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intrinsic sensory disinhibition 
contributes to intrusive re-
experiencing in combat veterans
Kevin J. clancy  *, Alejandro Albizu, norman B. Schmidt & Wen Li*

intrusive re-experiencing of traumatic events is a hallmark symptom of posttraumatic stress disorder, 
characterized by rich and vivid sensory details as reported in “flashbacks”. While prevailing models 
of trauma intrusions focus on dysregulated emotional processes, we hypothesize that a deficiency in 
intrinsic sensory inhibition could drive overactivation of sensory representations of trauma memories, 
precipitating sensory-rich intrusions. in a sample of combat veterans, we examined resting-state 
alpha (8–12 Hz) oscillatory activity (in both power and posterior→frontal connectivity), given its role 
in sensory cortical inhibition, in association with intrusive re-experiencing symptoms. Veterans further 
participated in an odor task (including both combat and non-combat odors) to assess olfactory trauma 
memory and emotional response. We observed an association between intrusive re-experiencing 
symptoms and attenuated resting-state posterior→frontal alpha connectivity, which were both 
correlated with olfactory trauma memory. Importantly, olfactory trauma memory was identified as a 
mediator of the relationship between alpha connectivity and intrusive re-experiencing, suggesting that 
deficits in intrinsic sensory inhibition contributed to intrusive re-experiencing of trauma via heightened 
trauma memory. Therefore, by permitting unfiltered sensory cues to enter information processing and 
activate sensory representations of trauma, sensory disinhibition can constitute a sensory mechanism 
of intrusive re-experiencing in trauma-exposed individuals.

Intrusive re-experiencing is a hallmark symptom of posttraumatic stress disorder (PTSD), characterized by the 
involuntary reactivation or reliving of trauma memories1. To date, predominant models of PTSD have attrib-
uted these intrusive trauma memories to heightened emotion processing including excessive threat detection, 
exaggerated threat appraisal, and dysfunctional emotion regulation2–4. These dysfunctions in PTSD include defi-
cient top-down, volitional suppression of intrusions, as the prefrontal cortex fails to inhibit the response of the 
sensory cortex and hippocampus to trauma cues5–7, as well as exaggerated bottom-up processing of threat cues 
through the rapid “tagging” of threatening stimuli by midbrain and limbic structures8–10. Complementing this 
deficiency in top-down prefrontal voluntary inhibition and exaggerated bottom-up limbic threat detection, the 
role of sensory cortical inhibition of incoming sensory cues in intrusive re-experiencing of trauma has not been 
fully examined.

This sensory mechanism draws support from the dual representation theory of PTSD, highlighting a 
sensory-bound representation system of threat memory (“S-memory”) that can be activated by basic sensory 
inputs and trigger the re-experiencing of traumatic events11,12. This sensory mechanism could account for intru-
sions that are dominated by vivid, low-level sensory fragments of trauma and readily triggered by simple sensory 
cues13–16. Furthermore, the bottom-up, intrinsic nature of this sensory mechanism could be particularly relevant 
to the spontaneous, involuntary quality of intrusions.

Aberrant low-level sensory processing has been reliably observed in PTSD, implicating sensory disinhibi-
tion in the pathology of the disorder17. Patients with PTSD often report feeling ‘flooded’ by everyday sensory 
stimuli, such as background noises that others would not notice. These reports are corroborated by systematic 
sensory profiling, which reveals sensory filtering/gating deficits and sensory hypersensitivity in these patients18,19. 
Electrophysiological data further associate PTSD with impaired sensory gating, evinced by poor repetition 
suppression to repeated auditory (“double-click”) stimuli (i.e., reduced P50 response), and sensory cortical 
hyperactivity, evinced by exaggerated sensory evoked brain potentials and mismatch negativity in response 
to simple, neutral stimuli18,20–22. According to the dual representation theory, such sensory disinhibition (as 
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deficient sensory gating and hyperactivity) could allow unfiltered sensory inputs to reach the sensory cortex to 
over-activate sensory representations of trauma memory (“S-memory”), resulting in sensory-rich intrusions.

A key neural mechanism underlying sensory inhibition involves alpha-frequency (8–12 Hz) oscillations, 
which dominate neural synchrony in the awake restful state23–26. Specifically, alpha oscillatory activity exerts 
inhibitory influences on sensory cortical neuronal firing and excitation27–29. Furthermore, via long-range, posteri-
or→frontal projections, alpha oscillations mediate inhibitory bottom-up information flow from the sensory cor-
tex to frontal regions to influence global neural activity30–33. This long-range alpha connectivity plays a critical role 
in gating the entry of sensory input into downstream processing and, eventually, conscious awareness, thereby 
regulating perception, imagery, and working memory34–38. As we have recently demonstrated, alpha activity is 
suppressed in patients with PTSD, including both local alpha power and posterior→frontal alpha connectivity17. 
This is consistent with a growing body of literature identifying aberrant oscillatory activity, specifically, reduced 
alpha oscillations, in PTSD that spans posterior and frontal cortical regions39–44. We therefore hypothesize that 
deficient alpha activity could compromise sensory inhibition such that unfiltered sensory input would flood 
information processing, activating stored memory representations and eliciting vivid imagery and perception, 
akin to intrusive re-experiencing of trauma.

To test this hypothesis, we recruited a sample of combat-exposed veterans (N = 86) and examined their 
intrusive re-experiencing symptoms in relation to alpha activity, including alpha power and alpha posterior→ 
frontal connectivity (using Granger causality analysis)45. We focused on intrinsic, resting-state (as opposed to 
task-positive or cue-related) alpha activity to elucidate the spontaneous, involuntary nature of intrusions. In a 
subsample of veterans (N = 35), we further tapped into sensory-based activation of autobiographical memory 
of combat experience. We chose olfactory (combat and non-combat) cues to activate olfactory trauma memory 
given that odors are known to activate vivid, sensory-rich memories in a Proustian manner46,47 and strongly trig-
ger trauma memories in PTSD48–50. As illustrated in Fig. 1, we tested our hypothesis in a mediation model, where 
intrinsic alpha deficits contributed to intrusive re-experiencing through overactivation of sensory-based trauma 
memory. To disambiguate this memory mechanism from the potentially competing mechanism of exaggerated 
threat processing (as prominently implicated in PTSD)2, we also assessed emotional response to odors to pit 
against olfactory trauma memory in relation to alpha attenuation and intrusive re-experiencing.

Methods
participants. Ninety-two combat-exposed veterans participated in the study after providing informed con-
sent approved by the Florida State University Institutional Review Board and the Department of Defense Human 
Research Protection Official’s Review. The experiment was performed in accordance with approved relevant 
guidelines and regulations. Participants had no history of severe neurological disorders or traumatic brain injury, 
no current or past psychotic spectrum or bipolar disorders, and no current substance dependence or abuse of 
opioids, stimulants, or cocaine. Traumatic brain injury was assessed through an eligibility screening including (1) 
history of hospitalization or emergency care following a head or neck injury, (2) loss of consciousness from an 
accident or injury, (3) head or neck injury from a vehicular accident, and 4) head or neck injury from a fight or a 
fall. Information was further validated during a clinical interview (detailed below). Six participants were excluded 
due to excessive EEG artefact or failure to follow instructions, resulting in a final sample of eighty-six veterans 
(mean age: 45.9 ± 12.6 years; 10 females).

Participants here belonged to a large project. A subsample of thirty-five veterans (mean age: 42.6 ± 13.4 years; 
4 females) were recruited, following the first wave of recruitment, to undertake an additional olfactory task (see 
below for details). Additional demographics are provided in Table 1.

Figure 1. A sensory model for intrusive re-experiencing symptoms, testing the hypothesis that deficient 
inhibition of sensory information increases intrusive re-experiencing symptoms by increasing trauma memory 
recall. Emotional response to sensory cues was considered as a competing mediator in this model.
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clinical Assessment. Diagnoses were assessed using the Structured Clinical Interview for DSM-V1, among 
which 25 (29.1%) met DSM-V criteria for current PTSD. 8 of the 35 (22.9%) participants in the olfactory subsam-
ple met diagnostic criteria for PTSD, comparable to the rate in the total sample. Participants also completed the 
PTSD Checklist (PCL)51, from which we summed the responses to Items 1–5 that assess symptoms of intrusions 
to generate a total score of intrusive re-experiencing symptom severity (range: 0–20). Additionally, participants 
completed the Beck Depression Inventory (BDI-II)52 to index general depression symptoms additionally associ-
ated with intrusions. Scores on these measures are provided in Table 1.

eeG acquisition and analyses. EEG data were recorded from a 96-channel BrainProducts actiChamp 
system (1000 Hz sampling rate, 0.05–200 Hz online bandpass filter, referenced to the FCz channel) for 2 minutes, 
with eyes fixated on the central crosshair of a computer screen. Given the high sampling rate (e.g., 1000 Hz), 
resting-state EEG recordings of 2 minutes provide sufficient power and reliability for spectral analysis and have 
been commonly used by our lab and others17,53–56. Moreover, given the prevalence of behavioral symptoms among 
the veterans (e.g., hyperarousal, difficulty in sustaining attention) that could disrupt the “resting state” as we 
instructed (i.e., maintaining alert restfulness with eyes fixated on the crosshair), such 2-minute recordings would 
be consistently tolerable to all participants. Electro-oculogram (EOG) was recorded using four electrodes with 
vertical and horizontal bipolar derivations. EEG/EOG data were downsampled to 250 Hz, high-pass (1 Hz) and 
notch (60 Hz) filtered, and re-referenced to the average of all EEG channels. We applied the Fully Automated 
Statistical Thresholding for EEG artifact Rejection (FASTER) algorithm for artifact detection and rejection57. 
FASTER uses a z-score threshold of ± 3 to detect and correct physiological (i.e., heartbeat, eyeblinks, movement) 
and non-physiological (i.e., electrode “pop-off ”) artifacts within single channels, individual epochs, independent 
components, and within-epoch channels. Additional details are provided in the Supplemental Methods.

power analyses. EEG oscillation power was computed for individual channels for each epoch (1-sec) using 
the multitaper spectral estimation technique58. Alpha (8–12 Hz) power was normalized by the mean power for 
the global spectrum (1–50 Hz) within each epoch, and averaged across occipito-parietal electrodes, where alpha 
is maximally distributed23,24,29 (Fig. 2A). Figure 2A further illustrates the intracranial alpha source, localized to 
the striate/extrastriate visual cortices (e.g., maximum in the cuneus; x, y, z = −10, −80, 10) based on the exact 
Low-Resolution Electromagnetic Tomography (eLORETA)59, consistent with prior literature59–61.

Directed alpha-frequency connectivity (Granger causality) analyses. Alpha-frequency Granger 
causality (GC) analysis45,62 was performed to assess posterior→frontal causal connectivity in the alpha band. 
Following transformation into reference-free, current source density data (CSD) using the surface Laplacian algo-
rithm63–65, EEG data from ipsilateral posterior-frontal pairs were submitted to bivariate autoregressive (AR) mod-
eling, from which Granger causality spectra were derived45,66. A model order of 20 (80 ms in time for a sampling 
rate of 250 Hz) was chosen in a two-step process: (1) Akaike Information Criterion (AIC) and (2) comparing the 
spectral estimates obtained by the AR model and that by the Fourier based method for data pooled across all 
subjects65. Ipsilateral posterior-frontal electrode pairs were selected a priori based on previous studies17,30. Akin 
to the dominance of the posterior→frontal directed propagation of alpha oscillations at rest32,33,67, minimal fron-
tal→posterior alpha connectivity was observed (Fig. 2B).

odor task. The subsample of thirty-five veterans completed an odor task whereby six combat and six 
non-combat odors contained in amber glass bottles were presented. Combat odors included two variations of 
spent gunpowder and burning rubber, as well as the smell of burning flesh and of body decay (ScentAir™, NC). 
Non-combat odors included neutral (or mildly pleasant) chemicals: cleaning fluid (ScentAir™, NC), acetophe-
none, eugenol, cedrol, alpha-ionone, and citronellol (Fisher Scientific, NH). Both combat and non-combat odors 
were rated to be of equal, moderate intensity [mean (SD) = combat: 52.2 (12.7) versus non-combat: 48.7 (11.8); 
t1,34 = 1.65, p = 0.11].

To assess the level of trauma memory activation by sensory cues, we measured the degree to which the odors 
were recognized as being experienced during the veterans’ combat deployment. To disambiguate memory and 
emotion processes, we also assessed the level of emotional responses elicited by the odors. Specifically, on each 
odor presentation (randomized across the 12 odors), veteran participants were asked to rate on a visual analog 

Full Sample
Olfactory 
Subsample

Age (years) 45.9 ± 12.6 42.6 ± 13.4

Gender (female/male) 10/76 4/31

Medication Use (%) 28 (20.9%) 10 (28.6%)

PTSD (primary, present) 25 (29.1%) 8 (22.9%)

w/ Comorbid diagnosis 15 (60%) 5 (62.5%)

PCL Total Score 40.4 ± 21.9 33.8 ± 15.6

PCL Intrusions Cluster 7.7 ± 5.5 6.7 ± 5.0

BDI 21.0 ± 12.8 15.1 ± 9.4

Table 1. Participant Demographics (n = 86). PCL = Posttraumatic Stress Disorder Checklist; BDI = Beck 
Depression Inventory.
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scale (VAS; 0–100) how strongly the odor was associated with and how frequently it was experienced during 
their combat deployment. These two ratings were averaged into an olfactory trauma memory score. Participants 
were also asked to rate how strongly the odor elicited distress, disgust, and anxious arousal, which were averaged 
into an olfactory emotional response score. The order of these ratings was randomized across odors. Paired sam-
ples t-tests revealed that combat odors, relative to non-combat odors, had higher trauma memory scores [mean 
(SD) = combat odors: 32.83 (14.81) versus non-combat odors: 25.31 (13.85); t1, 34 = 4.21, p < 0.001], and higher 
emotional response scores [combat odors: 43.46 (15.76) versus non-combat odors: 30.04 (14.99); t1, 34 = 7.36, 
p < 0.001], confirming their distinct odor categories. Finally, trauma memory and emotional response scores 
were marginally correlated (combat odor: r = 0.32, p = 0.063; non-combat odor: r = 0.33, p = 0.051], indicating 
that they reflected related but distinct constructs.

Statistical Analyses. Multiple regression analyses were performed to examine associations between alpha 
activity (power and GC) and intrusive re-experiencing symptoms, with BDI scores entered as covariates to isolate 
trauma-specific intrusions from comorbid depressive symptoms. Significant correlations between alpha activity 
(power or GC) and intrusive symptoms would then motivate omnibus repeated measures analyses of covari-
ance (rANCOVAs) to examine the relation between these variables and olfactory trauma memory and emotional 
response. Specifically, omnibus rANCOVAs were performed on the olfactory scores with Category (combat vs. 
non-combat) and Response (combat memory vs. emotional response) as independent variables and alpha activity 
(power or GC value) as a covariate. “Response” was entered as an independent variable in the ANCOVA to pit 
olfactory trauma memory against emotional response, thereby isolating specific memory effects. In addition, a 
similar ANCOVA was conducted with the severity of intrusive re-experiencing symptoms (based on the PCL) 
as a covariate to examine its association with olfactory trauma memory and emotional response. For thorough-
ness and mitigation of Type I errors, we started with an omnibus ANCOVA for each key DV, where significant 
or trending interactions were followed systematically by specific simple tests. All specific tests pertinent to the 
hypotheses were then further controlled for multiple comparisons using the false discovery rate (FDR) criterion 
(FDR p < 0.05).

Provided that the above variables were correlated with each other, mediation analyses were conducted to test 
the hypothesis of trauma memory or emotional response mediating the association between alpha activity and 
intrusive re-experiencing symptoms. The PROCESS macro for SPSS68 was used to estimate 5,000 bias-corrected 
bootstrap samples, from which a 95% confidence interval (CI) was created to test the indirect effect of alpha activ-
ity on re-experiencing symptoms through olfactory processes. Again, depression symptoms (BDI scores) were 
entered as covariates to control for effects of comorbid depression.

Figure 2. Attenuated left-hemisphere alpha connectivity was related to greater intrusion symptoms. (A) 
Topography of alpha power, maximally distributed over occipitoparietal electrodes. Intracranial sources of alpha 
power were localized to the striate/extrastriate visual cortices (e.g., maximum in the cuneus; x, y, z = −10, −80, 
10). (B) Spectra of left-hemisphere Granger causality for participants with high vs. low intrusive re-experiencing 
symptoms (median split), demonstrating reduced alpha (8–12 Hz) posterior→frontal connectivity in high-
intrusion participants. The opposite, frontal→posterior GC was minimal and equivalent for the two groups. 
Shaded ribbons = standard error of the mean (SEM). (C) Negative correlation between alpha connectivity and 
intrusive re-experiencing symptoms, controlling for depression symptoms (BDI scores), in the olfactory (red) 
and full (black) samples. Solid circles reflect participants with a diagnosis of PTSD. P→F = posterior→frontal; 
F→P = frontal→posterior.
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Results
No effect of alpha power on intrusive re-experiencing. A multiple regression analysis revealed no 
association between posterior alpha power and intrusive symptoms, after controlling for depression symptoms 
(p = 0.640). Given this null effect, the follow-up rANCOVAs were not justified and thus not reported here. For 
reference, we presented results of the rANCOVAs with alpha power in the supplemental material.

Attenuated alpha connectivity associated with greater intrusive re-experiencing. Multiple 
regression analyses revealed a negative association between alpha GC and intrusive re-experiencing in the left 
hemisphere (sr = −0.43, p = 0.010, FDR corrected p < 0.05), albeit not in the right hemisphere (sr = −0.09, 
p = 0.629), after controlling for depression symptoms (Fig. 2). That is, veterans with attenuated left-hemispheric 
alpha connectivity showed greater intrusive re-experiencing symptoms. Notably, this pattern of results was repro-
duced in the full sample of 86 veterans (left hemisphere: sr = −0.21, p = 0.025 one tailed, FDR corrected p < 0.05; 
right hemisphere: sr = −0.01, p = 0.371), highlighting the generalizability of this relationship. Sensitivity analyses 
confirmed the specificity of this association to intrusive symptoms, as other PTSD symptom clusters were not 
associated with alpha connectivity (p’s > 0.424). With this association between alpha connectivity and intru-
sion symptoms, we conducted the following ANCOVAs, limited to the left hemisphere that exhibited significant 
effects.

olfactory trauma memory associated with greater intrusive re-experiencing symptoms. An 
omnibus rANCOVA of Category (combat vs. non-combat) by Response (memory vs. emotion) by intrusive 
re-experiencing symptoms on olfactory scores revealed a trending 3-way interaction of Category by Response by 
intrusive-re-experiencing (F1,33 = 3.25, p = 0.080, ηp² = 0.09). We then broke down the interaction by Response 
by running two separate follow-up rANCOVAs (Category-by-intrusive re-experiencing) for olfactory trauma 
memory and olfactory emotion response, separately. For olfactory trauma memory scores, the follow-up rAN-
COVA showed a main effect of intrusive re-experiencing (F1, 33 = 11.22, p = 0.002, ηp² = 0.25; sr = 0.50, FDR 
corrected p < 0.05), but no Category by intrusive re-experiencing interaction (p = 0.529). That is, as illustrated 
in Fig. 3A, trauma memory for both combat (sr = 0.41, p = 0.013, FDR corrected p < 0.05) and non-combat 
(sr = 0.53, p = 0.001, FDR corrected p < 0.05) odors was significantly associated with intrusive symptoms. A 
similar rANCOVA was conducted for olfactory emotional response scores, yielding no main effect of intru-
sive re-experiencing symptoms (p = 0.12), and a trending effect of Category X intrusive re-experiencing (F1, 

33 = 2.88, p = 0.099, ηp² = 0.08): intrusive symptoms were correlated with emotional response to combat odors 
(sr = 0.35, p = 0.041, albeit not FDR corrected) but not with non-combat odors (sr = 0.16, p = 0.355; Fig. 3B). 
Therefore, there was an association between intrusive symptoms and general trauma memory (for both combat 
and non-combat cues) as well as emotional response to combat (but not non-combat) cues.

olfactory trauma memory associated with decreased alpha connectivity. An omnibus rAN-
COVA (Category by Response by alpha GC) on olfactory ratings revealed a significant interaction between 
Response and alpha GC (F1,33 = 5.19, p = 0.029, ηp² = 0.14), such that reduced alpha connectivity was associated 
with greater olfactory trauma memory (sr = −0.40, p = 0.018, FDR corrected p < 0.05; Fig. 4A) but not olfac-
tory emotional response (p = 0.839; Fig. 4B). There was no Category effect or Category-by-Response interaction 
(p’s > 0.929), suggesting that the association of trauma memory with alpha connectivity spanned across combat 
(sr = −0.36, p = 0.035) and non-combat (sr = −0.39, p = 0.023) odors (Fig. 4A). Therefore, veterans with reduced 

Figure 3. Olfactory responses were associated with intrusion symptoms. (A) Greater emotional response 
to combat (blue), but not non-combat (red), odors was associated with greater intrusive re-experiencing 
symptoms (controlling for depression). (B) Greater trauma memory for both combat (blue) and non-combat 
(red) odors was associated with greater intrusive re-experiencing symptoms. Solid circles reflect participants 
with a diagnosis of PTSD. *p < 0.05; **p < 0.01; ***p < 0.005; †p < 0.1.
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alpha posterior→frontal connectivity also exhibited heightened olfactory trauma memory (to both trauma and 
non-trauma odors) but not exaggerated emotional response.

olfactory trauma memory mediating the association between alpha connectivity and intrusive 
re-experiencing. To elucidate the memory mechanism through which attenuated alpha activity was related 
to greater intrusive re-experiencing symptoms, a mediation analysis was performed between alpha posterior→−
frontal GC and intrusive re-experiencing symptoms, with olfactory trauma memory (combat and non-combat 
collapsed) serving as the mediator. Bias-corrected bootstrap mediation analysis revealed a full mediation by 
olfactory trauma memory (indirect effect: β = −0.16, SE = 0.11, 95% CI = [−0.500, −0.011]), such that weak-
ened alpha connectivity increased re-experiencing symptoms through heightened trauma memory (for both 
non-combat and combat cues; Fig. 5).

Supplemental Analyses. A multiple regression was performed on intrusive re-experiencing symptoms 
with trauma memory for and emotional response to odors (combat and non-combat) as regressors to test whether 
the association between intrusive re-experiencing symptoms and trauma memory for olfactory cues was over and 
beyond emotional response. The overall model was significant (F2, 34 = 5.47, p = 0.007), and there was a unique 

Figure 4. Attenuated alpha connectivity was related to heightened trauma memory for olfactory cues. (A) 
Weakened left-hemisphere posterior→frontal Granger causality was associated with greater trauma memory 
for both combat (blue) and non-combat (red) odors. (B) Left-hemisphere posterior→frontal Granger causality 
demonstrated no association with emotional response to neither combat nor non-combat odors. Solid circles 
reflect participants with a diagnosis of PTSD. *p < 0.05.

Figure 5. Mediation: Trauma memory for olfactory cues fully mediated the relationship between alpha 
connectivity and intrusive re-experiencing symptoms, such that the correlation decreased significant and 
became nonsignificant following the inclusion of trauma memory scores. This memory-related mediation 
contrasts to emotional response, which was not associated with alpha activity (and so not included in the 
mediation analysis). The path strengths are indicated by beta coefficients. The parenthetical beta coefficient 
reflects the direct path strength after controlling for trauma memory. *p < 0.05.
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association between intrusive re-experiencing and trauma memory (sr = 0.45, p = 0.007) over and beyond emo-
tional response (sr = 0.12, p = 0.506).

An additional sensitivity analysis using multiple regression was performed with all PTSD symptom clusters as 
predictors of trauma memory for combat and non-combat odors. The overall model was marginally significant 
(F2, 34 = 2.49, p = 0.064), as qualified by a unique association between intrusive re-experiencing and trauma mem-
ory (sr = 0.39, p = 0.020) over and beyond all other PTSD symptom clusters (p’s > 0.182).

Similarly, all analyses were re-analyzed including either PTSD diagnosis or total PTSD symptom severity (PCL 
Total score) as a covariate to determine if the above effects were modulated by PTSD diagnosis of overall PTSD 
symptom severity. There was no effect of PTSD diagnosis (p’s > 0.81) or total PTSD symptom severity (p’s > 0.47) 
on any of the reported results, akin to the unique association with intrusive re-experiencing symptomatology.

Alternative mediation models were performed, which ruled out the other two variables (vs. trauma memory) 
as possible mediators of the association across alpha connectivity, trauma memory, and intrusive re-experiencing 
symptoms. Specifically, alpha connectivity was not related to trauma memory through intrusive re-experiencing 
symptoms (indirect effect: β = 1.32, SE = 1.32, 95% CI = [−0.362, 5.309]). Similarly, intrusive re-experiencing 
symptoms were not related to trauma memory through alpha connectivity (indirect effect: β = 1.32, SE = 1.44, 
95% CI = [−0.483, 5.558]).

Discussion
Intrusive re-experiencing reflects the involuntary recall or re-living of traumatic events characterized by 
vivid, sensory-rich details. In a sample of combat veterans, we demonstrated an association between height-
ened intrusive re-experiencing symptoms and attenuated resting-state alpha posterior→frontal connectivity. 
As resting-state alpha posterior→frontal connectivity represents intrinsic inhibition of sensory propagation to 
higher-order regions, this result suggests that impairments in intrinsic sensory inhibition can contribute to intru-
sive re-experiencing symptoms. We also observed that exaggerated olfactory trauma memory not only correlated 
with intrusive symptom severity and alpha connectivity (beyond olfactory emotional response), it also mediated 
their association. Taken together, the current findings highlight a specific sensory anomaly (i.e., intrinsic sensory 
disinhibition), which over-activates trauma memory and thereby triggers intrusive trauma re-experiencing in 
combat veterans.

Dominant models of intrusive re-experiencing symptoms (and PTSD in general) have largely focused on 
excessive threat response (e.g., detection and appraisal) and deficient emotion regulation, whereby trauma mem-
ory and intrusive re-experiencing arise via heightened threat processing and attenuated executive control2–4,69. 
Indeed, we observed a significant relation between exaggerated emotional response to combat odors and intrusive 
symptoms. However, pitting emotional response against trauma memory for the odors (as a factor of Response in 
the ANOVAs reported above), we observed that intrusive re-experiencing symptoms were particularly associated 
with exaggerated trauma memory (accounting for 25% of the variance). This selective association was further 
corroborated by a confirmatory multiple regression analysis with both emotional response and trauma memory 
as regressors, indicating a unique relation between trauma memory and intrusive symptoms over and beyond 
emotional response.

Sensitivity analyses further showed no association between trauma memory and other PTSD symptom clus-
ters (i.e., avoidance of trauma reminders, negative alterations in mood and cognition, and hyperarousal), high-
lighting the inherent role of trauma memory in intrusive re-experiencing. Our mediation analysis assessing the 
relation between trauma memory, intrusive re-experiencing, and alpha connectivity considered alternative mod-
els and ruled out intrusive re-experiencing or alpha connectivity as the mediator among these variables, further 
accentuating the mediating role of trauma memory. Finally, we observed no modulatory effect of PTSD diagnosis 
or overall PTSD symptom severity on associations among these variables, emphasizing the specificity of the asso-
ciation between sensory disinhibition and trauma memory to intrusive re-experiencing symptoms.

The exaggerated trauma memory in combat veterans with more severe intrusive symptoms was found to 
extend to both combat and non-combat odors. Indicative of its link to PTSD pathology, this false recognition 
for non-combat odors echoes false memories of non-trauma cues commonly observed in individuals with 
PTSD70,71. It also aligns with clinical manifestations of intrusive memories, which are associated with a wide 
range of cues, including those inherently neutral and bearing little association with trauma72. That said, exten-
sive evidence exists in support of heightened or preferential processing of threatening or trauma-related stimuli 
(across auditory, visual, and somatosensory modalities) in PTSD73–77. As such, we surmise that this associa-
tion of neutral, non-combat odor trauma memory with intrusive symptoms may suggest a general (emotion-
ally non-specific) memory pathway to intrusive symptoms (as suggested by the sensitivity analysis showing a 
unique association between olfactory trauma memory and re-experiencing, over and beyond the other symp-
tom clusters). This notion is consistent with the dual representation theory of trauma memory in that simple 
(non-threat) sensory cues alone would suffice to activate sensory representations of trauma memory and elicit 
intrusive re-experiencing11,12. In addition, this association could reflect the unique intimacy between olfaction 
and emotion (and memory)78–80, such that even neutral odors can be inherently emotional and capable of activat-
ing trauma memory, especially in individuals with elevated symptoms of intrusions.

Our observation of attenuated posterior→frontal alpha connectivity in combat veterans with greater symp-
toms of intrusive re-experiencing augments the growing evidence of sensory disinhibition in PTSD17,18,21. As 
mentioned above, alpha oscillations serve a critical role in sensory gating and inhibition29,81. Specifically, the 
bottom-up posterior→frontal propagation of alpha activity can mediate communications from the sensory cor-
tex to the frontal lobe, inhibiting unwanted sensory information flow (e.g., sensory distracters) to higher-order 
processing30. This functional inhibition actively supports prioritized perceptual and cognitive functions by sup-
pressing response to irrelevant objects and distractors23,82–85. Alternatively, attenuated alpha activity would impair 
this sensory inhibition such that unwanted sensory inputs would propagate to higher-level (frontal) cortices to 
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perturb these cognitive processes31,83,86,87. As our data suggest, this impaired inhibition of sensory processing in 
combat veterans can over-activate memory representations, eliciting memory intrusions that precipitate symp-
toms of trauma re-experiencing.

That this attenuation of alpha connectivity was observed during the resting state (with minimal visual input) 
underscores the intrinsic nature of this pathological mechanism, akin to the spontaneity of intrusive memories. 
Furthermore, the specific isolation of aberrant long-range alpha connectivity, as opposed to local alpha power, 
highlights the relevance of the directional sensory→frontal inhibition, relative to focal modulation of sensory 
cortical excitability, in spontaneous trauma memory activation. Importantly, this connectivity anomaly here res-
onates with a growing body of literature identifying aberrations in resting-state activity across global brain net-
works linking posterior and frontal cortical regions in PTSD88–95, emphasizing the importance of dysfunctional 
intrinsic networks in the neuropathophysiology of PTSD by disrupting various sensory, affective, and cognitive 
processes.

The posterior→frontal propagation of alpha oscillations is known to originate in the occipital and parietal sen-
sory cortices to target various frontal regions, including the anterior insula and anterior cingulate cortex30,32,33,96. 
The anterior insula and anterior cingulate cortex are postulated to be key neural substrates of the sensory-based 
system of trauma memory12. They are also key hubs of the salience network, which supports salience detection 
and vigilant response driven by bottom-up sensory inputs97. Importantly, attenuated alpha activity is coupled 
with heightened salience network activity98, which are found to coalesce in PTSD17,99,100. As such, it stands to 
reason that attenuated alpha posterior→frontal connectivity combined with heightened salience network activity 
in trauma-exposed individuals would precipitate pathological overactivation of sensory-based trauma memory, 
resulting in vivid, sensory-rich intrusions of traumatic events.

While intrusive re-experiencing takes place in all sensory modalities, the visual system has been most exten-
sively studied11. Nonetheless, odors are known to be strong triggers of trauma memories in PTSD48–50,101. Human 
olfaction is deeply intertwined with memory46, and olfactory cues are potent elicitors of involuntary memory, 
as famously described by Proust79,102. In addition, the olfactory neuroanatomy is intricately connected with the 
insula and anterior cingulate cortex78,103, which would receive intensified bottom-up input from the primary 
olfactory cortex in an anxious state104. Consistent with these ideas, our finding of olfactory trauma memory 
mediating the association between sensory disinhibition and intrusive trauma re-experiencing implies that fleet-
ing whiffs of odorous air in the environment may inadvertently trigger strong trauma memories and intrusive 
symptoms.

The present findings should be interpreted with a number of caveats. Notably, the size of the subsample 
(N = 35) was modest. While the main effects were medium to large in size (accounting for 16–25% of variance) 
and survived correction for multiple comparisons, statistical power may have been limited for more subtle effects. 
Additionally, the use of more advanced methods, such as magnetoencephalography (MEG) or simultaneous 
EEG-functional magnetic resonance imaging (EEG-fMRI), would provide more insights into the neural mecha-
nism involved in this sensory-based model of intrusive re-experiencing. Finally, while the use of a homogenous 
trauma-exposed sample (i.e. combat veterans) allowed for specific and controlled testing of combat-related pro-
cessing, future research in other trauma-exposed samples is needed to extend this model to the general PTSD 
population.

Negative intrusions are observed in multiple psychiatric disorders. However, the strong perceptual vividness 
and rich, concrete sensory features of intrusive re-experiencing in PTSD sets these symptoms apart from abstract 
intrusive thoughts that are common in depression and other anxiety disorders11. This sensory-rich quality would 
render the intrusions highly experiential and, to a great extent, perceived as occurring in the present. This distinct 
nature of trauma-related intrusions strongly implicates sensory aberrations and promotes sensory-based concep-
tualization of this disorder. Towards that end, our findings complement current models emphasizing top-down 
regulation and inhibition2,5, promoting a mechanistic, sensory account of PTSD pathology. Namely, deficits in 
bottom-up sensory inhibition allow for mundane sensory inputs from the environment to spontaneously activate 
sensory representations of trauma memories, evoking involuntary recall and re-experiencing of traumatic events.

Data availability
Data generated from the current study are available from the corresponding author on reasonable request.

Received: 3 July 2019; Accepted: 7 January 2020;
Published: xx xx xxxx

References
 1. American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 5th edn, (2013).
 2. Liberzon, I. & Abelson, J. L. Context Processing and the Neurobiology of Post-Traumatic Stress Disorder. Neuron 92, 14–30, 

https://doi.org/10.1016/j.neuron.2016.09.039 (2016).
 3. Ehlers, A. & Clark, D. M. A cognitive model of posttraumatic stress disorder. Behav. Res. Ther. 38, 319–345 (2000).
 4. Etkin, A. & Wager, T. D. Functional neuroimaging of anxiety: a meta-analysis of emotional processing in PTSD, social anxiety 

disorder, and specific phobia. Am. J. Psychiatry 164, 1476–1488, https://doi.org/10.1176/appi.ajp.2007.07030504 (2007).
 5. Catarino, A., Kupper, C. S., Werner-Seidler, A., Dalgleish, T. & Anderson, M. C. Failing to forget: inhibitory-control deficits 

compromise memory suppression in posttraumatic stress disorder. Psychol. Sci.  26 ,  604–616, https://doi.
org/10.1177/0956797615569889 (2015).

 6. Gagnepain, P., Henson, R. N. & Anderson, M. C. Suppressing unwanted memories reduces their unconscious influence via targeted 
cortical inhibition. Proc. Natl Acad. Sci. USA 111, E1310–1319, https://doi.org/10.1073/pnas.1311468111 (2014).

 7. Waldhauser, G. T. et al. The neural dynamics of deficient memory control in heavily traumatized refugees. Sci. Rep. 8, 13132, 
https://doi.org/10.1038/s41598-018-31400-x (2018).

 8. Badura-Brack, A. et al. Veterans with PTSD demonstrate amygdala hyperactivity while viewing threatening faces: A MEG study. 
Biol. Psychol. 132, 228–232, https://doi.org/10.1016/j.biopsycho.2018.01.005 (2018).

https://doi.org/10.1038/s41598-020-57963-2
https://doi.org/10.1016/j.neuron.2016.09.039
https://doi.org/10.1176/appi.ajp.2007.07030504
https://doi.org/10.1177/0956797615569889
https://doi.org/10.1177/0956797615569889
https://doi.org/10.1073/pnas.1311468111
https://doi.org/10.1038/s41598-018-31400-x
https://doi.org/10.1016/j.biopsycho.2018.01.005


9Scientific RepoRtS |          (2020) 10:936  | https://doi.org/10.1038/s41598-020-57963-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 9. Nicholson, A. A. et al. Dynamic causal modeling in PTSD and its dissociative subtype: Bottom-up versus top-down processing 
within fear and emotion regulation circuitry. Hum. Brain Mapp. 38, 5551–5561, https://doi.org/10.1002/hbm.23748 (2017).

 10. Dunkley, B. T., Wong, S. M., Jetly, R., Wong, J. K. & Taylor, M. J. Post-traumatic stress disorder and chronic hyperconnectivity in 
emotional processing. Neuroimage Clin. 20, 197–204, https://doi.org/10.1016/j.nicl.2018.07.007 (2018).

 11. Brewin, C. R., Gregory, J. D., Lipton, M. & Burgess, N. Intrusive images in psychological disorders: characteristics, neural 
mechanisms, and treatment implications. Psychol. Rev. 117, 210–232, https://doi.org/10.1037/a0018113 (2010).

 12. Brewin, C. R. Episodic memory, perceptual memory, and their interaction: foundations for a theory of posttraumatic stress 
disorder. Psychol. Bull. 140, 69–97, https://doi.org/10.1037/a0033722 (2014).

 13. Michael, T., Ehlers, A. & Halligan, S. L. Enhanced priming for trauma-related material in posttraumatic stress disorder. Emot. 5, 
103–112, https://doi.org/10.1037/1528-3542.5.1.103 (2005).

 14. Ehlers, A. et al. The nature of intrusive memories after trauma: the warning signal hypothesis. Behav. Res. Ther. 40, 995–1002 
(2002).

 15. Michael, T., Ehlers, A., Halligan, S. L. & Clark, D. M. Unwanted memories of assault: what intrusion characteristics are associated 
with PTSD? Behav. Res. Ther. 43, 613–628, https://doi.org/10.1016/j.brat.2004.04.006 (2005).

 16. Ehlers, A. & Steil, R. Maintenance of intrusive memories in posttraumatic stress disorder: a cognitive approach. Behav. Cogn. 
Psychother. 23, 217–249, https://doi.org/10.1017/S135246580001585X (1995).

 17. Clancy, K., Ding, M., Bernat, E., Schmidt, N. B. & Li, W. Restless ‘rest’: intrinsic sensory hyperactivity and disinhibition in post-
traumatic stress disorder. Brain 140, 2041–2050, https://doi.org/10.1093/brain/awx116 (2017).

 18. Stewart, L. P. & White, P. M. Sensory filtering phenomenology in PTSD. Depress. Anxiety 25, 38–45, https://doi.org/10.1002/
da.20255 (2008).

 19. Engel-Yeger, B., Palgy-Levin, D. & Lev-Wiesel, R. The sensory profile of people with post-traumatic stress symptoms. Occup. Ther. 
Ment. Health 29, 266–278 (2013).

 20. Morgan, C. A. 3rd & Grillon, C. Abnormal mismatch negativity in women with sexual assault-related posttraumatic stress disorder. 
Biol. Psychiatry 45, 827–832 (1999).

 21. Neylan, T. C. et al. Sensory gating in chronic posttraumatic stress disorder: reduced auditory P50 suppression in combat veterans. 
Biol. Psychiatry 46, 1656–1664 (1999).

 22. Javanbakht, A., Liberzon, I., Amirsadri, A., Gjini, K. & Boutros, N. N. Event-related potential studies of post-traumatic stress 
disorder: a critical review and synthesis. Biol. Mood Anxiety Disord. 1, 5, https://doi.org/10.1186/2045-5380-1-5 (2011).

 23. Klimesch, W. alpha-band oscillations, attention, and controlled access to stored information. Trends Cogn. Sci. 16, 606–617, https://
doi.org/10.1016/j.tics.2012.10.007 (2012).

 24. Palva, S. & Palva, J. M. New vistas for alpha-frequency band oscillations. Trends Neurosci. 30, 150–158, https://doi.org/10.1016/j.
tins.2007.02.001 (2007).

 25. Bazanova, O. M. & Vernon, D. Interpreting EEG alpha activity. Neurosci. Biobehav. Rev. 44, 94–110, https://doi.org/10.1016/j.
neubiorev.2013.05.007 (2014).

 26. Buzsaki, G., Logothetis, N. & Singer, W. Scaling brain size, keeping timing: evolutionary preservation of brain rhythms. Neuron 80, 
751–764, https://doi.org/10.1016/j.neuron.2013.10.002 (2013).

 27. Jensen, O. & Bonnefond, M. Prefrontal alpha- and beta-band oscillations are involved in rule selection. Trends Cogn. Sci. 17, 10–12, 
https://doi.org/10.1016/j.tics.2012.11.002 (2013).

 28. Klimesch, W., Sauseng, P. & Hanslmayr, S. EEG alpha oscillations: the inhibition-timing hypothesis. Brain Res. Rev. 53, 63–88, 
https://doi.org/10.1016/j.brainresrev.2006.06.003 (2007).

 29. Foxe, J. J. & Snyder, A. C. The Role of Alpha-Band Brain Oscillations as a Sensory Suppression Mechanism during Selective 
Attention. Front. Psychol. 2, 154, https://doi.org/10.3389/fpsyg.2011.00154 (2011).

 30. Johnson, E. L. et al. Bidirectional Frontoparietal Oscillatory Systems Support Working Memory. Curr. Biol. 27, 1829–1835 e1824, 
https://doi.org/10.1016/j.cub.2017.05.046 (2017).

 31. Sadaghiani, S. & Kleinschmidt, A. Brain Networks and alpha-Oscillations: Structural and Functional Foundations of Cognitive 
Control. Trends Cogn. Sci. 20, 805–817, https://doi.org/10.1016/j.tics.2016.09.004 (2016).

 32. Hillebrand, A. et al. Direction of information flow in large-scale resting-state networks is frequency-dependent. Proc. Natl Acad. 
Sci. USA 113, 3867–3872, https://doi.org/10.1073/pnas.1515657113 (2016).

 33. Tang, A. C. et al. in Independent Component Analysis and Signal Separation: 7th International Conference, ICA 2007, London, UK, 
September 9-12, 2007. Proceedings (eds Mike E. Davies, Christopher J. James, Samer A. Abdallah, & Mark D. Plumbley) 802-809 
(Springer Berlin Heidelberg, 2007).

 34. Samaha, J., Boutonnet, B., Postle, B. R. & Lupyan, G. Effects of meaningfulness on perception: Alpha-band oscillations carry 
perceptual expectations and influence early visual responses. Sci. Rep. 8, 6606, https://doi.org/10.1038/s41598-018-25093-5 (2018).

 35. Samaha, J. & Postle, B. R. The Speed of Alpha-Band Oscillations Predicts the Temporal Resolution of Visual Perception. Curr. Biol. 
25, 2985–2990, https://doi.org/10.1016/j.cub.2015.10.007 (2015).

 36. Jensen, O., Bonnefond, M. & VanRullen, R. An oscillatory mechanism for prioritizing salient unattended stimuli. Trends Cogn. Sci. 
16, 200–206, https://doi.org/10.1016/j.tics.2012.03.002 (2012).

 37. Mathewson, K. E. et al. Pulsed out of awareness: EEG alpha oscillations represent a pulsed-inhibition of ongoing cortical 
processing. Front. Psychol. 2, 99, https://doi.org/10.3389/fpsyg.2011.00099 (2011).

 38. Doesburg, S. M., Green, J. J., McDonald, J. J. & Ward, L. M. From local inhibition to long-range integration: a functional 
dissociation of alpha-band synchronization across cortical scales in visuospatial attention. Brain Res. 1303, 97–110, https://doi.
org/10.1016/j.brainres.2009.09.069 (2009).

 39. Eidelman-Rothman, M., Levy, J. & Feldman, R. Alpha oscillations and their impairment in affective and post-traumatic stress 
disorders. Neurosci. Biobehav. Rev. 68, 794–815, https://doi.org/10.1016/j.neubiorev.2016.07.005 (2016).

 40. Begic, D., Hotujac, L. & Jokic-Begic, N. Electroencephalographic comparison of veterans with combat-related post-traumatic stress 
disorder and healthy subjects. Int. J. Psychophysiol. 40, 167–172, https://doi.org/10.1016/s0167-8760(00)00153-7 (2001).

 41. Jokic-Begic, N. & Begic, D. Quantitative electroencephalogram (qEEG) in combat veterans with post-traumatic stress disorder 
(PTSD). Nord. J. Psychiatry 57, 351–355, https://doi.org/10.1080/08039480310002688 (2003).

 42. Veltmeyer, M. D. et al. Integrative assessment of brain function in PTSD: brain stability and working memory. J. Integr. Neurosci. 5, 
123–138 (2006).

 43. Huang, M. X. et al. Voxel-wise resting-state MEG source magnitude imaging study reveals neurocircuitry abnormality in active-
duty service members and veterans with PTSD. Neuroimage Clin. 5, 408–419, https://doi.org/10.1016/j.nicl.2014.08.004 (2014).

 44. Popescu, M. et al. Post-traumatic stress disorder is associated with altered modulation of prefrontal alpha band oscillations during 
working memory. Clin. Neurophysiol. 130, 1869–1881, https://doi.org/10.1016/j.clinph.2019.06.227 (2019).

 45. Ding, M., Chen, Y. & Bressler, S. L. in Handbook of Time Series Analysis 437-460 (Wiley-VCH Verlag GmbH & Co. KGaA, 2006).
 46. Wilson, D. A. & Stevenson, R. J. The fundamental role of memory in olfactory perception. Trends Neurosci. 26, 243–247, https://

doi.org/10.1016/S0166-2236(03)00076-6 (2003).
 47. Herz, R. S. & Schooler, J. W. A naturalistic study of autobiographical memories evoked by olfactory and visual cues: testing the 

Proustian hypothesis. Am. J. Psychol. 115, 21–32 (2002).
 48. Cortese, B. M., Leslie, K. & Uhde, T. W. Differential odor sensitivity in PTSD: Implications for treatment and future research. J. 

Affect. Disord. 179, 23–30, https://doi.org/10.1016/j.jad.2015.03.026 (2015).

https://doi.org/10.1038/s41598-020-57963-2
https://doi.org/10.1002/hbm.23748
https://doi.org/10.1016/j.nicl.2018.07.007
https://doi.org/10.1037/a0018113
https://doi.org/10.1037/a0033722
https://doi.org/10.1037/1528-3542.5.1.103
https://doi.org/10.1016/j.brat.2004.04.006
https://doi.org/10.1017/S135246580001585X
https://doi.org/10.1093/brain/awx116
https://doi.org/10.1002/da.20255
https://doi.org/10.1002/da.20255
https://doi.org/10.1186/2045-5380-1-5
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1016/j.tins.2007.02.001
https://doi.org/10.1016/j.tins.2007.02.001
https://doi.org/10.1016/j.neubiorev.2013.05.007
https://doi.org/10.1016/j.neubiorev.2013.05.007
https://doi.org/10.1016/j.neuron.2013.10.002
https://doi.org/10.1016/j.tics.2012.11.002
https://doi.org/10.1016/j.brainresrev.2006.06.003
https://doi.org/10.3389/fpsyg.2011.00154
https://doi.org/10.1016/j.cub.2017.05.046
https://doi.org/10.1016/j.tics.2016.09.004
https://doi.org/10.1073/pnas.1515657113
https://doi.org/10.1038/s41598-018-25093-5
https://doi.org/10.1016/j.cub.2015.10.007
https://doi.org/10.1016/j.tics.2012.03.002
https://doi.org/10.3389/fpsyg.2011.00099
https://doi.org/10.1016/j.brainres.2009.09.069
https://doi.org/10.1016/j.brainres.2009.09.069
https://doi.org/10.1016/j.neubiorev.2016.07.005
https://doi.org/10.1016/s0167-8760(00)00153-7
https://doi.org/10.1080/08039480310002688
https://doi.org/10.1016/j.nicl.2014.08.004
https://doi.org/10.1016/j.clinph.2019.06.227
https://doi.org/10.1016/S0166-2236(03)00076-6
https://doi.org/10.1016/S0166-2236(03)00076-6
https://doi.org/10.1016/j.jad.2015.03.026


1 0Scientific RepoRtS |          (2020) 10:936  | https://doi.org/10.1038/s41598-020-57963-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 49. Vermetten, E. & Bremner, J. D. Olfaction as a traumatic reminder in posttraumatic stress disorder: case reports and review. J. Clin. 
Psychiatry 64, 202–207 (2003).

 50. Vermetten, E., Bremner, J. D., Skelton, L. & Spiegel, D. PTSD and Vietnam Veterans. Sci. 315, 184–187; author reply 184–187, 
https://doi.org/10.1126/science.315.5809.184b (2007).

 51. Blevins, C. A., Weathers, F. W., Davis, M. T., Witte, T. K. & Domino, J. L. The Posttraumatic Stress Disorder Checklist for DSM-5 
(PCL-5): Development and Initial Psychometric Evaluation. J. Trauma. Stress. 28, 489–498, https://doi.org/10.1002/jts.22059 
(2015).

 52. Beck, A. T., Steer, R. A. & Brown, G. K. Beck depression inventory-II. San. Antonio 78, 490–498 (1996).
 53. Kemp, A. H. et al. Disorder specificity despite comorbidity: resting EEG alpha asymmetry in major depressive disorder and post-

traumatic stress disorder. Biol. Psychol. 85, 350–354, https://doi.org/10.1016/j.biopsycho.2010.08.001 (2010).
 54. Coan, J. A., Allen, J. J. & Harmon-Jones, E. Voluntary facial expression and hemispheric asymmetry over the frontal cortex. 

Psychophysiol. 38, 912–925, https://doi.org/10.1111/1469-8986.3860912 (2001).
 55. Allen, J. J., Coan, J. A. & Nazarian, M. Issues and assumptions on the road from raw signals to metrics of frontal EEG asymmetry 

in emotion. Biol. Psychol. 67, 183–218, https://doi.org/10.1016/j.biopsycho.2004.03.007 (2004).
 56. Clancy, K. J. et al. Lasting connectivity increase and anxiety reduction via transcranial alternating current stimulation. Soc. Cogn. 

Affect. Neurosci. 13, 1305–1316, https://doi.org/10.1093/scan/nsy096 (2018).
 57. Nolan, H., Whelan, R. & Reilly, R. B. FASTER: Fully Automated Statistical Thresholding for EEG artifact Rejection. J. Neurosci. 

Methods 192, 152–162, https://doi.org/10.1016/j.jneumeth.2010.07.015 (2010).
 58. Mitra, P. P. & Pesaran, B. Analysis of dynamic brain imaging data. Biophys. J. 76, 691–708, https://doi.org/10.1016/S0006-

3495(99)77236-X (1999).
 59. Pascual-Marqui, R. D. et al. Assessing interactions in the brain with exact low-resolution electromagnetic tomography. Philos. 

Trans. A Math. Phys. Eng. Sci. 369, 3768–3784, https://doi.org/10.1098/rsta.2011.0081 (2011).
 60. Cuspineda, E. R. et al. Source analysis of alpha rhythm reactivity using LORETA imaging with 64-channel EEG and individual 

MRI. Clin. EEG Neurosci. 40, 150–156, https://doi.org/10.1177/155005940904000306 (2009).
 61. Neuner, I. et al. The default mode network and EEG regional spectral power: a simultaneous fMRI-EEG study. PLoS One 9, e88214, 

https://doi.org/10.1371/journal.pone.0088214 (2014).
 62. Geweke, J. Measurement of linear dependence and feedback between multiple time series. J. Am. Stat. Assoc. 77, 304–313 (1982).
 63. Perrin, F., Pernier, J., Bertrand, O. & Echallier, J. F. Spherical splines for scalp potential and current density mapping. 

Electroencephalography Clin. Neurophysiol. 72, 184–187 (1989).
 64. Nunez, P. L. et al. EEG coherency. I: Statistics, reference electrode, volume conduction, Laplacians, cortical imaging, and 

interpretation at multiple scales. Electroencephalogr. Clin. Neurophysiol. 103, 499–515 (1997).
 65. Wang, C., Rajagovindan, R., Han, S. M. & Ding, M. Top-Down Control of Visual Alpha Oscillations: Sources of Control Signals 

and Their Mechanisms of Action. Front. Hum. Neurosci. 10, 15, https://doi.org/10.3389/fnhum.2016.00015 (2016).
 66. Ding, M., Bressler, S. L., Yang, W. & Liang, H. Short-window spectral analysis of cortical event-related potentials by adaptive 

multivariate autoregressive modeling: data preprocessing, model validation, and variability assessment. Biol. Cybern. 83, 35–45 
(2000).

 67. Engel, A. K., Fries, P. & Singer, W. Dynamic predictions: oscillations and synchrony in top-down processing. Nat. Rev. Neurosci. 2, 
704–716, https://doi.org/10.1038/35094565 (2001).

 68. Hayes, A. F. Introduction to Mediation, Moderation, and Conditional Process Analysis: Second Edition. (Guilford Press, 2017).
 69. Rauch, S. L., Shin, L. M. & Phelps, E. A. Neurocircuitry models of posttraumatic stress disorder and extinction: human 

neuroimaging research–past, present, and future. Biol. Psychiatry 60, 376–382, https://doi.org/10.1016/j.biopsych.2006.06.004 
(2006).

 70. Brewin, C. R., Huntley, Z. & Whalley, M. G. Source memory errors associated with reports of posttraumatic flashbacks: a proof of 
concept study. Cognition 124, 234–238, https://doi.org/10.1016/j.cognition.2012.05.002 (2012).

 71. Geraerts, E. et al. Cognitive mechanisms underlying recovered-memory experiences of childhood sexual abuse. Psychol. Sci. 20, 
92–98, https://doi.org/10.1111/j.1467-9280.2008.02247.x (2009).

 72. Ehlers, A. Understanding and Treating Unwanted Trauma Memories in Posttraumatic Stress Disorder. Z. Psychol. 218, 141–145, 
https://doi.org/10.1027/0044-3409/a000021 (2010).

 73. Badura-Brack, A. S. et al. Decreased somatosensory activity to non-threatening touch in combat veterans with posttraumatic stress 
disorder. Psychiatry Res. 233, 194–200, https://doi.org/10.1016/j.pscychresns.2015.06.012 (2015).

 74. Hunter, M. et al. Lateralized abnormalities in auditory M50 sensory gating and cortical thickness of the superior temporal gyrus in 
post-traumatic stress disorder: preliminary results. Psychiatry Res. 191, 138–144, https://doi.org/10.1016/j.pscychresns.2010.09.012 
(2011).

 75. Gjini, K. et al. Evoked potential correlates of post-traumatic stress disorder in refugees with history of exposure to torture. J. 
Psychiatr. Res. 47, 1492–1498, https://doi.org/10.1016/j.jpsychires.2013.06.007 (2013).

 76. Felmingham, K. L., Rennie, C., Manor, B. & Bryant, R. A. Eye tracking and physiological reactivity to threatening stimuli in 
posttraumatic stress disorder. J. Anxiety Disord. 25, 668–673, https://doi.org/10.1016/j.janxdis.2011.02.010 (2011).

 77. Mueller-Pfeiffer, C. et al. Atypical visual processing in posttraumatic stress disorder. Neuroimage Clin. 3, 531–538, https://doi.
org/10.1016/j.nicl.2013.08.009 (2013).

 78. Carmichael, S. T., Clugnet, M. C. & Price, J. L. Central olfactory connections in the macaque monkey. J. Comp. Neurol. 346, 
403–434, https://doi.org/10.1002/cne.903460306 (1994).

 79. Herz, R. S. & Engen, T. Odor memory: Review and analysis. Psychon. Bull. Rev. 3, 300–313, https://doi.org/10.3758/BF03210754 
(1996).

 80. Herz, R. S. A naturalistic analysis of autobiographical memories triggered by olfactory visual and auditory stimuli. Chem. Senses 
29, 217–224, https://doi.org/10.1093/chemse/bjh025 (2004).

 81. Buzsáki, G. & Draguhn, A. Neuronal oscillations in cortical networks. Sci. 304, 1926–1929 (2004).
 82. Sadaghiani, S. et al. Lesions to the Fronto-Parietal Network Impact Alpha-Band Phase Synchrony and Cognitive Control. Cereb. 

Cortex 29, 4143–4153, https://doi.org/10.1093/cercor/bhy296 (2019).
 83. Sadaghiani, S. et al. alpha-band phase synchrony is related to activity in the fronto-parietal adaptive control network. J. Neurosci. 

32, 14305–14310, https://doi.org/10.1523/JNEUROSCI.1358-12.2012 (2012).
 84. van Driel, J., Knapen, T., van Es, D. M. & Cohen, M. X. Interregional alpha-band synchrony supports temporal cross-modal 

integration. Neuroimage 101, 404–415, https://doi.org/10.1016/j.neuroimage.2014.07.022 (2014).
 85. Lobier, M., Palva, J. M. & Palva, S. High-alpha band synchronization across frontal, parietal and visual cortex mediates behavioral 

and neuronal effects of visuospatial attention. Neuroimage 165, 222–237, https://doi.org/10.1016/j.neuroimage.2017.10.044 (2018).
 86. Postle, B. R. How does the brain keep information “in mind”? Curr. Dir. Psychol. Sci. 25, 151–156, https://doi.

org/10.1177/0963721416643063 (2016).
 87. Emrich, S. M., Riggall, A. C., Larocque, J. J. & Postle, B. R. Distributed patterns of activity in sensory cortex reflect the precision of 

multiple items maintained in visual short-term memory. J. Neurosci. 33, 6516–6523, https://doi.org/10.1523/
JNEUROSCI.5732-12.2013 (2013).

 88. Zhou, Y. et al. Early altered resting-state functional connectivity predicts the severity of post-traumatic stress disorder symptoms 
in acutely traumatized subjects. PLoS One 7, e46833, https://doi.org/10.1371/journal.pone.0046833 (2012).

https://doi.org/10.1038/s41598-020-57963-2
https://doi.org/10.1126/science.315.5809.184b
https://doi.org/10.1002/jts.22059
https://doi.org/10.1016/j.biopsycho.2010.08.001
https://doi.org/10.1111/1469-8986.3860912
https://doi.org/10.1016/j.biopsycho.2004.03.007
https://doi.org/10.1093/scan/nsy096
https://doi.org/10.1016/j.jneumeth.2010.07.015
https://doi.org/10.1016/S0006-3495(99)77236-X
https://doi.org/10.1016/S0006-3495(99)77236-X
https://doi.org/10.1098/rsta.2011.0081
https://doi.org/10.1177/155005940904000306
https://doi.org/10.1371/journal.pone.0088214
https://doi.org/10.3389/fnhum.2016.00015
https://doi.org/10.1038/35094565
https://doi.org/10.1016/j.biopsych.2006.06.004
https://doi.org/10.1016/j.cognition.2012.05.002
https://doi.org/10.1111/j.1467-9280.2008.02247.x
https://doi.org/10.1027/0044-3409/a000021
https://doi.org/10.1016/j.pscychresns.2015.06.012
https://doi.org/10.1016/j.pscychresns.2010.09.012
https://doi.org/10.1016/j.jpsychires.2013.06.007
https://doi.org/10.1016/j.janxdis.2011.02.010
https://doi.org/10.1016/j.nicl.2013.08.009
https://doi.org/10.1016/j.nicl.2013.08.009
https://doi.org/10.1002/cne.903460306
https://doi.org/10.3758/BF03210754
https://doi.org/10.1093/chemse/bjh025
https://doi.org/10.1093/cercor/bhy296
https://doi.org/10.1523/JNEUROSCI.1358-12.2012
https://doi.org/10.1016/j.neuroimage.2014.07.022
https://doi.org/10.1016/j.neuroimage.2017.10.044
https://doi.org/10.1177/0963721416643063
https://doi.org/10.1177/0963721416643063
https://doi.org/10.1523/JNEUROSCI.5732-12.2013
https://doi.org/10.1523/JNEUROSCI.5732-12.2013
https://doi.org/10.1371/journal.pone.0046833


1 1Scientific RepoRtS |          (2020) 10:936  | https://doi.org/10.1038/s41598-020-57963-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 89. Qin, L. D. et al. A preliminary study of alterations in default network connectivity in post-traumatic stress disorder patients 
following recent trauma. Brain Res. 1484, 50–56, https://doi.org/10.1016/j.brainres.2012.09.029 (2012).

 90. Reuveni, I. et al. Anatomical and functional connectivity in the default mode network of post-traumatic stress disorder patients 
after civilian and military-related trauma. Hum. Brain Mapp. 37, 589–599, https://doi.org/10.1002/hbm.23051 (2016).

 91. Du, M. Y. et al. Altered functional connectivity in the brain default-mode network of earthquake survivors persists after 2 years 
despite recovery from anxiety symptoms. Soc. Cogn. Affect. Neurosci. 10, 1497–1505, https://doi.org/10.1093/scan/nsv040 (2015).

 92. Akiki, T. J., Averill, C. L. & Abdallah, C. G. A Network-Based Neurobiological Model of PTSD: Evidence From Structural and 
Functional Neuroimaging Studies. Curr. Psychiatry Rep. 19, 81, https://doi.org/10.1007/s11920-017-0840-4 (2017).

 93. Akiki, T. J. et al. Default mode network abnormalities in posttraumatic stress disorder: A novel network-restricted topology 
approach. Neuroimage 176, 489–498, https://doi.org/10.1016/j.neuroimage.2018.05.005 (2018).

 94. Badura-Brack, A. S. et al. Resting-State Neurophysiological Abnormalities in Posttraumatic Stress Disorder: A 
Magnetoencephalography Study. Front. Hum. Neurosci. 11, 205, https://doi.org/10.3389/fnhum.2017.00205 (2017).

 95. Gong, Q. et al. Quantitative prediction of individual psychopathology in trauma survivors using resting-state FMRI. 
Neuropsychopharmacology 39, 681–687, https://doi.org/10.1038/npp.2013.251 (2014).

 96. Sadaghiani, S. et al. Intrinsic connectivity networks, alpha oscillations, and tonic alertness: a simultaneous electroencephalography/
functional magnetic resonance imaging study. J. Neurosci. 30, 10243–10250, https://doi.org/10.1523/JNEUROSCI.1004-10.2010 
(2010).

 97. Menon, M., Woodward, T. S., Pomarol-Clotet, E., McKenna, P. J. & McCarthy, R. Heightened stimulus salience renders deluded 
schizophrenics less susceptible to the ‘famous names illusion’. Schizophr. Res. 80, 369–371, https://doi.org/10.1016/j.
schres.2005.02.002 (2005).

 98. Ros, T. et al. Mind over chatter: plastic up-regulation of the fMRI salience network directly after EEG neurofeedback. Neuroimage 
65, 324–335, https://doi.org/10.1016/j.neuroimage.2012.09.046 (2013).

 99. Sripada, R. K. et al. Neural dysregulation in posttraumatic stress disorder: evidence for disrupted equilibrium between salience and 
default mode brain networks. Psychosom. Med. 74, 904 (2012).

 100. Lanius, R. A., Frewen, P. A., Tursich, M., Jetly, R. & McKinnon, M. C. Restoring large-scale brain networks in PTSD and related 
disorders: a proposal for neuroscientifically-informed treatment interventions. Eur. J. Psychotraumatol 6, 27313, https://doi.
org/10.3402/ejpt.v6.27313 (2015).

 101. Kline, N. A. & Rausch, J. L. Olfactory precipitants of flashbacks in posttraumatic stress disorder: case reports. J. Clin. Psychiatry 46, 
383–384 (1985).

 102. Chu, S. & Downes, J. J. Odour-evoked autobiographical memories: Psychological investigations of Proustian phenomena. Chem. 
Senses 25, 111–116 (2000).

 103. Seubert, J., Freiherr, J., Djordjevic, J. & Lundstrom, J. N. Statistical localization of human olfactory cortex. Neuroimage 66, 333–342, 
https://doi.org/10.1016/j.neuroimage.2012.10.030 (2013).

 104. Krusemark, E. A., Novak, L. R., Gitelman, D. R. & Li, W. When the sense of smell meets emotion: anxiety-state-dependent olfactory 
processing and neural circuitry adaptation. J. Neurosci. 33, 15324–15332, https://doi.org/10.1523/JNEUROSCI.1835-13.2013 
(2013).

Acknowledgements
This research was supported by the National Institute of Mental Health grants R01MH093413 (W.L.), the FSU 
Chemical Senses Training (CTP) Grant Award T32DC000044 (K.C.) from the National Institutes of Health 
(NIH/NIDCD), and the Subaward of U.S. Army award W81XWH-10-2-018 (N.S.), which does not necessarily 
represent the views of the Department of Defense, Department of Veterans Affairs, or the United States 
Government, nor does it constitute or imply endorsement, sponsorship, or favoring of the study design, analysis, 
or recommendations.

Author contributions
K.C., N.S., and W.L. designed the study and protocol. A.A. was responsible for participant recruitment and 
scheduling. K.C. and A.A. collected data and conducted data analyses. N.S. and W.L. provided scientific insight 
and data interpretation. K.C. and W.L. wrote the manuscript, and N.S. and A.A. provided feedback on manuscript 
drafts.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-57963-2.
Correspondence and requests for materials should be addressed to K.J.C. or W.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-57963-2
https://doi.org/10.1016/j.brainres.2012.09.029
https://doi.org/10.1002/hbm.23051
https://doi.org/10.1093/scan/nsv040
https://doi.org/10.1007/s11920-017-0840-4
https://doi.org/10.1016/j.neuroimage.2018.05.005
https://doi.org/10.3389/fnhum.2017.00205
https://doi.org/10.1038/npp.2013.251
https://doi.org/10.1523/JNEUROSCI.1004-10.2010
https://doi.org/10.1016/j.schres.2005.02.002
https://doi.org/10.1016/j.schres.2005.02.002
https://doi.org/10.1016/j.neuroimage.2012.09.046
https://doi.org/10.3402/ejpt.v6.27313
https://doi.org/10.3402/ejpt.v6.27313
https://doi.org/10.1016/j.neuroimage.2012.10.030
https://doi.org/10.1523/JNEUROSCI.1835-13.2013
https://doi.org/10.1038/s41598-020-57963-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Intrinsic sensory disinhibition contributes to intrusive re-experiencing in combat veterans
	Methods
	Participants. 
	Clinical Assessment. 
	EEG acquisition and analyses. 
	Power analyses. 
	Directed alpha-frequency connectivity (Granger causality) analyses. 
	Odor task. 
	Statistical Analyses. 

	Results
	No effect of alpha power on intrusive re-experiencing. 
	Attenuated alpha connectivity associated with greater intrusive re-experiencing. 
	Olfactory trauma memory associated with greater intrusive re-experiencing symptoms. 
	Olfactory trauma memory associated with decreased alpha connectivity. 
	Olfactory trauma memory mediating the association between alpha connectivity and intrusive re-experiencing. 
	Supplemental Analyses. 

	Discussion
	Acknowledgements
	Figure 1 A sensory model for intrusive re-experiencing symptoms, testing the hypothesis that deficient inhibition of sensory information increases intrusive re-experiencing symptoms by increasing trauma memory recall.
	Figure 2 Attenuated left-hemisphere alpha connectivity was related to greater intrusion symptoms.
	Figure 3 Olfactory responses were associated with intrusion symptoms.
	Figure 4 Attenuated alpha connectivity was related to heightened trauma memory for olfactory cues.
	Figure 5 Mediation: Trauma memory for olfactory cues fully mediated the relationship between alpha connectivity and intrusive re-experiencing symptoms, such that the correlation decreased significant and became nonsignificant following the inclusion of tr
	Table 1 Participant Demographics (n = 86).




