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A B S T R A C T   

Post-traumatic stress disorder (PTSD) is associated with deficits in cognitive flexibility, with evidence suggesting 
that these deficits may be a risk factor for the development of core PTSD symptoms. Understanding the 
neurophysiological substrate of this association could aid the development of effective therapies for PTSD. In this 
study, we investigated the relationship between post-traumatic stress severity (PTSS) in service members with 
combat exposure and the modulation of cortical oscillatory activity during a test of cognitive flexibility. Par-
ticipants were assigned to three groups based on PTSS scores: low (well below a threshold consistent with a 
diagnosis of PTSD, n = 30), moderate (n = 32), and high (n = 29) symptom severity. Magnetoencephalography 
data were recorded while participants performed a cued rule-switching task in which two matching rules were 
repeated or switched across consecutive trials. Participants with high PTSS had longer reaction times for both 
switch and repeat trials, and showed evidence of sustained residual interference during repeat trials. During the 
cue-stimulus interval, participants with moderate and high PTSS showed higher relative theta power in switch 
trials over left dorsolateral prefrontal cortex (DLPFC). After test-stimulus onset, participants with high PTSS 
showed less suppression of beta band activity, which was present over multiple prefrontal, parietal, and temporal 
regions in switch trials, but it was confined to ventromedial prefrontal cortex in repeat trials. Higher theta band 
activity is a marker of effortful voluntary shifting of attention, while lower suppression of beta band activity 
reflects difficulties with inhibition of competing perceptual information and courses of action. These findings are 
consistent with a role for altered suppression of beta band activity, which can be due to less effective top-down 
bias signals exerted by DLPFC, in the etiology of cognitive flexibility deficits in PTSD.   

1. Introduction 

Exposure to psychological trauma may result in a spectrum of 
symptoms including intrusive memories and flashbacks, emotional 
numbing, negative thoughts and mood, and difficulty sleeping and 
concentrating. Most people show a remarkable capacity to recover with 
time following the traumatic event. However, for a significant propor-
tion of individuals (Kessler et al., 1995) such symptoms may persist over 
long periods of time, leading to post-traumatic stress disorder (PTSD) 
(Diagnostic and Statistical Manual of Mental Disorders DSM-5, Amer-
ican Psychiatric Association, 2013). Military combat, for example, is one 
of the common causes of PTSD among men, with combat-related PTSD 

being reported in 14 % to 19 % of war veterans (Dohrenwend et al., 
2006; Schell and Marshall 2008). PTSD is associated with poor physical 
health (Pacella et al., 2013), comorbid psychiatric conditions (Kessler 
et al., 1995), and increased risk of suicide (Sareen et al., 2007). PTSD is 
also accompanied by a spectrum of cognitive difficulties related to 
attention, memory and executive function (e.g. Vasterling et al., 1998; 
Bremner et al., 2004; Yehuda et al., 2005; Aupperle et al., 2012; Scott 
et al., 2015). These cognitive impairments attract significant research 
interest because they may share a common neurobiological substrate 
with core emotional and arousal symptoms of PTSD (Aupperle et al., 
2012). If the presence of cognitive impairments facilitates the develop-
ment or maintenance of some of the core symptoms of PTSD, then it 
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becomes paramount to understand the neurophysiological basis of such 
impairments in order to develop more effective mechanistically based 
therapies to treat or prevent PTSD. 

One of the deficits in executive function seen in PTSD is related to 
cognitive flexibility (Beckham et al., 1998; Jenkins et al., 2000; Gil-
bertson et al., 2006; Koso and Hansen, 2006; Pang et al., 2014; Qureshi 
et al., 2011 for a review), which refers to the ability to rapidly shift 
attention and inhibit pre-existing action plans, and it is typically tested 
using task-switching paradigms (Monsell, 2003). A meta-analytic study 
(Polak et al., 2012) has reported that differences in performance on tests 
of cognitive flexibility are more pronounced when patients with PTSD 
are compared to trauma-exposed participants without PTSD rather than 
to healthy individuals who were not exposed to traumatic events. This 
finding suggests that people who were exposed to traumatic events 
without having developed PTSD might have better cognitive flexibility 
associated with more efficient coping strategies and resilience to PTSD. 
This hypothesis received support from a study in a large sample of 
trauma exposed participants, which has found that lower cognitive 
flexibility at one month after trauma predicted PTSD severity 14 months 
later (Ben-Zion et al., 2018), suggesting that impaired cognitive flexi-
bility is a risk factor for the development of PTSD. These findings align 
with the prevailing theories that posit a mutual reinforcement between 
deficits in executive function and core symptoms of PTSD (Aupperle 
et al., 2012), and underscore the importance of a greater understanding 
of the neurobiological substrate of individual differences in suscepti-
bility to the disorder. Given the established role of oscillatory cortical 
activity in cognitive function, including activation, maintenance or 
suppression of neuronal cell assemblies representing information (e.g. 
Uhlhaas and Singer, 2006; Düzel et al., 2010; Hanslmayr et al., 2012; 
Buschman et al., 2012), we focused our current study on characterizing 
the dynamic activity in specific frequency bands in relation to cognitive 
flexibility in PTSD. 

Task-switching paradigms (also referred to as rule-switching), in 
which participants are instructed to evaluate stimuli and respond in 
accordance to a rule that is either repeated or switched on a trial-by-trial 
basis, have been extensively used by research studies in healthy in-
dividuals to characterize the ability to re-orient attention and inhibit 
pre-existing action plans (Monsell, 2003, for a review). One of the main 
findings from these studies is that performance speed and accuracy are 
typically lower on switch compared to repeat trials. This difference has 
been ascribed to effortful processes required by what has been often 
referred to as the task-set reconfiguration, such as shifting attention to 
new stimulus attributes and activating corresponding neuronal repre-
sentations of stimulus–response contingencies, while inhibiting the 
neuronal representations for cognitive operations involved in the 
execution of the prior task. The difference in accuracy or reaction time 
between switch and repeat trials is known as switch cost (switch costs may 
also be conceptualized instead in terms of repetition benefits). When cues 
are used to provide advanced knowledge about the upcoming rule in 
each trial and enough time is allowed to prepare for it, the switch cost is 
usually reduced but not completely eliminated. 

Evidence from electrophysiological studies in healthy individuals 
indicates that cognitive processes invoked by cued task-switching par-
adigms are associated with modulations of oscillatory activity in specific 
frequency bands, which suggests that alterations in such modulatory 
processes may contribute to the executive dysfunction in PTSD. The 
instruction to repeat or switch a rule on a trial-by-trial basis is typically 
followed by an increase in theta band activity, and a suppression of 
alpha and beta band activity (Cunillera et al., 2012; Foxe et al., 2014; 
Cooper et al., 2017). During the preparatory (cue-test stimuli) interval, 
these patterns of modulation of cortical oscillations are more elevated 
for switch compared to repeat trials. Similar results have also been re-
ported in a task using simultaneous cues and test stimuli (Capizzi et al., 
2020). The higher increase in theta band activity following the cue onset 
in switch trials is believed to reflect neuronal activity associated with 
proactive goal-updating processes (Cooper et al., 2017) and increased 

cognitive control (Cavanagh and Frank, 2014) required by shifts of 
attention. The suppression of alpha activity over unimodal sensory areas 
has been considered to reflect top-down attentional effects that facilitate 
processing of relevant sensory features and are stronger when tasks need 
to be switched (Foxe et al., 2014). This interpretation is based on ob-
servations that anticipatory allocation of attention is linked to sup-
pression of alpha band activity in sensory areas that process the attended 
sensory inputs, while enhancement of alpha oscillations in other sensory 
areas signals the disengagement of other sensory systems (Worden et al., 
2000; Gould et al., 2011; Haegens et al., 2011). Finally, the suppression 
of beta band activity has been linked to interference control (suppression) 
that is manifested in multiple brain regions and predominantly in re-
gions involved in motor response selection (Proskovec et al., 2019; 
Capizzi et al., 2020). This interpretation receives support from findings 
of stronger suppression of beta band activity for incongruent compared 
to congruent trials in Stroop tasks (Zhao et al., 2015; Tafuro et al., 2019) 
particularly in the presence of interference that affects the process of 
motor response selection (Zhao et al., 2015). 

A series of electrophysiological studies in PTSD have reported al-
terations in brain oscillatory activity during rest (e.g. Kolassa et al., 
2007; Huang et al., 2014; Mǐsić et al., 2016; Popescu et al., 2016) as well 
as during performance of cognitive tasks (Dunkley et al., 2015; Khanna 
et al., 2017; Waldhauser et al., 2018; Popescu et al., 2019; Popescu et al., 
2020). It is therefore plausible that a distinct dynamic modulation of 
oscillatory activity may be present in PTSD during task-switching as 
well. If so, this may help to understand the proactive or reactive pro-
cesses elicited by the task which are associated with impaired perfor-
mance for individuals with PTSD. Potential alterations in oscillatory 
activity could be manifested as distinct modulations of theta, alpha, or 
beta band oscillations, given their established role in cognitive opera-
tions involved in set-shifting. We had specific hypotheses regarding the 
modulations of cortical oscillations in each of these frequency bands. 
One hypothesis was that modulation of theta power in prefrontal regions 
implicated in cognitive control would be lower in PTSD, suggesting a 
primary role of an alteration in theta oscillatory activity in the etiology 
of the cognitive flexibility deficit. An alternative hypothesis was that if 
impaired modulation of theta power does not represent a primary 
pathophysiological process, then an increase in theta power in PTSD 
might emerge as a manifestation of a compensatory mechanism in the 
presence of impaired cognitive flexibility caused by dysregulation of 
other neurophysiological mechanisms. Among them, we hypothesized 
that an altered modulation of alpha band oscillations in sensory areas 
could reflect general difficulties to engage/disengage sensory processing 
systems, whereas a lower suppression of beta band oscillations in areas 
involved in cognitive control, sensory processing and/or response se-
lection may reflect difficulties with inhibition of neuronal representa-
tions for competing perceptual information or courses of action, 
respectively, that impairs the ability to shift sets. To test these hypoth-
eses, we used a cued task-switching paradigm and examined the rela-
tionship between the modulation of oscillatory activity, behavioral 
performance, and the severity of PTSD symptoms in service members 
with combat exposure. In line with the executive dysfunction theory of 
PTSD (Aupperle et al., 2012), we hypothesized that PTSD is associated 
with impaired behavioral performance reflected in measures of accu-
racy, reaction time or switch costs. Using neuromagnetic recordings and 
source estimation methods, we sought to characterize the potential al-
terations in the modulation of cortical oscillatory activity to gain 
physiological insights into the cognitive processes and associated brain 
networks that may be affected in PTSD. 

2. Methods 

2.1. Participants 

Study participants (n = 99) were service members enrolled in an 
outpatient program for patients with post-concussive and post-traumatic 
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psychological health symptoms at the National Intrepid Center of 
Excellence (NICoE), Walter Reed National Military Medical Center. Pa-
tients were not included in this study if they had a history of moderate or 
severe traumatic brain injury or other neurological, developmental or 
psychiatric disorders such as stroke, epilepsy, bipolar disorder, etc. The 
study was approved by the Institutional Review Board of the Walter 
Reed National Military Medical Center in compliance with all applicable 
federal regulations governing the protection of human subjects. 
Informed consent was obtained from each participant before participa-
tion in the study. 

All participants completed the PTSD Check List-version 5 (PCL-5), 
which is a 20-item self-report scale that is used to screen individuals for 
post-traumatic stress severity (PTSS) (Bovin et al., 2015; Blevins et al., 
2015). PCL-5 items ask about the presence and severity of re- 
experiencing, avoidance, emotional numbing and hyperarousal symp-
toms elicited by stressful experiences and are rated on a scale from 0 to 4 
(the total score ranges from 0 to 80, with higher values indicating higher 
symptom severity). Participants completed a modified version of the 
Combat Exposure Scale (Hoge et al., 2008), which characterizes the 
level of exposure to combat experiences, such as receiving incoming 
artillery, rocket, or mortar fire, seeing seriously injured bodies, etc. The 
exposure to combat-related stressful experiences generally occurred 
over an extended period of time, during which the participants have also 
experienced one or more mild traumatic brain injury (defined according 
to standard criteria established by the American Congress of Rehabili-
tation Medicine, 1993). Participants also completed the Patient Health 
Questionnaire PHQ-9 that measures the severity of depression symp-
toms (Spitzer et al., 1999; Kroenke et al., 2001), and the AUDIT-C 
alcohol consumption screening test (Bush et al., 1998). 

Eight participants had to be excluded from the analysis for the 
following reasons: four participants experienced significant drowsiness/ 
sleepiness during the recording, two participants had excessive noise in 
the data, one participant had a co-registration error, and one participant 
had very low accuracy in performing the task (between 23 % and 33 % 
correct responses in the different conditions of the experiment) indi-
cating that he did not follow instructions. The remaining participants (n 
= 91, all males) were assigned to three groups based on the PCL-5 scores: 
Group 1 included participants with low PTSS (n = 30, PCL-5 score ≤ 15), 
Group 2 included participants with moderate PTSS (n = 32, 16 ≤ PCL-5 
score ≤ 33), and Group 3 included participants with high PTSS (n = 29, 
PCL-5 score ≥ 35). Participants in Group 1 had very low PCL-5 scores, 
well below a threshold that is consistent with a diagnosis of PTSD; thus, 
Group 1 served in our study as a control group of participants with 
trauma exposure. Participants with moderate scores who were assigned 
to Group 2 had more elevated PCL-5 scores that were still lower than the 
cut-off score recommended to screen veterans with combat exposure for 
probable PTSD (the optimal cut-off score was estimated to be 34, Mur-
phy et al., 2017). With respect to criteria that can warrant inclusion in a 
diagnostic category, this intermediate group was inhomogeneous, as it 
included participants who met various criteria used to define sub-
threshold (subclinical) PTSD (McLaughlin et al., 2015), as well as par-
ticipants who did not meet the criteria for inclusion in this diagnostic 
category. The assignment of these participants into a separate interme-
diate group aligns with observations that PTSD can be characterized as 
the upper end of a stress-response continuum rather than a discrete 
pathological syndrome (Ruscio et al., 2002). All participants in Group 3 
had PCL-5 scores higher than the cut-off score used to screen for prob-
able PTSD (Murphy et al., 2017). 

No significant group differences were present for age, education, 
combat exposure, and AUDIT-3 scores (Table 1). The proportions of 
participants with a history of mild traumatic brain injuries with loss of 
consciousness (37 % in Group 1, 41 % in Group 2, and 38 % in Group 3) 
was not significantly different between groups (p = 0.96 using the 
Fisher’s exact test of proportions). Four participants (all of them 
assigned to Group 3) had PHQ-9 scores in the range of severe depression 
(PHQ-9 scores greater or equal to 20). The severity of depressive 

symptoms was not used as an exclusion criterion given that PTSD and 
depression share a series of symptoms (anhedonia, sleep disturbances, 
difficulties concentrating) that are probed by both PCL-5 and PHQ-9 
scales. It is well documented that a significant proportion of partici-
pants with PTSD also experience depressive symptoms (Rytwinski et al., 
2013), and the frequent co-occurrence of PTSD and major depressive 
disorder (MDD) may in fact reflect a trauma-related phenotype that may 
be distinct from MDD in the absence of trauma exposure (Flory and 
Yehuda, 2015). Our current study aimed to investigate the neurobio-
logical mechanisms involved in the potential association between 
cognitive flexibility difficulties and PTSD symptoms without seeking to 
determine if co-occurrence of MDD does or does not represent a distinct 
phenotype. No participants in the study, who were all active-duty ser-
vice members, had a history of use or abuse of recreational drugs. 

Participants were not excluded from the study based on medication 
use. Three participants in Group 1, ten participants in Group 2, and 
sixteen participants in Group 3 were taking antidepressant medication. 
Additionally, eight participants in each group were taking Gabapentin 
for headache prophylaxis. Three participants in Group 1, three partici-
pants in Group 2, and nine participants in Group 3 were taking Prazosin 
as a treatment for nightmares. Some participants were taking multiple 
medications from the categories described above; the total number of 
medicated participants was 12 (Group1), 15 (Group 2), and 22 
(Group3). 

2.2. Experimental paradigm 

MEG data were recorded while participants performed a rule- 
switching task (illustrated schematically in Fig. 1a), in which they 
were asked if two geometric figures displayed simultaneously on a 
screen match with respect to either their color (color rule) or their shape 
(shape rule). Each trial started with a cue (the word ‘color’ or ‘shape’) 
displayed in the center of a screen positioned at 95 cm in front of the 
subjects. Cues indicated whether the color or shape rule needs to be used 
in the current trial. The cue word was displayed for 750 ms and was 
replaced by two colored geometric figures (test stimuli) shown to the left 
and right of the screen center. Participants had to respond with the right 
hand by pressing one of two buttons to indicate as quickly and as 
accurately as possible if the two figures match or do not match according 
to the current rule. The correct response in each trial therefore depends 
on both the stimulus identity and the current rule in effect. Stimulus- 
response associations corresponding to the two rules were incongruent 
in each trial, such that a correct response always indicated that the 
participant followed the current rule. The current trial ended with a 
button press response or if a response was not given within a maximum 
allowed time interval of 4750 ms after presentation of the figures. Each 
response (or trial-end) was followed by an inter-trial interval with 

Table 1 
Demographic and neuropsychological data: descriptive statistics (mean and 
standard deviation) and results of statistical tests for significance of group dif-
ferences (ANOVA or Kruskal-Wallis tests were used as appropriate).   

Group 1 
(n = 30) 

Group 2 
(n = 32) 

Group 3 
(n = 29) 

Test 
statistics 

p 

PCL-5 10.5 ± 3.8 23.1 ± 5.9 48.8 ± 9.9   
Age (years) 43.2 ± 5.7 40.8 ± 6.8 41.8 ± 5.4 F = 1.24a  0.29 
Education 

(years) 
15.4 ± 2.0 14.9 ± 2.2 15.4 ± 2.0 F = 0.72a  0.49 

Combat 
Exposure §

81.2 ±
21.1 

84.6 ±
19.3 

91.1 ±
22.2 

H = 3.4b  0.18 

AUDIT-C 2.8 ± 1.7 2.9 ± 1.9 2.8 ± 1.7 H = 0.06b  0.97  

a ANOVA test of group differences. 
b Kruskal-Wallis test of group differences. 
§ combat exposure information was available for 95% of the participants (it 

was not available for 3 participants from Group1, 1 participant from Group 2, 
and 1 participant from Group 3). 
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randomized duration in the range of 2000 ms to 2500 ms, during which 
a fixation cross was shown at the screen center. Combinations between a 
set of four shapes and four colors were used to create 16 figures. Stimuli 
were selected from a pool of 48 pairs of same shape-different color figures 
and 48 pairs of same color-different shape figures. A total of 192 trials 
(intermixed with respect to the cues) were presented in a randomized 
sequence for each participant, such that the rule to be applied in each 
trial was unpredictable. Positive and negative responses (indicating that 
the two geometric figures match or do not match, respectively, ac-
cording with the current rule) were required with equal probability 
across trials. The recording session was split into four blocks, with short 
breaks between blocks. The sequence of stimuli was presented using the 
Presentation software (Neurobehavioral Systems Inc.). 

For the analyses of behavioral performance and MEG data, only 
epochs with correct responses were included. The first trials in each 
block were discarded from the analyses. Trials that followed immedi-
ately after a trial with an incorrect or missing response were also dis-
carded from the analysis of reaction time and MEG data. For analyses of 
both behavioral and MEG data, two separate trial sets were created for 
repeat and switch trials, respectively, by pooling together corresponding 
trials irrespective of rule (match by color and match by shape) or response 
type (figures match or do not match). 

2.3. MEG data acquisition and pre-processing 

MEG recordings were performed inside a magnetically shielded room 
using the Elekta VectorView™ whole-head MEG system (Elekta-Neu-
romag Oy, Helsinki, Finland) with 102 triplet-sensors (each made of one 
magnetometer and two orthogonal planar gradiometers) with the 
participant in a seated position. The location of three fiduciary points 
(nasion, and left and right auricular points) defining the head-frame 
coordinate system, as well as the location of four localization coils 
placed on the head and of a set of head surface points were digitized 
using a 3D Fastrak digitizer (Polhemus, Colchester, VT, USA) to allow 
co-registration of the MEG data with T1-weighted MRI data acquired in 
a separate session with a 3T MRI scanner (General Electric, Milwaukee, 
WI). The head position relative to the sensor array was registered at the 
beginning of the recording using the localization coils. Data were ac-
quired with 1 kHz sampling rate. 

Datasets were band-pass filtered off-line between 1 Hz and 100 Hz, 
with a powerline filter at 60 Hz, and then down sampled at 500 Hz. 
Filtering was done using frequency domain, zero-phase and zero-delay 
finite impulse response (FIR) filters implemented in the MNE software 
(Gramfort et al., 2014). Datasets were concatenated with empty room 
noise recordings of 1 min duration that were acquired immediately 

Fig. 1. (a) Schematic illustration of the task-switching paradigm. Each trial started with a cue (the word ‘color’ or ‘shape’) informing the participants about the 
matching rule that needs to be used in the current trial. The cue word was displayed for 750 ms and was replaced by two colored geometric figures (test stimuli). 
Participants had to respond by pressing one of two buttons to indicate as quickly and as accurately as possible if the two figures match or do not match according to 
the current rule. (b) Mean reaction times for switch and repeat trials are shown separately for each group (vertical bars show the standard error of mean). (c) Mean 
values of the changes in reaction time (RT) for repeat trials are shown for each group as a function of serial position in trains of repeat trials (serial position is identified 
by R0, R1, and R2+, as explained in the text). For each group, the changes in reaction time are shown relative to the corresponding group mean reaction time from all 
switch trials (denoted by S). 
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before the MEG recordings and were band-pass filtered and down 
sampled in the same way. Independent Component Analysis using an 
Infomax algorithm (EEGLAB, Delorme and Makeig, 2004) was subse-
quently used on the concatenated datasets to segregate the activity of 
different signal generators on separate independent components (ICs). 
ICs corresponding to cardiac and eye movement interferences, as well as 
other sources of external artifacts (if any) were removed (concatenation 
facilitated the identification and removal of the same ICs corresponding 
to external artifacts from both empty room noise recordings and MEG 
recordings). The ICA-filtered data were divided into epochs from −
1600 ms to 2000 ms relative to the onset of the cue marking the 
beginning of each trial. The signals were band-pass filtered in theta (4–7 
Hz), alpha (7.5–13 Hz), beta (14–30 Hz) and gamma (35–100 Hz) bands. 
Filtering was done at this stage using frequency domain, zero-phase and 
zero-delay finite impulse response (FIR) filters implemented in the 
Brainstorm software (Tadel et al., 2011). The source reconstruction was 
performed separately for signals filtered in each frequency band. 

2.4. Source reconstruction 

The cortical surface was determined for each participant using the 
FreeSurfer image analysis software (Fischl, 2012, https://surfer.nmr. 
mgh.harvard.edu) from individual T1-weighted MR images. The 
source reconstruction was done using the Brainstorm software (Tadel 
et al., 2011). Cortical sources were estimated at 10,000 locations using a 
minimum norm estimator (Hämäläinen and Ilmoniemi, 1994) and a 
multiple overlapping sphere model of the volume conductor that fits a 
sphere to the local curvature of the skull for each sensor (Leahy et al., 
1998; Huang et al., 1999). The inverse projection operator incorporated 
a diagonal noise-covariance matrix derived from the empty room noise 
recordings. For the analysis in each frequency-band, the noise- 
covariance matrix was computed after filtering the empty-room noise 
recordings in the corresponding frequency band. Cortical currents with 
unconstrained orientation were estimated using a depth weighting 
parameter of 0.5 and were subsequently projected on the averaged 
FreeSurfer template brain. The power of the reconstructed currents was 
spatially integrated in each of the 84 cortical regions of a modified 
Desikan-Killiany anatomical atlas (Desikan et al., 2006). The original 
Desikan-Killiany atlas with 68 regions was refined by dividing several 
regions of relatively large area into smaller, functionally more specific 
sub-regions. The regional power was averaged separately for repeat and 
switch trials, respectively, in each frequency band. Subsequently, the 
mean regional power in each frequency band was transformed into 
percent change relative to a baseline interval from − 800 ms to –300 ms 
with respect to the cue onset. 

2.5. Statistical analysis 

Behavioral performance (mean reaction time and response accuracy) 
was compared between the three groups and two trial types (switch trials 
and repeat trials) using analysis of variance (ANOVA). Prior to applying 
the parametric tests, the accuracy data were transformed using the 
arcsin-square root transformation (which is appropriate to normalize the 
distribution of proportion data), and reaction times were log- 
transformed to normalize their right-skewed distributions. After data 
transformation, Shapiro-Wilk tests were used to confirm the validity of 
the normality assumption. Levene’s tests were used to confirm the val-
idity of the assumption of equal variances for each ANOVA. 

Although an assumption implicit in most studies is that the task-set 
reconfiguration can be completed within a single switch trial, there is 
some evidence that repeat trials (which are used as baseline in the esti-
mation of switch costs) may also be affected by residual interference 
from the competing task (Wylie and Allport, 2000). We hypothesized 
that the unpredictable nature of the rule in any given trial in our task 
would increase the potential for residual set related interference 
compared with set-switching task designs in which the current set is 

always reinforced with several consecutive repeat trials before the 
occurrence of a single switch trial. Thus, we conducted additional ana-
lyses to characterize the dependence of the reaction time on the serial 
position in trains of repeat trials and to investigate if such a relationship 
may be different between groups. The repeat trials were grouped into 
three categories, denoted by R0, R1, and R2+, respectively, depending on 
how many consecutive repeat trials preceded a current trial: R0 denotes 
repeat trials that are not immediately preceded by other repeat trials (i.e. 
they immediately follow a switch trial), R1 denotes repeat trials that are 
immediately preceded by one and only one previous repeat trial, and R2+
denotes repeat trials that are immediately preceded by two or more 
consecutive repeat trials. Similarly, switch trials were also split into three 
categories denoted by S0, S1, and S2+, respectively: S0 denotes switch 
trials that are not immediately preceded by repeat trials (i.e. they 
immediately follow another switch trial), S1 denotes switch trials that are 
immediately preceded by one and only one repeat trial, and S2+ denotes 
switch trials that are immediately preceded by two or more consecutive 
repeat trials. Separate 3x3 ANOVAs with factors group and trial category 
were conducted for switch and repeat trials, respectively, to investigate if 
the reaction time is different for the different categories of trials and if 
such a potential relationship is different among groups. The Greenhouse- 
Geisser correction was used if the sphericity assumption was violated 
(Mauchly’s test of sphericity, p < 0.05). 

In preliminary MEG data analyses, we investigated with a relatively 
high temporal resolution the regional temporal course of the relative 
change in signal power during a temporal interval spanning both the 
interval between cue and test stimuli, as well a subsequent temporal 
interval following the onset of test stimuli. The goal of these preliminary 
MEG data analyses was twofold: first, we sought to understand if the 
modulation of the brain activity in each frequency band is qualitatively 
similar with that reported by previous EEG studies using different ver-
sions of task switching paradigms, and second, we sought to assess if the 
modulation of the brain activity can be considered approximately sta-
tionary during the whole duration of the cue-stimulus and early post- 
stimulus intervals (which would allow to use average power values 
estimated from the whole duration of these intervals in subsequent 
group analyses). For each frequency band, the relative change in 
regional power was determined on a series of seven temporal intervals of 
300 ms duration with 50 % overlap (half of the duration of the temporal 
interval used for power integration). These intervals were centered at 
latencies starting from 150 ms and ending at 1050 ms with respect to the 
cue onset. For each of these temporal intervals, we tested if the relative 
change in power was significantly different than zero using one-sample 
t-tests on data from all participants. In a second analysis, we used paired 
t-tests on data from all participants to compare the relative change in 
signal power between repeat and switch trials. For each of these pre-
liminary analyses, significance thresholds were adjusted to control the 
false discovery rate (FDR) at q = 0.1, to account for the multiple com-
parisons performed across 84 brain regions and 7 temporal intervals. 
Since differences in the modulation of brain activity between the two 
conditions could be due to differences in baseline power, we also con-
ducted paired t-tests to compare the log-transformed baseline power 
between the two conditions. For these analyses, significance thresholds 
were adjusted to control the false discovery rate at q = 0.1 to account for 
the multiple comparisons performed across 84 brain regions. 

For the main MEG data analyses, we adopted an approach that was 
guided by findings of the behavioral data analysis (presented in section 
3.1). The specific objective was to investigate group differences in brain 
oscillatory activity for each of the two trial types, i.e. repeat and switch 
trials, respectively, while ensuring consistency in the control for multi-
ple comparisons for tests conducted in multiple brain regions, frequency 
bands, and temporal intervals. To do this, we used separate one-way 
ANOVAs with factor group on the relative change of regional power 
for repeat and switch trials, respectively. The one-way ANOVA applied to 
switch trials was used to investigate group differences in brain activity 
associated with set-shifting, while the one-way ANOVA applied to repeat 
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trials was used to investigate group differences in brain activity associ-
ated with a sustained interference that increases the reaction time in 
repeat trials for Group 3 (as described in section 3.1). To characterize the 
association between PTSD and proactive processes, the analyses were 
performed on the early (0–450 ms) and late (300–750 ms) parts of the 
cue-test stimulus interval. The selection of these intervals was based on 
information gained from the preliminary analyses, which showed 
different patterns of modulation across frequency bands during these 
two intervals (notably, the first part of the cue-test stimulus interval 
includes also the time-locked early evoked response components). To 
investigate the association between PTSD and the modulation of oscil-
latory brain activity during the post-stimulus interval, analyses were 
performed on a 450 ms long temporal interval starting from the onset of 
the test-stimuli (from 750 ms to 1200 ms following the cue onset). For 
these analyses, the FDR was controlled at q = 0.1 using the data driven 
Benjamini-Hochberg procedure for multiple hypotheses with group 
structure (Hu et al., 2010), with groups determined by frequency bands 
and temporal intervals. Results that were significant when using a less 
conservative approach that controls the FDR at q = 0.1 for each fre-
quency band and temporal interval will also be reported. 

As mentioned before, our main analyses sought to characterize the 
group differences in the modulation of brain activity, which has been 
defined as the relative change in power with respect to a baseline in-
terval preceding the cue onset. Since group differences in the modula-
tion of brain activity could be due, at least in part, to differences in the 
baseline power, we performed additional analyses to ascertain if the 
baseline power was significantly different between groups. These ana-
lyses were performed for each frequency band and condition (repeat and 
switch trials) using one-way ANOVAs with factor group on the corre-
sponding log-transformed absolute power values determined on the 
baseline interval. For each of these additional analyses, the results are 
also reported using significance thresholds adjusted to control the FDR 
at q = 0.1. 

3. Results 

3.1. Behavioral performance 

Descriptive statistics for response accuracy (percentage of correct 
responses) and reaction time data are presented in Tables 2 and 3, and in 
Fig. 1b. Mixed two-factor ANOVA with factors group and trial type (repeat 
vs switch trials) on response accuracy data showed no main effect of 
group (F = 0.9, p = 0.41), a main effect of trial type (F = 27.7, p < 0.0001) 
indicating that the percentage of correct responses was higher in repeat 
relative to switch trials, and no group × trial type interaction (F = 0.1, p =
0.90). 

Reaction times were also analyzed using mixed ANOVA with factors 
group and trial type (repeat vs switch trials). This analysis showed a main 
effect of group (F = 4.0, p = 0.022) indicating a general increase in re-
action time for participants with high PTSS (Group 3), a main effect of 
trial type (F = 20.2, p < 0.0001) indicating faster responses in repeat 
relative to switch trials, and no group × trial type interaction (F = 1.4, p =
0.25). The results of pair wise tests of group differences are summarized 
in the note of Table 3. 

Across participants, 43.5 ± 4.4 of repeat trials were in the R0 cate-
gory, 20.9 ± 3.7 of repeat trials were in the R1 category, and 21.2 ± 7.0 

of repeat trials were in the R2+ category. For switch trials, 42.6 ± 8.0 of 
trials were in the S0 category, 22.4 ± 4.4 of trials were in the S1 category, 
and 20.5 ± 3.5 of trials were in the S2+ category. The number of trials in 
these categories reflects the fact that the frequency of occurrence for 
trains of n consecutive repeat trials decreases with n for randomized 
sequences. The number of trials in each category was not significantly 
different between groups. The descriptive statistics for the reaction time 
data for each category of trials is summarized in Supplementary Table 1 
(included in Supplementary Material). 

For switch trials, the mixed 3x3 ANOVA with factors group and switch 
trial category (S0, S1, and S2+) showed no main effect of trial category (F =
1.3, p = 0.28), a main effect of group (F = 3.3, p = 0.04), and no group ×
trial category interaction (F = 0.6, p = 0.62). These results indicate longer 
reaction times for Group 3 for all switch trial categories, and no signif-
icant differences in reaction time across the three switch trial categories. 

The mixed 3x3 ANOVA conducted for repeat trials showed a main 
effect of trial category (F = 15.2, p < 0.001), a main effect of group (F =
4.0, p = 0.021), and no significant group × trial category interaction (F =
2.0, p = 0.11). These results indicate a decrease in reaction time with 
serial position in the train of repeat trials and longer reaction times for 
Group 3 across all three categories of repeat trials. The main effect of 
repeat trial category shows that interference from neuronal representa-
tions of the alternative set is not completely suppressed by the end of a 
switch trial but rather it may continue to exert a behavioral effect during 
repeat trials. 

The mean decrement in reaction time with the serial position in a 
train of repeat trials is shown for each of the three groups in Fig. 1c. 
Participants in Groups 1 and 2 show a mean decrease in reaction time 
from R0 to R1 followed by no further decrement from R1 to R2+, sug-
gesting that residual interference is primarily present only during the 
first two repeat trials in a train of repeat trials. For participants in Group 
3, however, the mean decrease in reaction time from repeat trials R0 to 
R1 is followed by another noticeable decrement from R1 to R2+, sug-
gesting that residual interference amenable to suppression is still present 
after the first two repeat trials in a train of repeat trials. Orthogonal 
contrasts validated the observations from visual inspection: Group 3 
showed significantly steeper decrements in reaction time from R1 to R2+
compared to Groups 1 and Group 2 considered together (t = 2.04, p =
0.045), while Group 1 and Group 2 did not differ from each other (t =
0.47, p = 0.64). 

In summary, the supplementary analyses led to several notable 
findings. First, the results indicate that for the set-up of our paradigm, a 
residual interference from neuronal representations of the previous task 
continues to be present during repeat trials. This finding is consistent 
with observations of previous studies (Wylie and Allport, 2000), which 
helped to refine task-switching models for which a complete “task 
reconfiguration” (or suppression of the neuronal representations asso-
ciated with the alternative task) is already achieved by the end of a 
switch trial (Rogers and Monsell, 1995). Second, Group 3 shows evidence 
of stronger residual interference that continues to be present while being 
progressively suppressed over multiple consecutive repeat trials. This 
sustained interference increases the reaction time in repeat trials and 

Table 2 
Performance accuracy: descriptive statistics (mean and standard deviation) for 
each condition of the experiment.    

Accuracy (%) 

Rule Trial type Group 1 
(n = 30) 

Group 2 
(n = 32) 

Group 3 
(n = 29) 

Match by shape or color repeat 96.2 ± 3.2 94.4 ± 5.4 95.5 ± 5.7 
switch 94.2 ± 4.3 92.4 ± 6.0 93.7 ± 6.6  

Table 3 
Reaction times: descriptive statistics (mean and standard deviation) and results 
of pairwise tests of group differences for repeat and switch trials, respectively.    

Reaction Time (ms) 

Rule Trial type Group 1 
(n = 30) 

Group 2 
(n = 32) 

Group 3 
(n = 29) 

Match by shape or color repeat 741 ± 147 720 ± 156 843 ± 199 
switch 764 ± 148 746 ± 162 852 ± 198 

Repeat trials: post-hoc t-tests: Group 3 vs Group 1: t = 2.22, p = 0.03; Group 3 vs 
Group 2: t = 2.73, p = 0.008; Group 2 vs Group 1: t = − 0.6, p = 0.49; 
Switch trials: post-hoc t-tests: Group 3 vs Group 1: t = 1.9, p = 0.06; Group 3 vs 
Group 2: t = 2.33, p = 0.023; Group 2 vs Group 1: t = − 0.59, p = 0.55. 
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decreases the switch cost for Group 3. 

3.2. Modulation of the cortical oscillatory activity 

Results of the t-tests comparing the relative change in power against 
baseline are exemplified in Fig. 2 for theta and alpha bands (switch trials) 
and in Fig. 3 for beta band (switch trials). Additional results obtained for 
repeat trials are shown for each of these frequency bands in Supple-
mentary Fig. 1 (included in Supplementary Material). For the theta 
band, significant increases in power were present in all brain regions 
immediately after the cue onset. In multiple prefrontal regions, the in-
crease in power persisted throughout the late part of the temporal in-
terval between the cue and test stimuli, as well as on the temporal 
interval following the onset of the test stimuli. Bilateral regions of the 
occipital and temporal lobes, as well as regions of the left posterior 
parietal, somatomotor, premotor and insular cortex showed a relative 
decrease in theta power during the late part of the cue-test stimulus 
interval. Following the onset of the test stimuli, a relative increase in 
theta power was observed again in the majority of these regions. The 
alpha and beta band power showed significant decrease compared to the 
baseline over extended cortical areas from occipital, parietal, temporal 
and frontal lobes. This decrease in power started immediately after the 
cue onset and persisted throughout the late cue-test stimulus interval, as 
well as on the interval following the onset of the test-stimuli. A similar 
decrease relative to baseline was observed for gamma power (Supple-
mentary Fig. 2) in multiple brain regions, with the exception of occipital 
regions that showed significant bilateral increases in gamma power 
starting immediately after the cue onset and persisting throughout the 

cue-test stimulus interval and on the interval following the test-stimuli 
onset. 

Results of the paired t-tests comparing the relative change in power 
in repeat versus switch trials are exemplified in Fig. 3 for the beta band, 
and in Supplementary Fig. 3 (Supplementary Material) for the theta and 
alpha bands. During the interval between cue and test-stimuli, signifi-
cant differences between these two conditions were present only in 
alpha and beta bands. These differences generally reflected lower power 
suppression in the repeat compared to switch trials on the last part of this 
temporal interval (from 450 ms after cue onset). Specifically, less sup-
pression of alpha power was seen in repeat trials over the left temporal 
lobe (inferior and lateral temporal regions) and left frontal lobe (lateral 
orbitofrontal and pars opercularis) and left insular cortex. Similarly, less 
suppression of beta power was present in repeat trials over regions of the 
left posterior temporal lobe (inferior and lateral temporal regions), left 
frontal lobe (pars triangularis, pars opercularis, rostral middle frontal), left 
insular cortex, left superior parietal cortex, bilateral anterior cingulate and 
paracentral area, and right posterior cingulate and somatomotor cortex. 
During the peristimulus interval (centered at 750 ms), these differences 
in alpha and beta band power were present in more cortical areas, 
including areas that are adjacent to the ones mentioned before; in beta 
frequency band, differences were also seen over more areas of the right 
hemisphere. 

Following the onset of the test-stimuli, we observed a similar pattern 
indicative of lower suppression of alpha and beta band activity in the 
repeat compared to switch trials. In the alpha frequency band (Supple-
mentary Fig. 3), this difference was seen over frontal, temporal and 
parietal regions of the left hemisphere and over the bilateral anterior 

Fig. 2. Results of t-tests contrasting the regional theta power (upper two rows) and alpha power (lower two rows) against the corresponding baseline power for the 
switch condition. Power was estimated on 300 ms long intervals, with 50 % overlap between consecutive intervals. Latencies correspond to the center of each interval 
and are relative to the cue onset. Results show regions with significant power change in top (upper rows) and bottom views (lower rows) for each frequency band. 
Test stimuli were presented at 750 ms after the cue onset. 
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cingulate. For beta band (Fig. 3), this difference was present in bilaterally 
distributed regions including the dorsolateral and ventrolateral pre-
frontal cortex, the posterior part of the superior frontal gyrus, parietal 
cortex, posterior cingulate and high order visual processing regions of the 
inferior temporal and fusiform gyri, right anterior cingulate and right 
orbitofrontal cortex. Following the onset of the test stimuli, differences 
were observed also in theta band (Supplementary Fig. 3), with higher 
theta band activity in repeat compared to switch trials in left supra-
marginal, left superior parietal and bilateral paracentral cortical regions. 

No significant differences between repeat versus switch trials were 
observed for the relative power in gamma band on any temporal interval 
(either preceding or following the test stimuli). 

No significant differences in baseline power between the two con-
ditions (repeat versus switch trials) were observed in any frequency band. 

3.3. Relationship between the modulation of cortical oscillatory activity 
and PTSD symptom severity 

3.3.1. Modulation of oscillatory brain activity during pro-active processes 
Significant group differences were found in the modulation of theta 

band activity corresponding to pro-active processes (Fig. 4). These dif-
ferences were observed only in switch trials during the late part of the 
cue-test stimulus interval in left caudal middle frontal cortex and posterior 
part of the left superior frontal gyrus. Using the less conservative approach 
that controlled the FDR separately for each frequency band and tem-
poral interval, only one more significant group difference was also 
observed in left superior frontal gyrus during the early part of the cue-test 
stimulus interval. In these regions, theta activity was higher for Groups 2 

and 3 relative to Group 1 (Fig. 4b). Notably, the negative values of the 
relative change in theta power that are predominant on the late part of 
the cue-stimulus interval for Group 1 in Fig. 4b indicate that the rela-
tively low theta power is accompanied by a blending effect of the power 
suppression that is typically present at higher frequencies (alpha band) 
during this time interval. Furthermore, a slight suppression of theta 
power appears to emerge for Group 1 shortly before the cue onset, 
possibly reflecting some preparatory processes in anticipation of the cue. 
For comparison, the time course of the theta activity is also exemplified 
in Fig. 4c for the rostral anterior cingulate, which does not show signifi-
cant group differences and exhibits transient increases in theta band 
activity following the onsets of cue and test-stimuli in all three groups. 

For alpha, beta and gamma bands, no significant group differences 
were detected during the cue-test stimulus interval for the switch or 
repeat trials. 

3.3.2. Modulation of oscillatory brain activity during reactive processes 
Significant group differences in the modulation of beta band activity 

were present during the post-stimulus interval (Fig. 5). For switch trials, 
these differences were present bilaterally over multiple prefrontal, 
temporal and parietal cortical regions. Particularly strong effects were 
present in the right lateral and medial orbitofrontal cortex, entorhinal 
cortex and temporal pole. Group differences were also present for repeat 
trials, but they were restricted to the bilateral rostral anterior cingulate 
and medial orbitofrontal cortex. In all these regions, Group 3 showed less 
suppression of beta band activity compared to Group1 and Group 2 
(Fig. 5 c, d). For theta, alpha, and gamma bands, no significant group 
differences were detected during the post-stimulus interval for the switch 

Fig. 3. Results of the t-tests contrasting the regional beta power against baseline power for the switch condition are shown in the upper two rows. Power was 
estimated on 300 ms long intervals, with 50 % overlap between consecutive intervals. Latencies correspond to the center of each interval and are relative to the cue 
onset. For each temporal interval, regions with significant power change are shown in top (upper rows) and bottom (lower rows) views of the brain. Test stimuli were 
presented at 750 ms after the cue onset. The results of paired t-tests contrasting the regional relative change in beta power in repeat versus switch trials are shown for 
each temporal interval in the lower two rows in top and bottom views of the brain, respectively. 
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or repeat trials. These results indicate that the stronger residual inter-
ference that is present for Group 3 during repeat trials, as indicated by 
the analysis of reaction time data, is associated with less suppression of 
beta band activity confined to regions of the bilateral rostral anterior 
cingulate and medial orbitofrontal cortex. 

3.3.3. Assessment of group differences in baseline power 
No significant group differences in baseline power were present in 

any of the frequency bands and conditions (switch or repeat trials). These 
statistical results were also scrutinized for detection of any potential 
trends that might have been present for those brain regions, frequency 
bands and conditions that showed significant group differences for the 
modulation of brain activity in the main analyses of our study. No such 
trends were present for the theta band in switch trials or for the beta band 
in the repeat or switch condition (all uncorrected p-values were higher 
than 0.05). Based on these results, we conclude that the observed group 
differences in the modulation of the brain activity cannot be accounted 
for by group differences in baseline power. 

3.4. Assessment of antidepressant medication effects on behavioral 
performance and cortical oscillatory activity 

Some participants in our study were taking medications with central 
nervous system effects, specifically selective serotonin reuptake in-
hibitors (SSRI) antidepressants, Prazosin and Gabapentin. Notably, 
several studies that investigated the effect of antidepressant medication 
on brain activity have reported changes in the resting-state EEG spec-
trum that included an increase in beta band power (e.g. Veltmeyer et al., 
2006; Hyun et al., 2011). To investigate the potential effect of 

antidepressant medication on the brain activity recorded during task- 
switching, we conducted follow-up analyses that compared the behav-
ioral performance and the modulation of oscillatory brain activity be-
tween the subgroup of participants with high PTSD symptom severity 
who were taking antidepressant medication (n = 16) versus the sub-
group of participants with high PTSD symptom severity who were not 
taking antidepressant medication (n = 13). Four participants in each 
subgroup were taking Gabapentin, whereas six participants in the sub-
group who were taking antidepressants were taking Prazosin versus 
three participants in the subgroup who were not taking antidepressants. 
The PCL-5 scores did not differ between these two subgroups (Wilcoxon- 
Mann-Whitney test: uA = 88.5, p = 0.51). Furthermore, t-tests for in-
dependent samples showed no significant differences in behavioral 
performance (accuracy or reaction time) between the two subgroups (all 
ps > 0.1). Similarly, we used t-tests for independent samples to compare 
the oscillatory brain activity in theta and beta frequency bands and on 
the corresponding temporal intervals and conditions (switch and repeat 
trials) for which significant differences in oscillatory brain activity were 
identified for participants in Group 3, i.e. during the cue-stimulus in-
terval in the switch condition for the theta band, and during the post- 
stimulus interval in both switch and repeat conditions for the beta 
band. As for the main analyses, these comparisons were done over all 
brain regions and significance thresholds were corrected to control the 
FDR at q = 0.1 for each test. The analyses did not show any significant 
differences between the two subgroups of participants. Thus, these 
follow-up analyses do not provide evidence for an effect of antidepres-
sant medication on the behavioral performance or on the modulation of 
oscillatory brain activity during task-switching, but we acknowledge 
that additional studies using a larger number of medicated and 

Fig. 4. Regions with significant group differences for the relative change in theta band power in switch trials are shown in (a) for the early and late part of cue-test 
stimulus interval. Panel (b) and (c) exemplify the time courses of the mean relative change in theta band power in the switch condition for the left superior frontal gyrus 
(a region that showed significant group differences on the cue-test stimulus interval), and right rostral anterior cingulate (a region that did not show significant group 
differences). Vertical lines mark the onset of the cue and test stimulus. To assess its temporal variation, theta band power was averaged on 300 ms long intervals 
centered at each time sample. 
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unmedicated participants may be necessary to reach a definitive 
conclusion. 

4. Discussion 

Our study characterized the association between the severity of PTSD 
symptoms, behavioral measures of cognitive flexibility, and frequency- 
specific modulation of cortical oscillatory activity during performance 
of a test of cognitive flexibility in service members with combat expo-
sure. We used a cued task-switching paradigm that elicits neuronal ac-
tivity associated with pro-active voluntary attention shifting, and with 
reactive interference-control mechanisms needed for the execution of 
motor responses. Participants with high PTSS (Group 3) showed (1) 
response accuracy that was not different than the other two groups, (2) 
an increase in reaction time for both switch and repeat trials, which re-
flects an increased difficulty in performing the task, and (3) a more 
sustained residual interference during repeat trials, leading to longer 
reaction time in repeat trials and attenuation of the switch cost. The 
analysis of MEG data showed higher relative theta power in switch trials 
during the cue-stimulus interval for participants with moderate (Group 
2) and high (Group 3) PTSS over the left dorsal prefrontal cortex. Par-
ticipants with high PTSS (Group 3) also showed lower suppression of 
beta band activity in switch trials after stimulus onset compared to the 
other two groups. This lower suppression was present bilaterally over 
multiple prefrontal, temporal and parietal cortical regions, but it was 
confined to the bilateral rostral anterior cingulate and medial orbitofrontal 
cortex in repeat trials. No group differences were observed for the 

modulation of alpha and gamma band oscillations. In the following, we 
will discuss the potential mechanisms underlying the distinct modula-
tion of brain activity in theta and beta bands for participants with high 
PTSD symptom severity, and how these findings may be related to core 
symptoms of PTSD. 

We had two competing hypotheses regarding potential alterations in 
theta band oscillatory activity with increasing PTSS. First, if an alter-
ation in theta band power is a primary neurophysiological alteration 
contributing to impaired cognitive flexibility in PTSD, then patients with 
higher PTSS would demonstrate lower theta power in cortical regions 
implicated in cognitive control. Alternatively, if impaired modulation of 
theta band power is not a primary pathophysiological process, then 
these patients would demonstrate an increase in theta power as a 
compensatory mechanism in the presence of impaired cognitive flexi-
bility caused by dysregulation of other neurophysiological mechanisms. 
Participants with moderate and high PTSS showed higher relative theta 
power over the left dorsolateral prefrontal cortex (DLPFC) compared to 
participants with low PTSS, consistent with a compensatory process. The 
two regions that showed group differences in the modulation of theta 
band oscillations, i.e. caudal middle frontal cortex and superior frontal 
gyrus, include pre-motor, supplementary and pre-supplementary motor 
areas (SMA, pre-SMA), which have been shown to be active in fMRI 
studies of cognitive control involving attention shifting (Wager et al., 
2004) and to exhibit switch-specific preparatory activity during the cue- 
test stimulus interval (Rushworth et al., 2002; Slagter et al., 2006). 
Notably, the lateralization of these regions may be related to the fact 
that participants used the right hand for motor responses and/or to the 

Fig. 5. Results of one-way ANOVA with factor group for the relative change in beta band power in switch (a) and repeat (b) trials for the temporal interval following 
the stimulus onset (750 ms to 1200 ms). Regions with significant group differences after correcting for multiple comparisons are shown in lateral views (upper row) 
and medial views (lower row) of the two hemispheres. Panels (c) and (d) exemplify the time courses of the mean relative change in beta band power for the right 
lateral orbitofrontal and left rostral anterior cingulate (regions indicated by arrows in (a) and (b)), in the switch and repeat conditions, respectively. Vertical lines mark 
the onset of the cue and test stimulus. To assess its temporal variation, beta band power was averaged on 300 ms long intervals centered at each time sample. 
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linguistic nature of the cues used in our study (visual words). 
One of the potential mechanisms underlying the emergence of theta 

band oscillatory activity in cortical regions is the competitive interaction 
between neighboring neuronal ensembles that are located in each 
other’s area of significant surround inhibition (Kienitz et al., 2018). 
Activity of neuronal ensembles from dorsolateral prefrontal cortex re-
gions could reflect, for example, the control of bias inputs to other re-
gions involved in processing of relevant visual stimulus features 
indicated by the cues or in response selection (MacDonald et al., 2000; 
Banich et al., 2000; Banich, 2009). The need for increased cognitive 
control purportedly signaled by the presence of theta oscillations 
(Cavanagh and Frank, 2014) may be determined by such competitive 
interactions between neighboring neuronal ensembles; in this case, 
prefrontal theta activity may also be regarded as a manifestation of 
increased cognitive control. The lower modulation of theta band activity 
for participants in Group 1 may indicate that the competition between 
neuronal ensembles involved in the execution of the alternative tasks is 
relatively low and/or quickly resolved after the cue presentation, 
reflecting the effectiveness of attention control. This would be analogous 
with the drop in activity seen with fMRI in DLPFC with increased 
practice on a task (Milham et al., 2003). On the other hand, the higher 
relative theta power observed for Groups 2 and 3 would reflect more 
effortful shifting and maintenance of attention, associated with higher 
perceived task difficulty. Notably, more effortful shifting and mainte-
nance of attention can lead to different behavioral outcomes (faster re-
action times for Group 2 compared to Group 3) determined by the 
effectiveness of attention control in suppressing competing neuronal 
representations; that is, the high theta band activity was effectively 
compensatory for the group with moderate PTSS but was less so for 
those with severe symptoms. It is also conceivable that the effectiveness 
of effortful cognitive control may lead to slightly faster mean reaction 
times for participants in Group 2 compared to Group 1 (Table 3), 
although this group difference in reaction times was not statistically 
significant. 

A second working hypothesis was that we would observe a lower 
suppression of beta power with higher PTSS. Indeed, participants with 
high PTSS (Group 3) demonstrated lower suppression of beta band ac-
tivity following the stimulus onset compared to participants with low 
and moderate PTSD symptom severity (Groups 1 and 2). After the pre-
sentation of the test-stimulus, the relevant stimulus features must be 
processed and integrated across the visual hemifields and a motor 
response selection must be performed according to the current rule. 
There is evidence that beta band oscillations may represent the sus-
tained activation or re-activation of neuronal ensembles that perform 
specific functions (Spitzer and Haegens, 2017), and in some circum-
stances may reflect the maintenance of a cognitive, emotional or 
sensorimotor state or status quo (Engel and Fries, 2010). In particular, 
beta oscillations are normally suppressed during periods of motor 
preparation and execution (e.g. Doyle et al., 2005; Engel and Fries, 2010; 
Heinrichs-Graham et al., 2014; 2018; Wilson et al., 2014). Thus, we will 
first discuss how the lower beta band suppression for participants in 
Group 3 may reflect mechanisms related to motor response selection and 
execution; then, we will address how similar mechanisms may be also 
expressed in brain areas that are primarily involved in processing of 
perceptual information. 

The task used in our study requires the execution of a motor response 
according to a stimulus–response contingency that depends on the 
attended stimulus feature, while inhibiting the neuronal representation 
of the conflicting stimulus–response contingency used in previous trials. 
The stronger suppression of beta band activity in switch versus repeat 
trials observed in our study and others (Cunillera et al., 2012; Foxe et al., 
2014; Capizzi et al., 2020) may be explained based on two premises. 
First, beta band oscillations in prefrontal regions may reflect activity in 
competitive neuronal ensembles encoding the stimulus–response con-
tingencies corresponding to alternative rules (Buschman et al., 2012). 
Second, the amplitude of beta band oscillations in the rule appropriate 

neuronal ensemble may decay with time after the execution of the 
corresponding motor response, with a lifetime in the range of trial 
duration. This is supported by evidence that with the cue-test stimulus 
interval held constant, a longer delay after the last performance of the 
previous task improves performance on switch trials (Meiran et al., 
2000), suggesting a passive dissipation of the neuronal representations 
of the alternate (interfering) stimulus–response contingency. Based on 
these premises, relatively strong beta oscillations will be present in a 
switch trial in neuronal ensembles that encode the stimulus–response 
mapping corresponding to the irrelevant/conflicting rule used in the 
immediately preceding trial due to its recency. Planning and execution 
of the motor response in a switch trial requires the disengagement/in-
hibition of the activity in these competitive neuronal ensembles exhib-
iting strong beta band activity, resulting in strong suppression of the 
regional beta band activity. During a repeat trial, comparatively weaker 
beta oscillations will be present in neuronal ensembles that encode the 
irrelevant/conflicting stimulus–response mapping since this rule was 
used in the more distant past, before the immediately preceding trial. 
The planning and execution of the response in a repeat trial is thus 
associated with disengagement/inhibition of neuronal ensembles with 
comparatively weaker beta band activity, which results in less sup-
pression of the regional beta band activity compared to a switch trial. 

It is conceivable that the time needed to disengage (de-synchronize) 
the relatively strong activity in neuronal assemblies representing the 
conflicting stimulus–response mapping in a switch trial is longer 
compared to a repeat trial, contributing to the well documented switch 
costs. The lower suppression of beta band activity and slower reaction 
time for participants with high PTSD symptom severity may reflect in 
part a degree of difficulty disengaging the activity of neuronal ensembles 
involved in the encoding of the alternate (conflicting) stimulus–response 
contingency during selection of motor responses, despite effortful 
attention shifts exerted by dorsal prefrontal cortex as reflected by the 
higher modulation of theta oscillations. It is also plausible that the 
execution of a response has a suppressive effect on the neuronal repre-
sentation of the conflicting stimulus–response contingency. In the 
presence of a small suppressive effect (e.g. for participants in Group 3), 
the temporal decay of the neuronal representation of the conflicting 
stimulus–response contingency may be characterized by longer life-
times, leading to high activity in competitive neuronal ensembles even 
during repeat trials. This may explain the sustained residual interference 
for participants with high PTSS and suggests that the low switch cost for 
these participants can be more intuitively thought of as a lack of repe-
tition benefit. 

In switch trials, the participants with high PTSS show lower sup-
pression of beta band activity after stimulus onset bilaterally over 
multiple prefrontal, temporal and parietal cortical regions. Since infor-
mation regarding the relevant stimulus features must be processed and 
integrated across visual hemifields prior to response selection, the lower 
suppression of beta band activity in high-order visual processing regions 
of the temporal lobe, as well as in some prefrontal and parietal regions to 
which they are connected, likely reflects persistent activity in local 
neuronal ensembles that were involved in processing and integration of 
the alternative stimulus feature in the immediately preceding trial. A 
lower suppression of beta band activity was also present for participants 
from Group 3 in repeat trials, but it was confined to bilateral rostral 
anterior cingulate and medial orbitofrontal cortex, suggesting a longer 
lasting representation of conflicting neuronal representations in these 
regions that was manifested as sustained residual interference during 
repeat trials. The longer reaction times for participants in Group 3 could 
also stem in part from a voluntary adjustment of behavior, i.e. a 
compensatory speed-accuracy tradeoff indicative of a more cautious 
approach after experiencing difficulty with response selection in pre-
ceding trials. In particular, since the orbitofrontal cortex is thought to 
play an important role in voluntary inhibition of action (Balasubramani 
et al., 2020), the lower suppression of beta band activity in this region 
may reflect activity in neuronal pools that control the delay of motor 
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responses based on adaptive strategies, such as the choice of a cautious 
approach. 

The different patterns of interplay observed across groups between 
modulations of theta band activity in left DLPFC during the cue-test 
stimulus interval and of beta band activity in other brain regions after 
test-stimulus onset can be interpreted within the framework of the 
cascade model of cognitive control described in (Banich, 2009). This 
model posits that DLPFC regions are involved in shifting and main-
taining attention to task-relevant information (Banich et al., 2000; 
MacDonald et al., 2000), providing bias signals that confer a competitive 
advantage for processing of relevant stimulus features in other brain 
regions and for conflict resolution and selection of appropriate motor 
responses in anterior cingulate cortex (ACC). When bias signals from 
DLPFC are less effective, this will ultimately affect (e.g. slow down) the 
selection of motor responses that takes place at later stages in ACC. 
Notably, as control by DLPFC becomes more effective with increased 
practice, the activity measured with fMRI diminishes in DLPFC and ACC 
(Milham et al., 2003). In our study, Group 1 showed lower theta band 
activity in left DLPFC in switch trials compared to the other two groups, 
accompanied by strong suppression of beta-band activity in other brain 
regions including ACC. Since these findings are associated with rela-
tively fast reaction times, they are analogous to the lower activity 
observed with fMRI in DLPFC and ACC with increased practice on a task 
(Milham et al., 2003), being likely indicative of low perceived task 
difficulty. Group 2 showed a marker of more effortful cognitive control 
(high theta band activity in left DLPFC) when compared to Group 1, 
accompanied by similarly strong suppression of beta-band activity in 
other brain regions including ACC. Since this pattern is also associated 
with relatively fast reaction times, it suggests that the effortful cognitive 
control exerted by the left DLPFC is effective at suppressing competitive 
neuronal representations in other cortical regions. Lastly, Group 3 
showed markers of effortful cognitive control (similar to Group 2) but 
low suppression of beta-band activity in multiple brain regions including 
ACC. This pattern suggests that the bias signals from left DLPFC are less 
effective at suppressing the representations of competitive information 
in other brain regions in general and in ACC in particular. As a conse-
quence, this leads to longer reaction time in switch trials, as well as to 
sustained interference and high beta band activity in ventromedial 
prefrontal cortex during repeat trials for participants in this group. 

A general difficulty with inhibition of neuronal representations in 
anterior cingulate and medial orbitofrontal cortex, which is due in part to 
ineffective bias signals exerted by DLPFC, may represent a shared 
neurobiological substrate for difficulties with set-shifting and core PTSD 
symptoms. Evidence has shown that the orbitofrontal cortex (Rolls and 
Grabenhorst, 2008; Rolls, 2013) and the anterior cingulate, particularly 
its rostral region (Etkin et al., 2006; Etkin et al., 2011), belong to a brain 
network involved in the representation of emotions. Emotions can be 
conceptualized as intermediary states elicited by rewards and punishers 
and are intrinsically associated with activation of the neuronal repre-
sentations for specific goals that guide selection of appropriate behav-
ioral actions (Rolls, 2013). Top-down cognitive control can influence 
these neuronal representations through biased competition mechanisms 
in a way that is analogous to attention control (Rolls and Grabenhorst, 
2008; Rolls, 2013, page 40), suggesting a modulatory route of cognition 
on emotion representation. Hence, general difficulties with inhibition of 
neuronal representations in these ventromedial prefrontal regions may 
undermine the ability to inhibit emotional reactions (or regulate emo-
tions), a symptom known to be associated with PTSD (Jovanovic and 
Ressler, 2010). Difficulties with disengaging and re-orienting attention 
away from or with inhibition of automatic responses to trauma related 
memories with strong emotional components may contribute in turn to 
the development and maintenance of a whole spectrum of characteristic 
PTSD symptoms such as hyperarousal, irritability, or difficulties 
concentrating, and may lead to the adoption of alternative coping 
strategies reflected in avoidance behaviors (Aupperle et al., 2012). 

As we have noted, deficits in cognitive flexibility in the aftermath of a 

psychologically traumatic event are predictive of the subsequent 
development of PTSD, with the severity of the cognitive flexibility 
impairment correlating with the severity of PTSD symptoms; addition-
ally, successful remediation of cognitive flexibility deficits with cogni-
tive flexibility training has been shown to reduce the incidence of 
subsequent PTSD (Ben-Zion et al., 2018). What has not been established 
is whether or not such deficits in cognitive flexibility are present prior to 
the traumatic event, whether the experience of the traumatic event in-
duces deficits in cognitive flexibility de novo or whether the traumatic 
event produces a worsening of a milder pre-existing deficit in cognitive 
flexibility. To the degree that such deficits are premorbid, they could be 
assessed in certain high risk populations, such as active duty military 
personnel, to predict relative vulnerability to the development of PTSD 
in association with traumatic stress. If so, strategies such as cognitive 
therapy and/or neurofeedback therapy to reduce beta band activity 
during rule switching tasks could be utilized therapeutically in a pre-
ventative manner. To the degree that such deficits may be acquired in 
the aftermath of an exposure to a traumatic stressor during the experi-
ence of acute stress or the development of post-traumatic stress syn-
drome, such neurofeedback therapy could be initiated as an early 
treatment strategy to minimize acute stress symptoms and potentially 
prevent the ultimate development of PTSD. Animal studies have 
demonstrated that exposure to prolonged stress could in fact result in 
newly acquired deficits in cognitive flexibility in association with PTSD- 
like symptoms (George et al., 2015), suggesting that in at least a sub-
group of individuals with PTSD and cognitive flexibility impairments, 
the latter phenomenon was a result of the traumatic stressor rather than 
a premorbid deficit. Furthermore, alleviation of conditioned fear 
extinction deficits in a PTSD animal model with the administration of 
brain derived growth factor in infralimbic cortex (the rodent analogue of 
ventromedial prefrontal/medial orbitofrontal cortex in humans) 
secondarily resulted in an improvement in a deficit in set shifting 
(Paredes et al., 2021). This implies that fear extinction learning (an 
impairment of which has been proposed to be a primary process un-
derlying PTSD core symptoms), and set shifting share a common 
neurobiological substrate and that effective treatment of one will have 
secondary beneficial effects on the other, which may explain the bene-
ficial effect of cognitive flexibility training in the aftermath of a trau-
matic event. Whether or not fear extinction deficits and set shifting 
deficits also share patterns of altered cortical oscillatory activity (such as 
impaired beta activity modulation in a ventromedial prefrontal cortex 
circuit during extinction trials correlating with impaired extinction) 
remains to be elucidated. 

Our sample of participants was limited to adult males with a history 
of combat exposure, which necessitates a discussion about the general-
izability of the results to other populations and types of trauma. It is 
noteworthy that lower cognitive flexibility is a risk factor for the 
development of PTSD irrespective of gender and trauma type, and in-
terventions aiming to improve cognitive flexibility were successful at 
reducing PTSD symptom severity over time for both males and females 
(Ben-Zion et al., 2018). This suggests that the neurobiological substrate 
linking cognitive flexibility to core PTSD symptoms is not dependent of 
gender or trauma type. Nevertheless, since other studies have found that 
male gender, higher age, and war trauma are factors related to poorer 
executive functioning in PTSD (Polak et al., 2012), we conclude that 
future studies are needed to understand how our results generalize to 
other populations and types of trauma. 
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