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Abstract

Posttraumatic stress disorder (PTSD) is associated with executive functioning deficits, including
disruptions in working memory (WM). Recent studies suggest that attention training reduces
PTSD symptomatology, but the underlying neural mechanisms are unknown. We used high-
density magnetoencephalography (MEG) to evaluate whether attention training modulates brain
regions serving WM processing in PTSD. Fourteen veterans with PTSD completed a WM task
during a 306-sensor MEG recording before and after 8 sessions of attention training treatment. A
matched comparison sample of 12 combat-exposed veterans without PTSD completed the same
WM task during a single MEG session. To identify the spatiotemporal dynamics, each group's data
were transformed into the time-frequency domain, and significant oscillatory brain responses were
imaged using a beamforming approach. All participants exhibited activity in left hemispheric
language areas consistent with a verbal WM task. Additionally, veterans with PTSD and combat-
exposed healthy controls each exhibited oscillatory responses in right hemispheric homologue
regions (e.g., right Broca's area); however, these responses were in opposite directions. Group
differences in oscillatory activity emerged in the theta band (4-8 Hz) during encoding and in the
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alpha band (9-12 Hz) during maintenance and were significant in right prefrontal and right
supramarginal and inferior parietal regions. Importantly, following attention training, these
significant group differences were reduced or eliminated. This study provides initial evidence that
attention training improves aberrant neural activity in brain networks serving WM processing.
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Posttraumatic stress disorder (PTSD) involves reexperiencing, avoidance, and physiological
arousal symptoms as well as negative alterations in mood and cognition (American
Psychiatric Association, 2013). Innovative treatments targeting attention-level processes
have recently emerged as promising interventions for PTSD, including attention bias
modification treatment (ABMT), which trains attention away from threat (i.e., avoidance;
Kuckertz et al., 2014), and attention control treatment (ACT), which trains participants to
ignore threat-related contingencies and focus on the task at hand (Badura-Brack et al.,
2015). Both treatments employ computer programs designed to normalize threat-related
attention patterns by requiring participants to complete a neutral cognitive task in the face of
threat-provoking stimuli (Beard, Sawyer, & Hofmann, 2012; Hakamata et al., 2010; Hallion
& Ruscio, 2011; Linetzky, Pergamin-Hight, Pine, & Bar-Haim, 2015). Attention is a logical
target for PTSD treatment because patients with PTSD experience deficits in executive
functioning including impaired working memory (WM) capacity and attention regulation
(Aupperle, Melrose, Stein, & Paulus, 2012). In fact, a recent meta-analysis focusing on
cognitive functioning reported that some of the strongest neurocognitive deficits associated
with PTSD are in attention and WM (Scott et al., 2015), and meta-analyses of functional
neuroimaging studies in PTSD have indicated disturbed neural activation patterns during
performance of WM, executive control, and emotion regulation tasks (Hayes, Hayes, &
Mikedis, 2013; Patel, Spreng, Shin, & Girard, 2012). In sum, WM is vital to everyday
cognitive functioning, and the symptomatology of PTSD is strongly associated with deficits
in WM processing (Koso & Hansen, 2005; Schweizer & Dalgleish, 2011).

Previous studies using electroencephalography (EEG) and magnetoencephalography (MEG)
have characterized the neural dynamics of normative WM processing by focusing on neural
oscillatory responses (Bonnefond & Jensen, 2012; Brookes et al., 2011; Heinrichs-Graham
& Wilson, 2015; Jensen & Tesche, 2002; Jensen, Gelfand, Kounios, & Lisman, 2002; Jensen
& Mazaheri, 2010; Palva, Monto, Kulashekhar, & Palva, 2010; Palva, Kulashekhar,
Hamalainen, & Palva, 2011; Palva, Monto, & Palva, 2010; Tuladhar et al., 2007). Oscillatory
analyses are ideal for studying neural responses that are extended in time, such as WM,
which consists of three cognitive subprocesses: encoding, maintenance, and retrieval
(Baddeley, 1992). Previous oscillatory studies of verbal WM in healthy participants have
shown widespread alpha desynchronizations in left hemispheric language regions during
encoding and maintenance, along with robust increases in parieto-occipital alpha (i.e.,
synchronization) during maintenance (Bonnefond & Jensen, 2012; Heinrichs-Graham &
Wilson, 2015; Tuladhar et al., 2007). Several electrophysiological studies of WM have also
found theta oscillations, although reports of theta activity are less common (Brookes et al.,
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2011; Jensen & Tesche, 2002). These studies have made important discoveries in normative
samples. However, much remains to be elucidated in the context of PTSD.

Recently, we conducted the first MEG study examining WM function in PTSD. This study
found aberrant oscillatory alpha activity during WM encoding and maintenance in veterans
with PTSD. These significant differences in oscillatory activity were found in the right
inferior frontal gyrus (IFG), right supramarginal gyrus (SMG), and right inferior parietal
areas (McDermott et al., 2015). In this study, we examined whether these neural
abnormalities in WM processing could be ameliorated with attention training treatment by
collecting pre- and posttreatment MEG recordings from a group of veterans who participated
in a recent clinical trial of attention training for PTSD (Badura-Brack et al., 2015). Briefly,
we compared pre- and posttreatment recordings from the veterans with PTSD to a control
sample of psychologically healthy combat-exposed veterans who completed the identical
WM task during a single MEG session. The pretreatment recordings of the veterans with
PTSD and the data from the healthy combat-exposed veterans were both a subset of the data
reported in McDermott and colleagues (2015), although that study did not examine
treatment effects and included additional controls that had not been exposed to combat or
any type of trauma. The current study accounted for combat exposure by using a control
group comprised only of combat veterans without PTSD. Our hypothesis was that attention
training would significantly normalize abnormal neural activity in the right IFG, right SMG,
and right inferior parietal areas during WM processing in veterans with PTSD.

Material and method

Participants

Fourteen combat veterans with PTSD and 12 combat veterans without PTSD participated in
this study. All 26 combat veterans in this study were participants in McDermott and
colleagues (2015). We included the subset of participants with PTSD who completed a
clinical trial of attention training for PTSD (Badura-Brack et al., 2015) and who also
successfully completed pre- and posttreatment MEG sessions. Dropout rates for outcome
studies of PTSD are typically quite high (Schottenbauer et al., 2008), and our study had a
lower than average dropout rate. We included all 12 of the combat-exposed controls who
participated in McDermott et al. (2015), and this group was closely matched to the PTSD
group on age, sex, education, ethnicity, and handedness. All participants were male and
right-handed. All participants were recruited from the community using television
commercials, flyers, and/or social media, and all veterans had served in recent conflicts in
Iraq or Afghanistan with their warzone service occurring between 2003 and 2014. Veterans
in the PTSD group were diagnosed with the Clinician-Administered PTSD Scale (CAPS;
Blake et al., 1995) in conjunction with the Life Events Checklist (Blake et al., 1995) and
using the CAPS F1/12 rule (Weathers, Ruscio, & Keane, 1999). Veterans with PTSD were
further assessed using the Mini International Neuropsychiatric Interview (M.I.N.1.; Sheehan
et al., 2009) to rule out psychiatric diagnoses other than PTSD with or without concurrent
anxiety and/or depression better explained by PTSD. No one in the PTSD group was
receiving psychotherapy, and five (36 %) were on stable (no change for at least 6 months
before beginning the study and no change during the study) doses of psychiatric medication
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(three on selective serotonin reuptake inhibitors [SSRIs] and two on mood stabilizers); the
remaining 64 % were not taking psychiatric medication. Veterans in the control group were
also assessed with the CAPS and M.I.NLI. to rule out PTSD and other psychiatric disorders.
None of the veterans in the control group met diagnostic criteria for PTSD or any other
psychiatric condition. Veterans were excluded from the study if they had another medical
diagnosis likely to affect CNS function, brain neoplasm or lesion, history of significant head
trauma, current substance dependence, or ferromagnetic implants such as shrapnel in the
upper body. Written informed consent was obtained following the ethical guidelines of the
Creighton University Institutional Review Board, who approved the study protocol. This
study was carried out in accordance with the latest version of the Declaration of Helsinki.

Attention training treatment

All veterans with PTSD completed two MEG sessions, before and after completing attention
training using a faces-based variant of the dot probe task in which one angry face and one
neutral face were displayed simultaneously, one above the other, on the computer screen (see
Fig. 1). Each training trial began with a fixation cross (500 ms); followed by a face pair (500
ms) using a set of facial photographs (10 males and 10 females) from the NimStim stimulus
set (Tottenham et al., 2009); then a target displayed (“<” or “>") in the space vacated by
either the angry or neutral face, which remained on-screen until patients responded; and,
finally, there was a blank display for 500 ms between trials (see Fig. 1). Training consisted
of eight 10-15 minute sessions over a 4-week period, during which veterans responded as
quickly as possible to the direction of the probe (left or right) using a computer mouse (click
either left or right). Participants were randomly assigned to ACT (eight participants) or
ABMT (six participants) training conditions, which are described in the Tel Aviv
University—National Institute of Mental Health ABMT protocol (http://
people.socsci.tau.ac.il/mu/anxietytrauma/research/). In ABMT, the probe appears in the
location of the neutral face in each of the 160 trials. Presenting the probe in the location of
the neutral face implicitly trains participants to attend away from threat (Hakamata et al.,
2010; Linetzky et al., 2015). High levels of anxiety are associated with high levels of
attention to threat (Bar-Haim, Lamy, Pergamin, Bakermans-Kranenburg, & van ljzendoorn,
2007; Cisler & Koster, 2010), so ABMT is designed to reduce threat bias, and this results in
decreased anxious symptoms (Hakamata et al., 2010; Linetzky et al., 2015). On the other
hand, in ACT, the probe appears in a fully counterbalanced manner, equally behind neutral
and angry faces. This is thought to implicitly train participants to ignore threat related
contingencies and focus on the task at hand. For a more detailed description of attention
training (both ABMT and ACT), see Badura-Brack et al. (2015).

Previous studies of ACT and ABMT have found that both protocols significantly reduce
symptoms of PTSD. A recent stand-alone clinical trial found a significantly stronger
treatment effect for ACT over ABMT (Badura-Brack et al., 2015), whereas another recent
study found a stronger effect for ABMT over ACT as an adjunctive treatment to
psychotherapy for PTSD (Kuckertz et al., 2014). Importantly, both ACT and ABMT resulted
in reduced PTSD severity in both trials. The only other clinical trial of ACT and ABMT for
PTSD also found significant symptom improvement after both interventions, but no
difference between treatments (Schoorl, Putman, & Van Der Does, 2013). Because both
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training protocols have been shown to reduce PTSD severity, and our goal was to examine
whether PTSD symptom reduction was associated with alterations in the aberrant neural
dynamics serving WM processing, we combined ACT and ABMT participants into an
overarching attention training group for this study.

MEG experimental paradigm

During the MEG recordings, participants completed a visual, verbal WM task while seated
in the MEG chamber. First, participants were instructed to fixate on a centrally presented
crosshair lasting 1,000 ms. A 19 x 13 cm grid (width-by-height) containing six letters was
then presented for 2,000 ms. These letters then disappeared, and the empty grid remained on
the screen for 3,000 ms, until a single “probe” letter appeared in the cell above the fixation
for 900 ms (see Fig. 2). Participants indicated if the probe letter was one of the six
previously presented during the encoding set using their index finger. Each trial lasted 6,900
ms, and each participant completed 128 trials; 50 % of trials were probe-positive (i.e., the
probe appeared in the encoding set), and the remaining 50 % were probe-negative. After
completing attention training, veterans with PTSD underwent a second, identical
posttreatment MEG session. Note that equivalent task performance between patients and
controls was expected on this WM paradigm, as a six-item memory load strongly burdens
WM resources, but is not overly difficult for the vast majority of people. Task difficulty
could have been increased with a higher WM load (e.g., seven or eight letters) or a more
difficult WM task (e.g., four-back), but we specifically avoided this in the current study
because accuracy differences between groups would have complicated the planned MEG
analyses. Essentially, as described below, we focused on correct trials in this study, and a
significant difference in the number of such trials between groups would have biased the
signal-to-noise ratio of the MEG data in favor of the more accurate group.

MEG data acquisition and coregistration with structural MRI

With an acquisition bandwidth of 0.1-330.0 Hz, neuromagnetic responses were sampled
continuously at 1 kHz using an Elekta MEG system with 306 magnetic sensors (Elekta,
Helsinki, Finland). Using MaxFilter (\ersion 2.2; Elekta), MEG data from each participant
were individually corrected for head movement, coregistered with structural MRI, and
subjected to noise reduction using the signal space separation method with a temporal
extension (tSSS; Taulu & Simola, 2006; Taulu, Simola, & Kajola, 2005). Each participant's
MEG data were coregistered with structural T1-weighted MRI data before source space
analyses using BESA MRI (Version 2.0). Structural MRI data were aligned parallel to the
anterior and posterior commissures and transformed into standardized space. After
beamformer analysis, each participant's functional images were also transformed into
standardized space using the transform previously applied to the structural MRI volume and
spatially resampled.

MEG time-frequency transformation and statistics

The MEG preprocessing and imaging analysis pipeline was closely based on the methods
reported in our recent WM papers (Heinrichs-Graham & Wilson, 2015; McDermott et al.,
2015; Proskovec, Heinrichs-Graham, & Wilson, 2016; Wiesman et al., 2016). The

continuous magnetic time series was divided into epochs of 6,900 ms duration, with 0 ms
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being the onset of the encoding grid and the baseline being the —400-0 ms time bin (see Fig.
2). Cardio artifacts were removed from the data using signal-space projection, which was
accounted for during source reconstruction (Uusitalo & limoniemi, 1997). Epochs
containing other artifacts that were not suppressed by tSSS (e.g., some eye blinks) were
rejected using a fixed threshold method, supplemented with visual inspection. The final
number of accepted epochs did not statistically differ between groups.

Acrtifact-free epochs were transformed into the time-frequency domain using complex
demodulation (resolution: 1.0 Hz, 50 ms; Papp & Ktonas, 1977), and the resulting data per
sensor were averaged over trials to generate time-frequency plots of mean spectral density.
These sensor-level data were then normalized by dividing the power value of each time-
frequency bin by the respective bin's baseline power, which was calculated as the mean
power during the —400-0 ms time period. To derive the time-frequency windows of interest
for the source imaging analysis, we used a data-driven statistical analysis of the sensor-level
spectrograms across the entire array of gradiometers. This statistical analysis used a two-
stage procedure to control for Type | error. Briefly, in stage one, one-sample ftests were
conducted on each data point, and the output spectrogram of #values was thresholded at p
< .05 to identify time-frequency bins containing potentially significant oscillatory
deviations. In stage two, suprathreshold bins were clustered with neighboring bins that were
also above the threshold, and a cluster value was derived by summing the #values of all data
points in the cluster. Nonparametric permutation testing was then used to derive a
distribution of cluster values, and the significance of the observed clusters were tested
directly using this distribution (Ernst, 2004; Maris & Oostenveld, 2007). Based on these
analyses, time-frequency windows containing significant oscillatory events across all
participants were selected for imaging. Further details of this statistical approach are
available (Heinrichs-Graham & Wilson, 2015).

MEG source imaging and statistics

Cortical networks were imaged through an extension of the linearly constrained minimum
variance vector beamformer (Hillebrand, Singh, Holliday, Furlong, & Barnes, 2005; Van
Veen, van Drongelen, Yuchtman, & Suzuki, 1997), which employs spatial filters in the
frequency domain to calculate source power for the whole brain volume. The single images
are derived from the cross-spectral densities of all combinations of MEG gradiometers
averaged over the time-frequency range of interest and the solution of the forward problem
for each location on a grid specified by input voxel space. Following convention, the power
in these images was normalized per participant using a separately averaged prestimulus
noise period of equal duration and bandwidth (Van Veen et al., 1997).

Normalized source power was computed for the selected time-frequency bands over the
entire brain volume per participant at 4.0 x 4.0 x 4.0-mm resolution. The resulting 3-D maps
of functional brain activity were statistically evaluated using a mass univariate approach
based on the general linear model. Briefly, the effect of group was examined using a
random-effects analysis for the time-frequency bin and condition of interest (pre-/
posttreatment). Statistical maps were displayed as a function of alpha level (p < .005) and
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adjusted for multiple comparisons using a spatial extent threshold (cluster restriction: 80
contiguous voxels) based on the theory of Gaussian random fields.

Results

Clinical measures and behavioral performance

Mean age was 33.4 years in the group with PTSD, and 30.8 years in the combat-exposed
comparison sample; this difference was not significant, {24) = .96, p=.39. All 26
participants were able to successfully complete the WM task. Participants correctly
identified the probe in 82.73 % (SD = 6.23 %) of all trials, and only correct trials were
included in MEG analyses. Task performance and reaction time did not differ between
veterans with and without PTSD (all ps > .42). Equivalent task performance was expected
based on the design of this WM task, which involved only a six-item load (i.e., not a more
difficult seven- or eight-item load; see Method section). Likewise, task performance in
participants with PTSD did not change following attention training, which was over 80 %
correct before and after treatment, nor did it result in statistically significant change in
reaction time. Importantly, after attention training treatment, CAPS scores significantly
improved, #13) =5.07, p<.0005, from a pre-treatment average of 71.00 (5D = 16.31),
indicating severe PTSD, to a posttreatment average of 45.21 (SD = 21.53), which is at or
below most CAPS thresholds used for a diagnosis of PTSD (Weathers et al., 1999).

MEG sensor-level analysis

Sensor-level spectrograms were statistically examined using nonparametric permutation
testing to derive the precise time-frequency bins for follow-up beamforming analyses. These
analyses indicated a strong alpha desynchronization (9-16 Hz) that began shortly after onset
of the encoding grid (~200 ms) and continued throughout the duration of the encoding phase
and slightly into the maintenance period (p < .001, corrected). A theta synchronization (4-8
Hz) was also detected, and it began at the onset of the encoding grid (0 ms) and persisted
until the end of encoding (p < .001, corrected). Finally, a narrower alpha band (9-12 Hz)
synchronization was detected during the maintenance period, beginning about 2,200 ms after
the onset of the encoding grid and continuing until the retrieval phase (p < .001, corrected).
These three oscillatory responses can easily be discerned in the sensor-level spectrograms
(see Fig. 2). To interrogate the temporal dynamics, the significant alpha oscillatory responses
were divided into 12 nonoverlapping time windows of 400 ms duration (i.e., 200-600 ms,
600-1000 ms, 1000-1400 ms, 1400-1800 ms, 1800-2200 ms, 2200-2600 ms, 2600-3000
ms, 3000-3400 ms, 3400-3800 ms, 3800-4200 ms, 4200-4600 ms, 4600-5000 ms), and
each window was imaged and statistically evaluated for group effects. The first five time
windows (200-2200 ms) were imaged using the 9-16 Hz band, and the remaining were
imaged from 9-12 Hz. The theta oscillatory response was also divided into nonoverlapping
time windows of 400 ms duration (i.e., 0-400 ms, 400-800 ms, 800-1200 ms, 1200-1600
ms, 1600-2000 ms), and each window was imaged and statistically evaluated for group
effects. These precise time windows were chosen because they correspond closely to the
observed oscillatory dynamics (see Fig. 2).
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MEG oscillatory analysis

Group-level statistical parametric maps (SPMs) were initially computed for the 14 veterans
with PTSD (pretreatment) and the 12 combat veterans without PTSD. These maps showed
strong alpha event-related desynchronization (ERD) in left hemispheric language areas of
each group. In addition, combat-exposed veterans without PTSD had theta and alpha event-
related synchronizations (ERS) in the right prefrontal cortices, which included the IFG, the
dorsolateral prefrontal cortex (DLPFC), the right SMG, and right inferior parietal regions,
whereas veterans with PTSD had theta and alpha ERD responses in these same brain
regions.

In regard to pretreatment group differences (pretreatment images compared to control
images), we found significant effects during several time windows, but only in right
hemispheric brain regions. For example, veterans with PTSD had significantly weaker theta
activity (i.e., ERD) compared to those without PTSD in the right IFG in the 400-800 ms
time window and in the right SMG during in the 1,200-1,600 ms time window (p < .005,
corrected; see Fig. 3). No group differences in alpha activity were observed in the encoding
period. During maintenance, veterans with PTSD had weaker alpha activity in the IFG (i.e.,
ERD), which first emerged in the 2,200-2,600 ms time window and then remerged in the
3000-3400 ms, 3800-4200 ms, and 4600-5000 ms time windows (o < .005, corrected; see
Fig. 4). Similar differences in alpha were also found in the right DLPFC during the 3,800-
4,200 ms time window and in the right SMG and inferior parietal areas during the 4,600—
5,000 ms time window (p < .005, corrected; see Fig. 4).

In regard to our primary focus on posttreatment group differences (posttreatment images
compared to control images), we observed either a reduction or normalization of the pre-
treatment group differences during both theta encoding and alpha maintenance. Note that
SPMs were displayed as a function of alpha level (p < .005) such that differences above this
threshold were considered nonsignificant. For theta encoding, the group difference in the
right IFG during the 400-800 ms time window was still present (p < .005, corrected; see Fig.
3), although markedly reduced, and the group difference in the right SMG during the 1,200-
1,600 ms time window was no longer present (p > .005, corrected; see Figs. 3 and 5). For
alpha maintenance, the group differences in the right IFG for the 2200-2600, 3000-3400,
and 4600-5000 ms time windows were no longer present (p > .005, corrected; Figs. 4 and
5). The group differences in the right DLPFC for the 3,800-4,200 ms time window and in
the right SMG and inferior parietal areas for the 4,600-5,000 ms time window were still
present posttreatment (p < .005, corrected; see Fig. 4) and were relatively unaffected by
treatment (see Fig. 5). Finally, there was a significant treatment effect in the right IFG in the
4,600-5,000 ms time window (p < .005, corrected; see Fig. 5), and marginal treatment
effects in brain areas where group differences were no longer observed posttreatment (Fig.
5).

Discussion

We evaluated the effects of attention training on the neural dynamics serving WM encoding
and maintenance in combat veterans with PTSD using MEG. We found that PTSD was
associated with altered dynamics during WM processing in the right IFG, right DLPFC,
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right SMG, and inferior parietal regions when compared to a combat-exposed control
sample. Importantly, following attention training, we found that these altered neural
dynamics were either reduced or eliminated.

Normative studies of WM processing have emphasized the importance of oscillatory activity
in left-hemispheric language areas during encoding and maintenance (Brookes et al., 2011;
Jensen et al., 2002) consistent with the presumed functioning of Baddeley's phonological
loop (Baddeley, 2000). We observed expected activity in these language regions in both
groups; however, differences emerged between veterans with PTSD (pretreatment) and
veterans without PTSD in theta and alpha activity in the right prefrontal (mainly, inferior
frontal gyrus) and supramarginal regions stretching into inferior parietal during some time
windows. These findings reiterate the WM group differences in alpha activity identified
between the larger sample (McDermott et al., 2015), but in this study we also examined
differences in the theta oscillatory range, broadening our perspective on oscillatory
aberrations in PTSD.

Our most important finding was that veterans with PTSD who completed an attention
training protocol, which had been shown to successfully reduce PTSD symptoms (Badura-
Brack et al., 2015), also displayed partially normalized neural activity during WM
processing after training. A recent meta-analysis by Scott and colleagues (2015) reported
that attention and WM deficits are among the strongest neurocognitive deficits in PTSD and
are closely associated with the symptomatology, so combining these lines of research and
discovering that attention training treatment improves aberrant neural dynamics during WM
processing in veterans with PTSD is note-worthy. Although attention allocation and WM
capacity are not necessarily equivalent constructs, there is considerable overlap between
them as components of executive function (Bleckley, Durso, Crutchfield, Engle, & Khanna,
2003; McCabe, Roediger, McDaniel, Balota, & Hambrick, 2010). This overlap may help
explain how attention training normalized aberrant oscillatory activity during performance
of a WM task, reducing the need to engage in compensatory recruitment. In a similar vein,
we recently showed that attention training resulted in improved performance on an
emotional Stroop task in veterans with PTSD (Khanna et al., 2015), supporting the assertion
that attention training may exert part of its action through improved executive functioning.

Our current findings suggest that simple cognitive training geared to enhance inhibitory
control modulates the brain network(s) serving WM processing, with neural responses in the
prefrontal cortices and inferior parietal region becoming more like those of non-PTSD
controls following therapy. Before closing, it is important to recognize several limitations of
this study. First, the lack of a second MEG session in the healthy controls is probably the
most significant limitation of the study. Such a repeated session would have provided a
powerful control for natural variability over time in WM responses. We did not collect a
second MEG session in controls because of the cost of MEG, and because there are many
publications that have shown high test—retest reliability for MEG metrics (Ahonen,
Huotilainen, & Brattico, 2016; Becker et al., 2012; Edgar et al., 2015; Martin-Buro, Garcés,
& Maestl, 2016; Tan, Gross, & Uhlhaas, 2015). Importantly, Ahonen and colleagues (2016)
found that neurophysiological responses during an A-back WM task were highly reliable.
Nonetheless, a second MEG session in controls would have improved the study. Second, the
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relatively small sample size, lack of a placebo-treatment group, and that one third of the
patients were receiving medication during the study are also limitations. Future studies
should use larger and medication-free samples, and implement an attention training
treatment protocol that includes a placebo group. Finally, our study also focused on men and
combat-related trauma, as well as verbal WM (i.e., not spatial). Future studies should
evaluate women, different types of trauma, and other WM and executive control tasks.
Furthermore, the goal of this study was to identify whether attention training in general was
associated with neurophysiological changes in PTSD. Future work should directly compare
various forms of attention training (ACT, ABMT) and explore the use of attention training
on other psychiatric conditions associated with executive function deficits. Nonetheless, our
findings provide initial evidence that attention training improves aberrant neural activity in
WM executive control networks in patients with PTSD.
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Fixation

Face Pair

Target Probe

Between Trials

Fig. 1.
Faces-based variant of the dot probe task. Each training trial began with a fixation cross (500

ms), followed by a face pair (500 ms), then a target displayed (“<” or “>") in the space
vacated by either the angry or neutral face, which remained on-screen until patients
responded; finally, there was a blank display for 500 ms between trials

Cogn Affect Behav Neurosci. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDermott et al

Frequency (Hz)

| - -

Page 15

Fixation Encoding Maintenance Retrieval

-1000-0 ms 0-2000 ms 2000-5000 ms 5000-5900 ms

>

Oscillatory Dynamics During Working Memory Processing
Left Parieto-Occipital Cortices Right Parieto-Occipital Cortices

30

v T % T

Encoding Maintenance Retrieval |

8

»
o
T

Frequency (Hz)
»
3

Encoding Maintenance i Retrieval |

20
104
30
“ o ‘m
" N i N i " " i
30 40 6.0 ] 10 20 30 40 50
Time (sec) Time (sec)

Fig. 2.
(Top) Layout of working memory paradigm and (bottom) time-frequency spectrograms.

(Top) Each trial consisted of four phases: (1) a fixation phase lasting 1,000 ms that included
the baseline (=400 to 0 ms), (2) an encoding phase lasting 2,000 ms and consisting of six
letters presented simultaneously within a grid, (3) a maintenance phase lasting 3,000 ms
during which the six letters disappeared from the grid, and (4) a retrieval phase lasting 900
ms that required participants to identify whether the probe letter appeared in the original
encoding set. Each participant completed 128 trials during each MEG session. (Bottom)
Group mean time-frequency spectrograms averaged across all participants, with a sensor
from the left parieto-occipital region shown on the left and the same for the right. In each
spectrogram, time (sec) is shown on the x-axis and frequency (Hz) on the y~axis. Percentage
of power change was computed by dividing the mean power of each time-frequency bin by
the respective bin's baseline power and multiplying this value by 100. The color legend is
displayed to the right. Strong theta synchronization and alpha desynchronization was
observed shortly after the encoding grid was presented, and this evolved into a narrower
alpha synchronization during maintenance (with theta oscillations dissipating)
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Treatment Effects on Theta Oscillatory Dynamics during Encoding
400-800 ms 1200-1600 ms

PRE-TREATMENT

GROUP DIFFERENCES
(PATIENTS vs CONTROLS)

POST-TREATMENT

GROUP DIFFERENCES
(PATIENTS vs CONTROLS)

Fig. 3.
Significant group differences (p < .005, corrected) in theta oscillatory activity during the

encoding phase. Data representing the veterans with PTSD before treatment compared to the
veterans without PTSD are shown on the top row, whereas the bottom row depicts
comparison of the posttreatment images of veterans with PTSD to the veterans without
PTSD. Note that data from the veterans without PTSD are the same in both panels, as these
participants completed only one MEG session. Before treatment, veterans with PTSD had
significantly reduced theta activity (i.e., strong ERD) during several time bins in the right
inferior frontal and supramarginal gyri (o < .005, corrected) compared to veterans without
PTSD (top row). Following treatment, these differences in theta activity were strongly
diminished and/or fully suppressed (bottom row)
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Treatment Effects on Alpha Oscillatory Dynamics during Maintenance
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Fig. 4.
Significant group differences (p < .005, corrected) in alpha oscillations during the

maintenance phase. Similar to Fig. 3, data representing veterans with PTSD before treatment
compared to veterans without PTSD are shown on the top row, while the bottom row depicts
comparison of the posttreatment veterans with PTSD to the veterans without PTSD. Note
that data from the veterans without PTSD are the same in both panels, as these participants
completed only one MEG session. In most time windows, veterans with PTSD had
significantly weaker alpha activity (i.e., ERD responses) in right prefrontal and
supramarginal areas before attention training treatment compared to veterans without PTSD
(p < .005, corrected; top row). Following attention training, differences in most time bins
were no longer present, and the posttreatment veterans generally showed no significant
differences relative to those without PTSD (bottom row)
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Fig. 5.

Bar graphs showing peak voxel values in brain regions where significant group differences
were observed. In each panel, the group mean for veterans with PTSD before treatment
(aqua), veterans with PTSD after treatment (red), and healthy controls (green) is shown for

the peak voxel in a specific time window and brain area where group differences were

observed. The legend appears on the right, and error bars reflect one standard error of the
mean. These graphs illustrate the widespread normalization of theta and alpha oscillatory
responses following attention training in veterans with PTSD
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