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Cumulative trauma load and timing
of trauma prior to military
deployment differentially
influences inhibitory control
processing across deployment

Lisa N. Miller**?, David Forbes?3, Alexander C. McFarlane*, Ellie Lawrence-Wood?3*,
Julian G. Simmons? & Kim Felmingham?

Military personnel experience high trauma load that can change brain circuitry leading to impaired
inhibitory control and posttraumatic stress disorder (PTSD). Inhibitory control processing may

be particularly vulnerable to developmental and interpersonal trauma. This study examines the
differential role of cumulative pre-deployment trauma and timing of trauma on inhibitory control
using the Go/NoGo paradigm in a military population. The Go/NoGo paradigm was administered to
166 predominately male army combat personnel at pre- and post-deployment. Linear mixed models
analyze cumulative trauma, trauma onset, and post-deployment PTSD symptoms on NoGo-N2 and
NoGo-P3 amplitude and latency across deployment. Here we report, NoGo-N2 amplitude increases
and NoGo-P3 amplitude and latency decreases in those with high prior interpersonal trauma across
deployment. Increases in NoGo-P3 amplitude following adolescent-onset trauma and NoGo-P3
latency following childhood-onset and adolescent-onset trauma are seen across deployment. Arousal
symptoms positively correlated with conflict monitoring. Our findings support the cumulative
trauma load and sensitive period of trauma exposure models for inhibitory control processing in a
military population. High cumulative interpersonal trauma impacts conflict monitoring and response
suppression and increases PTSD symptoms whereas developmental trauma differentially impacts
response suppression. This research highlights the need for tailored strategies for strengthening
inhibitory control, and that consider timing and type of trauma in military personnel.

Trauma exposure may be a key etiological factor for psychopathology found in military populations. Military
personnel are exposed to higher levels of trauma than the general population, with deployment-related trauma,
particularly combat, and trauma prior to military service, particularly developmental trauma, being associ-
ated with increased psychopathology, such as posttraumatic stress disorder (PTSD)!-. Trauma exposure may
compromise the inhibitory control system increasing PTSD through increased demand on conflict monitoring
due to difficulty regulating threat processing and reactivity, and impaired response inhibition due to difficulty
suppressing salient trauma-related stimuli during or after deployment*-°.

Trauma exposure may impair inhibitory control processing through several mechanisms. One of the original
theories for PTSD is the cumulative stress model, which proposes the accumulation of traumatic events leads
to allostatic load where brain circuitry is overstimulated or impaired, thus increasing risk of PTSD”®. Research
supports this theory showing individuals exposed to at least four different trauma types have a higher risk of
impulsivity and PTSD, with a greater vulnerability following interpersonal, but not non-interpersonal, trauma
as well as early-onset trauma’®1°. This suggests the timing of the trauma, as well as cumulative interpersonal
trauma, may be another important factor to consider. Trauma exposure at different ages differentially impacts
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psychopathology in adulthood'®. Previous research shows cumulative developmental (child and adolescent)
interpersonal trauma is associated with impaired inhibitory control and may be a stronger predictor of PTSD
than adult interpersonal trauma'. A more recent theory for PTSD is the sensitive period of trauma exposure
model, which suggests enhanced threat detection and response following developmental trauma may be an adap-
tive circuitry change to avoid threat, however by altering trajectories of brain development involved in threat
detection, emotion regulation and inhibitory control it may increase PTSD when facing trauma in adulthood'®".

Inhibitory control processing involves conflict monitoring, the detection and control of competing responses,
and response suppression, the ability to suppress an activated response’®. The Go/NoGo paradigm can be used
to study inhibitory control by measuring conflict monitoring of Go and NoGo stimuli, and response suppres-
sion to NoGo stimuli'®-?°. Event related potentials (ERPs), averaged transient electrical potentials, can be used
to discern high temporal resolution information processing and cortical function from the Go/NoGo paradigm.
The two ERPs most associated with the Go/NoGo paradigm are the NoGo-N2 reflecting conflict monitoring
and the NoGo-P3 reflecting response suppression'®!*222. Go/NoGo ERP studies with source localization most
consistently observed the NoGo-N2 in the anterior cingulate cortex (ACC), and the NoGo-P3 in the pre-frontal
regions including the orbitofrontal cortex, inferior-frontal cortex and supplementary motor cortex'*?3-2°. Meta-
analytic review revealed veterans with PTSD display enhanced resources for conflict monitoring (larger NoGo-N2
amplitude) and delayed response inhibition (longer P3 latency), and police with sub-clinical PTSD displaying
enhanced resources for response inhibition (larger P3 amplitude)?>**-2, Trauma-exposed adolescents with PTSD
displayed faster conflict monitoring (shorter NoGo-N2 latency) suggesting impulsivity may be related to faster
monitoring or detection of conflict following trauma in adolescence?. Healthy adults with high developmental
(childhood and adolescent) trauma also show increased impulsivity due to hypoactivation in the ACC and medial
prefrontal cortex to the NoGo-P3%. This suggests impaired inhibitory control in adults, regardless of PTSD, may
be related to trauma at critical developmental periods.

Inhibitory control processing in the brain develops differentially with age. Bottom-up attention processing
develops before age 10, thus trauma in childhood may impair conflict monitoring and the NoGo-N2 which
peaks in amplitude at age six and then decreases with age'®*. The inhibitory control system in the pre-frontal
region begins developing around age 10 and increases connectivity to the amygdala and ACC to enhance conflict
monitoring and emotion regulation®*-**. The NoGo-P3 amplitude appears around age 10 and increases with
age, suggesting it may be vulnerable to trauma in adolescence'®*. These inhibitory frontal connections appear
altered following brain injury®®, trauma at critical developmental periods'”*” as well as in PTSD*-%!. Therefore
conflict monitoring and NoGo-N2, and response inhibition and NoGo-P3 develop differentially, and childhood
and adolescence onset trauma may produce a vulnerability to PTSD through disrupted development of these
prefrontal brain structures and inhibitory connectivity with the limbic and memory systems leading to impaired
inhibitory control processing in adulthood!**>%,

To date no ERP studies have examined the impact of cumulative trauma nor timing of trauma using a Go/
NoGo paradigm from a cross-sectional nor longitudinal perspective. Further, most studies examining ‘child-
hood trauma’ define this as a trauma before age 18. Therefore, the aim of this study is to examine the impact of
cumulative trauma (interpersonal, non-interpersonal), trauma onset (childhood, adolescent, and adulthood)
and PTSD symptoms on ERPs using a Go/NoGo paradigm at pre- and post-deployment. Firstly, we hypoth-
esize trauma-onset will explain more variance in inhibitory control processing than cumulative trauma types.
Secondly, as interpersonal trauma is more commonly associated with PTSD than non-interpersonal trauma,
we hypothesize higher interpersonal, but not non-interpersonal, trauma load will result in enhanced conflict
monitoring and delayed response inhibition across deployment. Based on previous developmental (child/ado-
lescent) research, we predict child/adolescent trauma will be associated with impaired conflict monitoring and
response inhibition across deployment compared to the adult-onset and no trauma groups. As previous studies
have not separated child-onset from adolescent-onset trauma, we will perform an exploratory analysis looking
at differences between trauma-onset groups, and the relationship of PTSD symptoms on the predictive patterns
of cumulative and timing of trauma.

Results

Table 1 provides participant demographics, trauma exposure and PTSD symptoms. Refer to Supplementary
Materials for full statistical comparison of demographics by trauma onset. Participants were predominately
males aged in their late twenties. The ANOVA and post-hoc t-test showed the adult-onset trauma group was
significantly older than the no trauma (p <0.001) and adolescent-onset (p =0.010) groups, and had significantly
more times deployed and higher combat exposure than other trauma-onset groups (Times Deployed: child
p=0.006, adolescent p <0.001, no trauma p <0.001; Combat: child p=0.005, adolescent p=0.014; no trauma
Pp<0.001). The adolescent-onset trauma group had significantly more times deployed than the no trauma group
(p=0.046). The ANOVA and post-hoc t-test of cumulative trauma types (CTT), particularly interpersonal CTT,
showed this was significantly higher in the childhood-onset than the adolescent-onset and adult-onset trauma
groups (Overall: p=0.042 and p=0.003 respectively; and Interpersonal: p=0.014 and p =0.004 respectively).

Model fit comparison

Table 2 provides the model fit comparison from the F-test based on the Kenward-Roger’s approach by ERP compo-
nent. For N2 amplitude and latency, there was a significant improvement by adding the interaction of Deployment
with Interpersonal and Non-interpersonal CTT. There was no improvement by adding the Deployment*Trauma-
onset interaction nor a 3-way interaction with PTSD. For P3 amplitude and latency, there was a significant
improvement by adding the interaction of Deployment*Interpersonal CTT and Deployment*Non-interpersonal
CTT, and Deployment*Trauma-onset. There was no improvement with adding a 3-way interaction for PTSD.

Scientific Reports |

(2023) 13:21414 | https://doi.org/10.1038/s41598-023-48505-7 nature portfolio



www.nature.com/scientificreports/

Overall Childhood trauma | Adolescent trauma | Adult trauma | No prior trauma | p-value

N 166 20 45 57 44
Pre-deployment
Male 96% 95% 98% 96% 95% 0.891
Age 28.8 (7.06) 28.5(6.32) 28.24 (6.44) 31.72(7.16) 25.49 (6.45) <0.001
Times deployed 2.93(3.53) 2.56 (2.64) 2.26 (2.46) 4.96 (4.42) 0.79 (1.08) <0.001
Trauma types 2.57 (2.46) 4.75 (2.69) 3.56 (1.99) 3.02 (2.07) 0(0) 0.010
Interpersonal 2.04 (2.16) 4.00 (2.64) 2.64 (1.82) 2.44 (1.91) 0(0) 0.012

Combat 34% 40% 29% 61%

Sexual abuse 2% 10% 2% 0%

Emotional abuse 4% 30% 0% 2%

Physical abuse 39% 70% 73% 30%

Found body 28% 45% 33% 40%

Domestic violence | 6% 20% 7% 5%

Witnessed trauma 55% 80% 78% 70%
Non-interpersonal 0.54 (0.68) 0.75 (0.72) 0.91 (0.70) 0.58 (0.68) 0(0) 0.059

Natural disaster 27% 50% 44% 26%

Life-threatening 27% 25% 47% 32%
PCL 19.67 (5.04) 20.4 (5.46) 20.4 (5.40) 19.96 (5.76) 18.03 (2.38) 0.126
Re-experiencing 5.55 (1.31) 5.8 (1.88) 5.73 (1.21) 5.58 (1.39) 5.15 (0.81) 0.156
Avoidance 8.06 (2.39) 8.7 (2.52) 8.24 (2.77) 8.19 (2.66) 7.31(0.83) 0.124
Arousal 6.07 (1.97) 5.9 (1.52) 6.42 (2.17) 6.19 (2.3) 5.56 (1.23) 0.225
Post-deployment
PCL 23.09(9.24) | 21.35 (4.3) 24.63 (9.28) 22.1(7.68) 23.44 (12.12) 0.508

Re-experiencing 6.52 (2.62) 6.06 (1.34) 6.80 (2.53) 6.23 (1.74) 6.77 (3.8) 0.587

Avoidance 9.12 (3.92) 8.29 (2.17) 9.41 (3.37) 8.81 (3.59) 9.54 (5.26) 0.636

Arousal 7.46 (3.37) 7.00 (1.87) 8.41 (3.93) 7.06 (3.00) 7.13 (3.59) 0.201
Combat exposure 35.31(16.99) |30.59 (16.74) 34.9 (15.91) 43.47 (15.67) 27.95 (15.98) <0.001
High PTSD 14% 6% 24% 8% 13% 0.135
mTBI 39% 44% 47% 44% 22% 0.102

Table 1. Participant demographics, trauma exposure and PTSD symptoms by Trauma onset. PCL Post-
traumatic stress disorder symptoms, mTBI Mild Traumatic Brain Injury. All values refer to mean (standard
deviation), unless indicated otherwise as percentage. P-values are from ANOVA for continuous variables and
Fisher’s test for categorical variables.

N2 component

The linear mixed model showed significant predictors of N2 amplitude were Site, Deployment, and 2-way interac-
tions of Deployment*Interpersonal CTT and Deployment*Non-interpersonal CTT (Table 3). The fixed effects
explained 7% of the variance in N2 Amplitude. Supplementary Materials provides a full breakdown of post-hoc
analyses.

After accounting for other variables in the linear mixed model, the main effect of Site had a significant
and small effect on N2 amplitude, where amplitude at FCz was 0.78mV greater than Cz (b= —-0.78, SE=0.22,
p=0.001, Cohen’s d=0.17). The Deployment*Interpersonal CTT interaction (Fig. 1) shows that after account-
ing for other variables in the linear mixed model, change in N2 amplitude with increasing interpersonal CTT
was larger at pre-deployment compared to post-deployment and the effect was small (b= -0.30mV, p=0.018,
Cohen’s d=0.06). N2 amplitude at pre-deployment decreased by 0.34mV, 95%CI (-0.11, 0.79) with every 1
additional interpersonal CTT with little change at post-deployment (b= —0.04mv, 95%CI (-0.42, 0.50)). The
Deployment*non-interpersonal CTT interaction (Fig. 1) shows that after accounting for other variables in the lin-
ear mixed model, change in N2 amplitude with non-interpersonal CTT was significantly larger at pre-deployment
than post-deployment and the effect was small (b= —0.96mV, p=0.009, Cohen’s d = —0.20). N2 amplitude at
pre-deployment increased by 0.99mV, 95%CI (-2.24, 0.27) with every 1 trauma increase in non-interpersonal
CTT with little change at post-deployment (b=-0.03mV, 95%CI (- 1.30, 1.24)).

The linear mixed model for N2 latency showed significant predictors were Age, Deployment, and
Deployment*Non-interpersonal CTT interaction (Table 3). Supplementary Materials provides a full breakdown
of post-hoc analyses. After accounting for other variables in the linear mixed model, the main effect of Age had
a significant yet small effect on N2 latency, with N2 latency increasing by 0.82ms with every one-year increase
in Age at pre-deployment (b=0.82, SE=0.26, p=0.002, Cohen’s d=0.03). The Deployment*Non-interpersonal
CTT interaction (Fig. 2) shows that after accounting for other variables, change in N2 latency with increasing
non-interpersonal CTT was significantly larger at pre-deployment compared to post-deployment and the effect
was small (b=7.42, p<0.001, Cohen’s d =0.31). N2 latency at pre-deployment increased by 7.55ms, 95%ClI (1.30,
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Model Marginal R? (%) AMarginal R? (%) F (DF) p-value
N2 amplitude
Baseline 5.34
+CTT 6.73 1.39 2.90 (4, 258) 0.023
+TrOnset 9.88 3.15 1.88 (6, 268) 0.084
+PTSD 10.76 0.89 0.84 (12, 279) 0.609
N2 latency
Baseline 7.93
+CTT 10.22 2.28 4.10 (4, 258) 0.003
+TrOnset 10.80 0.59 1.02 (6, 268) 0.410
+PTSD 11.46 0.65 0.68 (12, 279) 0.768
P3 amplitude
Baseline 3.94
+CTT 6.05 2.11 4.88 (4,292) 0.001
+TrOnset 8.22 2.18 2.64 (6,304) 0.016
+PTSD 8.54 0.31 0.50 (12, 316) 0.916
P3 latency
Baseline 4.14
+CTT 5.16 1.01 3.39 (4,291) 0.010
+TrOnset 6.38 1.22 2.37 (6, 303) 0.030
+PTSD 7.85 1.47 0.65 (12, 313) 0.802

Table 2. Results from the F-test assessing model fit comparison for N2 and P3 Component. Baseline model:
ERP ~ mTBI + Age + Sex + Combat Exposure + Site + Deployment + (1/StudyID/Site), CTT = Cumulative
Interpersonal and non-interpersonal Trauma Type (as 2 separate summed variables), TrOnset = Trauma Onset
(4gp: Trauma < 10, Trauma 10-17, Trauma 18+, No Trauma), Post-deployment PTSD = PCL Score (2gp:

PCL <30 Low; PCL> =30 High), F (DF) =F value (Num DE Den DF).

‘ Sum Sq ‘ Mean Sq ‘ F (DF) ‘ p-value
Amplitude
mTBI 13.84 13.84 1.91 (1, 131) 0.169
Age 0.23 0.23 0.03 (1, 131) 0.859
Sex 14.22 14.22 1.97 (1, 129) 0.163
Combat exposure 1.44 1.44 0.20 (1, 130) 0.656
Site 80.84 80.84 11.18 (1, 386) | 0.001
Deployment 106.39 106.39 14.71 (1, 389) | <0.001
CTT_InT 6.99 6.99 0.97 (1,131) 0.327
CTT_NInT 6.71 6.71 0.93 (1, 131) 0.337
Deployment:CTT_InT 41.22 41.22 5.70 (1, 394) 0.017
Deployment:CTT_NInT 50.40 50.40 6.97 (1,391) 0.009
Latency
mTBI 63.25 63.25 0.28 (1, 132) 0.600
Age 2209.15 | 2209.15 9.66 (1, 131) 0.002
Sex 259.37 259.37 1.13 (1, 128) 0.289
Combat exposure 228.38 228.38 1.00 (1, 130) 0.319
Site 619.98 619.98 2.71 (1, 386) 0.100
Deployment 1243.07 | 1243.07 5.44 (1, 390) 0.020
CTT_InT 294.54 294.54 1.29 (1,132) 0.258
CTT_NInT 503.17 | 503.17 220(1,131) | 0.140
Deployment:CTT_InT 189.59 189.59 0.83 (1, 396) 0.363
Deployment:CTT_NInT 3050.41 | 3050.41 13.34(1,392) | <0.001

Table 3. Omnibus Test for N2 Amplitude and Latency. F (DF) F-value (Num DE, Den DF), mTBI mild
traumatic brain injury, CTT_InT cumulative interpersonal trauma type, CTT_NInT cumulative non-
interpersonal trauma type.
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Figure 1. Estimated Marginal Trends from the linear mixed model with 95% Confidence Intervals in N2

Amplitude by Interpersonal and Non-interpersonal Cumulative Trauma Type across Deployment. N2 amplitude
is a negative ERP component so smaller values indicate larger magnitude.
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Figure 2. Estimated Marginal Trends (with 95% Confidence Intervals) from the linear mixed model for N2
Latency by Non-interpersonal Cumulative Trauma Type across Deployment.

13.79) with every 1 trauma increase in non-interpersonal CTT with little change at post-deployment (b=0.12ms,
95% CI (- 6.19, 6.40)).

P3 component
The linear mixed model for P3 amplitude showed a significant main effect of Site, and Non-interpersonal CTT,
and 2-way interactions of Deployment*Interpersonal CTT and Deployment*Non-interpersonal CTT, and
Deployment*Trauma-onset (Table 4). The fixed effects explained 8% of the variance in P3 Amplitude. Supple-
mentary Materials provides a full breakdown of post-hoc analyses.

After accounting for other variables in the linear mixed model, the main effect of Site had a significant and
small effect on P3 amplitude, where amplitude at Cz was 1.51mV greater than at Fz (b=1.51, SE=0.24, p <0.001,
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‘ Sum Sq ‘ Mean Sq ‘ F (DF) p-value
Amplitude
mTBI 2.26 2.26 0.31 (1, 128) 0.576
Age 9.28 9.28 1.29 (1, 129) 0.258
Sex 1.81 1.81 0.25 (1, 126) 0.617
Combat exposure 4.95 4.95 0.69 (1, 127) 0.408
Site 294.10 147.05 20.47 (2,269) | <0.001
TrOnset 27.90 9.30 1.30 (3, 128) 0.279
Deployment 0.83 0.83 0.12(1,388) | 0.734
CTT_InT 9.86 9.86 1.37 (1, 128) 0.244
CTT_NInT 32.99 32.99 4.59 (1, 128) 0.034
Deployment:TrOnset 87.42 29.14 4.06 (3, 389) 0.007
Deployment:CTT_InT 57.11 57.11 7.95 (1, 391) 0.005
Deployment:CTT_NInT 31.86 31.86 4.44 (1, 389) 0.036
Latency
mTBI 768.00 768.00 2.95(1,128) 0.088
Age 274.40 274.40 1.05 (1, 130) 0.306
Sex 4.70 4.70 0.02 (1, 126) 0.893
Combat exposure 87.60 87.60 0.34 (1, 126) 0.563
Site 6261.80 | 3130.90 12.04 (2,644) | <0.001
TrOnset 269.50 89.80 0.35 (3, 128) 0.793
Deployment 7166.30 | 7166.30 27.55(1,648) | <0.001
CTT_InT 65.20 65.20 0.25 (1, 128) 0.617
CTT_NInT 3.40 3.40 0.01 (1, 128) 0.909
Deployment:TrOnset 3504.00 |1168.00 |4.49(3,651) |0.004
Deployment:CTT_InT 1558.80 | 1558.80 5.99 (1, 652) 0.015
Deployment:CTT_NInT 1615.80 | 1615.80 6.21 (1, 652) 0.013

Table 4. Omnibus Test for the P3 Amplitude and Latency. F (DF) F-value (Num DF, Den DF), mTBI
mild traumatic brain injury, CTT_InT cumulative interpersonal trauma type, CTT_NInT cumulative non-
interpersonal trauma type, TrOnset trauma onset (4gp: Trauma < 10, Trauma 10-17, Trauma 18 +, No Trauma).

Cohen’s d=0.36) and 0.89mV greater than at Pz (b=0.89, SE=0.24, p=0.001, Cohen’s d=0.21) and Pz was
0.62mV greater than at Fz (b=0.62, SE=0.24, p=0.029, Cohen’s d=0.15).

The Deployment*Interpersonal CT T interaction (Fig. 3) shows that after accounting for other variables in the
linear mixed model, change in P3 amplitude with increasing interpersonal CTT was larger at post-deployment
compared to pre-deployment and the effect was small (b=0.34, p=0.005, Cohen’s d=0.08). P3 amplitude at
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Figure 3. Estimated Marginal Trends (with 95% confidence intervals) from the linear mixed model for P3
Amplitude by Interpersonal and Non-interpersonal Cumulative Trauma Type across deployment.
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pre-deployment decreased by 0.05mV, 95%CI (- 0.50, 0.39) with every 1 additional Interpersonal CTT com-
pared to 0.39mV, 95%CI (- 0.84, 0.06) at post-deployment. The Deployment*Non-interpersonal CTT interaction
(Fig. 3) shows that after accounting for other variables in the linear mixed model, change in P3 amplitude with
increasing non-interpersonal CTT was significantly larger at pre-deployment compared to post-deployment
and the effect was small (b= -0.69, p=0.036, Cohen’s d = —0.17). P3 amplitude at pre-deployment decreased by
1.39mV, 95%CI (- 0.2.55,—0.23) with every 1 trauma increase in non-interpersonal CTT compared to 0.70mV,
95% CI (- 1.88, 0.47) at post-deployment.

The Deployment*Trauma-Onset interaction (Fig. 4) shows that after accounting for other variables in the
linear mixed model, there was a significant decrease in P3 amplitude for the no trauma group (b=1.37, SE=0.49,
p=0.006) and significant increase in P3 amplitude for the adolescent-onset group (b=-0.97, SE=0.39, p=0.013).
Change in P3 amplitude across deployment was greater in the no trauma group compared to the adolescent-
onset (b=2.34, SE=0.70, p=0.001) and adult-onset (b=1.28, SE=0.60, p=0.034) groups, and adolescent-onset
was greater than the adult-onset group (b=1.06, SE=0.51, p=0.037). There was no difference in P3 amplitude
between trauma groups at pre- or post-deployment (refer to Supplementary Materials).

The linear mixed model for P3 Latency showed a significant main effect of Site, Deployment, and 2-way
interactions of Deployment*Interpersonal CTT, Deployment*Non-interpersonal CT T and Deployment*Trauma-
Onset. The fixed effects explained 6% of the variance in P3 latency (Table 4). Supplementary Materials provides
a full breakdown of post-hoc analyses.

After accounting for other variables in the linear mixed model, the main effect of Site had a significant and
large effect on P3 latency, where latency at Pz was 6.60ms slower than at Fz (b=6.60, SE=1.42, p <0.001, Cohen’s
d=1.59) and 0.5.24ms slower than at Cz (b=5.24, SE=1.41, p=0.001, Cohen’s d =1.26). There was no difference
in P3 latency between Cz and Fz (b= —1.36, SE=1.40, p=0.999, Cohen’s d= —0.33).

The Deployment*Interpersonal CTT interaction (Fig. 5) shows that after accounting for other variables in
the linear mixed model, P3 latency increased with increasing Interpersonal CTT at pre-deployment compared
to decreasing at post-deployment and the effect was moderate (b=1.78, p=0.015, Cohen’s d=0.43). P3 latency at
pre-deployment increased by 0.47ms, 95%CI (- 1.56, 0.2.50) with every 1 additional Interpersonal CTT whereas
it decreased by 1.31ms, 95%CI (- 0.3.38, 0.77) at post-deployment. Similarly, the Deployment*Non-interpersonal
CTT interaction (Fig. 5) shows P3 latency increased with increasing Non-interpersonal CTT at pre-deployment
compared to decreasing at post-deployment and the effect was large (b=4.95, p=0.013, Cohen’s d=1.19). P3
latency at pre-deployment increased by 2.23ms, 95%CI (- 3.1, 7.55) with every 1 trauma increase in Non-
interpersonal CTT compared to a decrease at post-deployment of 2.72, 95%CI (- 8.15, 2.71).

The Deployment*Trauma-onset interaction (Fig. 6) shows that after accounting for other variables in the
linear mixed model, there was a significantly longer P3 latency for the childhood-onset (b=12.17, SE=3.54,
p<0.001) and adolescent-onset (b="7.90, SE=2.36, p <0.001) groups across deployment and change in P3 latency
was significant greater than the adult-onset trauma group (Childhood: b=12.91, SE=4.04, p=0.002; Adolescent:
b=8.64, SE=3.08, p=0.005). There was no difference in P3 latency between trauma groups at pre- or post-
deployment (refer to Supplementary Materials).

Post traumatic stress disorder symptoms (PCL) and sub-cluster correlations
Table 5 outlines correlations between PCL and sub-clusters with ERP component and cumulative trauma load
at pre- and post-deployment. At pre-deployment, smaller N2 amplitude was associated with higher arousal
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Figure 4. Estimated Marginal Means (with Standard Error) from the linear mixed model for P3 Amplitude by
Trauma Onset across Deployment.
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Figure 6. Estimated Marginal Means (with Standard Error) from the linear mixed model for P3 Latency by
Trauma-Onset across Deployment.

symptoms and higher interpersonal CTT was associated with higher overall PCL and higher re-experiencing
symptoms.

Discussion
This paper was the first to our knowledge to examine the impact of pre-deployment timing and cumulative type

of trauma and posttraumatic stress disorder (PTSD) symptoms on inhibitory control processing across military
deployment. In line with our hypotheses, (1) timing of trauma explained additional variance over and above
cumulative trauma but only for response inhibition, (2) high interpersonal trauma load was associated with
enhanced conflict monitoring across deployment, and (3) developmental (child/adolescent) trauma impaired
response suppression across deployment. Contrary to our hypotheses, timing of trauma (including developmental
trauma) did not impact on conflict monitoring and higher interpersonal trauma load showed a faster response
inhibition. These findings are explored below.

In line with the cumulative stress model”?, this study found cumulative trauma load affected the N2 and P3
component suggesting an impact on conflict monitoring (detecting and controlling conflict between incom-
ing stimuli) and response suppression (inhibiting an activated response). Furthermore, higher trauma load,
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‘Overall ‘Re-experiencing Avoidance | Arousal

Pre-deployment

N2 amplitude 0.13 0.09 0.60 0.18%
N2 latency 0.08 0.00 0.03 0.06
P3 amplitude 0.10 0.05 0.07 0.13
P3 latency -0.02 0.02 -0.02 -0.07
Interpersonal CTT 0.26* 0.30*** 0.22 0.20
Non-interpersonal CTT | 0.12 0.19 0.06 0.07
Post-deployment

N2 amplitude 0.10 0.13 0.09 0.06
N2 latency 0.00 0.02 0.06 -0.04
P3 amplitude 0.00 0.08 -0.06 0.02
P3 latency —-0.04 -0.07 -0.06 0.01
Interpersonal CTT 0.20 0.13 0.11 0.18
Non-interpersonal CTT | 0.17 0.08 0.11 0.17

Table 5. Spearman’s rho correlation coefficients for PCL (and subclusters) by ERP, and Cumulative Trauma
Type at pre- and post-deployment. CTT Cumulative Trauma Types, N2 is negative ERP component so
smaller magnitude is associated with increasing N2 amplitude. P-values are Bonferroni adjusted. ***p <0.001;
*p<0.01; *p<0.05.

particularly interpersonal, was associated with childhood trauma onset and higher PTSD symptoms, especially
re-experiencing symptoms. Although developmental trauma was not a significant predictor of conflict moni-
toring as hypothesized these results are consistent with previous research showing exposure to multiple types
of trauma, particularly interpersonal, is associated with early-onset trauma, PTSD and impaired inhibitory
control®1h13-15,

More specifically, we found those with higher interpersonal trauma displayed reduced resources toward
conflict monitoring (smaller N2 amplitude) at pre-deployment, which was associated with arousal symptoms.
This suggests high interpersonal trauma led to less resources for monitoring competing task-relevant stimuli,
potentially due to difficulty allocating resources away from arousal symptoms towards processing the task at
hand*. In contrast, when considering changes across deployment, this group increased resources toward monitor-
ing conflict (increased N2 amplitude) and reduced resources toward response suppression (smaller P3 amplitude
and faster P3 latency). Increased resources for conflict monitoring has previously been found in veterans with
PTSD and is consistently associated with anterior cingulate cortex (ACC) hyperactivation'**-2>. The ACC is
activated when anticipating traumatic stimuli in PTSD***, suggesting high interpersonal trauma may create
difficulty regulating threat processing and reactivity or increases intrusive thoughts during deployment which
impairs inhibitory control and creates a vulnerability to PTSD. Reduced resources toward response suppression
following high interpersonal trauma supports literature showing smaller NoGo-P3 amplitude and hypoactiva-
tion in the ACC and orbito-medial prefrontal cortex to the NoGo-P3 is linked with early-onset trauma, PTSD
and difficulties in cognitive control and decision making®****-*!. Taken together, high interpersonal trauma may
lead to an overwhelmed cognitive system that results in increased effort for monitoring and detecting conflict
between activated stimuli in their environment (hypervigilance toward threat) during deployment, thus depleting
resources for inhibiting responses. This is consistent with evidence showing PTSD in a military population is
associated with difficulty disengaging from internal and external distractions and inhibiting automatic responses.

Contrary to interpersonal trauma, higher non-interpersonal trauma load was associated with delayed speed
of conflict monitoring at pre-deployment, and this was not associated with PTSD symptoms. This provides
further support for interpersonal trauma being more predictive of PTSD than non-interpersonal trauma’®1°.
Furthermore, in our study, significant changes associated with non-interpersonal trauma in relation to allocation
of resources toward conflict monitoring and response suppression were seen in those without non-interpersonal
trauma rather than high non-interpersonal trauma. This suggests non-interpersonal trauma has little impact on
inhibitory control in the early aftermath of deployment.

Consistent with our hypotheses, trauma onset in adolescence resulted in increased resources toward response
suppression and delayed response suppression processing across deployment (increased No-Go-P3 amplitude and
longer NoGo-P3 latency). This supports previous research in police officers with sub-clinical PTSD and veterans
with PTSD respectively*®?’. Similar to adolescent trauma, we found childhood trauma resulted in a delayed,
but not enhanced, response suppression across deployment. Longer latency for response suppression following
childhood and adolescent trauma suggests the need for more time during response suppression processing in
order to inhibit the correct response. Although we found no association between delayed response suppression
and PTSD in the early aftermath of deployment (4 months), delayed response inhibition has been associated
with PTSD, particularly arousal and re-experiencing symptoms, in the years following deployment?. This sug-
gests those with trauma onset in childhood and adolescence may be more vulnerable to developing PTSD in the
long-term aftermath of deployment.
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The NoGo-P3 activates pre-frontal regions, including the orbitofrontal cortex, which develop during ado-
lescence, alongside developing connectivity between frontal inhibitory and the amygdala and threat detection
networks!'*»?%3%, As the amygdala and threat detection networks develop in childhood, this may suggest child-
hood trauma impairs speed of response suppression due to increased arousal symptoms from an impaired
emotion regulation system, and adolescent trauma impairs allocation of resources toward response suppression
and speed of response suppression through impaired frontal inhibitory connectivity during adolescence®%.
Further research is needed to determine the brain networks and connectivity contributing to impaired response
suppression following adolescence and childhood trauma.

Taken together, these findings indicate that like brain injury during development®, developmental trauma also
has a long-term consequence on inhibitory control. Our findings support the sensitive period of trauma exposure
model'®”, where developmental trauma appears to impact on inhibitory frontal networks or connections, which
are important for response suppression'***** and is consistent with research showing developmental trauma
leads to decreased accuracy for inhibiting responses and increased impulsivity and risk-taking behavior®®#+4>,
Furthermore, it suggests developmental trauma plays a differential and supplementary role to cumulative trauma
load during inhibitory control processing.

By adulthood, brain development is largely complete, and we found trauma onset in adulthood did not appear
to impact on inhibitory control processing in the early aftermath of deployment. However, adults without trauma
exposure displayed decreased resource allocation for response suppression across deployment, but unlike those
with high interpersonal trauma they did not get faster at response suppression. The percentage of high PTSD
symptoms in those without trauma exposure was 13% at post-deployment and this group went from reporting the
lowest to highest avoidance across deployment. Increased PTSD symptoms have been associated with increased
attentional threat avoidance during acute stress on deployment***’. Therefore, lack of trauma exposure and low
deployment experience may increase avoidance to threat leading to reduced inhibitory suppression processes
and a temporary increase in PTSD symptoms in the early aftermath of post-deployment.

Although our findings support and extend current research, there are several limitations. Larger sample size
would provide greater power to further differentiate interpersonal trauma types and differentiate individuals with
childhood and adolescent onset trauma from childhood onset trauma alone®!*. Further, our models explain up to
10% of variance in the ERP components suggesting scope for a wider range of predictors to further understand
mechanisms contributing to inhibitory control.

Our research highlights the need for the development and implementation of tailored strategies for strength-
ening emotion regulation, inhibitory control, and prefrontal functioning in military personnel, particularly
those with (a) developmental trauma, (b) high interpersonal trauma load and (c) no prior trauma exposure who
display impaired inhibitory control across deployment and may be at risk for PTSD. High post-deployment PTSD
symptoms and combat exposure were not significant predictors of conflict monitoring or response suppression
in our study, suggesting they did not impact on inhibitory control processing in the immediate post-deployment
period. As PTSD can change following deployment, or be delayed, our research highlights the importance of
further follow-up at least one-year post-deployment to explore relationships between timing of trauma and
trauma load on inhibitory control and PTSD trajectories, consistent with previous research*-'.

In conclusion, this study investigated the impact of timing and cumulative type of trauma as well as PTSD
symptoms on inhibitory control processing across military deployment. Our findings extend previous research
by showing the supplementary and differential role of interpersonal trauma load alongside timing of trauma
on inhibitory control processing. Where developmental trauma appears to impact on response suppression,
interpersonal trauma leads to an overwhelmed inhibitory system that impairs conflict monitoring and response
suppression. Our findings also reveal a differential impact of childhood and adolescent trauma on response
suppression, which highlights the need for research to examine specific critical periods rather than defining
trauma before age 18 as childhood trauma. Taken together, this paper supports a combined cumulative trauma
and sensitive period of trauma exposure model for inhibitory control processing and highlights the enduring
impact of timing of trauma and trauma load on inhibitory control.

Methods

Participants

Participants were 166 predominately male Australian Defence Force army combat personnel (mean age =28,
SD =7) deployed to the Middle East Area Operations (MEAQO) between 2010 and 2012 and recruited for the
MEAO Prospective Study led by the Centre for Military and Veterans’ Health, and the Department of Defence
and Department of Veterans’ Affairs. The MEAO Prospective Study is outlined in full detail in Davy, Dobson®?.
Psychological and neurocognitive assessments were completed approximately 3-months prior to, and 4-months
after return from, deployment.

Ethics

Written informed consent was obtained from all participants. The study received approval by the Australian
Defence Human Research Ethics Committee (Protocol no. 488-07), and University of Adelaide Human Research
Ethics Committee (Protocol no. H-064-2008). The current study is a secondary analysis and is not part of the
original MEAO Prospective Study protocol. The study was carried out in accordance with relevant guidelines
and regulations.

Measures
Demographic data was collected at pre-deployment including age, binary sex (male, female), and number of prior
deployments. Self-reported Mild Traumatic Brain Injury (mTBI) was also collected at pre- and post-deployment.

Scientific Reports |

(2023) 13:21414 | https://doi.org/10.1038/s41598-023-48505-7 nature portfolio



www.nature.com/scientificreports/

For analysis, the presence of mTBI at pre and/or post-deployment was added as a covariate, along with age at
pre-deployment and sex.

PTSD symptoms were assessed at pre- and post-deployment using the Posttraumatic Stress Disorder Check-
list—Civilian (17-item; PCL-C)*, based on DSM-IV PTSD criteria with re-experiencing, avoidance, and arousal
sub-clusters. At the time of the MEAO study, the PCL-C was the gold standard in assessing PTSD with good
reliability and validity in veterans and cut-off values above 30 indicating possible PTSD**. Because of the low
incidence of PTSD in this sample, individuals were split into low PTSD symptoms (PCL < 30) and high PTSD
symptoms (PCL > 30) for analysis.

Pre-deployment trauma exposure was measured across 18 trauma types, including direct combat, accident/
unexpected traumas, sexual traumas, and other interpersonal traumas, adapted for the MEAO study (refer to
Supplementary Materials). Scale items were derived from the Composite International Diagnostic Interview
v2.1 trauma module®, and previous community studies®*. Responses were summed to create cumulative trauma
type (range 0-18) and split into two variables: the sum of interpersonal cumulative trauma type, and the sum of
non-interpersonal cumulative trauma type. Age of onset and offset for each trauma type was recorded. Trauma
onset was set at first onset of any trauma and grouped into four categories; childhood-onset (before 10 years);
adolescent-onset (10-17 years), adult-onset (18 years onwards) or no pre-deployment trauma.

Post-deployment combat exposure was measured for specific experiences, including participation in armed
combat or combat environments, proximity to serious injury or death, and exposures evoking emotion (refer to
Supplementary Materials)*’. Scale items were derived from the Australian Gulf War Veterans’ Health Study®,
Deployment Risk and Resilience Inventory-2 (DRRI-2; Ref.*?), and Traumatic Stressors Exposure Scale (TSES;
Ref.%?). Combat exposure along a 5-point scale (0 =never, 4= 10+ experiences) was summed across 26 items
(range 0-104), with higher scores indicating greater combat exposure on deployment.

Go/NoGo paradigm

EEG data from the Go/NoGo paradigm was collected by LabNeuroTM platform (Brain Resource Ltd., Sydney,
Australia) at pre- and post-deployment®. In this 5-min paradigm, participants were shown the word ‘PRESS’
repeatedly for 500ms and instructed to withhold response for words appearing in red, or respond manually
(using the index finger of each hand) for words appearing in green, as fast and accurately as possible. The word
was presented six times in a row in the same color along with 28 pseudorandom sequences (21 green and 7 red).

EEG data collection and analysis

EEG data was recorded using Quik-Cap and 40 channel NuAmps with Ag/AgCl sintered electrodes located
according to the International 10-20 system from the 26 central scalp sites, and 500Hz sampling rate. Data were
collected from four electro-oculogram (EOG) channels for detection of eye movement artefacts with correction
undertaken offline according to Gratton, Coles®’. This procedure estimates correction factors from EOG and
EEG records during the experimental session to estimate a propagation factor to present the relationship between
EOG and EEG traces and computes separate correction factors for blinks and eye movements®’.

Average ERPs were calculated for the NoGo Trial. Individual single-trial ERP epochs were filtered with low-
pass Tukey (cosine) filter (- 0.01-25 Hz) that attenuated frequencies above 25Hz. Single trials were averaged,
and peak components identified within defined latency windows according to previous analyses using this
dataset® and validated by visual inspection across individual participants at each site. Baseline to peak method
was used to score ERP components. The NoGo-N2 (maximum negative peak 180-220ms post-stimulus) was
analyzed at frontocentral sites (FCz and Cz), and NoGo-P3 (maximum positive peak 230-450ms) at midline
sites (Cz, Fz and Pz).

Statistical analysis
We used Linear Mixed Modelling as it has advantages over repeated measures ANOVA when modelling complex
data, with missingness and an unbalanced and/or nested structure, and it allows for consideration of multiple
random variables (i.e., participant and topographic site)****. Mixed models were fit using the Imer function from
the Ime4 package in R version 3.6.0% using the Kenward-Roger’s method and p-values from post-hoc tests were
adjusted using the Bonferroni method. Restricted maximum likelihood (REML) was chosen over maximum
likelihood (ML) as it maximises the variance rather than the mean parameter and is preferred for smaller sample
sizes and complex mixed models®.

Amplitude and latency were fit separately for the N2 and P3 components with a random intercept for Subject
with Topographic Site (1|StudyID/Site). Sex, mTBI, age, and combat exposure were selected as covariates in the
baseline model. Our baseline model for each ERP was:

ERP ~ mTBI + Sex + Age + Combat Exposure + Site + Deployment + (1|StudyID/Site)

An additive approach was taken to model building. From the baseline model we firstly added the interaction
of Deployment*Cumulative trauma type (split into summed variables of interpersonal cumulative trauma, and
non-interpersonal cumulative trauma), followed by Deployment*Trauma-onset (Trauma < 10 years, Trauma
10-17, Trauma 18 +, No Trauma), to determine the additive improvement in model fit of cumulative trauma
type and trauma-onset on the response variable. Lastly, we added a 3-way interaction of Deployment and PTSD
symptoms (Low, High) with cumulative trauma and trauma onset. For model fit comparison, the KRmodcomp
function, an approximate F-test based on the Kenward-Roger approach®” was used from the pbkrtest package
in R%,

Differences between trauma groups were compared for demographic data using ANOVA for continuous
response variables and Chi-square test using the fisher method and simulated p-values due to low cell counts
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for categorical response variables. The cor.test function from the stats package in R version 3.6.0% was used to
test the correlation of PCL (and sub-clusters) with ERP amplitude and latency, and cumulative trauma type. The
Spearman’s (tho) method was used due to non-normality of PCL and cumulative trauma type and p-values were
adjusted using the Bonferroni correction.

Data availability

The data that support the findings of this study are available from the Australian Department of Defence and
Joint Health Command but restrictions apply to the availability of these data, which were used under license
for the current study, and so are not publicly available. Data are however available from the author, L.M, upon
reasonable request and with permission of the Australian Department of Defence and Joint Health Command.

Received: 2 November 2022; Accepted: 27 November 2023
Published online: 05 December 2023

References
1. Clancy, C. P. et al. Lifetime trauma exposure in veterans with military-related posttraumatic stress disorder: Association with
current symptomatology. J. Clin. Psychiatry 67(9), 1346-1353 (2006).
2. Iversen, A. C. et al. Risk factors for post-traumatic stress disorder among UK Armed Forces personnel. Psychol. Med 38(4), 511-522
(2008).
3. Wanklyn, S. G. et al. Trauma types as differential predictors of posttraumatic stress disorder (PTSD), major depressive disorder
(MDD), and their comorbidity. Can. J. Behav. Sci./Revue canadienne des sciences du comportement 48(4), 296-305 (2016).
4. Aupperle, R. L. et al. Executive function and PTSD: Disengaging from trauma. Neuropharmacology 62(2), 686-694 (2012).
5. DeGutis, J. et al. Posttraumatic psychological symptoms are associated with reduced inhibitory control, not general executive
dysfunction. J. Int. Neuropsychol. Soc. 21(5), 342-352 (2015).
6. Falconer, E. et al. The neural networks of inhibitory control in posttraumatic stress disorder. J. Psychiatry Neurosci. 33(5), 413-422
(2008).
7. McEwen, B. S. Stress, adaptation, and disease. Allostasis and allostatic load. Ann. N. Y. Acad. Sci. 840, 33-44 (1998).
8. Mollica, R. F. et al. Dose-effect relationships of trauma to symptoms of depression and post-traumatic stress disorder among
Cambodian survivors of mass violence. Br. J. Psychiatry 173(6), 482-488 (1998).
9. Briere, J., Agee, E. & Dietrich, A. Cumulative trauma and current posttraumatic stress disorder status in general population and
inmate samples. Psychol. Trauma 8(4), 439-446 (2016).
10. Karam, E. G. et al. Cumulative traumas and risk thresholds: 12-month PTSD in the World Mental Health (WMH) surveys. Depress.
Anxiety 31(2), 130-142 (2014).
11. O’Donnell, M. L. et al. A systematic review of person-centered approaches to investigating patterns of trauma exposure. Clin.
Psychol. Rev. 57,208-225 (2017).
12. Forbes, D. et al. Trauma at the hands of another: Longitudinal study of differences in the posttraumatic stress disorder symptom
profile following interpersonal compared with noninterpersonal trauma. J. Clin. Psychiatry 73(3), 372-376 (2012).
13. Forbes, D. et al. Trauma at the hands of another: Distinguishing PTSD patterns following intimate and nonintimate interpersonal
and noninterpersonal trauma in a nationally representative sample. J. Clin. Psychiatry 75(2), 147-153 (2014).
14. Dunn, E. C. et al. Is developmental timing of trauma exposure associated with depressive and post-traumatic stress disorder
symptoms in adulthood?. J. Psychiatr. Res. 84, 119-127 (2017).
15. Cloitre, M. et al. A developmental approach to complex PTSD: childhood and adult cumulative trauma as predictors of symptom
complexity. J. Trauma. Stress 22(5), 399-408 (2009).
16. Ogle, C. M., Rubin, D. C. & Siegler, I. C. The impact of the developmental timing of trauma exposure on PTSD symptoms and
psychosocial functioning among older adults. Dev. Psychol. 49(11), 2191-2200 (2013).
17. Teicher, M. H. et al. The effects of childhood maltreatment on brain structure, function and connectivity. Nat. Rev. Neurosci. 17(10),
652-666 (2016).
18. Jonkman, L. M. The development of preparation, conflict monitoring and inhibition from early childhood to young adulthood: a
Go/Nogo ERP study. Brain Res. 1097(1), 181-193 (2006).
19. Bokura, H., Yamaguchi, S. & Kobayashi, S. Electrophysiological correlates for response inhibition in a Go/NoGo task. Clin. Neu-
rophysiol. 112(12), 2224-2232 (2001).
20. Yeung, N. & Nieuwenhuis, S. Dissociating response conflict and error likelihood in anterior cingulate cortex. J. Neurosci. 29(46),
14506-14510 (2009).
21. Huster, R. J. et al. Multimodal imaging of functional networks and event-related potentials in performance monitoring. NeuroImage
56(3), 1588-1597 (2011).
22. Miller, L. N. et al. The impact of posttraumatic stress disorder on event-related potentials in affective and non-affective paradigms:
A systematic review with meta-analysis. Neurosci. Biobehav. Rev. 122, 120-142 (2021).
23. Kropotov, J. D. et al. Dissociating action inhibition, conflict monitoring and sensory mismatch into independent components of
event related potentials in GO/NOGO task. Neuroimage 57(2), 565-575 (2011).
24. Enriquez-Geppert, S. et al. Conflict and inhibition differentially affect the N200/P300 complex in a combined go/nogo and stop-
signal task. Neuroimage 51(2), 877-887 (2010).
25. Shu, I. W. et al. Combat veterans with comorbid PTSD and mild TBI exhibit a greater inhibitory processing ERP from the dorsal
anterior cingulate cortex. Psychiatry Res. 224(1), 58-66 (2014).
26. Covey, T. . et al. The effects of exposure to traumatic stressors on inhibitory control in police officers: A dense electrode array
study using a Go/NoGo continuous performance task. Int. J. Psychophysiol. 87(3), 363-375 (2013).
27. Shucard, J. L., McCabe, D. C. & Szymanski, H. An event-related potential study of attention deficits in posttraumatic stress disorder
during auditory and visual Go/NoGo continuous performance tasks. Biol. Psychol. 79(2), 223-233 (2008).
28. Wu, J. et al. Response inhibition in adolescent earthquake survivors with and without posttraumatic stress disorder: A combined
behavioral and ERP study. Neurosci. Lett. 486(3), 117-121 (2010).
29. Kim, S. et al. Dysfunctional frontal lobe activity during inhibitory tasks in individuals with childhood trauma: An event-related
potential study. Neuroimage Clin. 17, 935-942 (2018).
30. Casey, B. J. & Jones, R. M. Neurobiology of the adolescent brain and behavior: implications for substance use disorders. J. Am.
Acad. Child Adolesc. Psychiatry 49(12), 1189-201 (2010).
31. Cachia, A. et al. Longitudinal stability of the folding pattern of the anterior cingulate cortex during development. Dev. Cogn.
Neurosci. 19, 122-127 (2016).
32. Gabard-Durnam, L. J. et al. The development of human amygdala functional connectivity at rest from 4 to 23 years: A cross-
sectional study. Neuroimage 95, 193-207 (2014).

Scientific Reports |

(2023) 13:21414 | https://doi.org/10.1038/s41598-023-48505-7 nature portfolio



www.nature.com/scientificreports/

37.

38.

39.

40.

41.

42,

43.

44.

45.
46.

47.

48.

49.

50.

. Happaney, K., Zelazo, P. D. & Stuss, D. T. Development of orbitofrontal function: current themes and future directions. Brain Cogn.

55(1), 1-10 (2004).

. Preston, A. R. & Eichenbaum, H. Interplay of hippocampus and prefrontal cortex in memory. Curr. Biol. 23(17), R764-R773 (2013).
. Tsujimoto, S. The prefrontal cortex: Functional neural development during early childhood. Neuroscientist 14(4), 345-358 (2008).
. Resch, C. et al. Age-dependent differences in the impact of paediatric traumatic brain injury on executive functions: A prospective

study using susceptibility-weighted imaging. Neuropsychologia 124, 236-245 (2019).

Hanson, J. L. et al. Behavioral problems after early life stress: Contributions of the hippocampus and amygdala. Biol. Psychiatry
77(4), 314-323 (2015).

Hayes, J. P, Hayes, S. M. & Mikedis, A. M. Quantitative meta-analysis of neural activity in posttraumatic stress disorder. Biol. Mood
Anxiety Disord. 2,9 (2012).

O’Doherty, D. C. et al. A systematic review and meta-analysis of magnetic resonance imaging measurement of structural volumes
in posttraumatic stress disorder. Psychiatry Res. 232(1), 1-33 (2015).

Patel, R. et al. Neurocircuitry models of posttraumatic stress disorder and beyond: A meta-analysis of functional neuroimaging
studies. Neurosci. Biobehav. Rev. 36(9), 2130-2142 (2012).

Stark, E. A. et al. Post-traumatic stress influences the brain even in the absence of symptoms: A systematic, quantitative meta-
analysis of neuroimaging studies. Neurosci. Biobehav. Rev. 56, 207-221 (2015).

Ramage, A. E. et al. A coordinate-based meta-analytic model of trauma processing in posttraumatic stress disorder. Hum. Brain
Mapp. 34(12), 3392-3399 (2013).

Sartory, G. et al. In search of the trauma memory: A meta-analysis of functional neuroimaging studies of symptom provocation
in posttraumatic stress disorder (PTSD). PLoS One 8(3), e58150 (2013).

Eshel, N. et al. Neural substrates of choice selection in adults and adolescents: Development of the ventrolateral prefrontal and
anterior cingulate cortices. Neuropsychologia 45(6), 1270-1279 (2007).

Marshall, D. E et al. Deficient inhibitory control as an outcome of childhood trauma. Psychiatry Res. 235, 7-12 (2016).
Badura-Brack, A. S. et al. Effect of attention training on attention bias variability and PTSD symptoms: Randomized controlled
trials in Israeli and U.S. combat veterans. Am. J. Psychiatry 172(12), 1233-41 (2015).

Wald, I. et al. Attention bias away from threat during life threatening danger predicts PTSD symptoms at one-year follow-up.
Depress. Anxiety 28(5), 406-411 (2011).

Bonanno, G. A. et al. Trajectories of trauma symptoms and resilience in deployed U.S. military service members: Prospective
cohort study. Br. J. Psychiatry 200(4), 317-23 (2012).

Dickstein, B. D. et al. Heterogeneity in the course of posttraumatic stress disorder: trajectories of symptomatology. J. Trauma.
Stress 23(3), 331-339 (2010).

Bryant, R., Lawrence-Wood, E. R., Baur, J., McFarlane, A., Hodson, S., Sadler, N., Benassi, H., Howell, S., Abraham, M., Jannos,
M. E., Hansen, C,, Searle, A. K., Van Hooff, M., Mental Health Changes Over Time: a Longitudinal Perspective: Mental Health and
Wellbeing Transition Study (P03639). 2019, Department of Veterans’ Affairs. Canberra.

51. McFarlane, A. C. et al. The need to take a staging approach to the biological mechanisms of PTSD and its treatment. Curr. Psychiatry
Rep. 19(2), 10 (2017).

52. Davy, C. et al. The Middle East Area of Operations (MEAO) Health Study: Prospective Study Report (University of Adelaide, Centre
for Military and Veterans Health, 2012).

53. Weathers, EW,, et al., The PTSD Checklist (PCL): Reliability, validity, and diagnostic utility, in 9th Annual Conference of the ISTSS.
1993: San Antonio.

54. Bliese, P. D. et al. Validating the primary care posttraumatic stress disorder screen and the posttraumatic stress disorder checklist
with soldiers returning from combat. J. Consult. Clin. Psychol. 76(2), 272-281 (2008).

55. World Health Organisation, Composite International Diagnostic Interview CIDI- Auto 2.1 Administrator’s Guide and Reference. .
1997, World Health Organisation: Geneva.

56. Goldney, R. D. et al. Suicidal ideation in a random community sample: Attributable risk due to depression and psychosocial and
traumatic events. Aust. N. Z. ]. Psychiatry 34(1), 98-106 (2000).

57. Dobson, A., et al., The Middle East Area of Operations (MEAO) Health Study: Census Study Report. 2012, The University of Queens-
land, Centre for Military and Veterans Health.: Brisbane, Australia.

58. Monash University and Health Services Australia, Australian Gulf War Veterans’ Health Study: Volume 1. 2003, Department of
Veterans’ Affairs: Canberra.

59. Vogt, D., et al. The Deployment Risk and Resilience Inventory-2 (DRRI-2). 2012. http://www.ptsd.va.gov.

60. Hodson, S.E., Development of a Traumatic Stress Exposure Scale for the Rwanda Research. 2001, Canberra: Commonwealth Depart-
ment of Defence.

61. Gratton, G., Coles, M. G. & Donchin, E. A new method for off-line removal of ocular artifact. Electroencephalogr. Clin. Neurophysiol.
55(4), 468-484 (1983).

62. Zuj, D. V. et al. Neural activity and emotional processing following military deployment: Effects of mild traumatic brain injury
and posttraumatic stress disorder. Brain Cogn. 118, 19-26 (2017).

63. Krueger, C. & Tian, L. A comparison of the general linear mixed model and repeated measures ANOVA using a dataset with
multiple missing data points. Biol. Res. Nurs. 6(2), 151-157 (2004).

64. Liu, S., Rovine, M. ]. & Molenaar, P. C. Selecting a linear mixed model for longitudinal data: repeated measures analysis of variance,
covariance pattern model, and growth curve approaches. Psychol. Methods 17(1), 15-30 (2012).

65. R Core Team, R: A Language and Environment for Statistical Computing, R.C. Team, Editor. 2019, R Foundation for Statistical
Computing: Vienna, Austria.

66. Vasdekis, V. G. S. & Vlachonikolis, I. G. On the difference between ML and REML estimators in the modelling of multivariate
longitudinal data. J. Stat. Plann. Inference 134(1), 194-205 (2005).

67. Kenward, M. G. & Roger, J. H. Small sample inference for fixed effects from restricted maximum likelihood. Biometrics 53(3),
983-997 (1997).

68. Halekoh, U. & Hojsgaard, S. A Kenward-Roger approximation and parametric bootstrap methods for tests in linear mixed mod-
els—The R package pbkrtest. . Stat. Softw. https://doi.org/10.18637/jss.v059.i09 (2014).

Acknowledgements

We acknowledge the Brain Resource Ltd., Sydney, Australia for providing the platform and data cleaning and
extraction of the EEG data for this study. Data used in preparation of this manuscript were from the MEAO
Prospective Study, conducted by the Centre for Military and Veterans Health (CMVH), University of Adelaide,
with the Department of Defence and the Department of Veterans’ Affairs. As such, we acknowledge all the study
investigators who contributed to the design and implementation of the MEAO Prospective Study and/or provided
data but did not participate in analysis or writing of this manuscript. The MEAO Prospective study was funded as
part of the Military Health Outcomes Program, by the Department of Defence and the Department of Veterans’

Scientific Reports |

(2023) 13:21414 | https://doi.org/10.1038/s41598-023-48505-7 nature portfolio


http://www.ptsd.va.gov
https://doi.org/10.18637/jss.v059.i09

www.nature.com/scientificreports/

Affairs. In addition, L.M received a PhD stipend funded by a National Health and Medical Research Council
Program Grant (1073041) awarded to K.F and A.McFE.

Author contributions

A.C.MCcF. and E.L.-W. were involved in the design and data acquisition of the MEAO Study. L.N.M. analyzed
the data, interpreted the results, and wrote the paper. K.F. co-worked on results interpretation and supervised
the discussion of findings. All authors contributed to discussion of findings and have contributed to, seen and
approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-48505-7.

Correspondence and requests for materials should be addressed to LN.M.
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
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:21414 | https://doi.org/10.1038/s41598-023-48505-7 nature portfolio


https://doi.org/10.1038/s41598-023-48505-7
https://doi.org/10.1038/s41598-023-48505-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cumulative trauma load and timing of trauma prior to military deployment differentially influences inhibitory control processing across deployment
	Results
	Model fit comparison
	N2 component
	P3 component
	Post traumatic stress disorder symptoms (PCL) and sub-cluster correlations

	Discussion
	Methods
	Participants
	Ethics
	Measures
	GoNoGo paradigm
	EEG data collection and analysis
	Statistical analysis

	References
	Acknowledgements


