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A B S T R A C T   

Background: Posttraumatic stress disorder (PTSD) has been found to be associated with emotion under- 
modulation from the prefrontal cortex and a breakdown of the top-down control of cognition and emotion. 
Novel adjunct therapies such as neurofeedback (NFB) have been shown to normalize aberrant neural circuits that 
underlie PTSD psychopathology at rest. However, little evidence exists for NFB-linked neural improvements 
under emotionally relevant cognitive load. The current study sought to address this gap by examining the effects 
of alpha-down NFB in the context of an emotional n-back task. 
Methods: We conducted a 20-week double-blind randomized, sham-controlled trial of alpha-down NFB and 
collected neuroimaging data before and after the NFB protocol. Participants performed an emotional 1-back and 
2-back working memory task, with interleaved trauma-neutral and trauma-relevant cues in the fMRI scanner. 
Data from 35 participants with a primary diagnosis of PTSD were analyzed in this study (n = 18 in the exper
imental group undergoing alpha-down NFB, n = 17 in the sham-control group). 
Results: Firstly, within-group analyses showed clinically significant reductions in PTSD symptom severity scores 
at the post-intervention timepoint and 3-month follow-up for the experimental group, and not for the sham- 
control group. The neuroimaging analyses revealed that alpha-down NFB enhanced engagement of top-down 
cognitive and emotional control centers, such as the dorsolateral prefrontal cortex (dlPFC), and improved 
integration of the anterior and posterior parts of the default mode network (DMN). Finally, our results also 
indicate that increased alpha-down NFB performance correlated with increased activity in brain regions involved 
in top-down control and bodily consciousness/embodied processing of self (TPJ and posterior insula). 
Conclusion: This is the first study to provide mechanistic insights into how NFB may normalize dysfunctional 
brain activity and connectivity in PTSD under cognitive load with simultaneous symptom provocation, adding to 
a growing body of evidence supporting the therapeutic neuromodulatory effects of NFB. This preliminary study 
highlights the benefits of alpha-down NFB training as an adjunctive therapy for PTSD and warrants further 
investigation into its therapeutic effects on cognitive and emotion control in those with PTSD.  
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1. Introduction 

A wide range of cognitive functions and behaviour have been shown 
to be impaired among those with post-traumatic stress disorder (PTSD) 
(Jelinek et al., 2008; Koso and Hansen, 2006; Larsen et al., 2019; Op den 
Kelder et al., 2018; Scott et al., 2015; Woon et al., 2017). Recent 
research indicates that difficulties in domains such as inhibitory and 
emotional control might be critical factors limiting the effectiveness of 
mainstream evidence-based cognitive therapies for PTSD (Falconer 
et al., 2013; Scott et al., 2015; Wild and Gur, 2008). It has therefore been 
proposed that a useful strategy to boost the efficacy of mainstream PTSD 
therapies, and to reduce attrition rates, may be alternate or adjunctive 
interventions (Boyd et al., 2018; Watkins et al., 2018), which may serve 
to directly improve these critical domains. This is of urgent concern to 
healthcare systems since lifetime prevalence of PTSD among the general 
population in North-America is around 8–14 % (Kilpatrick et al., 2013; 
Spottswood et al., 2017) and can be as high as 20–30 % among military 
members, veterans, public safety personnel and healthcare workers due 
to occupation-related trauma exposure (Berger et al., 2012; Fulton et al., 
2015; Koenigs et al., 2008; Kulka et al., 1990; Li et al., 2021; Petrie et al., 
2018; Sendlera et al., 2016; Thomas et al., 2010). Unfortunately, these 
populations also suffer from high non-response rates (Cusack et al., 
2016; Watkins et al., 2018; Watts et al., 2013), with up to two-thirds of 
patients retaining diagnosis after mainstream PTSD treatments (Steen
kamp et al., 2015). Collectively, these problems highlight the need to 
investigate and adopt novel adjunctive therapies capable of improving 
the critical domains of cognitive and emotional control. 

Neurofeedback (NFB) is one such promising intervention that allows 
one to voluntarily self-regulate neural circuits that are directly associ
ated with psychopathology and symptom maintenance. Indeed, NFB 
engages executive processes (da Silva and de Souza, 2021), can improve 
some of these impaired cognitive domains (da Silva and de Souza, 2021; 
Hsueh et al., 2016), and is shown to be effective in reducing the clinical 
symptoms of PTSD while also normalizing associated large-scale brain 
networks (Bell et al., 2019; du Bois et al., 2021; Kluetsch et al., 2014; 
Nicholson et al., 2020b; Niv, 2013; Reiter et al., 2016; Ros et al., 2013; 
van der Kolk et al., 2016; Zotev et al., 2018). For instance, an investi
gation of NFB in those with chronic PTSD was successful in significantly 
reducing PTSD symptoms and improving affect regulation (Gapen et al., 
2016; van der Kolk et al., 2016). Further work by this group also showed 
reductions in PTSD symptom severity, especially behavioural and 
emotional symptoms, alongside improved executive functioning after 
NFB in a group of treatment-resistant children with a history of neglect 
and developmental trauma (Rogel et al., 2020), adding to a growing 
literature showing NFB-based improvement in executive functioning. 
Furthermore, these NFB-linked improvements are not limited to the 
more commonly used electroencephalogram-based (EEG) NFB protocols 
and are also found in functional magnetic resonance imaging (fMRI) 
based NFB protocols (Nicholson et al., 2017b; Sherwood et al., 2016; 
Zotev et al., 2016). Of the many NFB protocols available, EEG-based 
alpha-down NFB has emerged as a particularly useful protocol for 
ameliorating symptoms in PTSD populations (du Bois et al., 2021; 
Kluetsch et al., 2014; Nicholson et al., 2020b; Ros et al., 2013). Addi
tionally, the ability of the alpha-down NFB protocol in producing clin
ically significant reductions in PTSD severity has also been replicated 
using a low-cost EEG system in Rwanda (du Bois et al., 2021), high
lighting the critical ability of neurofeedback interventions in improving 
treatment accessibility. 

The currently implemented alpha-down NFB protocol consists of 
multiple training sessions during which participants learn to reduce 
their alpha activity (oscillations in the 8–12 Hz range) at a particular 
electrode location on their scalp. Notably, alpha-based neurofeedback 
(NFB) has demonstrated its ability to modulate network activation (Bell 
et al., 2019; du Bois et al., 2021; Kluetsch et al., 2014; Nicholson et al., 
2020b, 2016a; Niv, 2013; Reiter et al., 2016; Ros et al., 2013) and also 
improve PFC-linked working memory (Escolano et al., 2011; Hsueh 

et al., 2016). More specifically, resting-state fMRI analyses collected 
from the participants in the current randomized controlled trial of alpha- 
down NFB demonstrated increased dmPFC connectivity with the ante
rior DMN community, indicating increased DMN integration (Nicholson 
et al., 2020b) in those that performed alpha-down NFB, as compared to 
the sham NFB group. Single-session mechanistic studies from our group 
(Kluetsch et al., 2014; Nicholson et al., 2016a; Ros et al., 2013) have also 
shown that PTSD patients after a single 30-minute alpha-down NFB 
session displayed a therapeutic increase in connectivity between the 
amygdala and mPFC at rest, which also negatively correlated with PTSD 
symptom severity scores. Collectively, these findings support the ther
apeutic ability of alpha-down neurofeedback in reducing PTSD symp
toms (du Bois et al., 2021; Nicholson et al., 2020b) while bringing online 
PFC-centric executive functioning regions at rest, leaving an important 
open-question. Does alpha-down NFB also result in improved top-down 
control under conditions with greater cognitive load? Furthermore, 
given that difficulties in inhibitory and emotion control might affect 
therapeutic effectiveness (Falconer et al., 2013), it is important to probe 
the effect of alpha-down NFB on the inhibitory and emotion control 
centres of the brain. To accomplish this, the current study extends the 
results of Nicholson et al., 2020b (that characterized the neural changes 
associated with alpha-down NFB training at rest) by investigating neural 
changes in PTSD patients while they perform an emotion-based n-back 
working memory task, before and after they participate in a randomized 
controlled trial of alpha-down NFB training. 

Dysfunctional prefrontal cortex (PFC) activity (both medial and 
lateral subregions) and connectivity, both at rest and during executive 
functioning tasks, are one of the hallmark neural biomarkers charac
terising PTSD (Hopper et al., 2007; Lanius et al., 2001; Liberzon and 
Abelson, 2016; Sheynin and Liberzon, 2017). More specifically, a 
plethora of studies have reported reduced dmPFC/dlPFC thickness 
(Geuze et al., 2008), reduced PFC (multiple subregions) activation 
during rest and under cognitive load (Aupperle et al., 2012; Hopper 
et al., 2007; Lanius et al., 2010a; Scott et al., 2015), and hypo- 
connectivity with an over-active amygdala (Nicholson et al., 2015) in 
PTSD during rest. Together, this is thought to represent the under
modulation of emotions as well as suboptimal contextualization of 
trauma memories, thereby leading to PTSD symptomatology, including 
alterations in cognitions and mood, hyperarousal, and intrusive trauma- 
related memories (Lanius et al., 2006, 2001; Liberzon and Abelson, 
2016; Sheynin and Liberzon, 2017). Critically, Aupperle and colleagues 
have shown that higher dlPFC activation during the anticipation of 
emotionally valent stimuli is associated with lower PTSD symptom 
severity, in addition to enhanced executive functioning (Aupperle et al., 
2012). Collectively, these findings highlight the critical role of the PFC 
in the top-down control of emotion and detail how abnormal PFC acti
vation and connectivity are associated with dysregulated top-down 
cognitive and emotional control. 

Aberrant PFC functioning is also repeatedly observed in the context 
of disruptions and imbalances between intrinsic connectivity networks 
(ICNs) in those with PTSD. In the healthy brain, dorsolateral subregions 
of the PFC synchronously co-activate with parietal and cerebellar brain 
regions, forming the central executive network (CEN) (also known as the 
fronto-parietal network – FPN); and medial PFC regions synchronize 
with temporo-parietal and medial-temporal regions to form the default 
mode network (DMN). The CEN plays an important role in executive 
functioning and working memory (Nejati et al., 2018), while the DMN is 
involved in social cognition, self-related processing, episodic memory 
recall, and future thinking (Spreng and Grady, 2010). Yet another 
behaviourally important ICN is the salience network (SN), comprising of 
the dorsal anterior cingulate and insular brain regions. The SN plays a 
major role in integrating sensory inputs, internal states, and emotions 
(Harricharan et al., 2021, 2020; Menon and Uddin, 2010; Uddin, 2015) 
and is thought to orchestrate switching between the CEN and DMN by 
co-activating with the task-relevant network (Shaw et al., 2021). Hence, 
interactions between these ICNs are important for healthy cognitive and 
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behavioural functioning (Dosenbach et al., 2008; Ryali et al., 2016), and 
these ICNs are found to be dysregulated in a number of psychopathol
ogies (Menon, 2011; Sha et al., 2019; Wang et al., 2020), including PTSD 
(Daniels et al., 2010; Lanius et al., 2015; Lanius et al., 2010b; Nicholson 
et al., 2020a). 

The CEN displays significant alterations in activity, connectivity, and 
function among individuals with PTSD, at rest and under cognitive load 
(Daniels et al., 2010; Lanius et al., 2015; Nicholson et al., 2020a). Spe
cifically, nodes within the CEN, such as the right and left dlPFC, are 
found to be hypo-connected with each other at rest in those with PTSD 
(Holmes et al., 2018), in addition to being hypo-connected with limbic 
structures (Barredo et al., 2018), providing further evidence for the 
under-modulation of emotional control in PTSD. A recent study also 
found decreased left CEN connectivity with sections of the left superior/ 
middle temporal gyrus (a brain region implicated in multisensory inte
gration, bodily self-consciousness and executive functioning), indicating 
diminished control over these faculties (Nicholson et al., 2020a). 
Importantly, this pattern of CEN hypoconnectivity at rest is in stark 
contrast to that found under cognitive load. Abnormally high recruit
ment of the CEN has been observed in those with PTSD during a working 
memory task, as compared to healthy controls, indicating the need for 
increased attentional resources during cognitive tasks (Moores et al., 
2008). This study further showed abnormal recruitment of working 
memory updating structures (dlPFC and the inferior parietal lobule – 
IPL) during working memory maintenance. In addition, increased dlPFC 
activation has been observed during symptom provocation, suggesting 
attentional bias towards threat in those with PTSD (Fani et al., 2012). 
Notably, erroneous recruitment of the DMN instead of the task- 
appropriate CEN has also been observed in PTSD patients during an n- 
back working memory task (Daniels et al., 2010). 

One of the most prominent PFC-linked ICN dysfunctions observed in 
those with PTSD at rest is the decreased connectivity of the mPFC within 
the anterior DMN community (Akiki et al., 2018), and its segregation 
from the posterior DMN communities (Akiki et al., 2018; Bluhm et al., 
2009). Additionally, in the context of PTSD at rest, the SN is found to be 
hyper-connected with other SN nodes (Harricharan et al., 2020; Lanius 
et al., 2015; Nicholson et al., 2020b; Nicholson et al., 2020a), amygdala 
subregions (Nicholson et al., 2016b) and DMN nodes (Sripada et al., 
2012), while being hypo-connected with PFC regions (Harricharan 
et al., 2020). Furthermore, the SN is critically involved in the innate 
alarm system (IAS) (Lanius et al., 2017) and subserves increased 
hypervigilance and hyperarousal symptoms in PTSD. The SN is also 
involved in multisensory integration and facilitates embodiment func
tions, known to be disrupted in PTSD (Harricharan et al., 2021). 

Taken together, these findings suggest that improvements in PFC 
activity and connectivity may improve the balance between ICNs and 
also improve PTSD symptomatology, particularly in the context of 
cognitive tasks, making it a critical target for the treatment of PTSD. 
Consequently, there is a need for an intervention that can restore PFC 
disruptions observed in PTSD and improve top-down control of emo
tions in order to reduce symptom severity. As discussed in detail above, 
alpha-down NFB is a promising candidate with considerable evidence 
for improved ICN dynamics and reduced PTSD symptom severity post- 
intervention. However, despite growing evidence for the benefits of 
NFB in the treatment of PTSD, there is a poor understanding of how 
alpha-down NFB changes focal brain activity and large-scale network 
dynamics under cognitive load, particularly during symptom provoca
tion. To address this gap, we carried out a double-blind randomized 
controlled trial of alpha-down NFB and assessed changes in brain ac
tivity before and after the NFB-intervention, while participants per
formed an emotional 1-back and 2-back working memory task. 
Specifically, our paradigm consisted of interleaved trauma-relevant and 
trauma-neutral cues that engaged emotional processing pathways in the 
brain to manage their trauma memory while still under cognitive load, 
necessitating the use of top-down emotional control. Using this data, we 
aimed to answer three critical questions:  

1. Firstly (study aim 1), what are the whole-brain activation effects of 
alpha-down NFB during this emotional working memory task?  

2. Secondly (study aim 2), what are the ICN-based effects of alpha- 
down NFB during this emotional working memory task? 

3. And finally (study aim 3), how are these neural activation/connec
tivity patterns correlated to metrics of neurofeedback success and 
reductions in PTSD symptoms? 

Firstly, as shown by Nicholson et al. (2020b), the experimental group 
was expected to show a greater reduction in their alpha power metric 
and their PTSD symptom severity. Next, based on the discussed litera
ture and prior findings, those undergoing the alpha-down NFB protocol 
(the experimental group) were expected to show increased recruitment 
of PFC brain areas involved in top-down control of emotions during the 
emotional n-back tasks (study aim 1), as compared to the sham-control 
group. Furthermore, given the normalizing shift in DMN and SN con
nectivity observed in the experimental group at rest in Nicholson et al. 
(2020b), we hypothesized that the experimental group in the current 
study would also show a normalizing shift in the connectivity of ICNs 
integral to emotion regulation under cognitive load (study aim 2). More 
specifically, the DMN was expected to be less fractionated in the 
experimental group, compared to the control group, with increased 
connectivity of the anterior DMN (aDMN) with posterior nodes involved 
in embodied processing of emotion, such as the angular gyrus (AG). 
Additionally, regions involved in the task-relevant process of working 
memory, such as the dlPFC, were expected to show less connectivity 
with brain regions and ICNs involved in the processing of emotion in the 
experimental group, compared to the control group. Lastly, the alpha- 
down NFB protocol was expected to increase recruitment of regions 
responsible for emotion processing and control (such as the prefrontal 
cortex – PFC and the temporo-parietal junction – TPJ) to a greater extent 
in the participants that were more successful in decreasing alpha activity 
within the experimental group, but not in the sham-control group. 

2. Methods 

2.1. Participants 

The sample for the currently reported analysis consisted of n = 40 
individuals with a primary diagnosis of PTSD. Four participants were 
excluded from the present neuroimaging analyses due to incomplete 
fMRI scans. As such, a total of n = 36 participants with PTSD (21–59 
years-of-age, see Table 1 for complete clinical and demographic infor
mation) were randomly assigned to either the experimental EEG-NFB 
group (n = 18 participants), or the sham-control EEG-NFB group (n =
18 participants). One additional participant’s data had to be excluded 
from the analyses after study completion due to partial corruption of 
their fMRI data during the working memory task, resulting in n = 18 
participants in the experimental EEG-NFB group (M = 40.28 ± 12.21 
years-of-age, n = 12 females) and n = 17 participants in the sham- 
control group (M = 45.88 ± 12.63 years-of-age, n = 13 females). The 
participant cohort analyzed in this study is identical to the PTSD cohort 
reported in Nicholson et al. (2020b), which examined resting-state 
intrinsic connectivity network dynamics as a function of neurofeed
back in the current RCT, with the notable exclusion of one participant in 
the sham-control group. The current study also did not have a baseline 
resting-state healthy control group comparison since the primary goal of 
this study was to understand the effects of alpha-down NFB in improving 
emotion processing under cognitive load. 

Individuals who participated in the current randomized controlled 
trial were recruited over a 4-year period through referrals from family 
physicians, mental healthcare providers, psychiatry clinics, and com
munity advertisements in London, Ontario, Canada. The inclusion 
criteria for the PTSD group in this RCT included a primary PTSD diag
nosis, evaluated using the Clinician-Administered PTSD Scale [CAPS; 
versions IV (n = 4) and 5 (n = 31)] and the Structured Clinical Interview 
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for DSM-IV (SCID) (First et al., 2002). Any patients with PTSD and with 
active substance use disorder within 3 months of study onset were 
excluded, as were those with any lifetime diagnoses of bipolar or psy
chotic disorders. Those actively engaged in any other trauma-focused 
psychotherapy treatments were also excluded, along with those that 
previously received biofeedback therapy. In addition, those who had 
significant suicidal ideation over the past 3 months, exhibited self- 
injurious behaviour necessitating medical attention in the past 3 
months, had unstable living conditions (such as homelessness), or were 
currently involved in a violent relationship were excluded from the 
study. Furthermore, participants were excluded if they were non- 
compliant with fMRI safety standards, pregnant, suffering from signifi
cant medical illnesses, or had a history of developmental or neurological 
disorder, including prior head injury with loss of consciousness. 

Prevalence of psychiatric comorbid conditions did not differ signif
icantly between the experimental and sham-control NFB groups (see 
Table 1). Additionally, the distribution of criterion A trauma categories 
did not differ significantly between the two groups. Criterion A trau
matic events related to PTSD diagnoses in the experimental NFB group 
consisted of military occupational trauma (n = 3), first-responder 
occupational trauma (n = 2), and civilian physical/sexual abuse or 
neglect (n = 13). Similarly, criterion A traumas related to PTSD di
agnoses in the sham-control NFB group consisted of military occupa
tional trauma (n = 3), first-responder occupational trauma (n = 1), and 
civilian physical/sexual abuse or neglect (n = 13). Of importance, age, 
biological sex, number of participants receiving psychotropic medica
tion (total n = 23, n = 12 in the experimental group, n = 11 in the sham- 
control NFB group) as well as psychotropic medication class (which 
included antidepressants n = 18, atypical antipsychotics n = 6, sedatives 
n = 8, and stimulants n = 2) did not differ significantly between the 
experimental and sham-control NFB groups. Participants with PTSD 
who were receiving psychotropic medication were on a stable dose prior 
to study onset and were asked to remain on the same medication regime 
throughout the duration of the study, if possible. Here, average dose 
within a particular class of medication did not differ significantly be
tween groups at baseline, nor throughout the clinical trial. Notably, 
results reported below did not differ significantly when psychotropic 
medication was included as a covariate in the analyses. 

The study protocols were ratified by the Western University Research 
Ethics Board (WREB). All participants gave their informed consent and 
received financial compensation for participation in this study. None of 
the participant debrief material contained our hypotheses, and the 
participants were aware that they would be randomly assigned to either 
the experimental or the sham-control NFB group. All participants were 
informed that the goal of the study was to examine whether they could 
learn to control their brain activity and how they would go about 
achieving this. Additionally, participants in the sham-control NFB group 
were offered the alpha-down NFB protocol after the end of the study 
period. This preliminary investigation was a pilot study and was there
fore not pre-registered as a clinical trial; hence, we were highly 

restrictive with the outcome measures we examined, with the primary 
outcome measure being PTSD severity scores (CAPS). 

2.2. Study design 

Recruited participants with PTSD were randomized to either the 
experimental alpha-desynchronizing NFB group, or the sham-control 
NFB group, under double-blind conditions. We first conducted base
line assessments (pre-intervention timepoint) on the CAPS and SCID and 
additionally administered the Multiscale Dissociation Inventory (MDI) 
(Briere et al., 2005) and the Childhood Trauma Questionnaire (CTQ) 
(Bernstein et al., 2003) approximately one week prior to the onset of the 
NFB intervention protocol. 

Following this, all participants performed two emotional n-back 
tasks while inside the fMRI scanner – one asking the participant to 
remember the word shown 1 word ago (1-back), and the other asking the 
participant to remember the word shown 2 words ago (2-back). Each 
emotional n-back task consisted of 48 cued trials: 24 trials of neutral 
cues (color names) and 24 trials of personalized trauma cues, presented 
in a randomized order. The cues were personalized to ensure that the 
neutral cues were emotionally neutral for each participant. This task was 
conducted during the same scanning session as that of the resting-state 
scan reported in Nicholson et al. (2020b). Nicholson et al. (2020b) re
ported on the results of the resting-state scan, while the current study 
reports on the results of the described emotional n-back task. This task 
was performed approximately one week prior to the start of the NFB 
protocol (pre-intervention timepoint), and was repeated approximately 
one week after the end of the NFB protocol (post-intervention time
point). In summary, this reflects a 2 (Group: experimental vs sham- 
control) by 2 (Timepoint: pre vs post-NFB) mixed-effects model, split- 
plot design for each n-back task (1 and 2-back). Some of the afore
mentioned clinical assessments (CAPS and MDI) were also repeated after 
the end of the NFB protocol (post-intervention timepoint), followed by a 
third assessment session 3-months after the end of the NFB protocol 
(follow-up timepoint). This is summarized in Fig. 1 

2.3. EEG neurofeedback paradigm 

The participants began their respective NFB protocols approximately 
one week after the pre-intervention fMRI data collection. The protocol 
consisted of weekly NFB sessions that were 20-minutes in length. The 
participants had to complete a minimum of 15 NFB sessions, with a 
maximum of 20 sessions available. All participants completed at least 17 
sessions, and the mean number of sessions completed by the participants 
did not differ between the two groups (M = 19.6 ± 0.98 in the experi
mental EEG-NFB group, and M = 19.9 ± 0.24 in the sham-control 
group), nor did the duration of treatment (M = 161.1 days ± 36.3 in 
the experimental EEG-NFB group, and M = 180.6 days ± 37.9 in the 
sham-control group). 

We implemented the same EEG-NFB protocol reported previously 

Table 1 
Participant demographics and clinical scores at the pre-intervention timepoint (baseline). Abbreviations: CAPS – Clinician Administered PTSD Scale (Normalized to 
CAPS-5), CTQ – Childhood Trauma Questionnaire, MDI – Multiscale Dissociation Inventory, MDD – Major Depressive Disorder. Bonferroni-corrected threshold for 
significant group differences is p = 0.05/5 = 0.01.   

Experimental Group Sham – Control Group Group Comparisons 

Number of Participants 18 17 – 
Sex 12 Females 13 Females χ2 = 0.412; p = 0.52; φ = 0.11 
Age 40.28 ± 12.21 45.88 ± 12.63 t(33) = -1.33; p = 0.19; dz = 0.225 
CAPS – Total 36.86 ± 10.36 39.64 ± 7.97 t(33) = -0.90; p = 0.37; dz = 0.152 
CTQ – Total 54.61 ± 19.88 62.50 ± 19.73 t(33) = -1.16; p = 0.25; dz = 0.196 
MDI – Total 52.89 ± 14.87 67.75 ± 21.46 t(33) = -2.36; p = 0.02; dz = 0.398 
MDD Current/Past = 5/8 Current/Past = 6/5 χ2 = 0.23/0.85; p = 0.63/0.36; φ = 0.08/− 0.15 
Somatization Disorder Current/Past = 1/0 Current/Past = 3/0 χ2 = 1.26/–; p = 0.26/–; φ = 0.19/– 
Specific Phobia Current/Past = 0/0 Current/Past = 1/0 χ2 = 1.09/– ; p = 0.30/–; φ = 0.18/– 
Medication 12 11 χ2 = 0.015; p = 0.90; φ = -0.02  
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(Nicholson et al., 2020b). During the first NFB session, the participants 
received an introduction to NFB technology/equipment, psycho
education, and were encouraged to establish goals for treatment. A 
baseline EEG recording was also collected during this first NFB session. 
All NFB sessions following this first session consisted of an initial 3-min
ute baseline EEG recording without feedback (during which the partic
ipants were asked to relax with their eyes open without moving their 
eyes excessively, while staring at a wall), followed by 20 min of EEG- 
NFB training using an alpha desynchronizing protocol. Hence, the NFB 
analyses that assessed training effects in this manuscript relied on alpha- 
dynamics from session 2 onwards. The alpha desynchronization NFB 
protocol implemented here is identical to that described previously 
(Kluetsch et al., 2014; Nicholson et al., 2020b; Ros et al., 2013), using 
the Pz electrode to provide real-time feedback. After receiving identical 
instructions, participants in the experimental EEG-NFB group received 
feedback targeting the desynchronization of alpha rhythms (8–12 Hz), 
while those in the sham-control group received yoked sham feedback 
signals corresponding to a successful participant from the experimental 
group, thereby ensuring balanced motivational states (Sorger et al., 
2019). The sham training was implemented using EEGer and gave the 
impression of real feedback by allowing the NFB signal to remain sen
sitive to real-time EEG artifacts such as muscular and ocular artifacts. 
Participants in both groups were not provided with any explicit cogni
tive strategies for neuromodulation and were asked to explore personal 
strategies that allowed them to best down-regulate the alpha signal. 

The feedback was provided to the participants using a combination 
of auditory and visual cues, presented as an interactive game. To ac
count for participants’ personal preferences and maintain engagement 
over the 20-week NFB protocol, the participants were offered two 
distinct types of visual feedback during the interactive games. This also 
allowed us to provide the NFB therapy in a trauma-informed manner 
since the participants could choose an alternate type of visual feedback 
in case one was emotionally triggering. The two forms of visual feedback 
included: 1) a photo divided into a grid, with each grid piece appearing 
as alpha activity was suppressed, and 2) a cartoon character moving 
across the screen as alpha activity was suppressed. For each of these 
forms of visual feedback, the participants were tasked with training 
themselves to either 1) complete the image by making all the pieces 
appear, or to 2) keep the cartoon character moving across the screen. 
Regardless of which visual feedback type the participants chose, they 
received auditory feedback in the form of single beeps when they were 
successfully suppressing their alpha activity. 

Each 20-minute session was divided into 7 training periods (6×3- 
minute time periods and 1×2-minute time period). The EEG-NFB signal 
was infinite impulse response (IIR) band-pass filtered between 8 and 12 
Hz in order to extract alpha oscillations with an epoch size of 0.5 s. 
Feedback was updated at the end of each epoch, resulting in an update 
frequency of 2 Hz. Reward thresholds represent the alpha power below 
which positive feedback was provided to the participant and were set 
based on the ratio of positive to negative feedback within each training 

session. Reward thresholds began at 65 % positive feedback and 35 % 
negative feedback and were re-adjusted at the start of each training 
period (using the EEG of the preceding 30 s) to meet the desired ratio 
when the participants achieved disproportionately higher (>90 %) or 
lower (<50 %) reward rates. These readjustments were made at the 
beginning of the next training period and were based on the EEG from 
the past 30 s. For further details of the NFB protocol, please refer to 
Nicholson et al. (2020b). 

2.4. EEG recording and analyses 

All EEG was recorded using the Phoenix A202 2-channel EEG system, 
with the ground and reference electrodes placed on the right and left 
earlobes, respectively. The continuous EEG recording was sampled at 
250 Hz and was later filtered with a 0.5–40 Hz bandpass filter within 
EEGLAB toolbox (Delorme and Makeig, 2004) in MATLAB (The Math
works Inc.). Artifact removal was then performed using the FASTR 
EEGLAB plugin (Nolan et. al., 2010), followed by removal of segments 
during which the amplitude and variance of the EEG data fell beyond ±
2 standard deviations of the mean. Absolute alpha amplitudes were then 
estimated using Welch’s method of power spectral density estimation, 
with Hanning windows of width 2 s and 50 % overlap. 

2.5. fMRI paradigm, image acquisition and pre-processing 

2.5.1. fMRI paradigm 
During a pre-imaging session, participants created a traumatic 

memory script with a trauma-informed clinician. Specifically, individ
ualized trauma scripts were based on vivid trauma memories; partici
pants then extracted trauma cues from this script, which were then used 
for the trauma-cue trials within the n-back 1 and n-back 2 tasks. Each 
task consisted of 48 cued trials, each 2.5 s in duration. Each trial was 
interleaved with a fixation cross that was presented for a variable 
duration, ranging from 2 to 3 s to avoid expectation-based confounds. Of 
these 48 trials, 24 trials were neutral words (color names), while the 
remaining 24 trials were trauma cue words (derived earlier). Trials were 
presented in a random order, and a 6 s break was provided to the par
ticipants halfway through the trials (after 24 trials). The total scan time 
of the n-back 1 and n-back 2 tasks were identical at 4 min and 15 s, with 
the instructions to the participant being the only point of difference. The 
participants were asked to press a button if the current word was 
identical to the word shown previously (1 word ago) for the n-back 1 
task, and if the word was identical to that shown two words ago for the n- 
back 2 task. A schematic describing both tasks is shown in Fig. 2. The 
fMRI scans of the n-back 1 and n-back 2 tasks were part of a larger 1-hour 
long scanning session that also included a high-resolution anatomical 
scan (MPRAGE) and a 6-minute resting state fMRI scan before the par
ticipants performed the above-described tasks. 

Fig. 1. Schematic of the study design showing the number of participants through each section of the study.  
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2.5.2. Imaging protocol and pre-processing 
All fMRI scanning was performed using a 3 Tesla Siemens Trio MRI 

scanner (Siemens Medical Solutions, Erlangen, Germany), equipped 
with a 32-channel phased array head coil. A high-resolution anatomical 
scan was acquired for each participant using the IR prepped axial 3D 
MPRAGE sequence (TI/TR/TE = 900/2000/4.2 ms, 9◦ flip angle, 192 
slices of size 256×256 and 1 mm thickness). This was followed by two 
fMRI scans, one for each of the n-back tasks. Each fMRI scan was ac
quired using a 2D GRE EPI sequence (TR/TE = 3000/20 ms, 90◦ flip 
angle, 83 volumes of size 128×128×62 and 2 mm thickness 
interleaved). 

All MRI pre-processing steps were performed using SPM12 and the 
CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). 
Realignment and unwarping were first performed on the fMRI scans, 
followed by motion correction, done by adding the participant’s esti
mated motion (12 DOF) as a first-level covariate in a denoising general 
linear model (GLM). This was followed by frequency-domain phase shift 
slice timing correction (STC) and ART-based identification of outlier 
scans to be scrubbed (available at https://www.nitrc.org/projects/a 
rtifact_detect). The functional scans were then normalized to the 
MNI152 atlas and segmented to remove skull, white matter and cerebral 
spinal fluid (CSF) using the unified segmentation and normalization 

procedure (Ashburner and Friston, 2005). Physiological confounds were 
corrected by including the average white matter and CSF signals as first- 
level covariates in the denoising general linear model (GLM). Spatial 
smoothing was applied by convolving the BOLD signal with an 8 mm 
Gaussian kernel. Finally, the BOLD data was band-pass filtered between 
0.008 Hz and 0.09 Hz. 

2.6. Study aim 1 – Whole-brain activation analyses 

To accomplish study aim 1, whole-brain activation analyses were 
performed using a 2-way full-factorial ANOVA with a between-subjects 
factor of intervention group (experimental vs sham-control NFB groups) 
and a within-subjects factor of session (pre- vs post-intervention). This 
ANOVA was performed separately for each n-back task (1-back and 2- 
back) and grouped data from all trials (trauma-cue & neutral-cue tri
als) together. This statistical design was motivated by n-back task dif
ferences not being the focus of study aim 1 and by the large number of 
factors in the 3-way ANOVA relative to our sample size. This was sup
ported by the observation that the n-back task showed no significant 
effect when a 3-way full-factorial ANOVA (2×2×2) was performed, 
which included n-back task (1-back vs 2-back) as a within-subjects 
factor, in addition to intervention group (experimental vs sham- 

Fig. 2. Schematic of the n-back 1 and n-back 2 tasks. A. shows the two tasks, while B. shows the order and timings of the trials within each task. The trauma and 
neutral word cues were presented in a random order. For the n-back 1 task, the participants were instructed to press a button if the current word was identical to the 
previous word, while for the n-back 2 task the participants were instructed to press a button if the current word was identical to the word shown two words ago. 
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control NFB groups) and session (pre vs post-intervention), validating 
that significant variance across the n-back task factor was not being 
missed. 

We then conducted a-priori defined contrasts using the 2-way 
ANOVA model described above, grouping all trials together (i.e., 
trauma and neutral cues). First, the two intervention groups were 
compared (experimental vs sham-control NFB groups) at the pre- 
intervention timepoint to verify that the brain activation did not differ 
at baseline. Next, experimental vs sham-control NFB groups were 
compared at the post-intervention timepoint to understand the between- 
group differences in brain activation. Finally, this between-group dif
ference was examined as a function of the within-group difference in 
brain activation (group × session interaction: experimental vs sham- 
control NFB & post vs pre-intervention). 

Once these results were established across all trials of the 1-back and 
2-back tasks, a follow-up 3-way ANOVA was performed with an addi
tional within-subjects factor of trial type/condition (trauma cue vs 
neutral cue trials) to further understand which trial type contributed to 
the observed group differences. The between-group contrasts examined 
above were then re-examined for each trial type within this 3-way 
ANOVA. 

All results reported followed the guidelines in “Minimum statistical 
standards for submissions to Neuroimage: Clinical” (Roiser et al., 2016) 
by setting the voxel discovery threshold at p < 0.001, size at k = 10, and 
the FDR-corrected cluster discovery threshold at p(FDR) < 0.05. The 
results were also masked by the subject-specific grey-matter masks. 

2.7. Study aim 2 – Large-scale brain network analyses 

In addition to the whole-brain activation analyses described above, a 
connectivity-based analysis was performed to understand the NFB- 
linked changes in large-scale brain networks while the participants 
engaged in the n-back tasks (study aim 2). A group independent 
component analysis (group-ICA) (Calhoun et al., 2009) was performed 
on the whole-brain denoised fMRI voxel-level data using the iterative 
FastICA algorithm on data from all participants, across all sessions, 
conditions and trials. This analysis identified 20 mutually independent 
spatio-temporal patterns of activity, some of which are known to 
represent ICNs. This process was repeated three times to ensure the 
stability and reliability of these ICA components. These group-level ICA 
components were then back-projected to individual participants’ data 
using GICA back-projection (Erhardt et al., 2011) to obtain the 
participant-specific first-level maps and timeseries of each ICA compo
nent. Finally, the spatial overlaps (Dice coefficients) of the group-ICA 
components with templates of known ICNs (Shirer et al., 2012) were 
used to label the ICA components representative of ICNs, specifically 
identifying the components that corresponded to CEN, DMN or SN sub- 
networks. 

Similar to the whole-brain activation analyses described above, a 2- 
way full-factorial ANOVA was performed using a between-subjects 
factor of intervention group (experimental NFB vs sham-control NFB) 
and a within-subjects factor of session (Pre-intervention vs Post- 
intervention), while considering data from all trials together. Second- 
level contrasts between the experimental NFB vs sham-control NFB 
groups were examined as a function of the within-group difference in 
large-scale brain network connectivity (group × session interaction: 
experimental vs sham-control NFB & post vs pre-intervention). 

2.8. Clinical data analysis 

2.8.1. Baseline group comparisons 
The clinical measures (CAPS, CTQ and MDI) and age of the partici

pants were compared across groups (experimental vs sham-control NFB) 
at the pre-intervention timepoint using independent samples t-tests. 
Additionally, sex, current major depressive disorder diagnoses and other 
Axis I disorder diagnoses were also compared between the participants 

of the two intervention groups using Pearson’s chi-squared and Fisher’s 
exact tests. 

2.8.2. Post-Intervention analyses 
Change in the CAPS score was the primary outcome variable in this 

preliminary EEG-NFB trial and represented the change in PTSD severity. 
To maximize the sample size, the 4 participants’ data collected with 
CAPS-IV (prior to the release of CAPS-5) were normalized to the CAPS-5 
scale by dividing the CAPS-IV scores with the maximum score available 
for CAPS-IV, followed by multiplication by the maximum score available 
for CAPS-5. To assess the change in CAPS as a result of the interventions, 
a split plot repeated-measures 2-way ANOVA was conducted, with a 
between-subjects factor of intervention group (experimental vs sham- 
control NFB group) and a within-subjects factor of session (pre-inter
vention vs post-intervention vs follow-up). Within-group changes in 
CAPS were assessed using post-hoc paired-samples t-tests, while 
between-group differences in CAPS scores were assessed using post-hoc 
independent samples t-tests. All post-hoc tests were corrected for mul
tiple comparisons using Bonferroni’s method (p = 0.05/6 = 0.0083). 

2.9. Study aim 3 – Neuroimaging correlations 

Finally, to understand the link between the neuroimaging findings 
and alpha-down NFB (study aim 3), the first-level, whole-brain activa
tion results of the post-intervention > pre-intervention contrast were 
regressed against each participants’ alpha power metric. This was 
defined as the change in alpha power per session, averaged over all NFB 
sessions, and was represented as a number centered around 1, with 
values below 1 representing an relative decrease in alpha power per 
session (e.g. 0.9 represented a 10 % decrease), while a value >1 repre
sented a relative increase in alpha power per session (e.g. 1.1 repre
sented a 10 % increase). This analysis was performed in a within-group 
format, with separate regressions for each intervention group. The re
sults of these regression analyses were also thresholded using the same 
thresholding scheme described using above, i.e., cluster discovery p- 
FDR < 0.05, k = 10, after a voxel discovery threshold of p-uncorrected 
< 0.001. In order to compare these results with those reported in 
Nicholson et al. (2020b), these regression analyses were repeated using 
the alpha power metric used in Nicholson et al. (2020b), i.e., the average 
correlation coefficient between the alpha power and the seven training 
periods within each NFB training session, averaged across all NFB ses
sions. Here, a greater negative correlation coefficient reflected a 
decrease in the participant’s alpha power as they progressed through the 
session. These results are included in the supplementary analyses. These 
alpha power metrics represented the participants’ NFB performance. 
Since the goal of the NFB training protocol used was to decrease alpha 
power, a decrease in the alpha power metrics represented greater NFB 
performance. 

3. Results 

3.1. Clinical results 

3.1.1. Baseline group comparisons 
At the pre-intervention timepoint (baseline), no significant between- 

group differences were observed with respect to participants’ age, sex, 
and current psychiatric comorbidities, including major depressive dis
order. Furthermore, the groups did not differ in terms of their PTSD 
severity scores (normalized CAPS-5 total), childhood trauma exposure 
(CTQ), and their dissociative symptom scores (MDI). These values are 
shown in Table 1. 

3.1.2. NFB-induced changes in PTSD symptoms 
The primary clinical outcome of the current RCT was PTSD severity 

(normalized CAPS-5 total scores), which showed a main effect of time [F 
(1.42, 42.60) = 9.16, p = 0.002, η2 = 0.234]. The group × time 
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interaction did not reach statistical significance [F(1.42, 42.60) = 2.54, 
p = 0.107, η2 = 0.078]. The reported statistics are Greenhouse-Geisser 
corrected since Mauchly’s Test of Sphericity had been violated [χ2(2) 
= 15.2, p < 0.0005]. 

Post-hoc within-group t-tests revealed that only the experimental 
NFB group showed significant post-intervention decreases in PTSD 
severity scores [t(17) = 3.00, p = 0.008, dz = 0.71], which persisted at 
the 3-month follow-up visit [t(17) = 3.24, p = 0.005, dz = 0.77]. This 
represents a clinically significant (>30 % change; Halvorsen, 2016) 
reduction in the average PTSD symptom severity score within the 
experimental group, with a 33.8 % change at the post-intervention 
timepoint and a 36 % change at the 3-month follow-up visit. In com
parison, PTSD symptom severity of participants in the sham-control NFB 
group was not significantly different at the post-intervention timepoint 
[t(16) = 2.06, p = 0.06, dz = 0.515] or the 3-month follow-up [t(16) =
2.05, p = 0.06, dz = 0.513], as compared to the pre-intervention time
point. This represents a clinically non-significant (<30 % change; Hal
vorsen, 2016) reduction in the average PTSD symptom severity score 
within the sham-control NFB group, with a 14.2 % change at the post- 
intervention timepoint and a 17.2 % change at the 3-month follow-up 
visit. Additionally, between-group post-hoc independent samples t- 
tests found that the PTSD severity of the experimental and sham-control 
NFB groups were significantly different at the post-intervention time
point [t(31.02) = -2.10, p = 0.044, dz = 0.356, unequal variances 
assumed based on Levine’s test of homogeneity of variance] and 3- 
month follow-up timepoint [t(33) = -2.05, p = 0.048, dz = 0.346]. 
The between-group difference in PTSD severity does not survive Bon
ferroni correction. These results are shown in Fig. 3. 

Furthermore, no significant main effect of group, time, or group ×
time interaction effect was observed when comparing the participants’ 
n-back performance (assessed using percent correct and reaction times 
as metrics), indicating that the current alpha-down NFB did not have an 
impact on explicit n-back performance. 

3.2. Neurofeedback results 

Next, the effectiveness of the alpha-down NFB training protocol in 
changing the alpha amplitude at the NFB training site (Pz electrode) was 
assessed by examining the percentage change in the alpha amplitude at 
the Pz electrode over the course of each 20-min NFB session (6×3- 
minute training periods and 1×2-minute training period) for the 
experimental and sham-control NFB groups. Here, we expressed training 

alpha power (within periods 1–7) as average percent change from 
baseline alpha power (i.e., the initial rest period of that session) within 
each respective session. 

This was examined using a within-session and between-sessions 
approach by averaging the percentage change in alpha amplitude 
across all sessions (retaining period-wise data) and across all periods 
(retaining session-wise data), respectively. As can be seen from Fig. 4A, 
showing the results of the within-session analysis, the experimental NFB 
group was able to reduce their average alpha amplitude throughout the 
course of the seven NFB training periods, while the sham-control NFB 
group did not display significant decreases in alpha amplitude. These 
patterns of average alpha amplitude change were significantly different 
between the experimental NFB and the sham-control NFB groups, with a 
2-way repeated-measures ANOVA showing a group × time interaction 
[F(7,3332) = 8.65, p < 0.001, η2 = 0.018]. Furthermore, the between- 
sessions (longitudinal) analysis (shown in Fig. 4B) found that the 
experimental NFB group showed an overall lower average alpha 
amplitude change per session, throughout the course of the intervention, 
as supported by a main effect of group [F(1,20) = 5.77, p = 0.026, η2 =

0.224], without a main effect of time, or interaction effect of group ×
time. 

Interestingly, when asked about the cognitive strategy subjects 
employed to perform the alpha-down NFB training, most participants 
reported trying to “quiet their minds”, with some focusing on the pre
sented colors, while others imagined themselves in the picture pre
sented, and yet others focused on the auditory feedback. 

3.3. Study aim 1: Whole-brain activation analyses 

First, the two intervention groups (experimental NFB vs sham- 
control NFB contrast) were compared at the pre-intervention and post- 
intervention sessions, using the 2-way ANOVAs for each n-back task 
with intervention group and session as the between-subject and within- 
subject factors, respectively, while including data from all trials 
(trauma-cue & neutral cue). This was followed by comparing the two 
intervention groups using the 3-way ANOVAs for each n-back task that 
additionally included trial type/condition (trauma cue vs neutral cue 
trials) as a within-subjects factor. 

As expected, there were no significant clusters that showed signifi
cant patterns of activation when comparing the experimental NFB and 
sham-control NFB groups at the pre-intervention timepoint for any of 
the ANOVA contrasts, for either n-back tasks, implying that the groups 
were not different at the pre-intervention timepoint. 

When comparing the intervention groups at the post-intervention 
timepoint, no significant clusters of activation were observed for the 
either the n-back 1 or n-back 2 tasks when considering all trials. How
ever, when the group difference at the post-intervention timepoint was 
assessed separately for each trial type (using the 3-way ANOVA), sig
nificant clusters of activation were observed for the trauma cues during 
the n-back 1 task that were centered at the left thalamus and angular 
gyrus. 

Finally, only one significant cluster of activation was observed when 
the between-group difference was examined as a function of the within- 
group difference in brain activation across sessions (group × session 
interaction: experimental vs sham-control NFB & post vs pre- 
intervention) while including all trials. This cluster was only observed 
during the n-back 1 task and was centered at the left dorsolateral pre
frontal cortex (dlPFC). When this group × session interaction was 
examined during each trial-type separately (using the 3-way ANOVA), 
significant dorsolateral prefrontal cortex (dlPFC) clusters were observed 
for both the n-back 1 and n-back 2 tasks, while thalamic and caudate 
clusters were found only for the n-back 1 task. Notably, the dlPFC, 
angular gyrus and thalamic clusters also survived the FWE correction 
(see Table 2), indicating that these clusters might represent the most 
robust findings from this analysis. These results (given in Table 2 and are 
shown in Fig. 5) suggest a NFB-linked increase in top-down inhibitory 

Fig. 3. CAPS score for the experimental NFB (blue) and Sham (yellow) groups 
at the pre-intervention, post-intervention, and the 3-month follow-up time
points. The shaded regions represent ± 1 SE. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the web version of 
this article.) 
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control during both emotion-based n-back tasks, potentially reflecting 
an increase in top-down control of emotion during the ongoing working 
memory task. 

3.4. Study aim 2: ICA-based network analyses 

Of the 20 ICA components identified, six ICA components corre
sponded to sub-networks within the tri-network model (Menon, 2011; 
Shirer et al., 2012) and were further studied. These included the anterior 
default mode network (aDMN), posterior default mode network 
(pDMN), the right central executive network (R.CEN), the left central 
executive network (L.CEN), the anterior salience network (aSN), and the 
posterior salience network (pSN). The activation patterns for each of 
these networks are shown in Fig. 6. 

To assess between group differences in ICN activity, the two inter
vention groups (experimental NFB vs sham-control NFB contrast) were 
compared at the pre-intervention and post-intervention sessions using 
the 2-way ANOVAs for each n-back task with intervention group and 
session as the between-subject and within-subject factors, respectively, 
while including data from all trials (trauma-cue & neutral cue). 

Firstly, none of the identified networks showed any between-group 
differences (experimental NFB vs sham-control NFB) at the pre- 
intervention timepoint, except for the L.CEN. During the n-back 1 task 
at the pre-intervention timepoint, the L.CEN showed increased con
nectivity with left dlPFC and dmPFC in the experimental NFB group as 
compared to the sham-control NFB group. By contrast, during the n-back 

2 task at the pre-intervention timepoint, the L.CEN was more connected 
with the sub-callousal region in the experimental NFB group as 
compared to the sham-control NFB group. Due to this difference at the 
pre-intervention timepoint, the group × session interaction contrast for 
this network was interpreted with caution. 

The connectivity patterns of the aDMN, the L.CEN, and the pSN 
showed significant between-group differences when examined as a 
function of the within-group difference in brain connectivity across 
sessions (group × session interaction: experimental vs sham-control NFB 
& post vs pre-intervention) while including all trials. More specifically, 
increased connectivity was observed between the aDMN and the right 
angular gyrus during the n-back 1 task in the experimental NFB group as 
compared to the sham-control NFB group, post compared to pre- 
intervention. By contrast, the L.CEN showed decreased connectivity 
with the left angular gyrus in the experimental NFB as compared to the 
sham-control NFB group, post compared to pre-intervention. Lastly, post 
as compared to pre-intervention, decreased connectivity between the 
pSN and bilateral dlPFC/vlPFC was observed during the n-back 2 task in 
the experimental NFB as compared to the sham-control NFB group 
(Fig. 7). 

Taken together, these results show that alpha-down NFB may 
decouple brain regions and networks involved in embodiment (angular 
gyrus and pSN) from primarily executive processing areas (dlPFC) and 
networks (CEN), while increasing connectivity with networks respon
sible for self-related processing (aDMN) under cognitive load. This could 
in turn help to restore increased connectivity between the posterior and 

Fig. 4. Average alpha amplitude at the site of NFB training (Pz electrode), shown for each of the A. seven NFB training periods within each 20-minute session 
(averaged across all sessions), and B. NFB training sessions (averaged across all periods). Note that the alpha amplitudes are expressed as percentage change with 
respect to the 3-minute “rest” period at the start of each session. Therefore, a value < 1 represents a decrease in alpha amplitude relative to the “rest” period, a value 
> 1 represents an increase in alpha amplitude relative to the “rest” period, and a value of 1 represents no change in the alpha amplitude from the “rest” period 
(represented by the dashed red line). The shaded regions represent ± 1 SE. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

Table 2 
The significantly different clusters for the contrasts between the two intervention groups (experimental NFB vs sham-control NFB) and the two timepoints (Post- 
intervention vs Pre-intervention). The reverse contrasts (if significant) are shown with negative T-statistic values. Abbreviations: dlPFC - Dorsolateral Prefrontal 
Cortex, vlPFC - Ventrolateral Prefrontal Cortex.  

Session Contrast Brain Region Cluster Size T-statistic p (FDR) p (FWE) MNI Coordinates 

x y z 

Pre: Experimental > Sham-control – – –  –  –  – – – 
Post: Experimental > Sham-control          

n-back 1 Trauma cues L. Angular Gyrus 159  4.63  0.04  0.034 − 48 − 56 38   
L. Thalamus 204  4.20  0.03  0.011 − 12 –22 20 

Post > Pre: Experimental > Sham-control          
n-back 1 All Trials L. dlPFC 170  4.61  0.035  0.031 − 36 14 46   

Trauma L. Caudate 227  5.77  0.04  0.12 − 14 6 20   
cues L. dlPFC 250  4.50  0.04  0.005 − 36 14 46  

n-back 2 Trauma cues R. dlPFC/vlPFC 285  4.33  0.005  0.002 52 16 20  
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Fig. 5. Whole-brain activation results of the contrast experimental NFB > sham & post-intervention > pre-intervention, shown for all trials in the first column, and 
the Trauma cue trials in the following columns). These are shown for the n-back 1 task (first row) and the n-back 2 task (second row). The Neutral cue trials are not 
shown since no significant clusters were found within these trials. Significant clusters of activation are labeled. The colors represent the T-values of the voxels for the 
given contrast, as shown in the color bars. Abbreviations: dlPFC - Dorsolateral Prefrontal Cortex, vlPFC - Ventrolateral Prefrontal Cortex. 

Fig. 6. Intrinsic Connectivity Networks (ICNs) identified using independent component analysis (ICA). The labels are assigned based on spatial similarity to the 
networks identified in Shirer et al., 2012. For the sake of consistency with recent literature, the ventral DMN and dorsal DMN defined in Shirer et al. (2012) have been 
renamed posterior DMN and anterior DMN, respectively. Abbreviations: CEN - Central Executive Network, DMN - Default Mode Network, SN - Salience Network. 
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anterior DMN communities while under cognitive load, which have 
been shown to be segregated in PTSD (Akiki et al., 2018). 

3.5. Study aim 3: Regression of whole-brain activation analyses with NFB 
metric 

Only the experimental NFB group showed significant clusters of 
whole-brain activation that correlated with NFB performance using the 
post > pre-intervention contrast. Hence, all reported regression results 
are within the experimental NFB group. 

Significant clusters centered at the dorsomedial PFC (dmPFC), the 
fusiform gyrus, the right superior temporal gyrus (R. STG), the thalamus, 
the left temporo-parietal junction (L. TPJ), and the cerebellum lobule 
6–7 were found to be negatively correlated with their alpha power 
metric during the n-back 1 task. Interestingly, compared to the results 
found during the n-back 1 task, a markedly different collection of clus
ters correlated with their alpha power metric during the n-back 2 task. 
During this more demanding task, the participants’ alpha power metric 
was negatively correlated with BOLD activation in the left posterior 

insula (L. PI) during the trauma-cue trials and with activation of the 
right temporo-parietal junction (R. TPJ) during the neutral-cue trials. 
These results are shown in Fig. 8. 

When repeated with the alpha power metric from Nicholson et al. 
(2020b), the significant clusters during the n-back 1 task showed similar 
significant clusters centered at the dmPFC, the thalamus and the cere
bellum (lobule 6), with additional clusters at the precuneus and the right 
angular gyrus (R. AG). No significant clusters were found during the 
more demanding n-back 2 task. These results are shown in Supple
mentary Fig. 1. Since the goal of the NFB training protocol was to reduce 
alpha power, a lower (or negative) alpha power metric reflected better 
NFB performance. Hence, increased activity in these clusters of negative 
correlation with the alpha power metric represent increased NFB 
performance. 

Taken together, these results suggest that increased activity within 
regions responsible for social cognition (STG, AG, dmPFC) and working 
memory (cerebellum 6/7) during the n-back 1 task are associated with 
more successful alpha-down NFB training, while increased activity 
within brain areas involved in embodiment (posterior insula and the 

Fig. 7. Connectivity of ICA networks with other brain regions, shown for the contrast experimental NFB > Sham & Post-intervention > Pre-intervention. The images 
were created by first thresholding the data at p(uncorr) < 0.001, and then identifying the significant clusters, i.e. p(FDR) < 0.05. Only the significant clusters are 
shown in this figure. The colors represent the T-values of the voxels for the given contrast, as shown in the color bars. Abbreviations: CEN - Central Executive 
Network, aDMN - Anterior Default Mode Network, pSN - Posterior Salience Network, dlPFC - Dorsolateral Prefrontal Cortex, vlPFC - Ventrolateral Prefrontal Cortex. 

Fig. 8. Results of the regression analysis with alpha power metric within the experimental NFB group (no significant clusters were found within the Sham group). 
Significant clusters that negatively correlated with alpha power metric are labeled. NOTE: due to the way the alpha power metric is defined (change in alpha power 
per session averaged over all NFB sessions) for the alpha-down NFB protocol, a successful NFB performer with an overall lower average alpha amplitude would 
correspond to a lower alpha power metric (decrease in average alpha power). Hence these clusters positively correlate with the participants’ NFB performance. The 
colors represent the T-values of the voxels for the given contrast, as shown in the color bars. Abbreviations: STG - Superior Temporal Gyrus, dmPFC - Dorsomedial 
Prefrontal Cortex, TPJ - Temporo-Parietal Junction. 
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TPJ) during the n-back 2 task was associated with more successful alpha- 
down NFB training. 

4. Discussion 

In this study, we conducted a randomized controlled trial on a 20- 
week alpha-down NFB training protocol and investigated subsequent 
neurocognitive changes while the participants engaged in an emotional 
n-back task engaging top-down control of emotion. Firstly, we found a 
significant reduction in PTSD symptom severity in those that performed 
the alpha-down NFB, consistent with previous trials of EEG-NFB in those 
with PTSD (du Bois et al., 2021; Gapen et al., 2016; Rogel et al., 2020; 
van der Kolk et al., 2016), although a significant time × group inter
action effect was not observed. Interestingly, this reduction in symptom 
severity persisted even at the 3-month follow-up period (seen in Fig. 3). 
Next, we found that alpha-down NFB increased activation in PFC regions 
involved in the top-down control of emotion (dlPFC). The intervention 
also improved healthy ICN connectivity by decoupling brain regions and 
networks involved in processing of embodiment (angular gyrus and 
pSN) from primarily executive processing areas (dlPFC) and networks 
(CEN), while instead increasing connectivity with networks responsible 
for self-related processing (aDMN) under cognitive load. Finally, we also 
found an increase in activity in brain regions involved in top-down 
control of emotion and embodiment/bodily consciousness (TPJ, poste
rior insula) that correlated with the extent of the participants’ alpha- 
amplitude decrease, thus directly linking these neural changes to the 
alpha-down NFB. This is the first study, to the best of our knowledge, 
that examined NFB-linked changes under an emotional cognitive task. 
The study results are discussed in more detail below.  

i. Alpha-down NFB enhances activation of top-down control centres 
during emotional n-back task 

The increased activation of the dlPFC (seen in Table 2), along with 
increased connectivity of the aDMN with the angular gyrus (seen in 
Fig. 7a), might indicate improved top-down emotion processing within 
the experimental NFB group. Notably, when examined for each trial type 
separately, the increase in dlPFC activity was found during the trauma 
cue trials (Table 2 and Fig. 5 b/c), the condition under which emotion 
regulation processes would be expected to have been maximally 
recruited. This result was not observed when examining the neutral cue 
trials in isolation. Consistent with increased top-down emotion control 
in the face of trauma triggers, these results highlight the ability of alpha- 
down NFB to increase top-down control of emotion processing under 
cognitive load, even in the face of trauma-relevant stimuli. 

Interestingly, such engagement of executive brain centres is a well- 
known strategy of improving emotion regulation (Tornås et al., 2016), 
with the dlPFC extensively involved in the top-down control of emotion 
(Comte et al., 2016; Otto et al., 2014), along with cognitive control of 
attention (Comte et al., 2016) and avoiding distractions during emotion 
reappraisal processes (Otto et al., 2014). This brain region also works in 
concert with other key cognitive control and emotion processing cen
tres, such as the anterior cingulate cortex (ACC) and the amygdala, to 
adequately regulate emotion (Comte et al., 2016; Delgado et al., 2008). 
These results also directly align with the findings of Aupperle and col
leagues that link higher dlPFC activation during emotionally valent 
stimuli with lower PTSD symptom severity (Aupperle et al., 2012), 
showing that alpha-down NFB can shift neural activity in a manner that 
can be directly beneficial for PTSD symptoms. This indicates a step to
wards NFB-linked resolution of the PFC-based under-modulation seen in 
those with non-dissociative PTSD (Akiki et al., 2017; Hopper et al., 
2007; Lanius et al., 2015).  

ii. Alpha-down NFB remedies aberrant increased PFC connectivity with 
salience regions, while activating brain regions involved in the 
embodied processing of trauma. 

Evident in the results from the more cognitively demanding n-back 2 
task, alpha-down NFB seemed to increase activation of top-down 
emotion control centres (such as the dlPFC, as seen in Table 2 and 
Fig. 5c), while reducing its connectivity with the pSN (seen in Fig. 7) that 
is not directly relevant to the working memory demands of the task. 
Furthermore, the participants’ ability to decrease alpha amplitude 
correlated with increased activation in these brain regions (posterior 
insula and TPJ, as seen in Fig. 8b) involved in embodiment/bodily 
consciousness (Harricharan et al., 2021). 

Collectively, alpha-down NFB might promote improved recruitment 
of executive processing centres under high cognitive load conditions, 
limit the conscious processing of emotional stimuli during high cogni
tive load by disengaging the pSN and the executive nodes of the CEN 
(dlPFC), while also increasing the embodied processing of these 
emotional stimuli by increasing activation in relevant brain regions (PI 
and TPJ). Indeed, increased TPJ and PI activity have been implicated in 
the processing of emotional information during a working memory task 
(Smith et al., 2017). Collectively, they form a critical node that receives 
viscerosensory information from the brainstem for exteroceptive and 
interoceptive sensory processing (Lenggenhager et al., 2015; Lopez and 
Blanke, 2011), ultimately relaying it to the prefrontal cortex for further 
multisensory processing and processing of the embodied self (Harri
charan et al., 2021; Lenggenhager et al., 2015). The PI is also thought to 
relay the interoceptive information to the dorsal anterior insula, where it 
is integrated with affective inputs from the ventral anterior insula (Deen 
et al., 2011) to inform the switching between CEN and DMN (Menon, 
2011; Shaw et al., 2021), and to appropriately mediate the relationship 
between emotion perception and executive control (Luo et al., 2014). 

Given that the dlPFC resides at the top of the chain for processing 
incoming viscerosensory information (Harricharan et al., 2021), which 
could be detrimental for working memory processes at higher cognitive 
loads, the observed disengagement of the dlPFC with the pSN could 
indicate a shift towards a more efficient allocation of cognitive resources 
to the task-relevant working memory processing. 

Furthermore, the correlation between posterior insula activation and 
alpha-down NFB performance may represent one mechanism through 
which alpha-down NFB remedies the subset of PTSD symptoms linked to 
emotional numbing, blunted sensory and tactile awareness and poor 
interoception. These symptoms are thought to arise from a hypoactive 
posterior insula at rest in those with PTSD (Akiki et al., 2017; Harri
charan et al., 2021; Hopper et al., 2007). 

Collectively, these focal and ICN changes indicate a shift towards a 
more balanced recruitment of cognitive and emotional control centres in 
those that performed alpha-down NFB. Individual alpha-down NFB 
sessions are found to up-regulate salience network structures (Ros et al., 
2013) that are important cognitive control centres (Dosenbach et al., 
2008), and are critical in task-appropriate gating of CEN and DMN 
activation (Shaw et al., 2021). In fact, NFB was found to improve SN- 
based network synchrony subserving the task-appropriate gating of 
the CEN and DMN (Shaw et al., 2022). Targeted up-regulation of this 
network using electrical stimulation has also been shown to causally 
improve cognitive control (Li et al., 2019). Furthermore, a single session 
of alpha-down NFB was also found to increase posterior insular inte
gration, a region critical for embodied processing of somatosensory in
formation (Kluetsch et al., 2014). Finally, the SN is found to integrate 
cognitive control processes with emotion perception and processing in 
the context of emotionally charged working memory tasks (Luo et al., 
2014), such as that employed in this study. Hence, repeated upregula
tion of the SN through alpha-down NFB training could be improving the 
interaction between cognitive control and emotional control processes, 
resulting in increased dlPFC activation and more balanced PFC-salience 
connectivity during emotionally charged working memory tasks, as 
detailed above. This can also be seen in Nicholson et al. (2020b), where 
the current randomized controlled trial of alpha-down NFB showed 
down-regulation of the anterior insula within the SN and greater inte
gration of the posterior insula, a region critical for embodied processing 
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of self, within the aDMN at rest. 
When combined with the alpha-down NFB based changes in resting- 

state ICNs during the same randomized controlled trial reported in 
Nicholson et al. (2020b) and prior research showing a normalization of 
dysfunctional ICN activity at rest (Kluetsch et al., 2014; Nicholson et al., 
2016a; Ros et al., 2013), it becomes evident that alpha-down NFB can 
remedy the dysfunctional activation and ICN connectivity seen in PTSD, 
at rest and under cognitive load. One of the primary neuroimaging 
findings of Nicholson et al. (2020b) was increased connectivity between 
the mPFC and aDMN along with decreased connectivity between the 
posterior DMN nodes and aDMN, showing a remedial increase in aDMN 
integration and decrease in pDMN integration during rest. This ame
liorates the fractionated DMN with an overactive pDMN community, 
seen in PTSD at rest (Akiki et al., 2018; Bluhm et al., 2009; Holmes et al., 
2018). In context of these results, our findings of increased aDMN con
nectivity with a posterior node of the DMN involved with embodied 
processing of emotion (angular gyrus), while under emotional and 
cognitive load, show an overall increase in task-appropriate DMN inte
gration within and between its anterior and posterior communities. This 
also aligns with the DMN-centered alpha resynchronization observed in 
EEG data from participants in this randomized controlled trial (Nich
olson et al., In Press). 

Nicholson et al. (2020b) also found a normalizing shift in SN con
nectivity with decreased connectivity to anterior insula (AI) at rest, 
alongside increased posterior insula (PI) connectivity with the aDMN in 
those with better NFB performance. The current findings add to this 
body of results by showing greater decoupling between the dlPFC and 
the pSN, that is not directly relevant to the working memory demands of 
the task, while under cognitive load and increased activation of brain 
regions involved in embodied self processing (PI and TPJ) in those with 
better NFB performance while under cognitive load. Collectively, these 
findings reflect more cognition-appropriate involvement of somatosen
sory integration and embodied processing centres post-NFB, adding 
further evidence for a more balanced SN connectivity profile after alpha- 
down NFB training. 

5. Limitations 

This preliminary study was not pre-registered as a clinical trial since 
the ethics protocol approval was obtained before pre-registering trials 
was common in the field. Consequently, we were extremely restrictive 
with our outcome measures to mitigate this limitation. Additionally, the 
participants choice of visual feedback was not recorded for all partici
pants, preventing us from assessing the effects of different visual feed
back stimuli on NFB performance or changes in brain activation/ 
connectivity. 

The changes in working memory strategy are inferred from the shift 
in patterns of neural activity and not through direct feedback from the 
participants. Hence, it is still unknown if these neural changes lead to 
cognitive changes that are perceived by the participant. 

Additionally, due to limitations on the scanning time for each par
ticipants’ imaging session, a working memory task without trauma- 
related triggers was not performed, precluding any relevant covariates 
such as NFB-linked changes in working memory capacity in the absence 
of trauma triggers. Future studies should compare the emotional n-back 
task with a more traditional n-back task to assess the effects of the 
additional emotional load added by processing trauma-relevant cues 
during the emotional n-back task. Furthermore, this study did not 
include a transfer session. Hence, it is unclear if the participants could 
supress parietal alpha if they used the learned strategies in the absence 
of neurofeedback. Future studies should investigate such transfer 
learning in those with PTSD. 

Finally, it is also important to acknowledge that an opposite pattern 
of emotional-overmodulation is observed in the dissociative subtype of 
PTSD (PTSD + DS), and this was not studied in this work. Individuals 
with PTSD + DS show increased PFC volume with greater dissociation 

severity (Daniels et al., 2016), hyper-connectivity of the PFC with the 
amygdala (Nicholson et al., 2015) and with other innate alarm system 
(IAS) regions (Nicholson et al., 2017a), and a generalized pattern of 
large-scale hyperconnectivity (Shaw. Terpou et al., 2022). This leads to 
considerable heterogeneity in the pattern of connectivity within a gen
eral PTSD population, potentially contributing to the baseline group 
differences in L.CEN connectivity observed in this study, limiting our 
ability to draw conclusions on the effect of the alpha-down NFB on L. 
CEN connectivity. Hence, future investigations into the effect of alpha- 
down NFB training on a PTSD population should include a PTSD + DS 
cohort. 

6. Conclusions 

In conclusion, this preliminary double-blind randomized controlled 
trial shows the therapeutic utility of alpha-down NFB in reducing PTSD 
symptom severity while also improving the neural systems underlying 
top-down control of emotion and embodied processing of emotional 
stimuli during an emotional n-back task. More specifically, the results 
indicate that alpha-down NFB increased activation in PFC regions 
involved in the top-down control of emotion (dlPFC) and improved DMN 
integration through increased connectivity between the aDMN and the 
angular gyrus. Finally, the results also indicate that increased alpha- 
down NFB performance correlated with increased activity in brain re
gions involved in top-down control and embodied processing of self 
(TPJ, posterior insula). These mechanistic insights provide the first 
understanding of how NFB might be normalizing dysfunctional brain 
activity and connectivity in PTSD under emotional cognitive load. 
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Densmore, M., Neufeld, R.W.J., Théberge, J., Corrigan, F., Jetly, R., Spiegel, D., 
Lanius, R.A., 2017a. Dynamic causal modeling in PTSD and its dissociative subtype: 
Bottom-up versus top-down processing within fear and emotion regulation circuitry. 
Hum Brain Mapp 38, 5551–5561. https://doi.org/10.1002/hbm.23748. 

Nicholson, A.A., Rabellino, D., Densmore, M., Frewen, P.A., Paret, C., Kluetsch, R., 
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