected to the same principal component analysis (PCA) used for correct response 
scores, confirming that the two-factor structure distinguishing item memory (consistent pairs: identical, new/
new) from association memory (rearranged pairs: new/old, old/new, old/old) remained stable. Based on this, 
we then computed an average of the category-specific adjusted variables to obtain a mean value representing 
memory retrieval for item memory (consistent pairs) and one for association memory (rearranged pairs).

Because of technical reasons we had to exclude memory data of two participants (PTSD = 19/NPTSD = 19).

Statistical analysis
Statistical analyses were performed in IBM SPSS Statistics for Windows version 20.0.

Data not normally distributed (as assessed through Shapiro-Wilks test) were logarithmically transformed 
(base 10) to achieve normality. Outliers which had studentized residual values ± 2.8 SD (N = 3; one in the 
memory category association, two in the TTtFF of cue and context), were replaced by the mean. The statistical 
significance level was set to p < .05.

For the EEG data, a mixed ANOVA was used with hemisphere (left, right) as the within-subject factor and 
group (PTSD, NPTSD) and for the nontraumatic picture group (PTSD, NPTSD, HC) as the between factor to 
test for differences in the C1 mean amplitudes. For the eye-tracking data, a mixed ANOVA was applied to the 
total time to first fixation data (TTtFF; see the Methods section of the Supplement), with cue/context (i.e. inside 
and outside the AOIs) values as the within-subject factor and either trauma-exposed groups (PTSD, NPTSD) or 
all groups (PTSD, NPTSD, HC) as the between-subject factor.

A mixed ANOVA was applied to the memory data with item and association values as the within-subject 
factor and trauma-exposed groups (PTSD, NPTSD) for the traumatic stimuli and all groups (PTSD, NPTSD, 
HC) for the non-traumatic stimuli as the between-subject factor.

Initial conditions Cue change Context change Association change PCA component-based conditions

Identical NO NO NO
Item memory

New/New YES YES NO

New/Old NO YES YES

Association memoryOld/New YES YES YES

Old/Old NO NO YES

Table 3.  Schematic representation of the conditions and analyzed variables for the memory test. Change is 
meant in respect to day one, where participants were free viewing the pictures. PCA, Principal component 
analysis.
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Multiple hierarchical regressions
To assess whether early processing of traumatic cues and neutral contexts has an effect on the strength of 
memory retrieval, we employed two multiple hierarchical regressions. In one regression model, we used the 
correct memory scores for the category association as the dependent variable, and in the second model, the 
correct memory scores for item were predicted. We did not repeat this analysis for the non-traumatic stimuli 
since no significant differences in memory accuracy between the groups were found.

Control analyses
Finally, to control for the effect of major comorbidities, all analyses were subsequently also performed using 
anxiety (STAI scores) and depression (ADS scores) as covariates in a general linear and regression models. As 
the results did not significantly differ, they are not reported here (see the Results section in the Supplement).

Data availability
The datasets analyzed during the current study are not publicly available due to ethical concerns but are available 
from the corresponding author on reasonable request.
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