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Abstract 

Within current mental healthcare practices, a reliable mechanism is needed for transitioning therapeutic 
interventions into long-term habit formation. While a sizeable body of literature on habit formation and 
automaticity looking at simple behaviors such as overall activity level and diet exists, few studies have 
investigated the complex behavior formation needed to instill new beneficial mental health habits. Additionally, 
limited research has looked at the neurophysiological or biological correlates of these mental processes and 
changes. Madhavan et al. (2015) proposed that, during active learning or recall, individuals exert more cognitive 
energy compared to information maintenance, resulting in heightened gamma activity. This new data 
demonstrates that gamma increases as learning is taking place then decreases once the behavior is learned 
(habituated), providing evidence of habit formation and automaticity and its nonlinear nature. The current pilot 
study seeks to contribute to the field’s developing knowledge of habit formation and automaticity as something 
that can be deliberately and mindfully learned, through a planned and guided approach over a specified time 
frame, to empower individuals to achieve lasting improvements in mental health challenges. Our research 
contributes practical strategies to improve interventions and achieve sustainable outcomes for the public health 
emergency in mental health. 
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Introduction 

 
Mental health management is an emerging public 
health crisis (Kohn et al., 2004; Singh et al. 2022), 
and mental health services are insufficient (Patel et 
al., 2009), necessitating new effective, affordable, 
and accessible interventions that lead to sustainable 
change. To further research interventions to address 
this crisis, the current work examines the science of 
habit formation and automaticity as a possible way 
to create sustainable change and the improvement 
of mental health by building in practices leading to 
the discontinuation of detrimental behavior and the 

growth of practices that improve mental health. The 
present study used a unique psychoneurobiological 
approach, specifically looking at how habits and 
automaticity form using a whole person context in 
the hopes of contributing to how habit formation can 
be used in mental health interventions. 
 
Interrelation Between Habit Formation, 
Automaticity, and Mental Health Intervention 
The science of habit formation has been extensively 
researched across disciplines and has multiple 
definitions, mostly on a stimulus-response-reward 
continuum (Gardner et al., 2012; Trafimow, 2018; 
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Verplanken & Orbell, 2003; Wood, 2017; Wood & 
Neal, 2007; Wood & Rünger, 2016), but is largely 
defined as “mindless” learned cue-behavior of 
automated repeated sequences of lower-level 
actions requiring minimal cognitive effort and 
resistance to change (Harvey et al., 2022; Langer, 
1989; Wood & Neal, 2009). Maddux (1997), on 
examining the definitions of habit formation and how 
theories of habit formation use habits, identified a 
logic error in that the “consensus definition of habit 
defines habit as a kind of behavior (automatic, 
unconscious) but our theories employ habit as a 
cause of behavior” (p.335). This is tautological 
reasoning, implying that a habit is both a “behavior 
and the cause of a behavior;” in essence, “a habit is 
caused by a habit” (Maddux, 1997, p. 335). 
Additionally, Maddux proposes that it would be more 
meaningful to look for the cause of a habit 
intentionally and deliberately in the context of an 
individual’s life experiences (Maddux & DuCharme, 
1997). Furthermore, Gardner’s (2014) extensive 
review of 136 empirical studies and eight literature 
reviews of habit formation underscores the need for 
a more coherent definition of habit formation to 
make it more useful for the research and treatment 
of complex mental health and health behaviors. As 
most research on habit formation has been 
conducted using very simple behaviors, Gardener 
suggested an alternative way of seeing habits is as 
a “cognitive-motivational process, conceptually 
distinct from behavior” (Gardner, 2014, p. 289). 
 
A further, important aspect of habit formation 
intervention involves the concept of automaticity, 
which is the “active ingredient” or “essence” 
(Gardner, 2012, p. 33) of a habit that transforms the 
pure meaningless repetition of a habit into a 
meaningful, mindful, and useful response that will 
override a trigger at any point in the future. It has, at 
its core, the characteristics of increasing self-
regulation and therefore self-management and 
engagement (Gardner, 2012; Lally et al., 2010; Neal 
& Wood, 2009; Stone et al., 2023). 
 
For habit formation and automaticity to happen, the 
process involves a pairing of sequential behavior 
with context in a repeated way to reinforce it, which 
motivates and strengthens the repetition in a cyclic 
way until stabilization occurs (Gardner & Lally, 
2018). The repetition is growth-oriented in the sense 
that each “repetition” brings more insight into the 
reason they are forming a new habit. Therefore, the 
habit can be seen as the end product of the mindful 
process of automaticity (Maddux, 1997). Wood and 
Neal (2007) emphasized that habit formation 
involves controlled and deliberate higher-order 

cognitive capabilities. Automaticity is therefore the 
active process that strengthens the habit to the point 
where it is initiated and applied efficiently with less 
conscious control (Aarts & Dijksterhuis, 2000; 
Carden & Wood, 2018; Lally et al., 2010; Orbell & 
Verplanken, 2010). This suggests it takes more than 
just an intention to form a habit, but also deliberate 
effort, as intentions do not always translate into 
consistent action (Sheeran, 2001). 
 
Furthermore, mindfulness and habit formation are 
often seen as opposites, with a habit defined as 
mindless behavior (Langer, 1989) and mindfulness 
as “paying attention in a particular way: on purpose, 
in the present moment, and nonjudgmentally” 
(Kabat-Zinn, 1994, p. 4). It is proposed in the 
literature that habit formation needs an expanded 
view that requires the mindfulness aspect in order to 
be better applied to the treatment of complex issues 
(Gardner, 2012; Harvey et al., 2022; Lally et al., 
2011; Lally & Gardener, 2013; Robinson et al., 2022; 
Rothman et al., 2009). A comprehensive review of 
this literature across different disciplines shows that 
mindfulness involves deliberate and intentional 
focused reflection (Casey et al., 2022; Liu et al., 
2021; Mitchell et al., 2021; Wong et al., 2022), which 
are elements that need to be incorporated into 
intervention that has the effective use of habit 
formation and automaticity (Ariyasinghe & 
Arachchige, 2020; Lewis et al., 2021). To establish 
habit formation and automaticity, it therefore 
requires mindful self-regulation and action planning, 
not just a mindless repetitive action (Fleig et al., 
2013; Sniehotta, 2009; Sniehotta & Presseau, 
2012). Mindful self-regulation thus becomes an 
elucidative requirement in forming new habits and 
their automatization, to change behavior leading to 
improved mental health outcomes (Frazier et al., 
2021). 
 
There is a consensus in the literature that including 
the science of habit formation and automaticity in the 
design and delivery of evidence-based therapies 
(EBT) for mental health challenges would appear to 
enhance their effectiveness (Fiorella, 2020; Harvey 
et al., 2022; Kazdin, 2018; Lally et al., 2011; Lally & 
Gardener, 2013; Robinson et al., 2022; Rothman et 
al., 2009). In patient care settings, the potential 
benefits of automating complex healthy habits are 
often overlooked due to the immediate effects of 
brief advice. Traditional methods of behavioral 
change tend to prioritize easily induced maintenance 
mechanisms rather than gradual habit stabilization 
(Gardner et al., 2012). While establishing long-term 
complex habits can be time-consuming and 
challenging, the effective development of 
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automaticity in habit formation has demonstrated 
numerous advantages. These include an increased 
sense of autonomy (Gardner et al., 2012) and the 
ability of habits to act as a form of self-control and 
facilitate desired long-term behaviors, especially 
during periods of short-term motivational lapses 
(Gardner & Lally, 2018). 
 
Habit formation and automaticity appear to involve 
phases: a conscious and deliberate process of 
formation of a habit, followed by the stabilization of 
the newly formed habit through learning in order to 
increase its strength (Gardner et al., 2012). The 
habit’s strength is based on the intensity of these 
two stages and will determine how effectively an 
individual has a “ready response when distraction, 
time pressure, lowered willpower, and stress reduce 
the capacity to deliberate about action and tailor 
responses to current environments” (Wood & 
Rünger, 2016, p.307; Stojanovic et al., 2022; van 
der Weiden, 2020). 
 
In understanding the process of habit formation and 
automaticity, it is also necessary to understand the 
timing of habit formation and automaticity in order for 
it to guide intervention that leads to sustainable 
change in mental health treatment. Despite the 
much-quoted myth that it takes 21 days to form a 
habit, which is based on anecdotal evidence from a 
plastic surgeon’s recovering patients (Lally et al., 
2010; Maltz, 1960), research on the timing of habit 
formation is still in its infancy, and it is known that 
habits do not form overnight and even over a few 
weeks. Most of the limited literature in this specific 
area of timing of habit formation and automaticity 
suggest it takes around 18–254 days, with peak 
automaticity plateauing around 59–66 days after the 
first daily implementation (Armitage, 2005; Gardner 
et al., 2012; Greeson et al., 2018; Keller et al., 2021; 
Lally et al., 2010; Raja-Khan et al., 2017; van der 
Weiden, 2020). The range of 66–254 days would 
appear to depend on the complexity and interrelated 
complicated networks of habits that may represent 
one or more issues being worked on (Carden & 
Wood, 2018; Gardner et al, 2012; Harvey et al., 
2020; Hussam et al., 2017; Judah et al., 2013; Lally, 
et al., 2010). 
 
Van der Weiden et al. (2020) demonstrated that a 
large increase in habit strength with complex 
behaviors such as improved relationships and health 
can occur over a period of 3 months (van der 
Weiden, 2020). Lewis et al. (2021) found a 
significant overall change in simple habit 
automaticity in the first 21 days, with it taking about 
3 weeks to transform the mindfulness behavior of 

breathing into a habit (Lewis et al., 2021). 
Furthermore, consistency over that time period is 
important in habit formation and automaticity 
(Gardner & Lally, 2018; Lally et al., 2010). 
 
Forming a habit involves learning because learning 
is “the process by which a relatively stable 
modification in stimulus–response relations is 
developed as a consequence of functional 
environmental interaction via the senses” (Lachman, 
1997, p.477). An effective habit could then be 
defined as one that is learned successfully, or 
automatized, and will be accessible even without 
use for a period of time; thus, habits do not have to 
be enacted frequently to be useful (Gardner, 2012; 
Leaf et al., 1997). When a person is triggered, it will 
still lead to the automatized mentally healthy 
behavior being activated so that the person does not 
revert to the previous behavior. Essentially, habit 
formation and automaticity require an active learning 
phase (Leaf et al., 1977) to attain sustainable habits 
that improve mental health. 
 
Gamma as a Delicate Balance Linked to Habit 
Formation, Automaticity, and Mental Health 
Neuroscientific research has consistently 
demonstrated the involvement of gamma activity in 
cognitive functions such as learning, memory, and 
executive functioning (Barry et al., 2010; Jensen et 
al., 2007; Roh et al., 2016). Specifically, a 
correlation has been established between an 
increase in gamma activity and improved learning, 
memory formation, and recall (Jensen et al., 2007; 
Madhavan et al., 2015). A study by Madhavan and 
colleagues (2015) demonstrated that gamma 
increases in the temporal lobes during learning, and 
then decreases once the behavior is learned. They 
proposed that during active learning or recall, 
individuals exert more cognitive energy, resulting in 
heightened gamma activity, and then lessens after 
learning has taken place when the information is 
being maintained (Madhavan et al., 2015). 
 
Similarly, greater cognitive resources are needed 
during the initial phases of habit formation (Lally et 
al., 2011); therefore, gamma activity should be 
higher. As the habit becomes more automatic, 
maintenance demands decrease (Gardner & Lally, 
2018; Wood & Neal, 2007), which could potentially 
result in a corresponding decrease in gamma 
activity. According to Smith and Graybiel (2022), 
habitual behavior is a complex process and can be 
characterized by multiple neuronal changes across 
the same or different brain regions. These changes 
may be representative of gamma activity as well, 
since gamma is considered to be responsible for 
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higher levels of cognition and awareness (Hima et 
al., 2020). While these concepts need to be explored 
further, this research sheds important insight into 
neurophysiological mechanisms that play a role in 
learning and habit formation. 
 
Furthermore, in a recent review article exploring 
gamma activity (30–100 Hz) and memory, numerous 
studies revealed that increased gamma band 
synchronization was positively correlated with short-
term and working memory maintenance (Howard et 
al., 2003; Jenson et al., 2007; Jokisch & Jensen, 
2007; Mainy et al., 2007; Tallon-Baudry et al., 1998). 
The same review also found that both gamma 
activity and synchrony were implicated in long-term 
memory, which they explained to be due to 
increased gamma-modulated synaptic plasticity 
(Jensen et al., 2007; Wespatat et al., 2004). These 
findings demonstrate the potential of using gamma 
band activity as a marker for neurological and 
psychiatric disorders that affect memory and 
memory formation, which could be related to habit 
formation and automaticity. 
 
Gamma activity has also been shown to be involved 
in healthy executive functioning (Barry et al., 2010; 
Lawson, 2013; Roh et al., 2016), which is important 
for higher level cognitive abilities including problem-
solving, self-regulation, planning, and self-control 
(Diamond, 2013; Dovis et al., 2015; Henry & 
Bettenay, 2010). Barry et al. (2010) studied resting-
state EEGs in 40 children with attention-
deficit/hyperactivity disorder (ADHD) and 40 age-
matched controls and found that children with ADHD 
had reduced relative and absolute global gamma 
(30–80 Hz) activity compared to controls. 
Additionally, they discovered a negative correlation 
between the inattention scores of the children with 
ADHD and gamma, demonstrating that decreased 
gamma activity could be linked to impaired executive 
functioning and increased inattention, which may be 
related to conditions like ADHD (Barry et al., 2010).  
Similarly, a study investigating the relationship 
between qEEG bands and inattention in major 
depressive disorder (MDD) also found that 
inattention scores and low gamma (30–50 Hz) 
activity in the frontal-central regions were negatively 
correlated (Roh et al., 2016), while another 
suggested that gamma band synchrony is 
decreased in people diagnosed with autism 
spectrum condition (ASC; Lawson, 2013). These 
findings further emphasize the involvement of 
gamma waves in healthy executive functioning 
paradigms. This idea could be related to an 
individual’s sense of autonomy, self-control 
(Diamond, 2013), and ability to effectively stop 

unhealthy habits, given that executive functioning is 
implicated in the cessation of habits like those found 
in individuals with obesity (Allom et al., 2018). 
 
Studies have also shown an association between 
gamma band activity (30–80 Hz) and anxiety and 
depression (Li et al., 2016; Noda et al., 2017; 
Oathes et al., 2008), both of which can be a result of 
an unhealthy habit related to having negative 
thoughts about one’s self-image (Verplanken, 2006). 
In Noda et al. (2017), 31 patients diagnosed with 
MDD and a HAM-D score of greater than 10 were 
studied to evaluate the effects of repetitive 
transcranial magnetic stimulation (rTMS) on qEEG 
band patterns demonstrating a significant correlation 
between increased gamma activity at the F3 
electrode and improved Hamilton Depression Rating 
Scale (HAM-D) scores. This has supported the 
conclusion that gamma power could be used as a 
biomarker for potential therapies for MDD, as 
gamma was shown to be connected to mood 
disorders (Noda et al., 2017). These findings are 
further supported by Hima et al. (2020), who 
proposed that an increase of gamma (40–100 Hz) is 
associated with states of happiness and compassion 
and Oathes et al. (2008) who found that there was a 
higher level of gamma activity in posterior electrode 
sites in patients with generalized anxiety disorder 
(GAD) during worry induction. Differences between 
these results could be related to the timing of when 
gamma activity is measured, under what conditions, 
and the brain region of the measurement. 
 
The literature emphasizes the delicate balance 
required for gamma activity, as it represents a 
"goldilocks" frequency that is achieved through the 
excitation and inhibition of different neuronal circuits 
(Fitzgerald & Watson, 2018). It can be too low or too 
high, revealing the work of change, and its 
interpretation is based on the location of its source 
(Fitzgerald & Watson, 2018). Additionally, gamma 
can be seen as a representative of neighborhood 
communication between higher-level cortical sites 
(Hima et al., 2020; Jensen et al., 2007). Therefore, 
depending on which cortical areas you are talking 
about, the increase or decrease in gamma can be 
thought of as an index of overall arousal or 
activation in that cortical area as a result of work 
being done in the mind (Jensen et al., 2007). 
 
Furthermore, gamma has been shown to be highly 
context-dependent and cannot be classified simply 
as good or bad purely based on an increase or 
decrease in activity (Fitzgerald & Watson, 2018). 
Interestingly, individuals with ASC exhibit excessive 
gamma activity (Lawson, 2013), which challenges 

http://www.neuroregulation.org/


Leaf et al. NeuroRegulation  

 

 
6 | www.neuroregulation.org Vol. 11(1):2–24  2024 doi:10.15540/nr.11.1.2 
 

the idea that increased gamma levels always 
correlate with normal brain function. As seen in the 
study conducted by Madhavan et al. (2015), gamma 
activity exhibits both an increase and decrease 
during different stages of a normal learning process.  
This suggests that gamma activity alone should not 
be used as a definitive diagnostic measure. In the 
current research examined the change in gamma in 
the control and treatment group were examined 
while they used the Neurocycle in a planned and 
guided way over time to intentionally form new 
habits that would lead to healthier lifestyles and 
mental well-being. 
 
Biological Factors Impact in Habit Formation and 
Automaticity 
Telomeres are a protective casing at the end of a 
DNA strand (Epel, 2009). Each time a cell divides, it 
loses some of its telomeres and an enzyme called 
telomerase can replenish it; however, chronic 
unmanaged stress and cortisol exposure decrease 
the supply of telomerase (Epel et al., 2004). When 
the telomere becomes too diminished, the cell often 
dies or becomes proinflammatory (Yegorov et al., 
2020). Both chronic and perceived stress, or self-
reported measures of unmanaged stress, have been 
linked to shorter telomeres (Cawthon et al., 2003; 
Lin & Epel, 2022; Rentscher et al., 2020). Existing 
research demonstrates that changing lifestyle 
behaviors and mindful meditation practices can 
influence telomere length (Epel, 2009).   
 
The literature in this field has focused predominantly 
on changes in the telomerase activity because it was 
believed that changes in telomere length took 
months or even years to change, which is longer 
than the typical length of mindful meditation and 
lifestyle interventions for mental well-being (Conklin 
et al., 2018). However, more recent studies 
demonstrate that deliberate lifestyle changes such 
as exercise, diet, and mindful meditation can lead to 
an increase in telomere length over shorter periods 
of approximately 3 weeks to 4 months 
corresponding with the timing of habit formation and 
automaticity (Alda et al., 2016; Conklin et al., 2015; 
Epel, 2012; Shen et al., 2020; Wang et al., 2017). 
The research further suggests that the duration and 
intensity of a given intervention play an important 
role on the impact of telomere length (Carlson et al., 
2015; Lengacher et al., 2014; Pines, 2013). 
 
Carlson et al. (2015) and Conklin et al. (2015) found 
that telomere length declined in their control groups 
but stayed the same in the intervention groups, 
suggesting the potential protective effect of 
mindfulness practices, such as meditation and the 

intentional implementation of lifestyle habits, on 
telomere length. Therefore, attempting to expand on 
this research, our current study examined the 
change in telomere length in the control and 
treatment group while they used the Neurocycle in a 
mindful, planned, and guided way over time, 
specifically daily over 9 weeks, to intentionally form 
new habits that would lead to healthier lifestyles and 
mental well-being. 
 
Prolactin, a neuropeptide that promotes 
physiological responses related to reproduction, 
stress adaptation, neurogenesis, and 
neuroprotection, has been shown to play a role in 
the attenuation of the hypothalamic-pituitary-
aderenal (HPA) axis, helping the brain and body to 
adapt to chronic stress (Lennartsson & Jonsdottir, 
2011; Levine & Muneyyirci-Delale, 2018; Torner, 
2016). Unmanaged stress leads to an imbalance in 
prolactin, which in turn can result in reduced 
neurogenesis and reduced stress modulation, 
impacting mental health (Elgellaie et al., 2021; 
Kumar, 2019; Torner, 2016). However, there is a 
scarcity of research showing that intervention 
changes prolactin levels, though there are a few 
studies in the meditation literature where mindful 
lifestyle changes like meditation have been shown to 
improve prolactin levels (Nagendra, 2022). 
Additionally, some research demonstrates that 
passive coping increases prolactin whereas active 
coping leads to lowering or unchanged prolactin 
levels (Theorell, 1992). Our current research 
examined the change in prolactin in the control and 
treatment group as they used the Neurocycle in a 
mindful, planned, and guided way over 9 weeks to 
intentionally form new habits that would lead to 
healthier lifestyles and mental well-being. 
 
The Need for a Psychoneurobiological Approach 
in Automaticity and Habit Formation 
With the current global mental health crisis (World 
Health Organization [WHO], 2022), clinicians, 
researchers, public health experts, and individuals 
alike have increasingly realized that effective, 
affordable, empowering, and sustainable mental 
health interventions are critically needed. 
Specifically, Gardner and Lally (2018), Lewis et al. 
(2021), and Harvey et al. (2020) have underscored 
the need for researchers to contribute to the 
investigation and improved effectiveness of mental 
health interventions by incorporating the science of 
habit formation and automaticity into their design. 
Research on how to use planned, guided, and 
mindful approaches to deconstruct a disruptive habit 
and mindfully reconstruct and reconceptualize a new 
useful habit as a lifestyle would clearly benefit an 
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individual’s mental health (Mantzios & Giannou, 
2019). 
 
This current pilot study seeks to contribute to the 
field’s developing knowledge of habit formation and 
automaticity as something that can be deliberately 
and mindfully learned, through a planned and guided 
approach over a specified time frame, to facilitate 
lasting and impactful management of mental health 
challenges. Thus, this research contributes to the 
understanding of how to improve mental health 
intervention and achieve sustainable outcomes. 
Additionally, by using a psychoneurobiological 
approach within a longitudinal study, we are gaining 
insight into the amount of practice that is likely to be 
needed to form a habit that leads to improved and 
sustainable mental health changes. It is also 
important to acknowledge the complexity of these 
changes in the neurological and biological aspects 
of the human in response to the challenges of life 
(Vage et al., 2023), underscoring this need for a 
psychoneurobiological approach. 
 
To achieve this, the study herein evaluated an 
evidence-based treatment protocol, the Neurocycle 
hosted on the Neurocycle app. With the ever-
growing rise of technology influencing our everyday 
lives, it is not only convenient but essential to create 
accessible, technological interventions for mental 
health that promote well-being and sustainable 
changes (Figueroa & Aguilera, 2020; Hollis et al., 
2015; Lattie et al., 2022; Philippe et al., 2022; 
Schueller et al., 2013). Furthermore, Singh and 
colleagues (2022) encourage the use of digital 
technology as an additional factor for improving 
mental health interventions in terms of ease of 
accessibility and use, thereby empowering an 
individual to manage their mental health. Answering 
this call, we implemented the Neurocycle app as a 
planned and guided process that models how to 
optimize the science of habit formation and 
automaticity in mental health interventions. The 
Neurocycle has been evaluated as an evidence-
based intervention for mental health in clinical trials, 
using a psychoneurobiological approach, assessing 
participants’ psychosocial reports of mental health 
wellness, energy patterns in the brain, and 
hematological measures (Leaf, Turner, Wasserman, 
et al., 2023). 
 
The following hypotheses are being tested:  

• H1: There will be positive change in the 
subjects’ psychological well-being after their 
completion of the Neurocycle program, as 
measured by psychometric assessments of 
the Leaf Mind Management (LMM) 

Autonomy and Toxic Thoughts subscales 
and the Patient Health Questionnaire (PHQ-
9) scale.  

• H2: There will be a change in subjects' 
neurophysiological functioning as measured 
by gamma activity during and following the 
Neurocycle system. 

• H3: There will be positive change in the 
subjects’ biophysical anxiety symptoms after 
the completion of the Neurocycle program, 
as measured by blood serum for prolactin 
levels and telomeres length analysis. 

 
Altogether, this psychoneurobiological approach will 
provide the more detailed neurophysiological data 
called for by Newson and Thiagarajan (2019) via 
mapping of the psychological, neurological, and 
biological identifiers of complex mental health 
behaviors as they become automatized into mindful 
habits and how this process relates to changes in 
the psychological aspects, gamma neural activity, 
and biological changes in telomeres and prolactin. 
 

Materials and Methods 
 
Based on the detailed methods previously 
described, we present a summary of the materials 
and methods herein (Leaf, Turner, Wasserman, et 
al., 2023). 
 
Study Design 
A double-blind randomized clinical trial (RCT) pilot 
study was selected, and the study design, 
instruments, and protocol were approved by the 
Sterling Institutional Review Board (approval ID no. 
7281-RPTurner). A total of 14 participants were 
recruited based on the power analysis of 
convenience sampling; a priori power analysis was 
conducted, and the necessary sample size was 
verified as 12. An additional two participants were 
included for potential attrition during the study 
period. To ensure that participants met the 
recruitment criteria of preexisting anxiety and/or 
depression, the research team recruited a total initial 
pool of 30 recruits in a prescreening phase. To 
select the 14 participants from the initial 30 recruits, 
inclusion and exclusion criteria were applied. After 
the final 14 participants were selected, they were 
provided with an informed consent and randomly 
assigned to the treatment group (n = 7), the 
Neurocycle, or the control group (n = 7), which 
received no special attention beyond the standard of 
care of their physician. During the study, attrition 
occurred following baseline measurements in both 
groups (control: attrition of n = 1, for a final total of  
n = 6; treatment: attrition of n = 2, for a final total of  
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n = 5). Attrition bias was avoided by removing their 
entire profiles from the final samples for analysis. 
 
Materials 
The intervention utilized the Neurocycle program 
hosted on the Neurocycle app. The Neurocycle 
(Leaf, 1997, 2021) is a 63-day mind-directed self-
help mental health program, in which participants 
are directed by daily audio and video recordings 
through the five-step Neurocycle process of Gather 
Awareness, Reflect, Write, Recheck, and Active 
Reach; these steps provide a scientifically validated 
framework for participants to reconceptualize and 
take control of their mental health through mind-
management, fostering development in the required 
skills to actualize the benefits of mindfulness: self-
regulation, resilience, reconceptualization, and 
exposure (Shapiro et al., 2006). 
 
Measurements, Instruments, and Data Collection 
The psychological effects of the Neurocycle were 
measured by the LMM scale and validated with the 
Hospital Anxiety and Depression Scale, Anxiety and 
Depression subscales (HADS-A and HADS-D; 

Bjelland et al., 2022), as well as the BBC Subjective 
Well-Being Scale (BSC; Pontin et al., 2013). The 
neurophysiological effects of the Neurocycle were 
assessed using surface qEEG functional analysis. 
The psychological and neurophysiological effects 
were then verified in bloodwork analysis that 
measured the participants’ prolactin levels, which 
are known to increase alongside stress, anxiety, and 
depression (Lennartsson & Jonsdottir, 2011; Levine 
& Muneyyirci-Delale, 2018; Torner, 2016). This 
tripartite approach addresses the lack of 
multimethod approaches in the field of 
electroencephalography (Newson & Thiagarajan, 
2019) and is intended to help provide additional 
insight into resting-state gamma activity and how it is 
interpreted in the context of therapeutic intervention. 
The assessments were administered across six 
distinct time periods: preintervention (day 1), on 
days 7, 14, 21, and 42, and during postintervention 
on day 63. The schedule of assessment 
administration is provided in Table 1 below, and 
descriptions of each assessment phase are fully 
described in a previous article (Leaf, Turner, 
Wasserman, et al., 2023). 

 
 
Table 1 
Implementation Schedule for Measures of Interest to This Paper 

Measure Prescreen Day 
1 

Day 
7 

Day 
14 

Day 
21 

Day 
42 

Day 
63 

3-Month 
Follow-Up 

Clinical Anxiety (HAM-A) X        

Clinical Depression (HAM-D) X        

Psychological Effects (BBC-SWB)  X X X X X X X 

Self-Report Anxiety & Depression 
(HADS-A & HADS-D)  X X X X X X X 

Patient Health Questionnaire (PHQ-9)  X X X X X X X 

Awareness, Autonomy, and Toxic 
Thoughts Subscales (LMM)  X X X X X X X 

Neurophysiological Effects (qEEG)  X   X  X  

Bloodwork (Prolactin and Telomeres)  X   X  X  
 
 
Neurophysiological Assessment 
Participants underwent three qEEG sessions for 
neuroimaging analysis on days 1, 21, and 63. 
Participants’ qEEG was recorded for 10 min with 
their eyes open and another 10 min with their eyes 
closed. Only low gamma band (30–120 Hz) data are 
reported on in this paper. 
 

Psychological Assessment 
Self-assessment of psychometric indicators was 
taken by participants during all six key stages of the 
intervention’s administration: days 1, 7, 14, 21, 42, 
and 63. The primary assessment tool implemented 
was the LMM scale. Improvements in stress and 
anxiety can be measured by increases in the 
Autonomy, Awareness, and Empowerment 
subscales alongside decreases in the Toxic 
Thoughts, Toxic Stress, and Barriers subscales. In 
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this paper, data on the Awareness, Autonomy, and 
Toxic Thoughts subscales are reported. To 
triangulate and validate the LMM assessment in this 
study, traditional measures of anxiety, stress, and 
depression were also administered, including the 
PHQ-9, a depression module, which scores each of 
the nine DSM-IV criteria as “0” (not at all) to “3” 
(nearly every day). 
 
Biological Assessment 
Participants were sampled for blood-measured 
prolactin levels and telomere length. Elevated 
prolactin levels and decreased telomere length are 
known to be associated with an individual’s elevated 
stress and anxiety levels and the direct neurotoxic 
effects (Aghayan et al., 2020; Chung et al., 2017; 
Epel, 2009; Epel et al., 2004; Mayer et al., 2023). 
During the preintervention on day 1, after the initial 
phase of the intervention on day 21, and 
postintervention on day 63, given that this 
sulphurated amino acid is responsible for mediating 
methylation, which is critical for nervous system 
balance and health (Kennedy, 2016), blood amino 
acid analysis for prolactin levels was then performed 
by a contracted lab and reported to the researchers 
as follows: normal range: 5–15 mcmol/L; moderately 
elevated range: 15–30 mcmol/L; intermediately 
elevated range: 30–100 mcmol/L; and severely 
elevated range: < 100 mcmol/L (Haldeman-Englert 
et al., 2022). 
 
The qEEG study descriptions are presented in a 
previous article (Leaf, Turner, Wasserman, et al., 
2023). Relative power was calculated for each 
frequency band relative to the total power in the  
0.5–120 Hz range. Further, relative power was used 
for analysis to allow direct comparison from one 
subject to another, controlling for interpersonal 
differences in overall EEG amplitude. In this study, 
all-electrode-averaged eyes-open (EO) and eyes-

closed (EC) global average gamma relative power 
(30–120 Hz), low gamma relative power (30–49.9 
Hz), high gamma relative power (50–120 Hz), and 
EO frontal low gamma relative power (30–49.9 Hz; 
averaged over the three frontal electrode sites; F3, 
Fz, and F4) were analyzed. 
 
Analysis 
The data gathered from the qEEG, bloodwork, and 
psychometric assessments were analyzed 
altogether using IBM SPSS v27. The study analysis 
is presented in a previous article (Leaf, Turner, 
Wasserman, et al., 2023). In this study, we analyzed 
global average gamma (low = 30–49.9 Hz; high = 
50–120 Hz) relative power and frontal low gamma 
(30–49.9 Hz; averaged over the three frontal 
electrode sites; F3, Fz, and F4) relative power in 
both the EO and EC conditions. To examine the 
specific hypotheses outlined in this paper, linear 
multiple regression models and simple regressions 
were conducted to examine the relationships among 
the specific variables as nonparametric correlations 
(⍴) to assess potential relationships. The alpha (α) 
level for this pilot study was set at 0.10. 
 

Results 
 
Overall Gamma Change and Psychological 
Relationship 
EO frontal low gamma relative power (average of 
F3, Fz, and F4) increased from day 1 to day 21  
(t = 1.35, p = .104) followed by a significant 
decrease from day 21 to 63, t = 1.75, p = .055 
(Figure 1). The overall change in EO frontal low 
gamma relative power over the course of the entire 
study, from day 1 to 63, correlated significantly with 
change in the LMM Autonomy subscale, ⍴ = 0.575,  
p = .065. 
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Figure 1. EO Frontal Low Gamma Relative Power and LMM Autonomy. 
 

 
 
Note. EO frontal low gamma relative power from baseline to day 21 all subject average, t = 1.35,  
p = .104, and day 21 to 63, t = 1.75, p = .055 and LMM Autonomy from days 1 to 63, ⍴ = 0.575,  
p = .065. Error bars are standard error. 

 
 
A linear regression model showed that the stress 
(PHQ-9 scale) at baseline was a significant predictor 
and accounted for 34.5% of the variance of EO 
frontal low gamma relative power changes from day 
1 to day 63, F = 4.73, R2 = .345, beta coefficient 
(standardized) = .587, p = .058. 
 
Stress levels, as measured by the PHQ-9 at 
baseline, were significantly correlated with the LMM 
Autonomy subscale (⍴ = −0.635, p = .036) and the 
LMM Toxic Thoughts subscale (⍴ = 0.703, p = .016). 
Scores on the LMM Autonomy subscales need to 
increase to show improvement; scores on the LMM 
Toxic Thoughts subscale needs to decrease to show 
improvement. 
 
Similar to LMM scale validation results from another 
study (Leaf, Turner, Paulson, et al., in press), the 
LMM Autonomy subscale is significantly correlated 
to LMM Awareness (⍴ = 0.538, p = .088) and LMM 
Toxic Thoughts (⍴ = −0.507, p = .097). Scores on 

the LMM Autonomy and Awareness subscales need 
to increase to show improvement; scores on the 
LMM Toxic Thoughts subscale needs to decrease to 
show improvement. 
 
Over the course of the study from day 1 to 63, EO 
global average low gamma (30–50 Hz) increased 
and scores on the LMM Toxic Thoughts subscale 
decreased, ⍴ = −0.669, p = .024 (Figure 2). 
 
Over the course of the study, there was an inverse 
relationship between EC global average high 
gamma and the LMM Toxic Thoughts scores which 
was significant from baseline to day 63, ⍴ = −0.758, 
p = .007. We observed an inverse relationship 
between an increase of the Toxic Thought subscale 
from day 1 to day 21 and decreasing EC global 
average high gamma (50–120 Hz), both measures 
reverse trajectory at the 21-day inflection point 
(Figure 3). 
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Figure 2. EO Global Average Low Gamma Relative Power and LMM Toxic Thoughts. 
 

 
 
Note. EO global average low gamma (30–49.9 Hz) and LMM Toxic Thoughts subscale scores. 
Total change from day 1 to 63 in EO global average low gamma were significantly correlated with 
LMM Toxic Thoughts subscale scores from day 1 to 63, ⍴ = −0.669, p = .024. Error bars are 
standard error. 

 
 

Figure 3. EO Global Average High Gamma Relative Power and LMM Toxic Thoughts. 
 

 
 
Note. EC global average high gamma (50–120 Hz) and LMM Toxic Thoughts subscale scores 
change from baseline to day 63, ⍴ = −0.758, p = .007. Error bars are standard error. 
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Overall Gamma Change and Biological 
Relationships 
A linear regression model showed that the prolactin 
change from day 1 to 63 was a significant predictor 
and accounted for 65.2% of the variance of EO 
frontal low gamma relative power changes from day 
1 to day 63, F = 16.86, R2 = .652, beta coefficient 
(standardized) = .807, p = .003. 
 
Group Differences and Psychological 
Relationships 
Results revealed that while both the control and 
treatment group increased in EO frontal low gamma 

relative power change from baseline to day 21 and 
then decreased from day 21 to 63 EO frontal low 
gamma relative power change, the treatment group 
had significant change from day 21 to day 63,  
t = 1.85, p = .069 (Figure 4, left). Examination of the 
group differences on the percentage change relative 
to baseline revealed that the treatment group had 
decreased EO frontal low gamma relative power 
change relative to baseline while the control group 
had increased EO frontal low gamma relative power 
change relative to baseline (Figure 4, right), t = 1.38, 
p = .097. 

 
 
Figure 4. EO Frontal Low Gamma Relative Power and Percentage Change. 

 

 
 

Note. EO frontal low gamma relative power change from baseline to day 21 and day 63 for the treatment and control groups. 
EO frontal low gamma relative power percentage change from baseline to day 21 and baseline to day 63 for the treatment and 
control groups. Significant difference, (left) treatment group, day 21 to day 63, t = 1.85, p = .069; (right) control vs. treatment 
group day 63 to baseline, t = 1.38, p = .097. Error bars are standard error. 
 
 
Results also revealed that the control group and 
treatment group had similar awareness scores at 
day 1, t = .242, p = .407; however, by day 63, the 
treatment group had significantly greater awareness 
scores than the control group, t = 1.74, p = .058 
(Figure 5). Analysis showed that the awareness 
score of the treatment group significantly increased 
from day 1 to day 63, t = 2.24, p = .045, while the 
control group awareness score did not significantly 
change over the course of the study, t = .045,  
p = .084. 
 

Looking towards the end of the 63-day program, for 
subjects in the treatment group who completed the 
3-month follow-up LMM measures (n = 5), there was 
a significant correlation between EO frontal gamma 
relative power on day 63 of the study and their LMM 
Autonomy and LMM Awareness subscale scores at 
that same timepoint, ⍴ = 0.894, p = .041, which 
persisted through to the 3-month follow-up,  
⍴ = 0.894, p = .041. 
. 
 

 
 

http://www.neuroregulation.org/


Leaf et al. NeuroRegulation  

 

 
13 | www.neuroregulation.org Vol. 11(1):2–24  2024 doi:10.15540/nr.11.1.2 
 

Figure 5. Leaf Mind Manaement Awareness. 

 
Note. Leaf Mind Management Awareness subscale from baseline to day 63 for the treatment and 
control groups. *Significant difference, control vs. treatment group, t = 1.74, p = .058; treatment 
group: day 1 to day 63, t = 2.24, p = .045; treatment group: day 21 to day 63, t = 2.29, p = .042. 
Error bars are one standard deviation. 

 
 
We also observed a significant correlation between 
the overall decrease in EO global low gamma 
between days 21 and 63 and scores on the LMM 
Empowerment and Life Satisfaction subscale on day 
63, ⍴ = −0.975, p = .005. This correlation also 
persisted through to the 3-month follow-up LMM 
scores, ⍴ = −0.975, p = .005. A similar pattern of 
inverse correlation was observed in the change in 
EC global average gamma from day 21 to 63 and 
LMM Autonomy and Awareness subscales on both 
day 63 and 3-month follow-up, ⍴ = −0.894,  
p = 0.041. 
 
Group Differences and Biological Relationships 
Telomere length decreased from day 1 to day 21 for 
both the treatment (−1.05%) and control (−1.99%) 
groups, although the decrease was less for the 
treatment group than the control group (Figure 6). 
Telomere length increased from day 21 to day 63 for 
both groups; however, the control group did not 
reach their baseline telomere length (−1.10%), while 
the treatment group exceeded their baseline 
telomere length (+0.26%), t = 1.62, p = .069. 
 

Due to low sample sizes in the pilot study, 
multivariate correlational analyses by group were not 
possible; however, there are corresponding 
relationships of percent change of telomere length 
and improved LMM Toxic Thoughts scores from 
baseline to day 63 of telomere length and overall 
gamma relative power (30–120 Hz) during the EO 
condition, ⍴ = 0.670, p = .024, as well as percent 
change from baseline to day 63 of telomere length 
and improved LMM Toxic Thoughts scores,  
⍴ = .560, p = .073 (see Figure 7). 
 
Percent change from baseline to day 21 telomere 
length was significantly correlated with percent 
change from baseline to day 21 for prolactin,  
⍴ = 0.584, p = .059, indicating that greater change in 
telomere length was related to greater change in 
prolactin. In addition, percent change from baseline 
to day 63 in overall gamma (30–120 Hz) during the 
EO condition were significantly correlated with 
improved LMM Toxic Thoughts scores,  
⍴ = .724, p = .012. 
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Figure 6. Telomere Length and Percentage Change. 
 

 
 

Note. Telomere length; percentage change from baseline to day 21 and baseline to day 63 for the treatment (t = 1.62,  
p = .069) and control groups. Error bars are standard error. 
 
 

Figure 7. Telomere Length and LMM Toxic Thoughts. 
 

 
 

Note. Telomere Length (Kb) and LMM Toxic Thoughts subscale scores change from day 1 to 63, ⍴ = 0.560, 
p = .07. Error bars are standard error. 
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Discussion 
 
Understanding the process of habit formation and 
automaticity is needed to contribute to creating 
interventions for mental health treatments that seek 
to create more sustainable change (Harvey et al., 
2020). Even though a major focus of habit research 
has been on simple repetition of cue-response-
reward sequences, the literature calls for a more 
mindful view, as well as the application of habit 
formation and automaticity into the design and 
implementation of evidence-based mental health 
intervention (Mergelsberg et al., 2021; Gardner et 
al., 2012). We have attempted to address this need 
through the current research by examining the 
effectiveness of a 9-week planned and guided 
intervention informed by the science of habit 
formation and automaticity using a 
psychoneurobiological approach. In the current 
study we used an app called the Neurocycle, a 
technology-based mental health intervention, as a 
tool for promoting habit formation and automaticity 
while working through mental health struggles (Leaf, 
Turner, Wasserman, et al., 2023). In a growing 
technological age, and after a global pandemic 
where there was so much isolation between people 
and fewer face-to-face interactions, technological 
interventions for mental health issues have vast 
potential to provide accessible and affordable mental 
health care. The present study further serves to 
study the effectiveness of said technology, as called 
for in current research (Aguilera, 2015; Jameel et al., 
2022; Lattie et al., 2022; Naslund et al., 2017; 
Stawarz et al., 2015; Taylor et al., 2020). 
 
We observed a pattern of change in the data over 
the course of the 9 weeks (63 days) time frame of 
the Neurocycle that integrates with the common 
consensus of how long it takes to build effective and 
useful habits that could have a positive impact on 
the mental health of an individual, whichh is around 
8–12 weeks (Armitage, 2005; Gardner et al., 2012; 
Lally et al., 2010; van der Weiden, 2020). In this 
study, on a psychological level, we observed 
significantly improved increases in awareness and 
autonomy and decreased toxic thoughts. On a 
neurological level, we observed that this was 
reflected by frontal gamma following a pattern of 
increasing while active change and learning were 
taking place between days 1–21, and then 
decreasing between days 21–63. This potentially 
shows that habit formation is taking place and being 
wired into the brain, creating neural networks and 
demonstrating the learning process that leads to 
automaticity and habit formation. We also found 
correlated positive changes in the biological 

components (prolactin and telomeres). This 
psychoneurobiological approach helps to provide the 
more detailed neurophysiological data called for by 
Newson and Thiagarajan (2019) through a blending 
of the psychological, neurological, and biological 
identifiers of automaticity and habit formation. 
 
Psychological Changes 
Overall gamma changes and multiphasic pattern of 
habit formation and automaticity were found to be 
correlated with the psychological measures on the 
LMM scale. A change in EO frontal low gamma over 
the course of the entire study was related to a 
greater change in the Autonomy subscale of the 
LMM, with an inflection point occurring at day 21, 
followed by a change of direction from day 21 to day 
63. These results indicate that a greater change in 
frontal low gamma relative power was related to a 
greater change in autonomy. This time course (day 
21 to day 63) corresponds with the decrease in low 
gamma that Madhavan et al. (2015) recorded in 
frontal regions, suggesting that the mindful 
conscious part of the initiation and goal setting of the 
habit formation process may be frontally based. 
 
Additionally, as EO global average low gamma 
increased over the course of the study from day 1 to 
day 63, scores on the LMM Toxic Thoughts 
subscale decreased, once again with an inflection 
point occurring at day 21, with the same change of 
direction from day 21 to day 63, which was also the 
pattern seen with the frontal low gamma. It is not 
surprising to see an increase in toxic thoughts while 
participants were prompted to become aware of the 
problem they had chosen to address because this 
involves active and deliberate learning and change 
as an individual becomes more aware and mindful of 
their issue, which is associated with the increase in 
low gamma globally (Leaf, Paulson, et al., 2023). 
Then at the inflection point of 21 days, toxic thoughts 
decrease along with the decrease in the slope of 
increase of low gamma. 
 
These results may suggest that global low gamma 
relative power may be related to the initial 
awareness of facing and dealing with the toxic issue 
followed by stabilization after the inflection point. 
This may represent a measure of mindful cognitive 
effort working towards their goal. Both the treatment 
and control groups could be experiencing and 
benefiting from the “therapeutic alliance” (Alldredge 
et al., 2021), since they are both receiving the 
standard of care from the physician. Additionally, 
they were aware of being in a study to help manage 
mental health and were therefore motivated to 
initially face and deal with their issues (Benedetti, 
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2013; Munnangi et al., 2022), which could account 
for the increase in frontal low gamma.  
 
Throughout the duration of the study, EC global 
average high gamma and the LMM Toxic Thoughts 
scores were inversely related (Figure 3). These 
results indicate that as one increases the other 
decreases and vice versa. These changes also 
occurred in a phasic pattern on a shorter timescale 
with a decrease in EC global average high gamma 
from day 1 to day 21 as the toxic thoughts 
increased, with an inflection point at day 21, and 
then from day 21 to day 63, where the global high 
gamma increased and the toxic thoughts decreased. 
This interpretation is supported by a similar 
trajectory of activation in EO relative beta power 
(Leaf, Turner, Wasserman, et al., 2023). These 
results suggest that as EC high gamma increased, 
over the second phase of the Neurocycle, toxic 
thoughts decreased. There is a delicate balance of 
resources in the brain, and the results demonstrated 
gamma modulating alongside correlation with 
changes in psychology among several different 
measures. 
 
An overall gamma change was also found to be 
correlated with the psychological measures on the 
PHQ-9. The PHQ-9 stress scale at day 1 was a 
significant predictor of low gamma relative power 
changes from day 1 to day 63, if the study was a 
significant predictor of the patterns of change in 
frontal low gamma relative power. This is a 
foreseeable result of beginning to work on changing 
a toxic thought, which has implications for the 
initiation and consistency of working through the 
issue, pushing past the struggle. This could indicate 
an overall level of severity dictating how much of a 
change is yet to be made. Participants’ stress levels 
at baseline, as measured by the PHQ-9, were also 
significantly correlated with LMM Autonomy and 
Toxic Thoughts subscales at baseline. These results 
indicate that at baseline, higher levels of stress, as 
measured by the PHQ-9, were related to lower 
scores on autonomy and higher scores on toxic 
thoughts on day 1. This potentially indicated that the 
worse a participant’s starting point is, the more 
frontal engagement they still experience at day 63, 
which could be an indicator of the level of complexity 
of the issue that they are working on and suggests 
the potential benefit of another Neurocycle. Multiple 
sequential Neurocycles may prove beneficial for 
individuals dealing with complex mental health 
issues. 
 

Group Differences in Psychological Measures 
The LMM scale is uniquely situated to measure and 
help sustain the development of mindfulness 
awareness into a cognitive practice that involves 
self-regulation to form new habits and automatize 
them. This involves the initiation of the intervention 
to the learning and eventual stabilization of the new 
habits that have a consistent impact on well-being 
(Leaf, Turner, Paulson, et al., in press). The results 
of this automaticity are supported by the 
psychological component as part of the 
psychoneurobiological approach used in the study 
(Leaf, Turner, Wasserman, et al., 2023). 
 
The current study revealed that the control group 
and treatment group had similar scores on the 
Awareness subscale of the LMM, from day 1 to 21; 
however, by day 63, the treatment group had 
significantly greater awareness scores than the 
control group (Figure 5). Analyses showed that the 
Awareness score of the treatment group significantly 
increased from day 1 to day 63, while the control 
group’s awareness score did not significantly 
change over the course of the study. This reveals 
another important facet of automaticity and habit 
formation: that increased awareness leads to 
planned and guided practice, without which 
automaticity of a new effectual habits may not occur. 
Instead, the established destructive habit will persist, 
as was seen in the control group and prior literature 
(Fleig et al., 2013, Gardner, 2014). 
 
Awareness is an essential component of self-
regulation, and self-regulation is a significant skill for 
mental health given its profound impact on people’s 
everyday struggles (Diamond, 2013; McCelland et 
al., 2015). Self-regulation is one of the mediating 
factors for well-being outcomes (Leaf, Turner, 
Paulson, et al., in press). Self-regulation is a critical 
factor in habit formation and automaticity that will 
change behavior irrespective of the context (Frazier 
et al., 2021). On a psychological level, this may 
represent the cognitive effort of identifying, 
disrupting, deconstructing, reconstructing, and 
reconceptualizing toxic thoughts involved in the 
process of doing the Neurocycle daily over the 63 
days to improve mental health.  The persisting LMM 
scores in the treatment group at 3-month follow-up 
indicate that the subjects maintained their 
psychological changes past the end of the program.  
Further investigations will include tracking of 
physiology past the end of the Neurocycle to 
investigate the long-term trajectories of how these 
measures interact with the psychology of 
Neurocyclists. 
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Neurophysiological Change 
EO frontal low gamma increased from day 1 to day 
21, peaked at day 21, followed by a significant 
decrease from day 21 to 63. EO global average low 
gamma (30–50 Hz) increased over the course of the 
study from day 1 to 63, but slowed down at day 21 
after which the slope of the increase decreased. EC 
global high gamma (50–120 Hz) decreased from day 
1 to day 21, then increased from day 21 to day 63. 
We observed a nonlinear trajectory of change in the 
qEEG gamma metrics. This supports the concept 
that the process of changing complex mental 
behaviors is not linear and requires a greater degree 
of investigation in the temporal domain in order to 
more fully describe the patterns and associations 
between the measured variables. The nonlinear 
nature of these changes supports the concept of 
gamma as a “goldilocks frequency” that has differing 
stable states of ideal activity depending on individual 
contextual factors and is interpreted differently 
depending on the source of gamma in the cortex. 
 
Group Differences in Neurophysiological 
Measures   
Results suggest that EO frontal low gamma 
increased from baseline to day 21 and decreased 
from day 21 to day 63 in both the treatment and 
control groups. However, the treatment group had a 
significant change from day 21 to day 63 (Figure 4), 
demonstrating the automaticity pattern with the peak 
at day 21 and the change of direction thereafter. 
Examination of percentage change from day 63 
relative to baseline revealed that EO frontal low 
gamma relative power decreased in the treatment 
group and increased in the control group (Figure 4). 
 
The decreased activity in frontal low gamma in the 
treatment group may represent that less deliberate 
intentional work is needed to manage the intrusive 
thought than was required in the initial 21 days, the 
first phase, where active deconstruction of the root 
cause and reconceptualization and reconstruction of 
the new thought was being carried out. The second 
phase, days 21 to 63, was a practice phase to 
stabilize and automatize the thought into a habit that 
will manifest as behavior change impacting mental 
health in a positive way. It is also possible that a 
modification in effective habit formation was 
happening at around the 21-day point and that this 
level of intense type focus was no longer needed as 
the person moved into a practice stage of 
stabilization of the new pattern. A simple comparison 
elucidating this is learning to ride a bicycle, drive a 
car, or play a musical instrument. Initially there is 
intensive deliberate intentional work to learn the 
“how to,” after which one is able to ride the bike, 

drive the car, or play the musical instrument 
automatically. In this study, improved self-regulation 
of an experience that was challenging the person’s 
mental health is the new habit that is forming. The 
automaticity component shows up in the decreased 
deliberate intentional conscious work needed and 
the shift to a stabilization of the new thought pattern. 
 
In the control group, we observed a different pattern. 
They became aware of their problem thought 
through the interaction and interviews during the 
study but didn’t have a treatment plan to deal with 
this, which could be the reason why their frontal low 
gamma increased from baseline to day 63. The data 
support the concept that awareness alone is not 
sufficient for mental health change. 
 
Biological Change 
There is an overall correlation between the decrease 
in global gamma relative power (30–120 Hz) in the 
EO condition from day 1 to 63 and the change in 
telomere length over that same time period. It is 
critical, however, to analyze this finding in the 
context of whether or not the subjects were in the 
treatment or control conditions. Both groups saw 
decreases in telomere length from day 1 to 21 of the 
study (Figure 7); however, while the control group 
made a small rebound in telomere length from day 
21 to 63 of the study, those in the treatment group 
had increased telomere length from day 21 to 63 
and increased in average telomere length from the 
beginning to the end of the Neurocycle that 
approached statistical significance. 
 
The hard work being done over the first 21 days is 
mentally challenging and can increase stress in the 
process of gaining insight into the cause of the 
mental health issues being worked on. This is 
supported by the telomeres shortening in both 
groups, which can be likened to having surgery 
where you must be cut first to then be healed. The 
improved telomere length in the treatment group 
aligns with the improved mental health management 
reported in the second phase from days 21–63 of 
the intervention where automaticity of the new 
reconceptualized behavior is in the process of 
developing. 
 
Likewise, the change in prolactin from day 1 to day 
63 was a significant predictor of frontal low gamma 
relative power changes over the same time span. 
Prolactin is a versatile hormone that has been 
associated with adaptation to stress and 
neurogenesis, and it has been shown to help alter 
neural circuits to help the individual cope with stress 
(Torner, 2016). It would be improper, however, to 
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interpret the associated increase in gamma as also 
being therefore beneficial by association. Instead, 
we propose that gamma is likely representative of an 
overall arousal level, or index of local cortical 
activity, and needs to be interpreted based on 
context. As discussed in the introduction, gamma 
activity, like most other brain activity, can be 
maladaptive in either a hyper- or hypoactive manner 
(Barry et al., 2010; Lawson, 2013; Roh et al., 2016). 
The ideal level of activity is a constantly moving 
target range dependent on a myriad of individual 
factors and contexts. 
 
Group Differences in Biological Measures  
Group differences revealed a smaller decrease in 
telomere length from day 1 to day 21 in the 
treatment group. The treatment group was working 
within a deliberate and guided treatment protocol to 
reconstruct the new patterns of behaviors and 
emotions and perspectives, versus the control group 

which had no specific guidance; therefore, the 
stressors experienced by both groups were 
experienced differently, either as the eustress of 
planning to address challenges or merely bringing 
up stressors without providing a plan to address 
them. From day 21 to day 63, both groups exhibited 
an increase in telomere length; however, the control 
group never recovered to their baseline length, while 
the treatment group surpassed their baseline 
telomere length. We recorded in this biological 
measure, the pattern of the peak at day 21, followed 
by changes from day 21 to day 63. Furthermore, 
within the treatment group, our results showed a 
correlation between the percent change from 
baseline to day 63 in overall gamma relative power 
(30–120 Hz) and telomere length during the EO 
condition. Similarly, the percentage change from 
baseline to day 63 in telomere length and improved 
LMM Toxic Thought scores were also related (Figure 
8).  

 
Figure 8. The Psycho-Neuro-Biological (PNB) Impact of the Neurocycle. 

 

 
 

Note. Gamma, prolactin, telomeres, and psychosocial measurements. 
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These results suggest a positive correlation between 
a greater change in telomere length, greater overall 
gamma change, and improved LMM Toxic Thoughts 
scores in the same automaticity pattern. From 
baseline to day 21, percent change in telomere 
length was also significantly correlated with the 
percent change in prolactin, indicating that greater 
change in telomere length was related to greater 
change in prolactin, with both following the 
automaticity pattern. Additionally, during the EO 
condition, the percentage change from day 1 to day 
63 in overall gamma (30–120 Hz) was significantly 
correlated with improved LMM Toxic Thoughts. 
These results suggest a positive correlation between 
improved LMM Toxic Thoughts and a greater 
change in overall gamma activity. It would therefore 
appear that chronic stress management using the 
Neurocycle was also reflected in the biological 
results, which is supported by the literature (Epel, 
2009, 2012; Epel et al., 2004) Further research is 
needed to confirm these results. 
 

Conclusion 
 
Integrating the Psycho-Neuro-Biological to 
Inform Automaticity and Habit Formation 
The brain has evolved to process and encode 
sensory information and cognitive processes in a 
manner that utilizes a minimal amount of effort and 
energy, both biologically and cognitively speaking. 
Unfortunately, the most effective and energy-
efficient way of solving problems is often not the 
most psychologically healthy solution. It is possible 
that for some situations, the most energy-efficient 
solution is not just a nonideal one but could be 
maladaptive in the long run. An individual can 
alleviate the exposure to a stressor by suppressing 
or simply removing oneself from the situation, but 
this is often unrealistic. Therefore, a more effortful 
process of discovering why the stressor initiated that 
strong response and going through a process of 
self-discovery and reconceptualization are needed 
to move past that stressor. This requires a great deal 
more cognitive, emotional, and biological energy to 
complete; however, it has the potential to provide a 
more healthy, long-term, solution to that stressor. 
The present pilot study was conducted to assess the 
efficacy of the Neurocycle as providing such a 
planned and guided system to foster effective and 
sustainable habit formation and the automaticity of 
complex mental health issues of participants as 
measured using a psychoneurobiological approach. 
 
Neurophysiological changes were observed as an 
indicator of improved complex mental health 
wellness through improved psychosocial state as 

indicated by decreased LMM Toxic Thoughts, 
increased autonomy scores, and decreased PHQ-9 
stress scores. Neurological and mental health 
improvement were validated with the measurement 
of changed gamma levels as correlated with 
improved self-regulation on the LMM, decreased 
prolactin blood levels, and increased telomere length 
from day 21 to day 63, coinciding with decreased 
self-reporting of symptoms of stress and anxiety. 
The correlation of these results provides novel 
support for the connection between gamma as a 
goldilocks frequency and automaticity and habit 
formation. Gamma can be too low or too high and is 
interpreted based on source location (gamma is 
representative of communication between higher 
level cortices). Thus, depending on which cortical 
areas you are talking about, the increase or 
decrease in gamma can be thought of as an index of 
overall arousal or activation in that cortical area, 
expending effort. Furthermore, the automatization 
effect of habit formation appears to involve frontal 
low gamma increasing from days 1–21 and then 
pivoting and decreasing to day 63 to a greater extent 
for the treatment versus the control group. This 
potentially shows the hard work being done in days 
1–21 as the person is embracing, deconstructing, 
and reconstructing the issue resulting in low gamma 
increasing frontally, then calming down as the 
individual starts to practice using the new habit to 
stabilize it. The global low gamma is potentially 
showing that, as the new habit is developing from 
day 1 to day 21, and then stabilizing from day 21 to 
day 63, the whole brain gets involved in this complex 
organic growth-oriented process of the new habit 
being practiced. Additionally, this could possibly be 
evidence of complex activity in the nonconscious 
mind that needs to happen outside of conscious 
awareness in order to stabilize an effective habit that 
will be helpful and useful to the individual. The 
therapeutic alliance effect was evidenced in the 
significant improvement in awareness and 
empowerment in the control group over the course 
of the 63 days. 
 
As this was a pilot study done on a small, 
nondiverse population, it has limitations. Future 
research should confirm these relationships with 
larger data sets and longitudinal studies to 
understand how to incorporate the science of habit 
formation and automaticity in improving mental 
health intervention. 
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Abstract 

The aim of this study was to investigate whether the inflammatory marker neopterin and certain 
neurophysiological measurements could be used as complementary markers for stress and anxiety symptoms as 
determined by the Depression, Anxiety, and Stress Scale (DASS-21) questionnaire. A cohort of 158 respondents 
completed the DASS-21 and biographical questionnaire which were used to stratify health sciences university 
students between Group A (n = 20), who had high levels of symptoms, and Group B (n = 20) who had normal 
levels of stress and anxiety. Neurophysiological measurements were taken from these participants, namely heart 
rate variability (HRV), blood pressure (BP), blood-volume pulse (BVP), electrodermal activity (EDA), and 
quantitative electroencephalography (qEEG). Each participant also donated a urine sample which was tested for 
neopterin concentration using an enzyme-linked immunosorbent assay (ELISA). Neopterin positively correlated 
with the stress and anxiety scores, while HRV and BVP were negatively correlated with these scores. In terms of 
qEEG, delta and hibeta wave activity increased in the left and frontal brain regions of participants with high mental 
health scores, whereas alpha wave activity decreased in these regions. High DASS scores were associated with 
elevated neopterin concentration and neurophysiological changes (brain waves, HRV, and BVP). 
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Introduction 

 
The number of people who suffer from mental health 
conditions is increasing. Between 1990 and 2019, 
cases of mental health disorders increased by 48% 
(Ferrari et al., 2022). Of these, the cases of anxiety 
disorders increased by nearly 50% and depressive 
disorders increased by 64% (Ferrari et al., 2022; 
Yang et al., 2021). Mental health conditions are 
among the most costly disorders in terms of 
projected healthcare expenditures needed to treat 
them (Tomlinson et al., 2009). Accordingly, the 
global economic impact of these conditions is 
estimated to be US$3–7 trillion each year (due to 
medical costs, disability, and lost productivity; Arias 
et al., 2022). Despite the pervasive and increasing 
effects of mental health, the medical resources, 
interventions, and funding allocated to treating them 

are not proportional to the actual burden. In many 
countries, less than 1% of government health 
expenditure goes towards mental health services, 
with the average expenditure being only 2.8% 
(Rajkumar, 2022; Saxena et al., 2003; Whiteford et 
al., 2013). 
 
Not only is mental health a major concern globally 
but it is also of particular importance for medical 
students who have a high incidence of anxiety, 
depression, burnout, and mental health struggles 
(Dyrbye et al., 2005; Fares et al., 2016). Studies 
suggest that medical students often have higher 
levels of psychological distress than the general 
population, and their age-matched peers (Dyrbye et 
al., 2006; Goebert et al., 2009; Maser et al., 2019). 
This may have an adverse effect on academic 
performance, empathy, and the care of their 
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patients, as well as contribute to other negative 
professional and personal aspects (Dyrbye et al., 
2010; Hojat et al., 2004; Thomas et al., 2007).  
 
Stress, Anxiety, and Depression  
Stress is commonly defined as the response to a 
real or perceived threat to homeostasis 
(Charmandari et al., 2005; Johnson et al., 2019; 
Smith & Vale, 2006). This response involves 
physiological, endocrine, and cognitive reactions, 
which aid in survival (Charmandari et al., 2005; 
Sapolsky et al., 2000). Although the stress response 
is a normal and healthy physiological process to 
help restore homeostasis, prolonged stress can 
become maladaptive and detrimental. Chronic stress 
is an important risk factor for the development of 
many disorders, including anxiety (Pêgo et al., 
2010), depression (Kessler, 1997), and 
cardiovascular disease (CVD; Satyjeet et al., 2020).  
 
Anxiety disorders are a considerable problem 
worldwide (Buist-Bouwman et al., 2006), and are 
characterized by excessive worry, fear, and other 
psychological and physiological alterations 
(American Psychiatric Association [APA], 2013; 
2013; Steimer, 2002; Wilmer et al., 2021). Anxiety 
can interfere with quality of life, impacting health, 
emotion regulation, social and occupational function, 
and the ability to cope successfully with challenges 
(Steimer, 2002; Wilmer et al., 2021). Aberrations in 
neurotransmitters, stress hormones, and the 
autonomic nervous system (ANS) are thought to be 
involved in its pathophysiology (Bagdy, 1998; 
Crestani et al., 1999; Gass et al., 2001; Ho et al., 
2020; Holwerda et al., 2018; Mitra & Sapolsky, 2008; 
Nutt & Malizia, 2001; Risbrough & Stein, 2006; 
Steimer, 2002; Tanaka et al., 2000; Teed et al., 
2022; Weinstock, 2001). In addition to stress, 
genetic, environmental, and experiential factors also 
contribute to the risk of developing anxiety (Pêgo et 
al., 2010; Steimer, 2002). 
 
Depression is characterized by feelings of sadness, 
emptiness, and/or irritability, which are accompanied 
by somatic and cognitive changes that significantly 
impact a person’s capacity to function (APA, 2013). 
It should be noted that these symptoms are present 
every day and are distinguished from normal 
feelings of sadness or grief, which reduce in 
intensity over time (APA, 2013). There are many 
factors that contribute to the risk of developing 
depression in university students. These include 
confidence, personality, academic pressure, 
preexisting conditions, lifestyle choices, social 
support, and financial struggles (Mohammad, 2021). 

In addition to these, stress is also a risk factor for 
depression (Kessler, 1997; Raison & Miller, 2003). 
 
DASS-21 Questionnaire 
The Depression, Anxiety, and Stress Scale (DASS) 
was designed to measure mental health aspects on 
three scales. The Depression scale reflects self-
esteem and motivation, while the Anxiety scale 
reflects feelings of fear, panic, and arousal. The third 
scale, Stress, measures tension, irritability, and 
difficulty relaxing (Lovibond & Lovibond, 1995). Each 
scale of the DASS assesses unique features of the 
three conditions, which reduces the overlapping or 
intercorrelation of the measurements, thus 
increasing the ability to distinguish between 
depression, anxiety, and stress. The short-form 
version of DASS, which consists of 21 questions 
(DASS-21), was used in this study. The DASS has 
been found to be a reliable and valid measure in 
both clinical and nonclinical samples (Akin & Çetin, 
2007; Antony et al., 1998; Beaufort et al., 2017; 
Crawford & Henry, 2003; De Beurs et al., 2001; 
Dreyer et al., 2019; Henry & Crawford, 2005; Jiang 
et al., 2020; Tonsing, 2014; Tran et al., 2013). 
 
The DASS questionnaire is a dimensional rather 
than a categorical measure. As such, it should not 
be used to diagnose participants into discrete 
categories proposed in classification systems such 
as the Diagnostics and Statistical Manual of Mental 
Disorders, but rather should be used as a screening 
tool to assess symptom severity. 
 
Although mental health aspects can be determined 
through the administration of self-assessment 
questionnaires, suitable physiological 
measurements may be necessary to complement 
and substantiate the questionnaire facets surveyed. 
Adjunct physiological biomarkers may contribute to 
the scientific understanding of mental well-being and 
may be advantageous in improving the management 
thereof. For example, some but not all depressed 
patients present with elevated inflammation (Osimo 
et al., 2020), as such an inflammatory biomarker 
could be useful in identifying this subset of patients 
and thus prescribing an appropriate course of 
treatment.  
 
The body of research investigating the links between 
mental health and inflammation is growing. Studies 
involving the effects of proinflammatory cytokines on 
the brain suggest that inflammation may have a 
pivotal role in the pathophysiology and symptom 
severity of stress, anxiety, and depression (Bankier 
et al., 2008; Bauer & Teixeira, 2019; Dowlati et al., 
2010; Hoge et al., 2009; Osimo et al., 2020; Pace & 

http://www.neuroregulation.org/


Cronje et al. NeuroRegulation  

 

 
27 | www.neuroregulation.org Vol. 11(1):25–42  2024 doi:10.15540/nr.11.1.25 
 

Miller, 2009; Pace et al., 2007; Valkanova et al., 
2013; Von Känel et al., 2007). 
 
Neopterin: A Biomarker of Inflammation 
Neopterin is a molecule that forms part of the 
pteridine family. It is also known as 2-amino-4-
hydroxy-(erythro-1,2,3-trihydroxypropyl)-pteridine 
(Hamerlinck, 1999). Neopterin is synthesized from 
guanosine-5-triphosphate (GTP) and forms part of 
the tetrahydrobiopterin (BH4) synthetic pathway 
(Ghisoni et al., 2015). 
 
The main source of neopterin in humans is 
monocytes and macrophages, which produce 
neopterin when stimulated by interferon- (IFN); a 
cytokine produced by immune cells (Huber et al., 
1984). Activated T-lymphocytes, particularly Th1 
cells, produce IFN which stimulates macrophages, 
resulting in the production of neopterin (Huber et al., 
1984; Maggi et al., 1992). Therefore, neopterin is 
reflective of immune activation and considered to be 
a nonspecific biomarker of cell-mediated immunity 
because it reflects the production and effects of 
IFN, in addition to Th1 cell and macrophage activity 
(Berdowska & Zwirska-Korczala, 2001; Dunbar et 
al., 1992). As such, neopterin has been used as a 
marker of immune activation during inflammation in 
a broad range of conditions, including cancer 
(Berdowska & Zwirska-Korczala, 2001), CVD (Fuchs 
et al., 2009; Pacileo et al., 2007), and infectious 
diseases (Eisenhut, 2013). 
 
Neopterin may provide a link between mental health 
and inflammation, as it could reflect one mechanism 
by which immune system activation can affect 
neurotransmitters (Klaus et al., 2021). In addition, 
neopterin levels have been found to change 
significantly during periods of psychological stress, 
suggesting a correlation between mental state and 
alterations in cell-mediated immunity (Dunbar et al., 
1993). Furthermore, inflammation-induced 
stimulation of indoleamine 2,3-dioxygenase (IDO) 
and the kynurenine pathway can contribute to 
tryptophan depletion and decreased serotonin, 
which has been associated with depression (Albert 
et al., 2012; Maes et al., 1994; Müller & Schwarz, 
2007; Myint et al., 2013; Myint & Kim, 2003; 
O'Connor et al., 2009) and anxiety (Bagdy, 1998; 
Blokland et al., 2002). This relates to neopterin as 
tryptophan depletion and increased kynurenine have 
been found to be correlated with neopterin (Brown et 
al., 1989; Maes et al., 1994). Despite the potential 
mental health effects, tryptophan depletion by the 
immune system is purposeful, as it can reduce 
microbial proliferation (Gao et al., 2020). 
Considering these findings, neopterin has potential 

to be an immunological marker for mental health 
conditions.  
 
In terms of assessing immune activity, cytokines, 
such as IFN, can be measured. However, 
monitoring neopterin instead may be superior as it is 
biochemically inert and has a longer half-life. These 
properties allow neopterin to reach and stay in 
circulation, unlike other cytokines, which have a 
short half-life and may not reach circulation (Fuchs 
et al., 2009). Once in circulation, neopterin levels 
can be measured with ease due to its unchanged 
excretion by the kidneys (Berdowska & Zwirska-
Korczala, 2001), allowing it to be quantified in the 
urine using validated assays such as an enzyme-
linked immunosorbent assay (ELISA; Fuchs et al., 
2009; Gieseg et al., 2018).  
 
Measures of Autonomic Activity 
Fluctuations between the dominance of the 
sympathetic and parasympathetic nervous system is 
part of normal and healthy responses to maintain 
homeostasis; however, when stress becomes 
chronic, an imbalance between these two systems 
can result in negative health outcomes. Namely, 
chronic stress and the imbalance of the ANS are 
implicated in the pathogenesis of anxiety and 
depression (Godoy et al., 2018). As such, measuring 
aspects of ANS activity and finding suitable 
biomarkers thereof may contribute to the 
management of mental health symptoms. 
 
Heart rate variability (HRV) is a measure of ANS 
activity; it measures fluctuations in heartbeat 
intervals (Hourani et al., 2020). As stated by Shaffer 
and Ginsberg, “a healthy heart is not a metronome; 
the oscillations of a healthy heart are complex and 
constantly changing, which allow the cardiovascular 
system to rapidly adjust to sudden physical and 
psychological challenges to homeostasis” (Shaffer & 
Ginsberg, 2017). Therefore, HRV is indicative of 
ANS flexibility in response to stressors and can be 
used to assess the links between the stress 
response and neuropsychological parameters 
(Hourani et al., 2020). Abnormalities in HRV may 
serve as a biomarker for various mental health 
disorders and stress-related variables (Hourani et 
al., 2020; Shinba, 2017). For example, there is an 
association between reduced HRV and mental 
health conditions, such as anxiety and depression 
(Hourani et al., 2020; Schiweck et al., 2019). This is 
not entirely surprising given the high comorbidity 
observed between CVD and depression (Cohen et 
al., 2015). Conversely, higher HRV is associated 
with increased resilience, greater recovery from 
acute stressors, changes in cognitive performance 
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and emotional regulation, and less vulnerability to 
depressive-like states (Hourani et al., 2020). Due to 
this, HRV could serve as a measure of 
neuropsychological parameters and ANS activity. 
However, HRV should not be used as a single 
indicator or as a diagnosis. 
 
Other measures of ANS activity include blood 
volume pulse (BVP) and electrodermal activity 
(EDA), which have been used as biomarkers of 
psychological arousal (Kushki et al., 2011) and 
emotional states such as depression (Sarchiapone 
et al., 2018). BVP is a measure of the volume of 
blood in the arteries, which is related to the 
constriction and dilation of the vessels (Sarchiapone 
et al., 2018). Greater vasoconstriction leads to lower 
volume of blood in the vessels, so BVP decreases. 
Greater vasodilation leads to a greater blood 
volume, so BVP increases. Therefore, BVP is 
reflective of ANS activity, as autonomic activation of 
adrenergic receptors on blood vessels can cause 
vasoconstriction (Gordan et al., 2015; Peper et al., 
2007; Sarchiapone et al., 2018). Of relevance, ANS 
activity changes with emotions, thus an emotion like 
fear can lead to vasoconstriction (Kreibig, 2010). 
 
Previous research using BVP as a biomarker found 
it to be useful in measuring anxiety levels, although 
it was more accurate when combined in a model 
with other physiological measures (Šalkevicius et al., 
2019). Another study used BVP to create a model 
for short-term anxiety recognition (Handouzi et al., 
2014). Little research has been done on the use of 
BVP as a biomarker, particularly in the area of 
mental health, thus warranting further investigation.  
 
EDA (also known as skin conductance) depends on 
the electrical conductivity of the skin, which is altered 
by sweat levels. ANS activity affects the amount of 
sweat on the skin due to eccrine sweat glands 
having sympathetic innervation. Thus, EDA can be 
used to measure sympathetic activity of the ANS 
(Kushki et al., 2011; Sarchiapone et al., 2018). EDA 
has potential as a biomarker for mental health as 
studies have found electrodermal hypoactivity in 
depression. Thus, EDA can be useful in 
distinguishing depressive patients from healthy 
patients (Sarchiapone et al., 2018).  
 
Blood pressure (BP) can also be used to assess 
ANS activity. For example, hypertension may be 
indicative of ANS abnormalities and imbalance 
(Edwards et al., 2011). In addition, chronic stress 
has been shown to increase heart rate and BP 
(Torpy et al., 2007). Given that many physiological 
systems influence BP, it clearly cannot be used in 

isolation as a single biomarker for mental health 
conditions. This warrants further studies for its link 
and usefulness when combined with other 
measures.  
 
Quantitative Electroencephalography (qEEG) 
Electroencephalography (EEG) is a medical imaging 
technique that measures the electrical activity of the 
brain (Rojas et al., 2018; Teplan, 2002). 
 
The electrical currents detected by an EEG are 
referred to as brain waves which are measured from 
the peak of one wave to the peak of another 
(Teplan, 2002). There are four main categories of 
brain waves: delta (1–4 Hz), theta (4–8 Hz), alpha 
(8–12 Hz), and beta (12–38 Hz). Different brain 
regions do not simultaneously produce the same 
frequency of brain waves, they produce varying 
amounts of each frequency. Therefore, signals 
between EEG electrodes consist of many waves that 
have differing characteristics (Teplan, 2002). 
 
Different brainwaves are associated with different 
states. For example, when an individual’s eyes are 
open, beta waves are usually dominant. When an 
individual is relaxed or drowsy, alpha activity rises. 
As an individual moves into a sleep state, lower 
frequency waves such as theta and delta increase 
(Teplan, 2002). 
 
Quantitative EEG (qEEG) involves the digitalization 
of raw EEG measurements. Complex algorithms 
then allow for the creation of brain maps using EEG 
readings. These maps can be used to examine the 
power, amplitude, coherence, and lag phase of 
different brain waves. There are two types of power 
measured by qEEG: absolute power (the electrical 
power at each site of measurement) and relative 
power (the distribution of power at one site 
compared to other sites; Neurofeedback Alliance, 
2021).  
 
Quantification of EEG recordings may give further 
insight into mental health and potential markers. For 
example, qEEG allows the identification of 
abnormalities, such as frontal alpha asymmetries 
that are often observed in depressed patients 
(Kanda et al., 2009). A preliminary study also found 
that participants with higher activity in the right 
anterior of the brain reported a greater tendency to 
feel anxious a year later. Thus, right frontal EEG 
activity may act as a vulnerability marker and predict 
the future onset of anxiety symptoms (Blackhart et 
al., 2006). Other studies have also found greater 
relative right frontal EEG activity in those with 
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anxious or depressive symptoms (Blackhart et al., 
2006). 
 

Materials and Method  
 
Study Design and Participants 
This study was noninterventional, observational, and 
cross-sectional. The participants were students from 
the Faculty of Health Sciences at the University of 
Pretoria, South Africa, who were recruited online via 
a biographical questionnaire and the DASS-21.  
 
A total of 158 respondents completed the online 
questionnaires. A cohort of 78 respondents met the 
inclusion requirements for physiological 
measurements. A total of 40 participants were 
recruited for the measurements and were divided 
into Group A (n = 20) and Group B (n = 20) based 
on their DASS questionnaire scores. Participants 
qualified for Group A if they scored Moderate, 
Severe, or Extremely Severe in the Anxiety and/or 
Stress categories of the DASS questionnaire. 
Participants qualified for Group B if they scored 
Normal or Mild on all three DASS categories.  
 
Participants were not included if they did not sign 
informed consent, complete the questionnaires, 
and/or withdrew from the study at any time, thus not 
completing the measurements (qEEG, HRV, BP, 
BVP, EDA, and donate a urine sample), or did not 
have qualifying DASS scores. Other exclusion 
criteria included having epilepsy, use of recreational 
drugs, use of medication that may alter EEG 
readings (e.g., barbiturates, antidepressants, 
antipsychotics, antihypertensives), use of anti-
inflammatory drugs, a chronic or recent infection, or 
an inflammatory disorder. 
 
Institutional Review Board Statement 
This study was conducted in accordance with the 
recommendations of the Research Ethics Committee 
at the University of Pretoria (210/2022) and with 
approval of the Dean of the Health Sciences Faculty. 
Furthermore, this study complied with the 
Declaration of Helsinki, and with South African 
privacy law. Participation was voluntary, and 
participants could withdraw at any time without any 
negative consequences. All data were stored only by 
using an anonymous ID for each participant and the 
data obtained were used solely for scientific 
purposes. 
 
 
 

Measures 
The electrodes for the qEEG were placed according 
to the 10–20 electrode placement protocol. The 
measurements from the 19 active electrodes were 
transferred to the qEEG Pro program (BrainMaster 
Technologies Inc., Bedford, OH). This program 
analyzed and compared the recordings to the qEEG 
Pro normative database. 
 
HRV was measured using the Zephyr BioHarness 
and Ominisense software (Medtronic PLC, Midrand, 
South Africa). Further analysis was conducted using 
Kubios software (Kubious Oy, Kuopio, Finland). 
Eleven HRV parameters were investigated: mean 
HRV, mean RR, standard deviation of normal-to-
normal (SDNN), root mean square of successive 
differences between normal heartbeats (RMSSD), 
low-frequency (LF) peak, high-frequency (HF) peak, 
LF power, HF power, LF/HF ratio, sympathetic 
nervous system (SNS) index, and parasympathetic 
nervous system (PNS) index (SD1 and SD2). 
 
BVP and EDA were measured using the Infiniti Pro 
biofeedback apparatus (Thought Technology Ltd., 
Montreal, Canada), whereby sensors were placed 
on the fingers. BP was measured using an 
automated BP monitor (Clicks Retailers [Pty] Ltd., 
Woodstock, Cape Town). 
 
The Demeditec ELISA kit (Demeditec Diagnostics 
GmbH, Kiel, Germany) was used for the 
determination of urine neopterin concentrations 
according to the manufacturer’s protocol.  
 
Statistical Analysis 
Data was analyzed using IBM SPSS Statistics 
version 28.0.1.0 software. Spearman’s Rank 
Correlation was used as the measure of association 
between two variables. The independent samples  
t-test was used to determine if there was a 
significant difference in means between Group A 
and B. For variables that did not have a normal 
distribution, the Mann-Whitney U test was also 
performed. A p-value of less than .05 was 
considered significant.  
 
For variables that were not normally distributed, the 
median, interquartile range (IQR), and p-value for 
the Mann-Whitney U test were also reported. 
Normality was determined through having a Shapiro-
Wilk p-value of less than .05. For variables where no 
median, IQR, or Mann-Whitney p-value is reported, 
normality was assumed. 
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Table 1 
Comparison of Means Between Group A and B  

 Group A Group B   Group A Group B  

 Mean  SD 
t-test 

p-value Median (IQR) M-W 
p-value 

Demographics       
Year of Study 3.45  1.90 4.00  3.60  - - - 

Age 22.35  3.27 23.85  3.60  - - - 

DASS Scores       
Stress Score 24.10  6.79 9.20  5.09 <.001** - - - 

Anxiety Score 20.60  8.03 4.65  3.28 <.001** 20.00 (11.00) 4.00 (7.00) <.001** 

Depression Score 13.22  7.87 5.20  3.07 <.001** 12.00 (13.00) 6.00 (6.00) <.001** 

Neopterin       
Neopterin (µmol neopterin/ 
µmol creatinine) 33.81  22.80 13.22  10.52 <.001 31.40 (38.39) 10.47 (15.47) .002** 

Heart Rate Variability       
PNS Index 2.64  1.09 2.12  1.24 .171 - - - 

SNS Index −1.80  0.63 −1.49  0.84 .204 −1.83 (0.80) −1.64 (1.38) .242 

Mean HRV 57.07  15.36 74.21  15.61 .002** 59.74 (27.14) 80.68 (33.54) .001** 

Mean RR (ms) 1381.33  196.74 1259.49  235.71 .084 - - - 

SDNN (ms) 54.48  12.42 63.91  14.27 .032* - - - 

RMSDD (ms) 60.92  15.51 67.15  14.87 .202 - - - 

Peak LF (Hz) 0.074  0.038 0.066  0.027 .430 0.05 (0.07) 0.06 (0.03) .845 

Peak HF (Hz) 0.186  0.034 0.186  0.022 .993 0.17 (0.04) 0.18 (0.04) .614 

LF Power (ms2) 1601.71  993.97 2031.41  1306.90 .254 1013.15 (1895.61) 2142.80 (1876.49) .351 

HF Power (ms2) 956.67  644.01 1254.97  643.07 .151 778.82 (983.69) 1036.40 (1045.70) .149 

LF/HF 1.79  0.78 1.78  1.18 .991 1.54 (1.15) 1.68 (2.03) .940 

SD1 (ms) 43.26  11.02 47.69  10.55 .202 - - - 

SD2 (ms) 62.53  14.66 75.97  19.40 .018* - - - 

Blood Pressure       
Systolic BP (mmHg) 116.08  8.45 121.43  13.88 .149 - - - 

Diastolic BP(mmHg) 81.30  7.19 81.10  7.98 .934 - - - 

Blood-Volume Pulse       
Mean BVP Amplitude (%) 8.81  4.18 11.84  6.60 .091 - - - 

Min BVP Amplitude (%) 3.57  2.27 4.3  2.28 .278 3.22 (3.64) 3.88 (3.69) .267 

Max BVP Amplitude (%) 19.90  10.22 18.54  10.02 .672 - - - 
Mean BVP FFT Peak 
Frequency (Hz) 0.16  0.07 0.13  0.07 .240 - - - 
Min BVP FFT Peak 
Frequency (Hz) 0.04  0.06 0.04  0.05 .775 0.02 (0.00) 0.02 (0.00) .820 
Max BVP FFT Peak 
Frequency (Hz) 0.28  0.08 0.25  0.08 .106 - - - 

Electrodermal Activity       
Mean EDA (Siemens) 1.15  0.86 1.31  1.18 .647 0.99 (1.64) 1.15 (1.18) .988 

* = Difference in means is significant at the .05 level; ** = Difference in means is significant at the .01 level. The two-sided 
independent samples t-test was performed. Df = 38; n = 40; The nonparametric Mann-Whitney U test was also performed for 
variables that were not considered to be normally distributed (determined using the Shapiro-Wilk test). 
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Results 
 
Group A consisted of 18 females and 2 males. 
Group B consisted of 12 females and 8 males. 
There was a significant difference between the 
DASS scores of the Group A and B (p < .001 for 
each category). For Group A, the mean scores were 
moderate for stress (24.10  6.79), extremely severe 
for anxiety (20.60  8.03), and mild/moderate for 
depression (13.22  7.87). The mean scores for 
participants in Group B were Normal for the 
categories of stress (9.20  5.09), anxiety (4.65  
3.28) and depression (5.20  3.07). Group B had 
less variation in scores than Group A, as can be 
seen in Table 1. 
 
There was a significant difference in the 
concentration of neopterin between Group A and B. 
Group A had a higher concentration of neopterin 
than Group B (33.81  22.80, 95% CI [22.47, 45.15] 
vs. 13.22  10.5, 95% CI [8.29, 18.14]; p < .001). 
The distributions can be seen in the neopterin 
boxplot (Figure 1).  
 
 

Figure 1. Boxplot of Neopterin Concentration.  

 
Note. The boxplot shows the concentrations of neopterin 
between the Group A (n = 20) and Group B (n = 20). 
 
 
The mean values for the power of hibeta, beta, and 
theta at each electrode were not significantly 
different between the groups. Only frequencies and 
electrodes that showed a significant difference are 
shown in Table 2. None of the electrode positions in 
the theta, beta, or hibeta band showed a significant 
difference in mean. 

 
Table 2 
Comparison of Mean Power at Various Electrodes Between Group A and B 

 Group A Group B   Group A Group B  

 Mean  SD t-test 
p-value Median (IQR) M-W 

p-value 
Absolute Power       

Delta FP1 0.38  0.48 −0.34  0.72 .002** - - - 
Delta FP2 0.63  0.68 −0.26  0.73 <.001** - - - 

Relative Power       
Delta FP2 −1.39  1.08 −2.73  1.71 .005** - - - 
Delta Fz −1.74  2.11 −3.98  3.75 .025* −1.65 (2.80) −4.15 (4.38) .038* 
Alpha FP1 −1.40  1.37 −0.48  1.53 .051 - - - 
Alpha T3 −2.03  1.09 −1.20  1.29 .033* - - - 

* = Difference in means is significant at the .05 level; ** = Difference in means is significant at the .01 level. The two-sided 
independent samples t-test was performed. Df = 38; n = 40; The nonparametric Mann-Whitney U test was also performed for 
variables which were not considered to be normally distributed (determined using the Shapiro-Wilk test). 

 
 
In terms of a difference in mean or correlation with 
DASS scores, the only notable electrodes were FP1, 
FP2, F7, F3, Fz, and T3, and the only notable 
frequencies were delta, alpha, and hibeta. No 
significant correlation or difference in mean was 
found at any of the other electrodes or frequencies 
(theta and beta). All notable correlations are 
presented in Table 3. 
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Table 3 
Correlations Between Parameters. 

 
Spearman’s 
Correlation 
Coefficient 

p-value 

Stress Score and:   
Anxiety Score 0.829 <.001** 

Depression Score 0.732 <.001** 

Neopterin 0.588 <.001** 

Mean HRV −0.433 .005** 

FP1 Z-Delta Absolute Power 0.373 .027* 

FP2 Z-Delta Absolute Power 0.344 .030* 

T3 Z-Alpha Relative Power −0.379 .016* 

F3 Z-HiBeta Relative Power 0.323 .042* 

T3 Z-HiBeta Relative Power 0.333 .036* 

Anxiety Score and:   
Stress Score 0.823 <.001** 

Depression Score 0.642 <.001** 

Neopterin 0.426 .006** 

Mean HRV −0.365 .021* 

Min BVP Amplitude −0.366 .020* 

Mean BVP Amplitude −0.344 .030* 

FP2 Z-Delta Absolute Power 0.374 .018* 

F7 Z-Alpha Relative Power −0.324 .042* 

T3 Z-Alpha Relative Power −0.399 .011* 

F7 Z-HiBeta Relative Power 0.325 .041* 

F3 Z-HiBeta Relative Power 0.359 .023* 

Depression Score and:   
Stress Score 0.732 <.001** 

Anxiety Score 0.642 <.001** 

Neopterin 0.451 .003** 

Age −0.315 .048* 

Mean HRV −0.383 .015* 

BVP Min Amplitude −0.400 .011* 

BVP Mean Amplitude −0.368 .019* 

BVP Max FFT Peak 
Frequency 0.387 .014* 

Note. Only correlations that had p < .05 are presented. 
* = Correlation is significant at the 0.05 level (2-tailed);  
** = Correlation is significant at the 0.01 level (2-tailed). 
BVP – blood-volume pulse; FFT – fast Fourier transform; 
HRV – heart rate variability; n = 40. 
 
 

The significant results regarding the qEEG 
measures are summarized in Figure 2. The results 
suggest that delta power increased, alpha power 
decreased, and hibeta increased with stress and 
anxiety symptoms. 
 
 
Figure 2. Summary of qEEG Results.  

 
Note. Electrodes at which there was a significant 
correlation with DASS score or difference in mean were 
included. The first image (Collective, in orange) shows all 
the electrodes with a significant association. The inclusion 
of FP1 in the alpha frequency should be treated with 
caution given that the p-value for the difference in means 
was .051 and not p < .05. 
 
 

Discussion 
 
Subjectivity, misdiagnosis, and social stigma can 
interfere with the detection, prevention, and 
treatment of mental health problems (Forgione, 
2018; Rössler, 2016; Wakefield, 2010). Therefore, 
more objective measures such as biomarkers are 
necessitated to aid in the identification and treatment 
of mental health disorders (García-Gutiérrez et al., 
2020; Guest, 2017; Macaluso & Preskorn, 2012; 
Roffman, 2011). As the ANS is implicated in stress 
and anxiety (Chu et al., 2022; Godoy et al., 2018; Ho 
et al., 2020; Holwerda et al., 2018; Teed et al., 
2022), biomarkers measuring ANS activity were 
investigated in this study, namely HRV, BP, BVP, 
EDA, and qEEG. Additionally, inflammation appears 
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to have a bidirectional relationship with stress and 
anxiety (Bauer & Teixeira, 2019; Hodes et al., 2015; 
Maes et al., 1998; Maydych, 2019; Silverman et al., 
2005; Von Känel et al., 2007). Therefore, the 
inflammatory marker neopterin was also investigated 
as a possible biomarker of stress and anxiety 
scores. The study aimed to determine whether the 
aforementioned biomarkers could be used as 
complementary markers for stress and anxiety 
scores as determined by the DASS-21 
questionnaire.  
 
Neopterin 
Neopterin concentration was found to be 
significantly higher in Group A, compared to Group 
B, and was positively correlated with scores for 
stress, anxiety, and depression. This is in line with 
other studies that found increased neopterin in 
depression (Dunbar et al., 1992; Klaus et al., 2021; 
Maes et al., 1994; Widner et al., 2002), PTSD 
(Atmaca et al., 2002), and psychological stress 
(Dunbar et al., 1993). Increased inflammatory 
markers have also been found in panic disorder 
(Hoge et al., 2009) and generalized anxiety disorder 
(Bankier et al., 2008). It should be noted that the 
neopterin concentrations found in the present study 
correlated with symptom severity and not diagnosed 
disorders.  
 
Our results also support other studies that found 
inflammation to be connected to stress (Maydych, 
2019; Raison et al., 2006), anxiety (Bankier et al., 
2008; Hoge et al., 2009; Maydych, 2019; 
Vogelzangs et al., 2013), and depression (Dowlati et 
al., 2010; Inserra et al., 2019; Raison et al., 2006; 
Valkanova et al., 2013). 
 
The exact nature of the association between 
neopterin and mental health symptom severity 
requires further research. However, macrophage 
activation, IFN, and oxidative stress may provide 
potential mechanisms, as neopterin is associated 
with the levels of these (Fuchs et al., 2009; Gieseg 
et al., 2018; Huber et al., 1984; Maes et al., 1998; 
Monteiro et al., 2016; Nathan, 1986). In addition, the 
aforementioned all contribute to or have been 
associated with mental health symptoms (Bouayed 
et al., 2009; Inserra et al., 2019; Monteiro et al., 
2016; Salim, 2014). For example, macrophage 
infiltration into the brain can increase 
neuroinflammation, which contributes to anxiety and 
depression (Dunn, 2006; Haroon et al., 2012; Maes 
et al., 1992; Quagliato & Nardi, 2018; Raison et al., 
2006; Reader et al., 2015; Torres-Platas et al., 2014; 
Wohleb et al., 2013). Neurotransmitter abnormalities 
due to IFN may also be involved, as this cytokine 

can impact levels of serotonin, dopamine, and 
glutamate by stimulating the activity of the enzymes 
IDO and GTP-cyclohydrolase I (Capuron & 
Castanon, 2016; Dantzer et al., 2008; Ghisoni et al., 
2015; Lanser et al., 2020; Miller et al., 2009; Müller 
& Schwarz, 2007; Weiss et al., 1999), which can 
contribute to mental health disorders (Myint et al., 
2013). Additionally, the absence of IFN in the 
hippocampus, a region involved in memory and 
learning, has positive neuronal effects. These 
neuroplastic changes have been associated with 
improved performance in learning and memory tasks 
(Monteiro et al., 2016), which is of particular 
importance in the context of university students. 
Therefore, IFN could be a therapeutic target for 
treating or preventing cognitive dysfunction 
associated with inflammation (Monteiro et al., 2016). 
Considering these factors, neopterin may provide a 
connection between inflammation and mental health 
by linking immune system activation and 
neurotransmitter abnormalities (Dunbar et al., 1992; 
Klaus et al., 2021). However, since neopterin can be 
influenced by other factors, it should not be used 
solely as a marker or to discriminate severity but 
should be combined with other mental health 
measures. 
 
ANS Measures 
The HRV results of certain indices were significantly 
lower in Group A. This is suggestive of having 
reduced ANS flexibility and resilience to stress (An 
et al., 2020) and that HRV is decreased among 
those with high mental health scores. Higher 
variability in heart rate has been associated with 
better health, self-regulation, adaptability, and 
resilience. Although the “normal” range for an 
individual is based on age and sex, it should be 
noted that females tend to have a higher mean heart 
rate, which means smaller NN intervals, and lower 
SDNN when compared to males. In addition, HRV 
time-domain measurements decrease with age 
(Shaffer & Ginsberg, 2017).  
 
Lower SDNN and SD2 in Group A suggest 
increased SNS activity (or reduced PNS activity) in 
individuals with mental health struggles. This is 
supported by other studies that found increased 
sympathetic activity in depression (Singla et al., 
2020) and anxiety (Holwerda et al., 2018), and 
reduced autonomic flexibility in patients with anxiety 
disorders (Hoehn-Saric & McLeod, 1988). 
Furthermore, it has been suggested that ANS 
imbalance is involved in the pathogenesis of anxiety 
and depression (Godoy et al., 2018). 
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Mean HRV correlated with stress, anxiety, and 
depression scores. This is supported by meta-
analyses which also found that both anxiety 
disorders (Chalmers et al., 2014) and depression 
(Kemp et al., 2010) are associated with decreased 
HRV. HRV has been found to be even more reduced 
in patients with comorbid anxiety and depression 
(Kemp et al., 2012). Additionally, measures like 
RMSSD and HF reflect parasympathetic activity, and 
the present study only found differences in 
parameters that reflect sympathetic activity. Yet, 
neither the SNS Index nor LF/HF ratio was 
significantly higher in Group A, which would indicate 
sympathetic dominance (Shaffer & Ginsberg, 2017). 
Thus, the involvement of sympathetic and 
parasympathetic activity in HRV parameters and 
mental health needs to be further investigated.  
 
In addition to being a potential marker for mental 
health, reduced HRV has also been associated with 
other negative health outcomes, such as diabetes 
and obesity (Karason et al., 1999; Kudat et al., 
2006). More importantly, HRV has been associated 
with CVD and risk thereof, and as such HRV could 
be a predictor of CVD (Hillebrand et al., 2013; 
Kubota et al., 2017). This provides a link between 
mental disorders and the high rate of comorbid CVD 
observed, in that both anxiety and depression 
increase the risk of CVD. In fact, anxiety can be 
considered a predictor or early marker of CVD risk 
(Chalmers et al., 2014). Furthermore, comorbid 
anxiety and depression increase the risk of mortality 
and CVD by two to threefold (Vogelzangs et al., 
2010). Given that CVD is the leading global cause of 
death (Roth et al., 2018), this relationship is 
important to note. Addressing mental health 
problems, particularly in student populations, not 
only impacts the present but may also help prevent 
future health problems.  
 
The present study only found significant 
associations between mean HRV, SDNN, SD2, and 
mental health, which are inconsistent with previous 
findings. This highlights that there is some kind of 
relationship between HRV and mental health, but 
that further research is required. In addition, the 
relationship between sympathetic and 
parasympathetic balance in HRV parameters needs 
to be further investigated. Despite the discrepancies 
in the results between the present study and other 
studies, HRV should not be discounted as a viable 
biomarker as there is a large body of evidence to 
suggest otherwise.  
 
In terms of BVP, minimum and mean BVP amplitude 
negatively correlated with the anxiety and 

depression scores, but not with the stress score. 
BVP decreases with increasing sympathetic activity, 
and increases with decreasing parasympathetic 
activity (Gordan et al., 2015; Peper et al., 2007; 
Sarchiapone et al., 2018). Therefore, the results of 
the present study suggest that BVP may decrease 
(and sympathetic activity may increase) as 
symptoms of anxiety and depression increase. This 
is supported by the correlations found with minimum 
BVP amplitude, which suggests that the lower the 
minimum value recorded, the greater the anxiety 
and depression scores. This is of interest 
considering that stress is usually more acute and is 
regularly associated with activation of the 
sympathetic activity, yet BVP only correlated with 
anxiety and depression scores and not stress.  
 
The results from the present study suggest that BVP 
could be a potential biomarker for anxiety and 
depression scores. However, not much research has 
been done concerning BVP and mental health, thus 
further investigation is required. 
 
qEEG Power 
Of the 19 electrodes used in the EEG, six electrodes 
showed a significant association with the DASS 
scores. These electrodes resided in the frontal and 
left side of the brain, five of which were on the frontal 
lobe and the other one was located at the left 
midtemporal lobe. These findings suggest altered 
function in the prefrontal cortex, which is involved in 
emotion, cognitive function, and motivation 
(Perlstein et al., 2002). 
 
The power of delta frequencies showed the greatest 
associations. The power of delta at the FP1, FP2, 
and Fz electrodes was significantly higher in Group 
A than in Group B. These electrodes measure 
activity from the left and right Brodmann area 10 and 
the left Brodmann area 8, respectively. The location 
of FP2 appears to be largely involved and could be a 
predictor of the severity of the symptoms, given that 
the absolute power of delta at FP2 had a significant 
positive correlation with both the stress score and 
the anxiety score. This is suggestive of delta power 
in the prefrontal cortex increasing as stress or 
anxiety symptoms increase, which might make 
focusing and performing tasks difficult as the FP1, 
FP2, and Fz electrodes are associated with 
executive function (e.g., planning, decision-making, 
working memory), self-regulation, regulation of 
emotions, and social behavior (Warner, 2013). 
Additionally, Brodmann area 8 includes the frontal 
eye field, which is involved in visual attention and 
control of eye movements; therefore, visual 
disturbances may also be present, exacerbating 
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feelings of detachment from the surroundings 
(Watanabe, 2017), due to higher delta activity 
(Sroykham & Wongsawat, 2019; Warner, 2013). 
 
Significant associations were also found in the alpha 
frequency band. The relative power of alpha was 
significantly lower at the T3 electrode in Group A, 
and negatively correlated with stress and anxiety 
scores. As alpha waves are associated with 
alertness and relaxation, low alpha can be indicative 
of anxiety (Warner, 2013). The T3 electrode records 
activity from the left temporal lobe, which is usually 
the dominant side in most people. It is involved in 
memory, learning, perception, hearing, speech, and 
understanding language (Guy-Evans, 2021). 
Damage to this area can result in impaired memory, 
executive function, learning, speech and 
understanding thereof. Other effects include apathy, 
memory loss, and poor impulse control (Guy-Evans, 
2021). Specifically, the T3 electrode records activity 
from Brodmann areas 41 and 42 which form part of 
the primary auditory cortex. This area is involved in 
speech perception, sound intensity, pitch, auditory 
working memory, and the processing of auditory 
information. There is sparse information on the 
effect of alpha oscillations in the auditory cortex; 
however, some research suggests that alpha waves 
are involved in selective auditory attention, speech 
processing, and tinnitus (Malekshahi et al., 2020; 
Schlee et al., 2014; Strauß et al., 2014). In relation 
to this, almost half of tinnitus patients also have a 
mental disorder, mostly anxiety and depression, 
which correlates with the severity of tinnitus 
symptoms (Pinto et al., 2014; Zöger et al., 2006).  
 
In terms of both delta and alpha waves, a study 
found increased delta power and decreased alpha 
power in elderly patients with mild cognitive 
impairment (Sroykham & Wongsawat, 2019). 
Therefore, it could be interpreted that participants in 
the present study with high DASS scores, which 
were associated with increased delta and decreased 
alpha, might be suffering from cognitive impairment, 
a symptom of mental health struggles (Trivedi, 
2006). An alternative interpretation is that changes 
in brain waves could help explain the cognitive 
impairment observed in patients with mental health 
problems. If cognitive impairment is related to the 
increased delta and decreased alpha, then this 
might negatively impact the academic performance 
of those with mental health symptoms; mental health 
struggles impact academic achievement (Awadalla 
et al., 2020; Eisenberg et al., 2009; Jamil et al., 
2022; Vitasari et al., 2010; Wagner et al., 2022). 
However, caution should be exercised with these 

interpretations given the age difference between the 
present study and the study with elderly patients. 
 
Hibeta was found to increase in the positions of F3 
and T3 as the stress score increased, and hibeta 
increased in the positions of F3 and F7 as the 
anxiety score increased. Excess hibeta has been 
associated with being tense and anxious, and it can 
be indicative of inefficient frontal alpha activity in 
areas associated with emotional control (Warner, 
2013). Considering that decreased alpha and 
increased hibeta were found at both the T3 and F7 
positions in Group A, difficulties with emotional 
control could be associated with their mental health 
scores. Furthering this, decreased frontal alpha and 
increased hibeta is thought to be indicative of 
agitation, anxiety, feeling overwhelmed, and 
impulsivity (Warner, 2013). As there may be an 
inverse relation between alpha and hibeta, 
increased hibeta and concomitantly decreased alpha 
at T3 might produce alterations in auditory 
processing. 
 
The F7 electrode measures activity from Brodmann 
area 47, which is in the orbitofrontal cortex. The 
function of this area involves motivation, social 
behavior, and emotional reactions. Interestingly, the 
orbitofrontal cortex has been implicated in disorders 
involving thinking, feeling, or fear, with altered 
activity during sadness, depression, and distress 
(Mayberg, 1997). In conjunction with F3, activity at 
F7 is thought to regulate engagement, mood, 
processing of positive emotions, and conscious 
awareness. Alterations in alpha and hibeta activity in 
these areas may be linked to aberrations in these 
processes in mental health conditions. Specifically, 
increased hibeta at the F3 electrode is thought to 
indicate that a patient is hiding emotions and 
feelings, although this effect occurs with a 
simultaneous increase at FP2 (Warner, 2013) 
 
The activity at three electrodes (FP2, F3, and T3) 
correlated with both stress and anxiety scores, which 
suggests that these regions are involved in both 
stress and anxiety symptoms. This is supported by 
previous research which found that brain regions 
involved in anxiety, such as the prefrontal cortex, are 
also implicated in the stress response (Shin & 
Liberzon, 2010). 
 
In summary, people with mental health struggles, 
particularly those with high stress and anxiety 
scores, might present with increased delta and 
hibeta, and decreased alpha activity, in the frontal 
and left side of the brain. Differences at the T3 and 
F7 locations occurred in more than one frequency, 
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which might be related to difficulties with attention, 
focus, cognition, emotional regulation, and visual 
and auditory processing. Therefore, delta, alpha, 
and hibeta frequencies could potentially be used as 
biomarkers for stress and anxiety scores.  
 
Potential Biomarkers 
The most promising biomarker in this study was 
neopterin concentration, as it showed a significant 
difference between Group A and B, and crucially 
neopterin showed a strong positive correlation with 
all three of the DASS score categories. Therefore, 
neopterin could be of use in aiding the measurement 
of stress, anxiety, and depression scores. An 
advantage of using neopterin as a biomarker is that 
it can be obtained simply and noninvasively via a 
urine sample.  
 
There appears to be a negative relationship between 
mental health and HRV (mean HRV, SDNN, and 
SD2). Although the present study did not find the 
same associations in HRV parameters as other 
studies, HRV should not be discounted as a 
biomarker. More research is required to define the 
best parameters and ranges thereof that can be 
considered normal or at-risk. These definitions will 
need to produce consistent, reliable, and 
reproducible results. HRV may be a particularly 
important marker in students as it has been related 
to attention, emotional processing, and executive 
function (McCraty & Shaffer, 2015), which are 
important for university success.  
 
Due to the number of frequencies and electrodes 
that showed a difference with DASS scores, qEEG 
could also be a viable biomarker. However, there 
are some factors to consider such as recordings can 
vary depending on the state of the individual and 
EEG can be quite sensitive. Further research is 
required to validate the findings of the present study 
and to verify changes in brain activity in relation to 
mental health scores and increase the validity of 
measuring such differences. 
 
Limitations 
The measurements in the present study were taken 
from one moment in time and may not reflect the 
average lives of the participants. The recording time 
was relatively short, and no follow-up measurements 
were taken at a later stage.  
 
Other lifestyle factors were also not recorded, such 
as exercise, supplements, sleep, diet, and alcohol 
consumption. Participants were also not asked if 
they had participated in intense exercise on the day 

or if they had an upcoming academic assessment, 
which could have affected perceived anxiety. 
 
All the biomarkers used in this study can be affected 
by biological factors other than mental health. 
Therefore, studies using such biomarkers should 
consider their results to be interpreted with caution 
and with professional psychological assistance.  
 
Future Directions 
Further investigation into the differences in 
neopterin, HRV, BVP, and qEEG parameters in 
comparison to mental health scores in different 
groups of students, different ages, and the 
differences between sex is required. Furthermore, 
studies that consider comorbidity and lifestyle should 
also be conducted to consolidate associations. 
Finally, studies that investigate the exact 
mechanisms that are involved are necessary to 
establish causation and not just correlation. With 
regard to neopterin, determining whether oxidative 
stress, IFN, macrophages, the neopterin molecule 
itself, or inflammation in general are the cause(s) of 
correlation with mental symptom severity, may aid in 
developing therapeutic targets. 
 

Conclusion 
 
Social stigma, together with misdiagnosis and 
subjectivity can interfere with the detection, 
prevention, and treatment of mental health issues. 
This study found that neopterin and certain 
neurophysiological measures could be used as 
complementary markers for stress and anxiety 
symptom scores as determined by the DASS-21 
questionnaire.  
 
Measurements such as HRV, BVP, qEEG, and 
neopterin may have potential to be used as 
biomarkers in conjunction with existing measures 
such as questionnaires. The inflammatory and 
noteworthy neurophysiological changes associated 
with increased stress and anxiety contribute to our 
understanding of mental health. Identifying physical 
changes associated with mental health conditions 
could be useful in the prevention, identification, and 
treatment of these struggles. This is prudent 
considering that anxiety is the leading mental health 
disorder, and that stress and anxiety are associated 
with inflammation, another major contributor to 
disease. 
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Abstract 

Objective. The present study aimed to verify whether training based on progressive muscle relaxation (PMR) and 
self-monitoring of heart rate variability biofeedback (HRV-BFB) could lead to a significant reduction of 
psychophysical stress among top-level managers, measured on different physiological parameters related to the 
stress response. Methods. Thirty-four top-level managers, after completing the Symptom Questionnaire (SQ), 
were subjected to a psychophysiological stress profile (PSP) to describe the psychophysiological activation (Skin 
Conductance, surface Electromyography, Heart Rate, and Peripheral Temperature were registered in three 
phases: baseline, stress, and recovery). Following the intervention with PMR and HRV-BFB, SQ and PSP were 
readministered. Results. A condition of psychophysical stress was detected through SQ and PSP in the total 
sample at T0. The intervention allowed participants to reduce their psychological symptoms. Furthermore, 
muscular tension and skin conductance levels were significantly lower in the recovery phase of the PSP 
administered at T1. Additionally, a reduction in the reactivity to stress was observed in the HR value 
postintervention. Conclusion. Combining PMR and HRV-BFB therapy can reduce distress symptoms and 
improve responses to stress. It's cost-effective and offers many benefits, making it a widely recommended 
intervention. 
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Introduction 

 
Currently, mental health systems are facing 
challenges in addressing the increasingly high levels 
of stress within the population (Brinkmann et al., 
2020). Stress is a complex phenomenon that occurs 
in response to physical or psychological threats, 
triggering psychological, behavioral, and 
physiological responses (Bali & Jaggi, 2015). If 
individuals do not recover sufficiently from stress, it 
can lead to significant risks to both physical and 

psychological health, and result in substantial 
economic costs for healthcare systems (Cooper & 
Dewe, 2008). Stressful situations can overload the 
autonomic state, causing an increase in heart rate 
(HR) and sweating (or skin conductance), as well as 
a reduction in peripheral temperature and higher 
levels of muscular tension (Jarczok et al., 2013). 
 
Among the different potential sources of stress, 
work-related stress stands out from the most recent 
psychological and psychophysiological literature. 
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Work-related stress is considered a psychophysical 
response that occurs when job demands exceed 
employees’ resources and abilities to cope with 
them or they clash excessively with this (National 
Institute for Occupational Safety and Health, 1999). 
The European Agreement on Stress at Work, dated 
October 8, 2004, defines it as a state characterized 
by discomfort, along with physical, psychological, 
and social dysfunctions, resulting from an 
individual's inability to meet performance 
expectations. 
 
According to research (Skagert et al., 2012; Van 
Bogaert et al., 2014), top-level managers are 
particularly susceptible to work-related stress due to 
their high level of responsibility and the constantly 
evolving nature of their work (Barreto et al., 2022). 
This stress is further compounded in large 
organizations, where managers must navigate a 
highly competitive business sector while overseeing 
a large number of employees (Siegrist & Bollmann, 
2023). Prolonged stress in the workplace can lead to 
burnout (Maslach, 1982), a syndrome characterized 
by exhaustion, job disaffection or cynicism, and 
reduced professional effectiveness. 
 
Greater attention has been paid to the 
psychophysical health of workers following the 
European Agreement on Stress (2004) with the 
introduction of work-related stress risk assessment. 
For instance, in Italy, an adjustment to the European 
guidelines took place thanks to the Legislative 
Decree 81/2008. Consequently, the research line of 
Psychology of Work has enriched its literature and 
proposed interventions useful for the reduction of 
psychological distress related to the workplace. As a 
result, situations of chronic stress and 
psychophysiological activation were treated with 
intervention programs that were demonstrated to be 
useful in the management of anxious and somatic 
disorders (Lalanza et al., 2023). This led to the 
development of the Psychology of Work research 
line, which aims to reduce workplace-related 
psychological distress through various interventions 
such as Jacobson's progressive muscular relaxation 
(PMR) and biofeedback training (BFB). Studies 
show that these interventions are effective in 
managing anxious and somatic disorders. PMR has 
been proven to reduce anxiety, depression, sleep 
disturbances, chronic pain, and burnout levels 
(Golombek, 2001; Semerci et al., 2021). Meanwhile, 
BFB has shown promising results in improving 
autonomic imbalance, according to clinical 
psychophysiology studies (Dillon et al., 2016). More 
specifically, researchers are focusing their attention 
on the BFB based on heart rate variability (HRV). 

HRV is the variation in time between consecutive 
heartbeats (RR-intervals) and serves as a 
quantitative marker of autonomic balance and 
physiological stress (Malik et al., 1996). It consists of 
coupling and synchronizing the cardiac rhythm with 
the phases of respiration. Deep, regular breathing 
has been found to increase HR fluctuation and 
respiratory sinus arrhythmia, and it appears capable 
of optimizing the balance between sympathetic 
(SANS) and parasympathetic (PANS) systems 
(Russo et al., 2017). The two components of the 
autonomic nervous system (SANS and PANS) are 
also known as the fight-or-flight mechanism and the 
relaxation response, respectively (Hoareau et al., 
2021; Jiménez Morgan & Molina Mora, 2017). 
Moreover, technological advances make it possible 
to make BFB-based projects increasingly usable 
thanks to portable medical devices that fall into the 
category of mHealth tools (Istepanian et al., 2004). 
Recent research by De Witte et al. (2019) and 
Schoenberg & David (2014) has revealed that 
wearable devices used for BFB (biofeedback) can 
significantly enhance the efficacy of psychological 
treatments for symptoms associated with 
psychophysiological hyperactivation. Numerous 
studies have demonstrated that HRV-BFB (heart 
rate variability biofeedback) has positive effects in 
alleviating symptoms of depression and anxiety (De 
Witte et al., 2019; Lehrer & Gevirtz, 2014; Saito et 
al., 2021; Schäfer et al., 2018). Additionally, 
psychological programs that incorporate HRV-BFB 
are effective in improving cardiac parameters 
(Lehrer & Gevirtz, 2014; Lehrer et al., 2000; Shaffer 
& Meehan, 2022). Despite these benefits, there is 
currently no research evaluating the impact of 
psychophysiological interventions on relaxation and 
other psychophysical parameters, while considering 
physiological parameters beyond those directly 
targeted. Generally, studies in the literature have 
assessed treatment efficacy using psychological 
tests (Goessl et al., 2017) or only one biofeedback 
parameter, such as HRV (Brinkmann et al., 2020). 
 
After careful consideration of all factors, we 
determined it imperative to investigate the efficacy of 
an intervention incorporating Jacobson exercises 
and HRV-BFB. Our study aimed to examine the 
effects of this intervention on a range of 
psychophysiological parameters that reflect 
autonomic nervous system (ANS) activity in a cohort 
of high-level executives, with the ultimate goal of 
mitigating work-related stress.  
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Materials and Methods 
 
Participants and Study Design 
In this quasi-experimental study, 34 top managers 
were consecutively recruited from different 
multinational companies (i.e., TIM, an Italian 
telephone company; BNP Paribas, an international 
bank; Europcar, a car rental agency; eFM, a private 
import–export big company; Trenitalia, Italian public 
railway transportation; and Oracle, multinational IT 
company) with different locations in Italy by the 
Bloom (S.r.l., Rome) company. The subjects were 
recruited through e-mail contact by Bloom Company, 
and they were offered to book an in-person 
appointment. The 34 top managers who took part in 
the study were volunteers and provided informed 
consent before taking part in the protocol. Before 
administering the tests, the researchers provided 
information about the purpose of the study. A public 
presentation of the principal aims of the study and a 
personal individual interview was conducted. An 
idea of the purpose of the psychometric test 
administered was offered without specification of the 
single scale test. Once the subjects completed the 
administration, they were offered the option to book 
another appointment to receive a description of their 
results during a psychological interview that would 
be kept confidential. Criteria for inclusion in the 
study were age greater than 18 years old; 
completion of informed consent; no history of 
psychiatric and/or neurological syndromes (e.g., 
previous head trauma, epilepsy, etc.) and/or 
physical diseases (i.e., sensory disturbances of sight 
and/or hearing) that may limit the administration of 
the tests; and not on psychological/psychiatric or 
psychopharmacological treatment at the time of the 
recruitment. None of the participants reported 
previous knowledge of breathing and/or relaxation 
practices. 
 
All data were handled under the ethical standards 
established in the 1964 Helsinki Declaration. 
Subjects’ anonymity was preserved, and the data 
obtained were used solely for scientific purposes. All 
patient/personal identifiers have been removed or 
disguised so the patient/person(s) described are not 
identifiable and cannot be identified through the 
details of the story. 
 
Measures 
All of the participants underwent a psychological and 
psychophysiological assessment. 
 
Psychopathological symptoms were assessed 
through the Symptom Questionnaire (SQ; Fava et 
al., 1983). It contains four scales based on the 

factorial analysis of the psychological symptoms of 
Anxiety (A), Depression (D), Somatization (S), and 
Hostility (H). Each scale can be divided into two 
subscales, one concerned with symptoms and the 
other with well-being, for a total of eight subscales. 
Therefore, each of the main scales includes items 
from both the symptoms and the well-being 
subscales. The clinical cutoff corresponds to four for 
all the scales of the test. The SQ was shown to have 
high sensitivity and specificity levels (80% and 76% 
in general practice, respectively; 86% and 74% in 
hospital medical wards; and 83% and 85% in 
emergency departments (Rucci et al., 1994). Such 
observations allowed this instrument to be 
particularly adequate, not only for the initial 
assessment of the patients’ complex clinical profiles 
but also for a possible retest of the self-reported 
symptoms over time (Benasi et al., 2020). This test 
has weekly, daily, and hourly versions. For this 
research, the weekly version was used. 
 
A psychophysiological stress profile (PSP; Fuller, 
1979) structured in three phases was implemented. 
In the baseline phase (6 min), each patient was 
instructed to close his eyes and remain still and 
relaxed. In the stress phase (4 min), a mental 
arithmetic task (MAT) was presented to the 
participant. This task consisted of subtracting the 
number 13 from the number 1007 and continuing to 
subtract 13 from each successive result that was 
obtained. Lastly, in the recovery phase (6 min), the 
patient was instructed to relax again. The following 
parameters were continuously registered: surface 
frontal electromyography (sEMG), where the 
electrical potential was detected by means of two 
active electrodes placed 1 cm over the two 
eyebrows on the same line of the pupils and one 
reference electrode placed at the center of the front 
(2 cm of distance between poles); the skin 
conductance level-response (SCL-SCR), where a 
very low intensity electrical direct current was 
attained by means of two electrodes placed on the 
first and second finger of the nondominant hand; 
heart rate (HR), that consists of the detection of the 
electrical potential of cardiac muscle by the classic 
bipolar shunt for the electrocardiogram (ECG) with 
the possibility of calculation of inter-beat-interval 
(IBI) and all of the heart rate variability (HRV) data 
(e.g., high, very low, ultra-low and low frequencies); 
and peripheral temperature (PT), the peripheral 
body temperature recorded by a thermistor with a 
device placed on the thenar eminence of the 
nondominant hand. EMG and HR parameters were 
detected using surface disposable electrodes with 
0.5 mm of active surface. For the SCL-SCR, two 
gold-plated electrodes were employed. For the PT, a 
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very sensitive electronic thermometer (capable of 
evaluating fluctuations in temperature of less than 
0.1°C) was utilized. The employed technology 
device was the “psycholab VD 13” by SATEM, 
Rome, Italy. The Modulab was connected by an 
infrared cable to a PC and all the data were detected 
and processed by a PC soft VD 13SV VERSION 5.0 
Works program software (by SATEM, Rome, Italy). 
Values are considered normal if they move within 
their respective normal ranges: 1.7–2.5 μV for 
sEMG; 2.2–6.0 μS for SCL; 60–90 bpm for HR; and 
31–32 °C for PT (Cacioppo et al., 2007). 
 
Assessment Procedure 
The SQ was used as an outcome measure of the 
psychopathological symptoms and was administered 
before (T0) and after the PMR and BFB intervention 
(T1). In addition, the psychophysiological 
parameters of the PSP (sEMG, SCL-SCR, HR, and 
PT) were considered outcome measures to assess 
the benefit of the level of psychophysiological 
activation. A clinical psychologist who received a 
research fellow collected participants’ personal 
history and psychological and psychophysiological 
data. 
 
Intervention Procedure  
The intervention was carried out by two researchers 
and clinical psychologists. This phase was 
structured as follows: the study participants 
underwent 10 relaxation sessions with exercises 
based on Jacobson's progressive muscle relaxation 
(PMR). The sessions were weekly and lasted 45 
min. The procedure consisted of contracting muscle 
groups (one at a time and then all together) for  
5–7 s, followed by a 20-s relaxation time. The 
training included an alternation of tension and 
relaxation of the muscles of the legs, arms, 
abdomen, neck, and mouth based on the classic 
training proposed by Jacobson (McGuigan, 1978). 
 
The BFB training was started following the three 
months of the 10 relaxation sessions with PMR. The 
researchers were trained to lead the BFB program 
by a professor of psychopathology and clinical 
psychophysiology who was an expert in the field 
over a month with four lectures and guided practical 
exercises. In turn, researchers trained the 
participants to do BFB exercises independently. In 
particular, the participants were provided with the 
Inner Balance, an HRV BFB device consisting of an 
ear clip (photoplethysmographic sensor), a signal 
transformer, and software for viewing HRV cardiac 
data on the smartphone in real time. This app allows 
monitoring the sympathovagal balance 
independently in the absence of the operator. 

Participants were asked to spend 15 min per day 
repeating the PMR exercises and monitoring their 
HRV using the Inner Balance app. The researchers 
downloaded the HeartMath App on participants' 
smartphones and demonstrated how to use it. 
HeartMath is an mHealth intervention that teaches 
people to increase awareness and management of 
their internal states by increasing HRV through a 
wearable sensor. The auditory and visual feedback 
that is provided to the subject corresponds with the 
heart rhythm coherence elaborated within the Inner 
Balance technology of the HeartMath Institute 
(McCraty, 2016). For instance, the irregular heart-
rhythm pattern (incoherence) is typical of negative 
emotions such as anger or frustration, while the 
coherent heart-rhythm pattern is typically observed 
when an individual is experiencing sustained, 
positive emotions and appreciation.  
 

A coherent heart rhythm is defined as a 
relatively harmonic (sine-wave-like) signal with a 
very narrow, high-amplitude peak in the low-
frequency region (typically around 0.1 Hz) of the 
power spectrum with no major peaks in the other 
bands. Coherence is assessed by identifying the 
maximum peak in the 0.04–0.26 Hz range of the 
HRV power spectrum, calculating the integral in 
a window 0.030 Hz wide, centered on the 
highest peak in that region, and then calculating 
the total power of the entire spectrum. The 
coherence ratio is formulated as Peak Power / 
(Total Power − Peak Power)2 (McCraty & 
Shaffer, 2015).  

 
People were instructed to do HRV-BFB at least twice 
per day for 5 min or once each day for 10 min, every 
day for the 60-day study period. 
 
Statistical Analysis 
All statistical analyses were performed using SPSS 
(Version 28.0.1.0; IBM Corp, Armonk, NY). 
Nonparametric statistical analyses were used in light 
of the small sample size of the sample. After 
descriptive statistics of the scores obtained from the 
total samples in the SQ scores and PSP values, the 
following statistics were performed: (1) comparisons 
between males and females on the 
sociodemographic characteristics (age, marital 
status, educational level) and the clinical features 
(psychological symptoms and psychophysiological 
activation) were calculated at baseline; (2) 
comparisons between the SQ scores and the PSP 
values obtained from the total sample at T0 and T1 
were computed. The chi-square test was used for 
variables such as marital status and education 
whereas the Mann-Whitney U test was calculated for 
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age, SQ scores, and PSP values at T0, and the 
Wilcoxon signed-rank sum test was used for the 
paired difference analysis (T0-T1) for SQ scores and 
PSP values. 
 

Results 
 
Descriptive statistics of the sociodemographic 
variables clearly showed that males and females did 
not differ at baseline (Table 1). 

 
Table 1 
Comparisons of Sociodemographic Characteristics Between Males and Females at Baseline (T0) 

Sociodemographic features 
Male 

(n = 20) 
Female 
(n = 14) 

Total  
(n = 34) 

U or χ2 p 

Age, M (SD) 47.95 (5.83) 46.57 (7.39) 47.38 (6.4) t(33) = −0.53 n.s. 

Marital status, N (%)    χ2 (2, N = 34) = 5.24 n.s. 

Married/cohabitant 19 (55.88%) 11 (32.35%) 30 (88.24%)   

Unmarried 0 (0%) 3 (8.82%) 3 (8.82%)   

Separated/divorced 1 (2.94%) 0 (0%) 1 (2.94%)   

Education Level, N (%)    χ2 (1, N = 34) = 0.31 n.s. 

High school 14 (41.18%) 11 (32.35%) 25 (73.50%)   

University/post-University 6 (17.65%) 3 (8.82%) 9 (26.50%)   
 
 
Not even considering the psychopathological 
symptoms, differences emerged between the two 
groups. However, both groups reported symptoms 
related to anxiety activation and irritable mood with 
somatic complaints above the threshold of 
significance (= 4). From the psychophysiological 

point of view, both samples appeared to be under 
psychophysical stress as both skin conductance and 
muscle tension values exceeded the upper limits of 
the typical values (6µS and 2.2µV, respectively; 
Table 2). 

 
 
Table 2 
Comparisons of Clinical Features Between Males and Females at Baseline (T0) 

 
Male 

(n = 20) 
Female 
(n = 14) 

Total 
(n = 34) 

  

 M SD M SD M SD U (33) p 

Symptom Questionnaire         

Anxiety 5.00 2.38 7.29 4.89 5.94 3.7 −1.34 n.s. 

Depression 2.70 3.18 5.07 4.50 3.68 3.9 −1.95 n.s. 

Somatization 5.10 3.95 7.86 5.52 6.24 4.8 −1.55 n.s. 

Hostility 3.40 2.23 5.50 4.18 4.26 3.3 −1.36 n.s. 

Psychophysiological Assessment         

Skin Conductance         

Baseline 11.03 7.04 7.86 6.09 9.81 7.34 −1.62 n.s. 

Stress  17.62 10.21 13.91  7.51 16.19 9.30 −0.89 n.s. 

Recovery 16.77 9.84 11.19 5.96 16.61 8.88 −1.74 n.s. 
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Table 2 
Comparisons of Clinical Features Between Males and Females at Baseline (T0) 

 
Male 

(n = 20) 
Female 
(n = 14) 

Total 
(n = 34) 

  

 M SD M SD M SD U (33) p 

Surface Electromygraphy         

Baseline 3.94 1.57 3.47 1.05 3.76 1.22 −1.22 n.s. 

Stress  4.79 1.58 5.73 1.95 5.16 1.76 −0.95 n.s. 

Recovery 3.86 1.46 4.28 1.19 4.02 1.36 −1.01 n.s. 

Heart Rate         

Baseline 74.27 9.55 75.12 8.66 74.60 9.08 −0.77 n.s. 

Stress  86.50 15.34 84.21 12.23 85.62 14.05 −0.43 n.s. 

Recovery 74.07 11.33 74.46 9.31 74.22 10.43 −0.59 n.s. 

Peripheral Temperature         

Baseline 32.21 1.57 32.43 1.24 32.30 1.43 −0.30 n.s. 

Stress  31.82 1.91 32.36 1.59 32.03 1.79 −0.55 n.s. 

Recovery 31.69 1.70 32.00 1.32 31.81 1.55 −0.41 n.s. 
 
 
Subsequently, a clinical-psychological and clinical-
psychophysiological reevaluation was performed 
after the intervention. A significant reduction in 
psychopathological symptoms was observed. In 
particular, anxious activation, somatic complaints, 
and mood alterations were within the normal range 
at T1 and significantly reduced from baseline. 

Furthermore, a decrease in the level of skin 
conductance and muscle tension was observed in 
the recovery phase of the psychophysiological 
stress profile. In addition, a lower reactivity to stress 
was described by looking at the cardiac parameter 
of HR. No differences emerged regarding peripheral 
temperature (Table 3). 

 
 
Table 3 
Comparison Between Pre–post SQ Scores and Psychophysiological Stress Profile Values of the Total Sample   
(n = 34) 

 T0 T1   

 M SD M SD Z (33) p 

Symptom Questionnaire       

Anxiety 5.94 3.7 2.84 2.34 −4.23 < .001 

Depression 3.68 3.9 1.65 1.06 −4.25 < .001 

Somatization 6.24 4.8 3.65 3.49 −3.32 < .01 

Hostility 4.26 3.3 1.77 1.94 −2.98 < .001 
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Table 3 
Comparison Between Pre–post SQ Scores and Psychophysiological Stress Profile Values of the Total Sample   
(n = 34) 

 T0 T1   

 M SD M SD Z (33) p 

Psychophysiological Assessment       

Skin Conductance       

Baseline 7.34 −1.62 9.43 7.92 −0.88 n.s. 

Stress  9.30 −0.89 15.89 10.78 −1.39 n.s. 

Recovery 8.88 −1.74 12.67 9.71 −2.57 < .01 

Surface Electromygraphy       

Baseline 1.22 −1.22 3.56 1.70 −0.72 n.s. 

Stress  1.76 −0.95 5.07 2.28 −0.36 n.s. 

Recovery 1.36 −1.01 2.67 1.28 −3.52 < .001 

Heart Rate       

Baseline 9.08 −0.77 72.74 10.89 −0.77 n.s. 

Stress  14.05 −0.43 79.20 13.36 −2.21 < .05 

Recovery 10.43 −0.59 71.36 13.15 −1.06 n.s. 

Peripheral Temperature       

Baseline 1.43 −0.30 32.51 1.81 −0.59 n.s. 

Stress  1.79 −0.55 32.21 2.06 −0.23 n.s. 

Recovery 1.55 −0.41 32.35 2.25 −1.44 n.s. 
 
 

Discussion 
 
This study aimed to investigate the efficacy of an 
intervention utilizing PMR and HRV-BFB on a group 
of high-ranking executives. The sample was well-
diversified across gender, age, marital status, and 
educational attainment, with no significant gender 
differences noted. Participants reported 
experiencing anxious activation with accompanying 
somatic complaints, which was consistent across 
both groups. Furthermore, the psychological 
symptoms as measured by the SQ exceeded the 
clinical threshold for both groups, and the 
psychophysiological evaluation of skin conductance 
and muscle tension revealed values beyond the 
expected range. These results support prior 
research indicating the presence of stress-related 
symptoms among top-level managers (Siegrist & 
Bollmann, 2023; Skagert et al., 2012; Van Bogaert 
et al., 2014), suggesting that all participants 
experienced a state of psychophysical stress. 

As a part of validating the proposed intervention's 
effectiveness, pre–post treatment comparisons were 
conducted. The participants benefited from the 
intervention, reporting decreased distress at 
baseline in terms of psychopathological symptoms. 
The clinical scales' scores, including anxiety, 
depression, somatizations, and hostility, were in the 
normal range at T1, similar to other interventional 
studies (Ferendiuk et al., 2019; Ghorbannejad et al., 
2022; McGuigan, 1978). The training exercises 
proposed at the beginning of the training resulted in 
better muscle relaxation skills, which was reflected in 
lower levels of muscle tension and skin conductance 
observed during the recovery phase. The majority of 
physiological parameters showed improvement in 
the psychophysiological assessment. A 
generalization across multiple psychophysiological 
parameters was observed, except for the peripheral 
temperature parameter, which remained unchanged. 
The HRV-BFB training restored ANS balance 
globally, generating benefits that affect the whole 
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organism. This training can activate the modulatory 
function of the reflexes that control the two branches 
of the ANS, SANS and PANS. The results of this 
study support the idea that HRV-BFB allows 
balancing the ANS and confirms the evidence of 
benefits in several clinical contexts (Chrousos & 
Boschiero, 2019; Reneau, 2020; Windthorst et al., 
2017; Zucker et al., 2009). The benefits can be 
measured on several parameters connected to the 
complex system involved in the stress response. 
The findings of this study are consistent with the 
literature, which shows no evident changes in the 
short term for the thermoregulation processes 
measured within a brief psychophysiological 
evaluation (Bregman & McAllister, 1983). 
 
To summarize, individuals who exhibit a lower 
reactivity to stress, which is indicated by the HR 
parameter, and a better psychophysical recovery, 
which can be observed with the sEMG and SCR 
values, tend to have a better stress response 
(Cannon, 1932; Selye, 1950). This was 
demonstrated in a study where subjects were 
evaluated and reevaluated using a PSP that 
simulates stress. By doing this, researchers were 
able to elicit and monitor the stress response and 
found that these individuals had learned to recover 
their psychophysical balance after experiencing 
stress. 
 
Based on our initial findings, it appears that further 
studies are necessary to corroborate our results and 
address the limitations of our study. A more 
structured methodology, such as a randomized 
controlled trial, coupled with a larger sample size 
and the inclusion of a control group, would enable us 
to conduct more sophisticated statistical analyses 
and analyze the main effect of the intervention while 
controlling for confounding variables such as gender 
and specific temperamental traits. Our study found 
that the combined use of PMR and HRV-BFB did not 
yield conclusive evidence as to which technique is 
more effective in reducing work-related stress. 
However, our research's strength lies in its 
integrated treatment approach, which has provided 
participants with muscle relaxation exercises that 
they can perform independently with minimal 
operator costs. We utilized the HeartMath app for 
HRV-BFB to promote self-monitoring and equip 
participants with stress management skills that foster 
independence from the operator. Furthermore, we 
found it beneficial to reevaluate participants using 
parameters that are not under conscious control, 
such as psychophysiological values. Questionnaire 
responses may be subject to social desirability, 
whereas ANS activity evaluation is free from 

simulation. In conclusion, research indicates that 
cardiac coherence induction techniques are effective 
in managing stress in individuals with anxiety, 
insomnia, hypertension, and other conditions, as 
well as in high-risk situations as a preventive 
measure (Alabdulgader, 2012). 
 

Conclusion 
 
Despite some limitations, this study's findings are 
significant and have important clinical implications. 
The research aimed to assess the effectiveness of a 
PMR and HRV-BFB intervention on high-level 
managers. The results demonstrate that this 
intervention enhanced the emotional self-regulation 
skills of the participants, as evidenced by the 
differences in various physiological parameters 
before and after the intervention. Specifically, 
participants showed lower HR levels under stress, 
and their skin conductance levels and muscular 
tension significantly decreased during the recovery 
phase, indicating better management of stress-
induced emotions. 
 
Overall, the study suggests that 10 guided PMR 
sessions and 2 months of HRV-BFB using a 
smartphone can effectively reduce work-related 
stress symptoms. This research also highlights the 
importance of examining both subjective and 
objective aspects of psychophysical well-being. 
Further research is necessary to validate these 
findings and determine the most appropriate 
methods for monitoring the treatment's 
effectiveness. These findings could pave the way for 
more widespread use of clinical psychological and 
psychophysiological assessments. 
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Abstract 

Background. Attentional processes and executive functions have been essential elements in the study of 
attention-deficit/hyperactivity disorder (ADHD). This research aims to validate Ríos Lago and Muñoz-Céspedes 
(2004) factorial model of attention in ADHD and to investigate the attentional and executive alterations that occur 
in ADHD according to this model. Method. A total of 40 participants, aged between 7 and 16 years, took part in 
the study. The sample included 20 ADHD patients and 20 control subjects who participated as volunteers. 
Results. The factors identified through principal component analysis accounted for 78.81% of the variance in the 
data. Four factors were found, consistent with Ríos Lago and Muñoz-Céspedes’ model, based on the factor 
loadings and following neuropsychological criteria. Conclusions. The results supported the replicability of the 
proposed attentional model in ADHD. They demonstrated the presence of specific alterations in individuals with 
ADHD, as predicted by the model.  
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Attention-deficit/hyperactivity disorder (ADHD) has 
been associated with deficits in attentional 
processes and executive functions. This disorder 
begins in childhood and has been defined as a 
sustained pattern of inattention, hyperactivity, and 
impulsivity behaviors that must be maintained for a 
sufficient period of time and usually appears before 
the age of 12 years (Piñón et al., 2019). ADHD has 
been considered a problem of behavioral self-
regulation. In contrast, in the past decades it was 
defined not only as a behavioral disorder but also as 
a learning disorder, explained as deficits in cognitive 
functions that manifest themselves in disruptive 
behaviors (García-Nonell & Rigau-Ratera, 2015). 
According to the Diagnostic and Statistical Manual of 
Mental Disorders, it shows three clinical 
presentations: inattentive, hyperactive/impulsive, 
and combined inattentive and hyperactive-impulsive 

(5th ed.; DSM-5; American Psychiatric Association 
[APA], 2013).  
 
As noted, one of the affected processes in ADHD is 
attention. Mellado et al. (2013) state that attention is 
understood as a control mechanism, which activates 
the necessary processes to perfect the processing 
of information and inhibit stimuli that could create 
interference, ensuring perceptual processing of 
sensory messages relevant to the goal set and an 
equally adequate execution of relevant actions to 
achieve it, in addition to being linked to motivational 
mechanisms. Therefore, it is a precondition for 
cognition and indispensable for affective behavior 
and the survival of the human being itself (Sales, 
2016). Attention is composed of different types of 
processes and systems, within which are situated 
processes aimed at creating and maintaining an 
adequate state of alertness, guidance systems 

http://www.isnr.org/
http://www.neuroregulation.org/
http://www.isnr.org
https://doi.org/10.15540/nr.11.1.53
mailto:mwobbekingsa@upsa.es


Agudo Juan et al. NeuroRegulation  

 

 
54 | www.neuroregulation.org Vol. 11(1):53–61  2024 doi:10.15540/nr.11.1.53 
 

aimed at the selection of relevant information from 
sensory input, and processes that are to a greater 
extent related to the control and monitoring of 
attentional resources (Fan, et al., 2002; Rodríguez-
Blanco et al., 2017; Stuss, 2006). One of the most 
interesting attentional models is the one developed 
by Ríos, Periáñez and Muñoz-Céspedes (2004), 
who have based their model on a series of response 
patterns in different psychometric tests and factor 
analysis to elucidate the underlying attentional 
mechanisms for performance in these tests. Factor 
analysis represents a strong, satisfactory, and 
relatively common tool to study which underlying 
constructs are represented in different tests and 
which are responsible for the variance of a group of 
items in an independent test or in a battery (Agelink 
van Rentergem et al., 2020; Santos et al., 2015; 
Spikman et al., 2001; Ustárroz et al., 2012). 
 
Thus, they proposed a model that studies four 
factors (Table 1), based on factor analysis applied to 
the results of patients with traumatic brain injury and 
normal subjects in some classic attention tests 
(Stroop; Trail Making Test; Wisconsin Card Sorting 
Test; Ríos Lago et al., 2008). 
 
 
Table 1 
Factors in Attention Measures 
High-level Processes Low-level Processes 

Control Speed of Information 
Processing 

Interference Control  
Cognitive Flexibility  

Working Memory  
Ríos et al. (2004) attention factorial model. 
 
 
Components of Care 
The components of care according to this model are 
described below. 
 
Speed of Processing. It is the amount of 
information that can be processed per unit of time 
(Spikman et al., 2001). As it has been highlighted, it 
is more a substrate on which attention develops than 
an attentional component. Although it is not an 
attentional process per se, it is closely related to 
attention and can affect attentional performance, 
such that if attention is not fast it may not fully fulfill 
its adaptive function. 
 

Attentional Control. Three components are 
grouped under this denomination. 

 Cognitive Flexibility. It is the ability to shift 
the focus of attention from one scheme of 
action to a different one and modify behavior 
in response to changes in the environment. 

 Operative Memory. This is the ability to 
maintain information that has been 
experienced in previous instants, or 
information retrieved from long-term 
memory, and which is no longer available in 
the environment, also implying the ability to 
manipulate this information (Ríos Lago et 
al., 2008). Likewise, the ability to change the 
attentional focus would depend on working 
memory (Baddeley, 2001). 

 Control of Interference. One of the most 
consistent findings in the work on attention, 
this factor shows the ability to control the 
tendency of overlearned automatic 
responses and distractions from irrelevant 
stimuli (Klenberg et al., 2001; Pineda 
Salazar et al., 2000). 

 
Consequently, in order to perform attentional tasks, 
both components, speed and control, would be 
necessary. These components reflect two 
characteristics of the tasks: time pressure and 
structure, respectively. If the task is highly 
structured, the amount of control required will be 
minimal, the main factor being the processing 
speed. If, on the contrary, the task has little 
organization, the control required for its performance 
will be the maximum, since it cannot be solved with 
routine responses and will require interference 
control, cognitive flexibility, and working memory 
(Ríos Lago et al., 2008). 
 
Our objectives with this study are 1) validation of the 
Factorial Model of Attention by Ríos Lago and 
Muñoz-Céspedes (2004) in ADHD, assuming the 
hypothesis that the factorial analysis will reveal four 
factors equivalent to those of the Ríos et al. (2004) 
model, and 2) to verify the attentional and executive 
impairments that occur in ADHD, according to the 
model by Ríos Lago and Muñoz-Céspedes (2004), 
in order to differentiate which tests or scores better 
distinguish between healthy subjects and controls. 
 

Methods 
 
Subjects 
Data for this study were obtained from a sample of 
40 subjects, aged 7 to 16 years. The sample 
included 20 ADHD patients and 20 healthy controls 
who participated as volunteers. The clinical subjects 
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were referred by the Guidance and Behavior Team 
of the Junta de Castilla y León, after requesting their 
participation in this study. The inclusion criteria for 
participation in this study were as follows: 

 Clinical Group. Diagnosis of ADHD 
(following the ADHD coordination protocol of 
the Junta de Castilla y León), drug control 
(withdrawal 24 hours before the application 
of the tests) under the supervision of the 
neurologist and acceptance by the parents, 
age between 7–16 years, and no other 
medical complications or psychiatric 
disorders. The parents signed an informed 
consent for their children to participate in the 
study. 

 Control Group. Same age criteria as the 
clinical group and no medical complication 
or psychiatric alteration. 

 
The ethics committee of our affiliated research 
institution (Research and Telemedicine Center for 
Neurological Diseases in Children—the 
CEFORATEN project) approved the study with the 
following authorization number: ECN 6227/23. We 
complied with all the ethical standards asserted in 
the Declaration of Helsinki in the study’s design. 
 
Instruments  
Neuropsychological factors and tests included: 

 Speed of Processing. For this component, 
test or subtest scores involving speed or 
time pressure were used, such as the Trail 
Making Test (TMT), Letters and Numbers 
(LN), Symbol Search (BS) and Number Key 
(CN) of the WISC-IV, Stroop P, Stroop PC, 
and Brief Test of Attention (BTA). The TMT 
is a neuropsychological instrument widely 
used as an indicator of processing speed 
(Sánchez-Cubillo et al., 2009). Both parts A 
and B require speed in execution, with time 
being a decisive aspect in the performance 
of the task. CN and BS are part of the 
Processing Speed index of the WISC-IV. In 
both, the subject is under time pressure, 
since they have to perform the task in a 
certain amount of time—speed playing a 
primordial role for the correct performance of 
the task. In other tests such as LN or BTA 
(total), although time measures are not 
taken and they are not considered 
processing speed tests, these are tasks 
where the rate of stimulus presentation is 
not controlled by the patient but by the 
examiner. The task has a standard rate and 
not one appropriate for each patient, so 
there is some implicit time pressure (Ríos et 

al., 2004). Likewise, the Stroop test requires 
an adequate processing speed for its correct 
performance. 

 Cognitive Flexibility. For this factor we 
used the Wisconsin Card Sorting Test 
(WCST) hits, perseverative errors and 
perseverative responses and the TMT B/A 
score (Ríos et al., 2004). The WCST has 
been one of the most widely used tests in 
the attentional switching paradigm, both in 
clinical and research contexts (Periáñez et 
al., 2004). The WCST also reflects skills 
related to cognitive flexibility that are not 
measured by other prefrontal tests (Barceló 
et al., 2000). Perseverative responses would 
reflect inflexibility in shifting attentional focus 
to another set (Ríos et al., 2004; Greve et 
al., 1999), on the contrary, the percentage of 
successes in the test is related to the ability 
to shift attentional focus (Ríos et al., 2004). 
As for the TMT B/A ratio, it reflects 
alternating attention, which also implies the 
ability to shift attention from one sequence 
to another; in this score the influence of 
processing speed is eliminated (Ríos et al., 
2004) and the influences of visuoperceptual 
and working memory demands are 
minimized, thus obtaining a relatively purer 
indicator of control (Sánchez-Cubillo et al., 
2009). 

 Operative Memory. This factor consisted of 
scores related to information maintenance 
and manipulation; that is, LN, BTA Total, set 
loss, and nonperseverative errors on the 
WCST (Ríos et al., 2004). The LN score is 
clearly related to working memory 
processes, being a working memory index of 
the WISC-IV (Wechsler, 2007). The BTA 
score reflects, among other things, the 
ability to mentally manipulate numerical 
information that is not already present while 
attending to a series of items being 
presented (Ríos et al., 2004). Several 
factors underlie the performance of the 
WCST, so not only are its scores indicative 
of Cognitive Flexibility but its performance 
would also involve working memory (Brauer 
et al., 1998; Ríos et al., 2004). Although 
there has been some confusion about 
whether working memory is involved in the 
performance of the TMT, Kortte et al. (2002) 
found that neither part A nor part B was 
related to the maintenance of information. 

 Control of Interference. This factor 
included two Stroop test scores (Stroop PC 
and Interference), the TMT B/A ratio and the 
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Paced Auditory Serial Addition Test score 
(PASAT, in this case 3); the Stroop PC and 
Stroop Interference scores suggest that 
there is a cognitive process that controls the 
tendency of automatic responses. In the 
PASAT, the presence of interference control 
is evident since it is necessary for the 
subject to inhibit the responses that they 
offer in order to correctly attend to the list of 
numbers that is presented to them audibly 
(Ríos et al., 2004). The score extracted from 
the B/A ratio of the TMT implies an 
attentional shift that is composed of a 
change of focus to another point of attention 
and, in addition, of an inhibition or control 
component (Arbuthnott & Frank, 2000; Ríos 
et al., 2004). This inhibition component 
would therefore be an important element of 
control (Mecklinger et al., 1999). 

 
In addition, the finger-tapping test (FTT; Enokizono 
et al., 2022) was applied as a measure of motor 
speed. 
 
Procedure 
To collect the data, each participant was invited to 
the NEPSA Neurological Rehabilitation Clinic 
(Salamanca). The subjects in the clinical group had 
not taken medication in the previous 24 hours. All 
subjects were evaluated after their parents’ signed 
consent and the subsequent return of a report with 
their performance in these tests. 
 
First, a form was collected that included their 
demographic variables (sex, age, date of birth, 
group, and contact data). The tests were applied in 
an office under the same conditions, with the 
following order: Digits and Number Key (CN) from 
the WISC-IV, Stroop test, Wisconsin Card Sorting 
Test (WCST), Brief Test of Attention (BTA), Trail 
Making Test (TMT), Paced Auditory Serial Addition 
Test (PASAT), finger-tapping test (FTT), Letters and 
Numbers (LN) and Symbol Search (BS) from the 
WISC-IV. Despite alternating between manipulative 
and verbal tests, there seemed to be no influence of 
the order of application of these tests on test 
performance, according to Ríos Lago and Muñoz-
Céspedes (2004). The rules of each test were 
explained, making sure that all participants 
understood what had to be done in each test. The 
duration of the tests ranged from 50 to 75 min. 
Optionally, the possibility of an intellectual capacity 
assessment on another day was offered to all those 
who were interested, subsequent to the attention 
assessment. The data were coded in an Excel 
spreadsheet for later analysis. 

Data Analysis 
All analyses were performed using SPSS version 
25.0 software, except for the effect size, which was 
obtained using the Cohen's d calculator of the 
University of Colorado (https://www.uccs.edu 
/lbecker/). The statistical analyses performed were 
as follows: 

For objective 1, the possibility of obtaining a 
factorial structure of the utilized scores was 
studied by considering the results of two tests, 
Kaiser-Meyer-Olkin (KMO) and Bartlett's 
sphericity. Afterward, a principal component 
analysis was conducted. Varimax rotation 
method used with Kaiser normalization. 
 
For objective 2, the Shapiro-Wilk test of 
normality was performed to assess the fit of 
each score to a normal distribution. 
Subsequently, a mean difference test was 
applied using either the parametric Student's t-
test for normally distributed scores or the 
nonparametric Mann-Whitney U test for 
nonnormally distributed scores. Cohen's d was 
used to calculate effect sizes. 

 
Results 

 
The results obtained from the aforementioned 
analysis are presented below. 
 
No significant differences were found between 
groups with respect to age (Table 2). 
 
In regard to objective 1, as shown in Table 3, both 
assumptions, factorial structure and relationship 
between variables, are met. 
 
 
Table 2 
ADHD and Control Groups Ages 

 ADHD Control U Mann-
Whitney 

p 

Age M = 129.85 M = 137.75 177.5 .547 

DT = 33.14 DT = 35.01 

N = 20 N = 20 
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Table 3 
KMO and Bartlett Tests 
KMO  Bartlett's Sphericity 

 Approx. Chi-squared gl Sig. 

.687 630.419 105 .000 
 
 
The principal component analysis yielded a grouping 
into four factors that explained 78.81% of the 
variance (Table 4). Table 5 shows, marked in bold, 
the scores that loaded for each factor. 
 
In regard to objective 2, we further present the 
results for each test. 

In the Stroop test, only the Interference score of the 
control group was normally distributed, so the Mann-
Whitney U test was chosen to study their mean 
differences. Significant differences were found in all 
scores (Stroop P: U = 90, p = .002, d = 1.228; 
Stroop C: U = 92, p = .003, d = 1.014; Stroop PC:  
U = 111, p = .015, d = 0.966) except for the 
Interference score (Stroop Interference: U = 152,  
p = .194, d = 0.460). However, for the latter data, the 
effect size was medium, compared to the acceptable 
effect size for the other scores of the same test. The 
clinical group was significantly worse than the 
control in Word, Color, and Word-Color scores. 
 

 
 
Table 4 
Explained Variance 
Component Percentage of variance per factor Percentage of cumulative variance 
1 Speed of Processing 46.498 46.498 
2 Cognitive Flexibility 16.152 62.650 
3 Operative Memory 8.702 71.352 
4 Control of Interference 7.461 78.813 
 
 
Table 5 
Rotated Component Array 

 Components 
1 2 3 4 

ST-P .874 −.099 −.138 −.208 
TMT-A −.883 .050 .150 .050 
TMT-B −.678 .141 .210 .617 
ST-PC .954 .031 −.050 −.135 
CL-A .719 .061 .167 −.300 
BS .732 .188 .139 −.317 
LN-T .597 −.124 −.559 −.287 
BTA-T .751 −.229 −.230 .026 
WCST % Perseverative Errors −.205 .582 .513 −.084 
WCST % Conceptual Level .035 −.973 −.117 −.056 
TMT B/A −.143 .101 .166 .899 
WCST Set Loss .067 -.061 .828 .158 
WCST % Nonperseverative Errors .130 .893 −.177 .134 
ST-INT .848 .134 −.006 .058 
PASAT Correct Responses .715 −.121 −.496 −.051 
Note. Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser normalization. The rotation has 
converged in six iterations. 
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As for the WISC-IV Number Key subtest, a normal 
distribution was found in the correct scores, but not 
in the errors made. Therefore, the t and U statistics 
were applied respectively. Significant differences 
were found in correct scores (t = 3.285, p = .002,  
d = 1.039), however, the clinical group did not make 
more errors (U = 170, p = .429, d = 0.454), with a 
moderate effect size. 
 
In Digits, we found a total score that was 
significantly worse in the clinical group with respect 
to the control group (U = 81, p = .001, d = 0.979), 
obtaining a large effect size. 
 
The mean difference in the BTA total score showed 
that the clinical group scored significantly higher 
than the control (t = 2.523, p = .016, d = 0.799). A 
mean effect size was obtained for this test. 
 
TMT, a significant difference between groups was 
obtained in the B score (U = 95, p = .004, d = 0.839) 
with a large effect size, and in the B/A speed free 
score (U = 90.5, p = .002, d = 1.059), also with a 
large effect size. 
 
The clinical group also scored significantly worse on 
the Letters and Numbers subtest (U = 93.5,  
p = .003, d = 1.029), with a large effect size. 
 
In the Symbol Search subtest, the clinical group 
scored significantly worse than the control group  
(U = 121, p = .033, d = 0.724) although, again, they 
did not make more errors than the control group  
(U = 171.5, p = .445, d = 0.154). This last finding 
should be taken with caution due to the small effect 
size obtained. 
 
Motor speed, as measured by FTT, was not found to 
be different between groups (U = 144, p = .134,  
d = 0.336), although a small effect size was 
obtained. 
 
No significant differences were found in any PASAT 
score (Hits: U = 129.5, p = .056, d = 0.583; 
Omissions: U = 160, p = .289, d = 0.487; Errors:  
U = 172, p = .461, d = 0.147). The clinical group, 
again, did not make more errors, but similarly a low 
effect size was found for this score. 
 
No significant differences were found in any WCST 
score between the groups (Number of attempts:  
U = 174, p = .495, d = 0.201; Number of categories: 
U = 165.5, p = .355, d = 0.358; % Hits: U = 195,  
p = .904, d = 0.140; % Errors: U = 186.5, p = .718,  
d = 0.193; % Perseverative Errors: U = 167,  
p = .383, d = 0.306; % Nonperseverative Errors:  

U = 188, p = .758, d = 0.121; Perseverative %RR:  
U = 173.5, p = .478, d = 0.226; % Conceptual Level: 
U = 184, p = .678, d = 0.236; Set loss: U = 181,  
p = .620, d = 0.200), although the low effect size 
obtained for each of the scores must be taken into 
account. 
 
The clinical group performed worse on the Working 
Memory Index than the control (U = 86.4, p = .002,  
d = 1.072), achieving a large effect size. 
 
As for the Processing Speed Index, there was no 
significant difference between groups (U = 150.5,  
p = .183, d = 0.519), with a moderate effect size. 
 

Discussion 
 
The factors found after principal component analysis 
were able to explain 78.81% of the variance of the 
data. Four factors were found, as in the Ríos et al. 
model, which, due to the scores that loaded on each 
of the factors (Table 5), and according to 
neuropsychological criteria, were similar to those 
presented in the work of Ríos et al. (2004). 
 
Key Factors 
1 Speed of Processing. The first factor included 
scores where processing speed or time pressure is 
present in test performance. In this factor, we loaded 
scores such as CL and BS which, although they may 
involve other functions or subfunctions for their 
performance, have processing speed as their main 
construct and in fact constitute the two main tests for 
the calculation of the WISC-IV Processing Speed 
Index. In addition, other tests carry time pressure 
explicitly, such as the Stroop subtests, or those of 
the TMT, or implicitly, such as LN, BTA, and PASAT, 
where time pressure is exerted by stimulus 
presentation ratio (1 item/1s or 1 item/3s, for 
example). The B/A ratio of the TMT did not saturate 
in this factor, probably because it is an a posteriori 
calculation where the influence of speed is precisely 
isolated. 
 
2 Cognitive Flexibility. The second factor was 
composed of WCST scores, where cognitive 
flexibility, the ability to shift the focus of attention 
from one task to another, is a mandatory skill. Thus, 
the percentage of perseverative errors shows the 
inability to leave the focus of attention from one 
stimulus source and switch to another when 
demands dictate it. Similarly, the percentage of 
successes is a measure of the effective ability to 
shift focus when required. The percentage of 
nonperseverative errors would, like the previous 
score, be related to the ability to be flexible; a higher 
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number of nonperseverative errors (as opposed to 
perseverative errors) would inform us that the 
subject's problem is not in flexibility but in other 
issues related to a test as complex as the WCST.  
 
3 Operative Memory. The third factor includes 
scores that have in common some relationship to 
working memory. LN is a core test of the WISC-IV 
Working Memory Index, as well as there is sufficient 
literature support for the influence of WCST on 
working memory (Monchi et al., 2001). The PASAT 
clearly includes the ability to mentally retain 
information and operate with it, so it is not surprising 
that it is also one of the saturating scores in this 
factor. 
 
4 Control of Interference. The fourth factor is 
exclusively configured by the TMT-B and TMT-B/A 
scores. Although these scores also saturate in 
flexibility, they do so here without the presence of 
other components of flexibility (such as the WCST 
scores), and studies show that in addition to a focus-
shifting ability component, a prior focus inhibition 
component is necessary in the performance of this 
test (Houghton & Tipper, 1996; Mecklinger et al., 
1999). It is not surprising that the Stroop interference 
subtest does not appear here; the sample size may 
have contributed to its undetectability as an element 
of this factor. 
 
The results for objective 1 are compatible with 
accepting that the Ríos et al. model is replicable, 
fulfilled in a sample of children and adolescents, 
made up of both healthy controls and subjects with 
ADHD. In this study, we found a factorial structure 
underlying the tests used, a relationship between 
them and four principal components that are highly 
coincident with those proposed by Ríos et al. (2004). 
 
As for objective 2, to study attentional disturbances 
in ADHD following the Ríos et al. model and to be 
able to decide which scores are more representative 
to differentiate between controls and ADHD, our 
data showed that subjects with ADHD performed 
significantly lower than controls in Stroop P, Stroop 
C, Stroop, PC, CL, Digits, BTA-t, TMT-B, TMT-B/A, 
LN, BS, and the Working Memory Index of the 
WISC-IV. These battery scores would therefore be 
more appropriate to distinguish subjects with ADHD 
from those without ADHD. If we consider the four 
factors of the model by the scores that make up 
each one of them, 4 Control of Interference was 
affected 100% in ADHD, followed by 1 Speed of 
Processing, affected 81.8%, after which 3 Operative 
Memory was affected 25%. 2 Cognitive Flexibility 
was not affected. 

On the other hand, it should be noted that in those 
tests where errors were computed (CL and BS) no 
differences were found between the ADHD group 
and the control group. Errors in these tests can be of 
omission and commission; That is, for lack of 
response to the item or for responding in an 
inadequate way to the item. Both issues closely 
relate to the interference control; however, neither of 
these two tests appeared among the constituent of 
the interference factor, which could mean that the 
low performance of the ADHD group subjects in 
these tests is explained precisely by the alteration in 
the processing speed. Nor did subjects with ADHD 
perform worse compared to controls on the FTT, 
which could rule out motor slowing as a cause of 
poor performance on time-pressure tests involving 
paper and pencil. 
 
Our study contributes to a better understanding of 
the underlying cognitive impairments in ADHD and 
provides valuable insights for clinical assessment 
and intervention. The factorial model of attention, 
validated in this study, offers a comprehensive 
framework for assessing and characterizing 
attentional deficits in individuals with ADHD. On the 
other hand, it is important to highlight that the study 
had a small sample size, which could be a potential 
source of bias in the results and their interpretations. 
 
Future research should continue to explore the 
applicability of this factorial model in larger and more 
diverse samples to enhance its generalizability. 
Additionally, investigating the relationships between 
the identified factors and other relevant clinical 
variables may provide further insights into the 
complexity of ADHD and guide targeted 
interventions. 
 

Conclusions 
 
In conclusion, our study aimed to validate and apply 
the mentioned factorial model of attention in ADHD. 
The results provided strong support for the 
replicability of the model proposed by Ríos et al 
(2004). The identified factors were able to explain a 
significant portion (78.81%) of the variance in the 
data. 
 
The factorial analysis revealed four distinct factors 
that closely aligned with the Ríos et al. model. These 
factors included Speed of Processing, Cognitive 
Flexibility, Operative Memory, and Control of 
Interference. 
 
Furthermore, our findings demonstrated significant 
differences between individuals with ADHD and 

http://www.neuroregulation.org/


Agudo Juan et al. NeuroRegulation  

 

 
60 | www.neuroregulation.org Vol. 11(1):53–61  2024 doi:10.15540/nr.11.1.53 
 

healthy controls in various tests, confirming the utility 
of using these tests in ADHD detection. Scores in 
tests such as Stroop, WCST, LN, and the Working 
Memory Index of the WISC-IV consistently 
differentiated between the two groups. 
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Abstract 

Attending to a target sound increases the number of cortical resources allotted towards processing the target 
stimuli, leading to larger response amplitudes for the cortical auditory evoked potentials (CAEPs). However, the 
effect of attention on the neural noise, as well its definition, is still not clear. Having defined neural noise as the 
neural activity immediately preceding a stimulus, we aimed to explore the effects of attention on the prestimulus 
activity when measured using CAEPs. Using a 256-channel montage, we compared the global RMS amplitudes 
of the prestimulus (PreRMS), poststimulus (PostRMS), and the difference between PostRMS and PreRMS 
(DiffRMS) measured under active attention and passive attention conditions. Paired t-tests revealed a significant 
attention-related increase in the amplitudes of all three measures. We suppose that the attention-related 
excitation of target-relevant cortical pathways as well as the inhibition of target-irrelevant mechanisms, in 
combination, resulted in an increase in the overall neural activity in the three measures. Higher prestimulus 
activity can, therefore, be used as an objective index of attention and is likely to indicate anticipatory cortical 
preparation. Our results further validate the supposition that prestimulus activity is not merely neural noise, but 
indicates the neurophysiological activity associated with complex sensory and/or cognitive functions. 
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Introduction 

 
Paying attention to the target stimulus while 
recording cortical auditory evoked potentials 
(CAEPs) is known to alter the characteristics of 
CAEPs and can result in shorter latencies (Alho, 
1992; Hillyard et al., 1973) and/or larger amplitudes 
(Getzmann et al., 2017; Zendel et al., 2016; Zhang 
et al., 2016). Additionally, studies that assessed the 
effects of attention on brain wave (alpha, beta, 
gamma, and/or delta) oscillations (Debener et al., 
2003; Foxe & Snyder, 2011; Horton et al., 2013) and 
degree of cortical entrainment (Fuglsang et al., 
2017; Olguin et al., 2018) also have found significant 
attention-related changes—mostly showing stronger 
or enhanced responses. In concordance with the 
“Gain Theory” of attention (Hillyard et al., 1973), 

these effects are often attributed to the increased 
activity of cortical generators corresponding to the 
allocation of additional cortical resources towards 
processing the target stimuli (Bennet et al., 2012; 
Sussman et al., 2005; Zhang et al., 2016). It is 
proposed that attention (specifically, selective 
attention) acts as a gating mechanism which works 
by inhibiting the unattended stimuli and enhancing 
the responses to attended stimuli (Foxe & Snyder, 
2011).  
 
In addition to such enhancements, attention is also 
suggested to improve the perception of the attended 
stimuli by increasing the response strength for the 
attended stimuli and reducing the “neural noise” in 
the brain (Luck et al., 1997; Nandy et al., 2019). 
However, the method to calculate and define neural 
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noise is variable across studies. While some studies 
have measured neural noise as the variability in 
intertrial response consistency (Dwyer et al., 2022; 
Haigh, 2018), others have measured it as the brain 
activity unrelated to stimulus in the prestimulus time 
period (Krizman, Bonacina, et al., 2021; Krizman, 
Lindley, et al., 2020). For our current study, we 
prefer to define and calculate the neural noise based 
on the strength and amplitude of the prestimulus 
neural activity, as this is a more physiologically 
appropriate metric. Intertrial response consistency, 
at a physiological level, is a measure of the time (or 
frequency)-based consistency of occurrence of an 
expected neural activity, such as a negative or 
positive “peak” associated with the onset of stimuli. 
Additionally, this measure is likely to be affected or 
modulated by the concurrent brain activity in 
response to the stimuli presented. It is therefore 
more a measure of neural “jitter” rather than that of 
noise in the brain. Prestimulus activity, on the other 
hand, is largely devoid of concurrent stimulus-
evoked activity and more likely a measure of 
spontaneous neural activity (similar to the 
spontaneous firing rate of a large number of 
individual neurons measured at the scalp). Attention-
related modulation of neural spiking has already 
been implicated in the visual modality (Luck et al., 
1997). Therefore, we chose to use the prestimulus 
activity to measure the effects of attention on neural 
noise.  
 
When measured using an event-related potential 
(ERP) approach, prestimulus activity is the brain 
activity that occurs in the gap between two 
successive stimulus presentations (assuming the 
stimulus presentation paradigm has already 
accounted for the time taken for the brain activity to 
return to its baseline levels). This prestimulus 
(baseline) activity was previously considered to be a 
metric of the contamination of the response by 
nonneural sources such as muscular activity, 
electrical noise, etc. Therefore, prior studies have 
used it as an index of the quality of response 
recording (Musacchia et al., 2006; Russo et al., 
2004). 
 
However, other studies suggest that the prestimulus 
activity reflects cortical or neural dynamics 
associated with various brain functions (Alhanbali et 
al., 2022; Harris et al., 2018; Kayser et al., 2016; 
Rahn & Basar, 1993). For example, Bastiaansen 
and Brunia (2001) presented evidence of 
anticipatory attention-related changes in brainwave 
activity, particularly in the frequencies around 10 Hz. 
Studies have also suggested that the prestimulus 
cortical activity is likely to reflect complex neural 

processing associated with task performance or 
attention (Alhanbali et al., 2022; Henry et al., 2017; 
Mathewson et al., 2009; McNair et al., 2019). In 
addition to such immediate online changes, 
evidence suggests that neural noise is also shaped 
by life experiences. For example, studies have 
shown that neural noise is significantly lesser in 
athletes, compared to nonathletes (Krizman et al., 
2020), while an impoverished brain (due to 
underexposure to linguistically and cognitively 
stimulating conditions—a consequence of lower 
socioeconomic status) is shown to be significantly 
noisier than those with sufficient linguistic and 
cognitive stimulation (Skoe et al., 2013). 
 
These studies show that the prestimulus neural 
activity provides an index of the global neurocortical 
functioning associated with a task at hand. Given 
this supposition, a need arises to study how neural 
noise is affected by cognitive tasks such as 
attention. Previous studies have shown that 
prestimulus brainwave activity, especially alpha 
activity, is modulated by attention (Alhanbali et al., 
2022; Fellinger et al., 2011; Henry et al., 2017; 
McNair et al., 2019). However, such approaches 
using specific brain wave activities provide a very 
restricted view of the cortical activity, largely limited 
to a few cortical regions, despite using multichannel 
EEG recordings. When measured with a high-
density EEG recording, prestimulus neural activity, 
on the other hand, provides a more broadband 
metric of how a larger number of brain regions work 
in unison. Therefore, in the current study, we aimed 
to explore the effects of active attention on 
prestimulus (and the consequent poststimulus) 
neural activity. Specifically, we measured and 
compared the root-mean-square (RMS) amplitudes 
of the prestimulus (PreRMS) activity of the Global 
Field Power (GFP) when CAEPs were recorded in 
either active or passive attention conditions using a 
high-density EEG system. The GFP characterizes 
the combined contemporaneous activity of all the 
electrodes across the epoch (Lehmann & Skrandies, 
1980), and hence is well suited for the purposes of 
our study. When appropriate care is taken to record 
and analyze the EEG, the PreRMS in ERPs has 
been suggested to be primarily “neural,” and not 
related to the nonbrain activity such as muscular or 
electrode-related (impedance) artifacts (Krizman et 
al., 2021). Hence, PreRMS could be utilized to study 
brain-related activity prior to stimulus presentation, 
and we predict evident attention-related changes in 
the PreRMS measure.  
 
We also explored the effects of attention on the 
RMS activity in the poststimulus (PostRMS) time 
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periods as well as the difference between the 
PreRMS and PostRMS activity (DiffRMS). The 
PostRMS measure will provide information regarding 
the overall increased neurocortical activity in the 
poststimulus time period, a fact that is commonly 
reported in previous literature (Alho, 1992; 
Getzmann et al., 2017; Hillyard et al., 1973). The 
DiffRMS measure, on the other hand, has commonly 
been considered a measure of the response signal-
to-noise ratio (SNR). Given the previous literature’s 
support that prestimulus activity can and does reflect 
complex neurocognitive mechanisms (at least the 
preparation stages of such mechanisms), it is our 
opinion that the DiffRMS is not a straightforward 
measure of SNR, at least at the cortical level. 
Therefore, we intend to explore the possible 
attention-related changes in this measure. We 
hypothesize that the systematic differences in the 
three metrics under the two attention conditions 
likely provide newer insights into the attention-
related changes in the cortical processing of sounds.  
 

Method  
 
Participants 
A total of 26 volunteers (10 females, 16 males) in 
the age range of 18 to 30 years (mean age = 23.15 
years) participated in the study. All participants had 
normal hearing thresholds (better than 15 dB HL) in 
the octave frequencies between 0.25–8 kHz, normal 
middle ear (Type ‘A’ tympanogram with the presence 
of acoustic reflexes) and normal outer hair cell 
functioning between 1–6 kHz (TEOAE amplitude of 
more than 3 dB). Ensuring “normal” peripheral 
hearing was an essential control mechanism since 
literature has reported neural hyperactivity in the 
central auditory system in the face of damage to the 
peripheral hearing mechanism (Zhao et al., 2016). A 
detailed history, taken before the commencement of 
the testing, ensured no relevant history of any 
otological, neurological, psychological, and/or 
speech-language deficits. All participants passed the 
Screening Checklist for Auditory Processing in 
Adults (SCAP-A; Vaidyanath & Yathiraj, 2014) and 
were right-handed as evaluated using the Edinburgh 
Handedness Inventory (Oldfield, 1971). Further, all 
participants were native speakers of the Kannada 
language (a language spoken in the South Indian 
state of Karnataka) and had at least 12 years of 
formal education with English as the medium of 
instruction. They signed informed consents before 
the testing, for their participation in the study. The 
experimental procedures were reviewed and 
approved by the Ethics Committee of the All India 
Institute of Speech and Hearing, Mysuru (Ref No: 
Ph.D/AUD-2/2016-17). 

Stimuli 
Stimuli consisted of four meaningful bisyllabic 
words—gadi, gade, gaja, and ganya—in the 
Kannada language. The first syllable was the same 
in all the words, while only the second syllable 
differed. The participants could recognize the words 
only after listening to the second syllable, which 
ensured that the participants paid attention to the 
complete word. These words were spoken by a 
native female speaker in a neutral tone and were 
recorded using a unidirectional microphone kept at 5 
cm from the mouth. The recorded samples were 
digitally stored having a sampling frequency of 
44,100 Hz. Although four different stimuli were 
included in the experiment, only the word gadi was 
considered as the target word. The other three 
words were used only as distractor words.  
 
Recording ERPs 
The ERP recordings were carried out in a sound-
treated and electrically shielded double-room setup 
with noise levels within the prescribed standards 
(American National Standards Institute, 1999). The 
participants were seated in a comfortable reclining 
chair. Raw EEGs were recorded from each 
participant using a 256-channel EGI Geodesic 
sensor net (EGI, Inc., Eugene, OR) connected to a 
GES-400 amplifier. The electrode impedance was 
ensured to be below 50 k (Ferree et al., 2001). 
Further, the impedances across all electrodes were 
measured at the end of EEG recordings which 
confirmed that the impedances did not fall below the 
50 k limit. This ensured that there were no 
spurious electrode-related noises in the recorded 
raw EEG. The EEG was recorded at a sampling 
frequency of 1000 Hz with Cz as the reference.  
 
Using the E-Prime 2.0 (Psychology Software Tools, 
Inc., Sharpsburg, PA) software, the stimuli were 
presented binaurally at 70 dB SPL using ER-3A 
(Etymotic Research Inc., Elk Grove Village, IL) insert 
receivers. The interstimulus interval (onset-to-onset) 
was 3 s (jitter of 0.3 s). A total of 100 stimuli were 
presented, such that the four words were presented 
randomly with a probability of 0.7, 0.1, 0.1, and 0.1. 
The target stimulus gadi was presented with a 
probability of 0.7 (70 presentations) while the three 
distractor stimuli (gade, gaja, and ganya) were 
presented with a probability of 0.1 each (10 
presentations each).  
 
The responses were recorded under two attention 
conditions—Passive and Active. In the passive 
attention condition, the responses were recorded 
while the participants ignored the stimuli and 
watched a muted close-captioned video. In the 
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active attention condition, the participants were 
instructed to press appropriate buttons on a 
numerical keypad (1 for gadi, 2 for gade, 3 for gaja, 
and 4 for ganya) as soon as they recognized the 
words. The responses were always recorded first in 
the passive attention condition and then in the active 
attention condition to ensure no subconscious bias 
towards the target stimuli in the passive attention 
condition. 
 
Preprocessing and Analyses of the EEG 
The raw EEG obtained from each participant was 
exported from Net Station 4 to EEGLAB Version 
14.1.1 (Delorme & Makeig, 2004) using Matlab. 
Continuous raw EEG from each participant was 
downsampled to 256 Hz, filtered between 1 Hz and 
30 Hz, visually inspected for bad data (and removed, 
if any), screened for line interferences using the 
Cleanline plugin, interpolated (removed bad 
channels) using a spherical spline interpolation 
method, and rereferenced to the “common average.” 
The rereferenced data was subjected to 
Independent Component Analyses (ICA; Infomax) 
with a Principal Component Analysis option of 64. 
ICA was used to reject “nonbrain” responses such 
as eye blinks, ocular movements, heartbeat, 
muscular artifacts, etc. Cleaned data was then 
epoched between −1000 ms (prestimulus) and 2000 
ms (poststimulus). Any epochs exceeding ± 50 μV 
were rejected, and only the clean sweeps were 
averaged to obtain separate waveforms for the 
active and passive attention conditions. 
 
Calculation of Prestimulus and Poststimulus 
RMS, and Difference Measures 
The RMS amplitudes of the PreRMS and PostRMS 
time regions were calculated on the GFP 
waveforms. The GFP characterizes the combined 
contemporaneous activity of all the electrodes 

across the epoch (Lehmann & Skrandies, 1980). It is 
obtained by calculating the standard deviation 
across all electrodes and channels as a function of 
time. Because of this property, GFP is always 
positive and hence was specifically used to calculate 
the RMS amplitudes. Separate GFP waveforms 
were obtained for the two attention conditions for all 
participants. The PreRMS was obtained, for each 
participant, by using the RMS function in Matlab for 
the time period between −1000–0 ms (with reference 
to the trigger). Similarly, the PostRMS was 
calculated for the time period between 0–1000 ms 
(with reference to the trigger). Finally, the DiffRMS 
was calculated as the difference between PostRMS 
and PreRMS. Figure 1 shows the mean GFPs of the 
passive and active attention conditions, with a 
zoomed-in view of the prestimulus time period. 
 

Results  
 
The JASP (version 0.8.5.1) statistical package (The 
JASP Team, 2017) was used to statistically analyze 
the data. Figure 2 (panels a, b, and c) shows the 
individual and the median RMS amplitudes in the 
two attention conditions for the three measures 
(PreRMS, PostRMS, and DiffRMS, respectively). 
The results showed that the active attention 
condition had higher (median) RMS amplitudes for 
the PreRMS (panel a), PostRMS (panel b) as well as 
the DiffRMS (panel c) metrics, compared to the 
passive attention condition. Paired-samples t-test 
showed significant differences between active and 
passive attention conditions for the PreRMS [t(25) = 
3.686, p = .001, d = 0.723], PostRMS [t(25) = 6.047, 
p < .001, d = 1.257], as well as DiffRMS [t(25) = 
4.572, p < .001, d = 0.879] metrics.  
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Figure 1. Mean Global Field Power (GFP) Waveforms of the Active 
(Green Trace) and Passive (Orange Trace) Attention Conditions.  

 
 
Note. The prestimulus time period (shaded region) is zoomed-in (inset 
figure below) for better visualization of the differences between the two 
attention conditions. 
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Figure 2. Comparison of RMS Amplitudes Between Active (Green Color) and Passive (Orange 
Color) for the Prestimulus (PreRMS; Panel A), Poststimulus (PostRMS; Panel B), and Difference 
(DiffRMS; Panel C) Activities.  
 

 
 
Note. The filled green dots in each of the panels represent the individual data points of the 
different participants for the Active attention condition. The filled orange dots represent the 
individual data for the Passive attention condition. The box plots to the right of the individual data 
plots (green boxes for Active, and orange boxes for Passive) show the median (thick black line) 
and the quartiles (thinner black lines) for the corresponding conditions. The distribution plots to 
the right show the data distribution for the active (pink color) and passive (blue color) attention 
conditions for each of the RMS metrics. 

 
 

Discussion 
 
In the current study, we explored the attention-
related changes in the neural noise as measured 
using the prestimulus RMS amplitudes of CAEPs. 
Specifically, we calculated and compared three RMS 
measures—PreRMS, PostRMS, and DiffRMS—
measured between two attention conditions—active 
and passive attention. Results showed a statistically 
significant increase in all three RMS amplitudes for 
the active attention condition compared to the 
passive attention condition. 
 

Previous studies have already shown significant 
brain wave activity in the prestimulus time period 
when the target is attended to. These studies have 
shown changes in the prestimulus activity such as 
event-related desynchronization (ERD) in 
anticipation of stimuli (Bastiaansen & Brunia, 2001; 
Pfurtscheller & Da Silva, 2011) and stronger alpha 
activity (Alhanbali et al., 2022; Fellinger et al., 2011), 
etc. when attention (or similar cognitive functions) is 
involved in the task. Increased cortical brain wave 
activity, especially increased alpha power, has been 
positively associated with better cognitive (including 
attention) function (Klimesch et al., 2007). However, 
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using alpha power restricts the response activity to a 
narrow band of frequencies, typically between 8–12 
Hz. In our study, we have used a much broader 
range of frequencies to extract the GFPs, a global 
measure of the activity from all electrodes employed 
for the study. Hence, we believe that this measure 
provides an orthogonal metric of understanding the 
neural activity, compared to the narrowband 
measures such as alpha power. However, the 
stronger prestimulus brain wave activity (such as 
increased alpha), even in a smaller range of 
frequencies, associated with attention is likely 
represented as increased PreRMS amplitudes 
observed in the active attention condition of the 
current study.  
 
Pfurtscheller and Da Silva (2011) propose a “cortical 
idling” hypothesis (Pfurtscheller & Da Silva, 2011; 
Pfurtscheller et al., 1996). According to this 
hypothesis, activity in cortical areas (brain waves) 
changes such that the regions involved in (or related 
to) the task at hand undergoes a time-locked 
desynchronization (ERD). On the other hand, the 
cortical areas that are not directly related to the task 
at hand are put into an idling state—an increase in 
brain wave activity or synchrony (event-related 
synchrony). It appears that when the brain 
anticipates an incoming stimulus, especially one that 
it needs to specifically attend to, it puts a greater 
emphasis on idling the task-irrelevant brain activity 
(inhibitory or suppressive action) to improve the 
perception of the attended task-relevant stimulus. 
This activity, likely, is represented as an increase in 
the preRMS amplitude, as observed in the active 
attention conditions of our study. Irrespective of the 
increase or decrease in brain wave synchronization, 
however, there is greater overall brain activity 
associated with paying attention to the task-relevant 
stimulus, which can be observed as higher preRMS 
amplitude. In other words, preRMS can be 
considered a global index of attention.  
 
Another aspect of the PreRMS measure is the 
possible association with the neurophysiological 
processes related to anticipatory attention. 
Anticipatory attention is proposed to manifest itself 
as increased cortical activity in the 
neurophysiological responses (Bastiaansen & 
Brunia, 2001). Bastiaansen and Brunia (2001) 
suggest that the increased cortical activation is 
probably due to an enhanced thalamocortical 
transfer in the relevant modality. This increased 
activity would then serve in “presetting” the 
neurophysiological processes necessary for the fast 
and efficient processing of the impending sensory 
input. Additionally, it is even shown that attention 

increases the neural firing rate in the prestimulus 
time periods (Luck et al., 1997). Luck et al. (1997) 
reported an increase in neural firing rate by 42% (an 
increase from 10.1 spikes/s to 14.4 spikes/s) when 
attention was directed towards the target. Therefore, 
increased PreRMS could also be thought of as an 
indicator of anticipatory attention.  
 
The results of the study also showed that active 
attention resulted in significantly higher PostRMS 
amplitudes compared to the passive attention 
condition. The presence of high RMS EEG activity in 
the poststimulus time periods is expected. Multiple 
studies have shown increased peak (N1 and/or P2) 
amplitudes when the target stimulus was paid 
attention (Folyi et al., 2012; Harris et al., 2012; Mast 
& Watson, 1968; Zhang et al., 2016). A 
straightforward translation of this observation would 
be higher RMS amplitudes in the entire poststimulus 
time period.  
 
The higher DiffRMS amplitudes observed in our 
study for the active attention condition, compared to 
the passive attention condition, is an interesting one. 
This observation is in spite of a significant increase 
in the preRMS amplitudes in the active attention 
condition. To the best of our knowledge, no previous 
study has evaluated the effects of attention on the 
SNR (DiffRMS) amplitudes (difference in RMS 
activity between poststimulus and prestimulus time 
periods). However, Fellinger et al. (2011) have 
demonstrated evidence of the magnitude of 
prestimulus alpha wave activity influencing the 
amplitude of the poststimulus P1 peak. They 
suggest that the absolute amplitude of the P1 peak 
is based on a complex interaction of the prestimulus 
and poststimulus activity. On similar lines, the 
PreRMS in the active attention condition could 
cause increased PostRMS amplitudes, resulting in 
larger DiffRMS amplitudes. It appears that attending 
to the target stimulus can help offset the increased 
prestimulus activity (noise according to traditional 
views) by increasing the activity in the poststimulus 
activity (signal), thereby ensuring that the resultant 
SNR is still more than sufficient to reveal clean and 
robust CAEPs. 
 

Conclusion 
 
In the current study, we aimed to observe the effects 
of attention on the neural noise as measured using 
the prestimulus EEG (RMS) activity. By measuring 
CAEPs in response to speech tokens, under active 
and passive attention conditions, we show that the 
prestimulus activity (as well as the poststimulus 
activity and the difference between the poststimulus 
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and prestimulus activity) was significantly larger 
when the participants attended to the target 
stimulus. Higher prestimulus amplitude, 
subsequently, resulted in an attention-related 
enhancement in the poststimulus response 
amplitudes. The prestimulus neural noise can, 
therefore, be used as an objective index of attention, 
especially in anticipation of an upcoming target 
sound. The results provide further evidence to the 
assumption that prestimulus activity is not merely 
noise, but indicates the neurophysiological activity 
associated with complex sensory and/or cognitive 
functions.  
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Abstract 

There are some reports on the impact of binaural acoustic beat (BAB) training on motor learning. The current 
study aimed to explain the possible influences of alpha BAB on motor learning in young and older adult 
individuals. To this end, 26 male participants were assigned to four parallel groups: two alpha BAB groups 
(young, older adults) and two control groups (young, older adults). The alpha BAB groups received alpha BAB for 
30 min, whereas examinees in the control groups just wore headphones without listening to any music over the 
experiment period. The digital mirror-tracing task was employed to examine the subjects’ motor performance 
simultaneously with quantitative electroencephalography and after the intervention. In the mirror-tracing task, a 
significant decrease in the number of errors was found only for the older adults who received alpha BAB. 
Meanwhile, the reaction time decreased significantly in the young Alpha BAB group. Alpha BAB was associated 
with a notable increase in alpha current source density dynamics in the young subjects and enhanced beta, high 
beta oscillations, and gamma power in the older adults. Our findings suggest that alpha BAB might improve motor 
performance in older adults and young individuals through different patterns. 
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Introduction 

 
Motor learning is essential for processing most 
activities in daily living. Motor aptitude is also found 
to be involved in social skills and professional 
requirements (Haar et al., 2020). Several cortical 
and subcortical brain areas are known to be 
implicated in motor learning, including the primary 
motor cortex (M1), the supplementary motor area 
(SMA), the premotor cortex (PMC), the cerebellum 
(C) the cingulate cortex (CC), and basal ganglia 
(Halsband & Lange, 2006; Hardwick et al., 2013). 
 

There have been few studies investigating 
neuromodulation or any intervention to preserve or 
enhance motor learning capacity across the lifespan 
(Maceira-Elvira et al., 2020; Wang, Xiao, et al., 
2021). In previous studies, objective assessments 
using some behavioral or motor tasks demonstrated 
learning capacity decline in the older adults (Frolov 
et al., 2020; Nieborowska et al., 2019), which could 
be partly attributed to the normal aging process 
(Iturralde & Torres-Oviedo, 2018; King et al., 2013; 
Roig et al., 2014). 
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To either improve or empower cognitive or 
neurobehavioral aptitude, there are three different 
approaches to neuromodulation including the 
noninvasive, minimally invasive, and invasive 
interventions. Minimally invasive interventional 
methods, such as transcranial magnetic stimulation 
(TMS) and transcranial direct current stimulation 
(tDCS), involve surface-level interventions, 
minimizing the risk of complications. On the other 
hand, noninvasive techniques are mostly diagnostic 
or investigational. For instance, quantitative 
electroencephalography (qEEG) and functional 
magnetic resonance imaging (fMRI) offer a window 
into brain activity without physical penetration, 
enhancing safety but sacrificing some precision. 
Invasive procedures, exemplified by deep brain 
stimulation (DBS) and intracranial 
electroencephalography (iEEG), provide a more 
targeted and continuous modulation of neural 
circuits but come with increased surgical risks. 
 
In recent years, several forms of minimally invasive 
brain stimulation techniques such as repetitive 
transcranial magnetic stimulation (rTMS; Taga et al., 
2019), tDCS (Rivera-Urbina et al., 2022), and 
binaural acoustic beat (BAB; Ross & Lopez, 2020) 
have been investigated as attractive 
nonpharmaceutical alternatives to improve or 
empower motor processes in patients and healthy 
subjects, respectively. 
 
BAB is a minimally invasive neuromodulation 
method in which the brainwaves can be altered 
through acoustic wave training differentially 
delivered to both ears. In BAB, two sinusoidal waves 
(tones) are presented to each ear separately with 
different frequencies which may range from 1 to 60 
Hz (Oster, 1973; Perrott & Nelson, 1969). Objective 
findings have postulated that this process causes a 
third illusory tone in the brain with a frequency that is 
equivalent to the difference between the two 
presented tones, called BAB (Chaieb et al., 2015). 
 
The BAB training is shown to help individuals to 
boost creativity (Ortiz et al., 2008), relieve stress and 
anxiety (Norhazman et al., 2014; Young et al., 2014), 
modify moods (Chaieb et al., 2015; Wahbeh et al., 
2007) and even alleviate some symptoms and 
disorders such as tinnitus (Ibarra-Zarate et al., 2022), 
depression (Sung et al., 2017), and anxiety (Kraus & 
Porubanová, 2015) through a subjective sense of 
perceived calmness, self-awareness, and 
neurocognitive agility which have partly been 
investigated through objective findings in several 
research works (Coffey et al., 2019; Garcia-Argibay 
et al., 2019a, 2019b; Haar et al., 2020; Huang & 

Charyton, 2008; Mammarella et al., 2007; Perez et 
al., 2020; Tarr et al., 2014). 
 
Alpha wave is regarded as the dominant human 
brainwave in resting state (Halgren et al., 2019) and 
is found to be related to fundamental cognitive 
functions (Klimesch, 2012). The alpha activity has 
also been demonstrated to play a central role motor 
performance (Ghasemian et al., 2016) and learning 
(Schubert et al., 2021). 
 
While being innately generated by the brain, alpha 
waves can simultaneously be induced in the brain by 
external stimuli such as BAB (Gao et al., 2014). 
 
Some earlier reports have highlighted the effects of 
alpha BAB in clinical populations and healthy 
individuals (Beauchene et al., 2017; Goodin et al., 
2012). The effect of BAB on enhancing memory 
function through increased alpha waves has been 
studied in older individuals with neurocognitive 
disorders such as Alzheimer's (Calomeni et al., 
2017) and Parkinson's disease (Gálvez et al., 2018) 
and also in healthy subjects (Benwell et al., 2019). 
However, to our best knowledge, the possible 
effects of BAB on motor learning and motor task 
performance and its possible efficacy in remediating 
age-related decline in motor function have not been 
systematically examined yet. Therefore, the purpose 
of the current study was to investigate the possible 
effects of alpha BAB on motor learning and motor 
performance in younger and older populations using 
a motor task and concurrent qEEG recording. 
Considering the inconclusive evidence on the 
research question and the empirical nature of the 
present work, we hypothesized that alpha BAB 
might improve motor learning and ideomotor 
performance in our studied young and older adult 
populations as compared to the control peers who 
did not receive the BAB intervention. 
 

Materials and Methods 
 
Participants  
Twenty-six right-handed participants including 12 
older males with an age range of 55–70 years 
(mean age = 62 ± 5/64) and 14 young males with an 
age range of 20–30 years (mean age = 24 ± 2/51) 
were randomly assigned to four parallel groups. 
There were two experimental groups (young, older 
adults) and two control groups (young, older adults) 
in this double-blinded, controlled randomized study. 
The experimental groups (i.e., alpha BAB treated), 
received alpha wave BAB as described in an earlier 
report (Garcia-Argibay et al., 2019b). The control 
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groups received no intervention during the study 
session while wearing the headphone.  
 
All participants were examined by a medical 
neuroscientist for mental disorders, learning 
disabilities, hearing problems, or difficulty performing 
new motor tasks and they were confirmed to be in 
proper neurocognitive health status. 
 
The study was approved by the Ethics Committee of 
the Shiraz University of Medical Science 
(Institutional review board approval code: 26819). All 
participants read and signed the informed consent 
for the research procedure. The entire procedure 
was done at the Neuroscience Laboratory (Brain, 
Cognition and Behavior Unit) at the School of 
Advanced Medical Sciences and Technologies, 
SUMS. 
 
Participants were asked not to exercise, smoke, or 
use alcohol or medications 24 hours before the test. 

Study Design 
In a quiet room, the participants sat on a comfortable 
chair located 80–100 cm away from the computer 
screen. They were required to be relaxed and 
minimize their movement as much as possible. 
Before the experiment, the volume gain of alpha 
BAB was set at 60% by the participants through the 
headphones (MDR-XB450AP). The alpha BAB 
groups (young and older adults) were instructed to 
relax and listen carefully to the alpha BAB through 
headphones for 30 min. The control groups placed 
headphones on their heads for the same time 
without alpha BAB. The participants were asked to 
keep their eyes closed during the experiment. All 
participants (alpha BAB, control) rested for 30 min. 
After that, they performed mirror-tracing tasks three 
times. A 3-min eyes-open resting-state EEG was 
recorded. After that, the mirror-tracing task was 
performed for the fourth time. Figure 1 demonstrates 
the study protocol. 

 
 

Figure 1. The Study Procedures for the Alpha BAB and Control Groups (Young and Older Adults).  

 
Note. The alpha BAB groups (young and older adults) received alpha BAB for 30 min. After a 30-min rest, the 
mirror-tracing task (three trials) was performed. Then, resting-state EEG was recorded for 3 min. Later, the 
mirror-tracing task (one trial) was performed simultaneously with EEG recording. The control groups (young 
and older adults) just wore headphones without listening to any sound while their other experiments were 
identical to the alpha BAB groups. 
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Motor Learning Assessment (Mirror-Tracing 
Task) 
The digital mirror-tracing task was used to evaluate 
motor learning through visual-motor interaction 
(Desmottes et al., 2017). All subjects performed the 
mirror-tracing task (RT - 912 – T, Sina Psychology, 
Tehran, Iran). In this task, subjects were asked to 
move a stylus with their right hand to trace the brass 
star while they were allowed to look only at the 
reflection of their right hand in a mirror (Gabrieli et al., 
1993). A digital timer and error recorder were 
attached to the metal stylus for recording both the 
task time and the number of errors. When the stylus 
came out of the star and touched the star borders it 
complemented an electrical circuit and an error was 
recorded. The star track was 6 mm wide. This task 
was performed four times, and the number of errors 
and task time were recorded as an index for 
assessing motor learning aptitude. 
 
Alpha BAB Stimulation 
To induce an alpha binaural beat at a frequency of 
10 Hz, a tone of 220 Hz was presented to one ear 
and a tone of 230 Hz was presented to the other ear 
in accordance with Kraus and Probanova's protocol 
(Kraus & Porubanová, 2015). 
 
In this regard, the Alpha frequency was produced by 
Audacity software (version 2.2) and Adobe Audition 
CC (version 2017). 
 
EEG Recording  
Several methods can be used to measure motor 
learning and control, one of which is 
electroencephalography (EEG), also known as the 
neural technique (Beik et al., 2020). In fact, EEG is a 
good tool to analyze neural correlates for both 
simple and complex movements in humans 
(Bradford et al., 2016; Pfurtscheller et al., 2003).  
 
The EEG data were recorded using the Epoc+ EEG 
headset (Emotiv, USA) which included 16 wet saline 
electrodes and two reference electrodes, providing 
14 EEG channels. According to the international 10-
20 system, a total of 14 electrodes were placed on 
the skin surface in the following locations (Yu & Sim, 
2016): AF3, F3, F7, FC5, T7, P7, O1, O2, P8, T8, 
FC6, F4, F8, AF4  to record the five well-known 
frequency bands, namely theta (4–8 Hz) alpha (8–12 
Hz), low beta (12–16 Hz), high beta (16–25 Hz) and 
gamma (25–45 Hz; see Figure 2).  
 
In this study, reference electrodes (CMS/DRL) were 
placed on P3 and P4. The quality of the EEG signal 
was checked using the Test Bench software. The 
collected raw data were processed offline using 

NeuroGuide software (v. 3.0.2 2001-2018 Applied 
Neuroscience Inc. USA). Artifacts such as eye 
movements, motion or muscle artifacts were 
detected and removed by an EEG expert. Based on 
the NeuroGuide qEEG normative database, fast 
Fourier transform (FFT) was used to compute the 
absolute power.  
 
 
Figure 2. Emotive Headset Sensors Placement and Fitting 
(Left Panel), 16 Channel qEEG Montage and Alpha BAB 
(8.67 Hz), 60% Gain Setup (Right Panel). 

 
 
Statistical Analysis  
All statistical tests were performed with GraphPad 
Prism (GraphPad Software Inc., San Diego, CA, 
USA) and the SPSS statistical package (Version 
26.0.0, Copyright IBM, 2018). Descriptive statistics 
were computed for each group. The Kolmogorov-
Smirnov test was used to investigate the normal 
distribution of data. To analyze the differences 
between control groups (young and older adults) 
and alpha BAB groups (young and older adults), a 
series of independent sample t-tests were run for the 
data with normal distribution and homogeneity of 
variance. 
 
The differences between alpha BAB groups (young 
and older adults) and control groups (young and 
older adults) were evaluated by calculating the mean 
± the standard error of the mean, for several 
parameters, including the number of errors and task 
time in the mirror-tracing task. An independent 
sample t-test was conducted to compare qEEG data 
in alpha BAB groups (young, older adults) and 
control groups (young, older adults); p < .05 was 
considered statistically significant. 
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Results 
 
Motor Learning Assessment (Mirror-Tracing 
Task) 
The results in the control and alpha BAB groups of 
older adult individuals showed no significant 
difference in the task time (p = .407; Figure 3, A) 
while there was a statistically significant difference in 
the task time between the young individuals in the 
control and alpha BAB (p = .015) groups (Figure 3, 
B). There was a significant difference between both 
groups in older adult individuals in the number of 
errors (p = .042; Figure 3, C) but there was no 
significant difference in terms of the number of errors 
in young individuals between the control and alpha 
BAB groups (p = .06; Figure 3, D). 
 
Figure 3. Box Plots Illustrate the Average of Each Task 
Time and the Number of Errors in the Mirror-Tracing Task 
in the Control Groups (Young, Older Adults) and the Alpha 
BAB Groups (Young, Older Adults). 

 
Note. Panel A shows no significant difference in task time 
between the control and alpha BAB groups of the older 
adult participants (p > .05). Panel B demonstrates the 
difference in task time between the control and alpha BAB 
groups of young individuals (p < .05). Panel C indicates 
the difference in the number of errors between the control 
and alpha BAB groups in the older adult participants  
(p < .05). Panel D displays no significant difference in the 
number of errors between the young control and alpha 
BAB groups (p > .05). 
 
* significant difference between the groups p < .05 
ns nonsignificant difference between the groups p > .05 

EEG Absolute Power  
The results revealed a statistically significant 
difference in the absolute power between the older 
adults control group and the older adults alpha BAB 
group (Figure 4, A). Electrical neural imaging data in 
the older adult subjects who received and did not 
receive alpha BAB confirmed the special and 
spectral distribution of beta and high beta in bilateral 
frontocentral cortical regions while this has been 
localized in the left frontocentral cortical zone for the 
gamma frequency band. However, in the young 
groups, our result showed a statistically significant 
difference in the absolute power of theta, alpha and 
beta frequency bands (p < .01) (Figure 4, B). 
 

Discussion 
 
The effect of alpha BAB on the distribution and 
amplitude of the alpha frequency band in the 
premotor and motor cortex as well as its impact on 
the process of motor learning has not been 
systematically evaluated so far. Our study was an 
attempt to investigate the possible impacts of alpha 
BAB on the neural dynamics of alpha oscillation 
within the motor cortices and motor performance in 
both older and young individuals. Our results 
demonstrated that the older adult subjects who 
received alpha BAB had a significantly lower number 
of errors upon performing mirror-tracing tasks 
compared to their age-matched control group. 
Meanwhile, the task performance time by older adult 
subjects did not differ between the alpha BAB group 
and the control group. 
 
On the other hand, our study investigated the impact 
of alpha BAB and motor performance amongst 
young individuals. Although no significant difference 
was observed between the young group receiving 
alpha BAB and their controls in the number of errors 
in the mirror-tracing task, the intervention resulted in 
a notable or statistically significant difference 
concerning task performance time in young 
individuals. In other words, it took less time for the 
young individuals who received alpha BAB to 
perform the mirror-tracing task as compared to the 
young individuals who did not receive alpha BAB. 
 
Regarding the effect of Alpha BAB on the number of 
errors in the mirror tracing between the age groups, 
a reduced number of errors in both older and young 
individuals receiving Alpha BAB compared to their 
age-match control suggests a potential positive 
effect of Alpha BAB training on motor learning; 
however, the reduction was just statistically 
significant in the older adult group.  
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Figure 4. QEEG Topographical Spectral Brain Maps. 
 

 
 

Note. FFT absolute power independent t-test (p-value) results across spectra during motor 
learning tasks in older adult groups (A; control and alpha BAB) and young groups (B; control 
and alpha BAB). Colors indicate the significance level. 

 
 
Features including time and precision, are the two 
main indicators that define motor aptitude (Shekar et 
al., 2018).  
 
Our motor learning results were in line with the 
findings that we observed in concurrent EEG 
recording during mirror-tracing task administration. 
According to our EEG results, despite its high beta 
and theta oscillation performance, alpha BAB 
caused a significant gain in alpha dynamics in young 
people. The spectral distribution of alpha and low 
beta bands in frontocentral cortical hubs is 
consistent with an improved motor sequential 
planning, which has already been observed in the 
alpha BAB-treated young subjects. Yet, this has not 
been the case for theta and high beta frequency 
bands. A denser EEG array and further statistical 
analysis on different features and parameters across 
frequency spectra may shed further light on the 
possible involvement of cortical, and subcortical 
neural structures, which justify and improve motor 
performance speed, which was observed in young 
individuals who received alpha BAB.  
 
Alpha BAB in the older adult subjects resulted in an 
enhanced current source density at beta, high beta 
oscillations, and bilateral frontocentral derivation. 
Interestingly, the increased gamma power has been 
localized in the left frontocentral cortical region, 
which is responsible for right-hand dexterity. 

Our brain mapping results demonstrated an 
increased current source density in frontocentral 
derivations in young individuals who received alpha 
BAB. Meanwhile, this has not been the case in the 
frontopolar and occipital parietal areas. Given the 
fact that inferior frontal and frontocentral derivations 
are the cortical areas corresponding to 
supplementary and association motor cortices, 
enhanced alpha BAB in those areas (supplementary 
motor area [SMA] and cingulate motor area [CMA]) 
are proposed to result in improved motor sequential 
planning. 
 
One of the main key parameters which correlate with 
motor sequential planning is the time to perform a 
motor task (Shekar et al., 2018). Mirror-tracing test is 
a task that requires both attention and performance 
speed (Woodard & Fairbrother, 2020). 
 
Alpha BAB was found to improve the performance 
speed. Given the improved performance speed, it 
might be expected that motor sequential planning is 
positively affected and that in turn corresponds to an 
increased current source density gain (CSD) in 
supplementary SMA and CMA cortical/subcortical 
structures. The reason why alpha BAB has resulted 
in the CSD and a special distribution of not only beta 
and high beta but even faster frequencies, including 
gamma in bilateral frontocentral and left 
frontocentral cortical regions, respectively, has not 
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been up to our expectations. We were expecting to 
observe enhanced alpha dynamics upon alpha BAB 
either in both young and older adult subjects. 
Nonetheless, while we observed an improved 
distribution of alpha in frontocentral and bilateral 
inferior frontal cortical areas, this has not been the 
case for the alpha frequency band in the older adult 
group. Instead, we have observed a significant 
increase in the neural dynamics of higher frequency 
bands, including beta, high beta, and gamma, which 
corresponds to motor aptitude. 
 
Elder individuals completed the mirror-tracing task 
with fewer errors following alpha BAB, which 
suggests better motor aptitude; this is partly related 
to the function of the primary motor cortex rather 
than supplementary motor areas. Taking these 
findings together, it might be speculated that alpha 
BAB might at least partly impact the dynamics of the 
neural oscillations and the motor performance 
outcome amongst the people who were submitted to 
the mirror-tracing task. Interestingly, the time to 
perform the mirror-tracing task was mostly affected 
by alpha BAB in young individuals, whereas no 
change in the task performance time was observed 
in older adult subjects after alpha BAB intervention. 
 
The significance of maintenance and improvement 
of motor learning and related motor aptitude is 
emphasized in specific populations whose daily life 
or job-related responsibilities involve motor skills 
(Haar et al., 2020). Motor skill is normally considered 
a dynamic change that occurs throughout life by 
motor learning (Hadders-Algra, 2010) based on 
neuroplasticity (Dayan & Cohen, 2011) and rewiring 
within the neural networks (Askim et al., 2009; Wang, 
Fan, et al., 2013) that control the speed, precision, 
and aptitude of motor performance (Kitago & 
Krakauer, 2013). 
 
Earlier studies have indicated that motor learning 
and planning might get impaired as we age (Frolov 
et al., 2020; Grose & Mamo, 2012; Nieborowska et 
al., 2019; Solcà et al., 2016) which might be at least 
partly due to the possible impairments of 
neuroplasticity and neurodynamic changes over time 
(Park & Bischof, 2013; Seidler et al., 2010). The 
previously published body of scientific evidence 
suggests that the motor learning impairment or 
decrease in the learning capacity of motor skills in 
older adult individuals who have not been trained for 
motor skills over time might be due to 
neurodegenerative changes. (Gale et al., 2018; 
Newson & Kemps, 2005; Wang, Zhang, et al., 2019; 
Wenk et al., 1989). Previous studies have shown 
that essential tremors can decline motor learning in 

older adults (Bermejo-Pareja et al., 2007; Collins et 
al., 2017; Raethjen et al., 2007). In addition, loss of 
skeletal muscle and decline in physical activity 
contribute to impaired motor learning in older adult 
subjects (Clark, 2019; Hunter et al., 2016). Several 
studies have reported that the motor performance of 
older individuals declines more pronouncedly as 
their task difficulty increases (Bangert et al., 2010; 
Smith et al., 1999)  
 
Neural entrainment and synchronization of the 
specific type of neural oscillation within the distinct 
frequency band in premotor and motor areas has 
been a central indicator in the process of motor 
learning (Buzsáki & Draguhn, 2004; Schnitzler & 
Gross, 2005; Varela et al., 2001). To enhance the 
capacity of the special and spectral distribution of 
alpha band in the specific premotor and motor areas, 
one hypothesis has been the application of neural 
entrainment through the use of the BAB (Solcà et al., 
2016). Some studies have employed BAB as a 
neural modulatory approach to enhance the special 
distribution of a distinct frequency and amplitude or 
power of that frequency within functional cortical 
hubs (Draganova et al., 2008; Grose & Mamo, 2012; 
Pratt et al., 2009, 2010), which involves motor 
performance that might in some way retain 
implications for a specific indistinct population of 
individuals who need to employ even more precise, 
sophisticated, and fine motor skills, including 
professional athletes (Ross & Lopez, 2020). 
 
The use of alpha BAB has been tested in some 
studies (Ecsy et al., 2017; Munro & Searchfield, 
2019; Shekar et al., 2018). The present report 
generally suggests that alpha entrainment might 
partly help remediation of the neural dynamics which 
correspond to sequential motor planning and motor 
aptitude in young and older adult populations, 
respectively. As such, according to our findings, 
using the alpha BAB could at least be considered as 
an auxiliary neuromodulation approach to empower 
motor skills in people who require further motor 
learning. 
 
The extension of this line of research, together with 
our findings, might have implications for those who 
are involved with critical motor responsibilities in 
their jobs and personal life. Those might include 
people who need to have maximal precision, 
reaction time, performance speed, motor learning 
and the responsibilities they are involved in. 
Examples might be surgeons, professional athletes, 
industrial workers who deal with sophisticated 
machinery, defense personnel, artists, or other 
creative people. 
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Conclusion 
 
The present report suggests that alpha entrainment 
may partly help young and older adult populations 
improve their neural dynamics which correspond to 
sequential motor planning and motor aptitude. 
Considering the effect of the alpha BAB on motor 
learning, the intervention might enhance motor skills 
in people who require further motor learning. 
 
Further research needs to be pursued to extend 
other imaging or neuromodulation modalities further 
to what we examined here. The idea whether 
concurrent use of BAB and minimally invasive brain 
stimulation, including TMS, tDCS, and more 
specifically, tACS (transcriptional alternating current 
stimulation) might presumably add value to the level 
of motor learning in terms of precision, processing 
speed, reaction time, and performance speed needs 
further evaluation. 
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Abstract 

Occupational and organizational stressors impact workplace performance and contribute to mental health 
concerns among law enforcement officers. Although literature focuses on identifying the degree of relationship 
that these two factors have within this specific profession, studies offer limited solutions for decreasing associated 
symptoms relating to stressors. Implementing an intervention that acknowledges law enforcement factors such as 
psychological and physiological concerns, workplace culture, and mental health stereotypes could significantly 
impact both those that serve within this career as well as the community. In this article, we explore the use of 
trauma-informed neurofeedback a therapeutic intervention for the treatment of occupational and organizational 
stressors commonly experienced by law enforcement officers. We also present recommendations for clinical 
practice and research.  
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Neurofeedback for Law Enforcement 

Occupational and Organizational Stress  
 
Law enforcement officers undertake an occupational 
position that requires psychological and 
physiological wellness (Violanti, 2021). The 
profession encompasses the potential for repeated 
exposure to traumatic situations and affiliated mental 
health consequences (Tovar, 2011). In tandem with 
subjection to dangerous situations, law enforcement 
officers must uphold high standards of ethical 
behavior while simultaneously navigating public 
scrutiny (Bishopp et al., 2016). Unsurprisingly, these 
professionals are likely to suffer from mental health 
concerns due to the combination of occupational 
and organizational stressors associated with their 
profession. For instance, law enforcement officers 
commonly encounter a variety of stress-related 
situations such as motor vehicle accidents, 
witnessing violent deaths, and altercations with 
perpetrators (Arnetz et al., 2009; Marmar et al., 
2006) while also handling day-to-day aspects 

including job structure, departmental hierarchies, 
and administrative pressure (Dabney et al., 2013). 
Further, since 2020, law enforcement officers have 
also experienced the aftereffects associated with 
civil unrest and the COVID-19 pandemic (Violanti, 
2021). 
 
In the book The Siege: Mental Health and the 
Police, Violanti (2021) stated, “there are mental 
health crises in police work and an urgent need to 
resolve these crises” (p. 3). Counselors and other 
mental health professionals are in a unique position 
to provide services to these professionals and do so 
in a way that is accessible for those who may be 
hesitant to seek assistance (Hakik & Langlois, 
2020). In this article, we propose utilizing a trauma-
informed approach to neurofeedback when assisting 
law enforcement officers with mental health 
concerns. Through this lens, we consider how 
neurofeedback attends to law enforcement 
occupational and organizational stressors, 
workplace culture, traditional reluctance to seeking 
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out mental health services, and recommendations 
for clinical practice. Furthermore, this article aims to 
provide meaningful content promoting career 
retention, mental health services, and future 
research that advocate for law enforcement officers.  
 
Occupational and Organizational Stressors in 

Law Enforcement  
 
Researchers have explored causations for negative 
psychological and physiological concerns among the 
law enforcement population such as occupational 
burnout (Burke, 2017; Martinussen et al., 2007), 
poor decision-making (Nieuwenhuys et al., 2012), 
performance (Reynolds et al., 2018; Shane, 2010), 
and the onset of mental illness (Carlan & Nored, 
2008). In addition, several studies have explored the 
connection that geography (Husain, 2020), 
professional roles (Dabney et al., 2013), and work-
family conflict (Griffin & Sun, 2018) have with 
unfavorable employment outcomes. Although 
literature concludes the need to further explore 
additional avenues, researchers generally propose 
occupational and organizational stressors as two 
broad themes contributing to these unwanted issues 
(Soomro & Yanos, 2019). Occupational stressors 
depict environmental elements (e.g., community 
interactions, public perception, exposure to 
dangerous situations), while organizational stressors 
characterize facets relating to the institutional portion 
of the career (e.g., departmental structure, 
interactions with supervisors, job promotions, 
disciplinary actions; Dabney et al., 2013).  
 
Due to the nature of their work, law enforcement 
officers are exposed to both occupational and 
organizational stressors repeatedly throughout their 
careers. These stressors can lead to the onset of 
physical, behavioral, and mental health concerns. 
Researchers have documented negative physical 
symptoms in this population as increased rates of 
diabetes, cardiac complications, and obesity 
(Trombka et al., 2021), while articulating police 
misconduct (e.g., unnecessary force) as a 
behavioral repercussion to unattended occupational 
and organizational stressors. Relating to mental 
health, in their meta-analysis, Syed et al. (2020) 
found the most common mental health problems 
among law enforcement officers were depression, 
posttraumatic stress disorder (PTSD), generalized 
anxiety disorder, suicidal ideation, and alcohol use. 
To emphasize this finding, a study conducted by 
Jetelina et al. (2020) discovered that out of the 434 
participating officers from Dallas-Fort Worth, Texas, 
54 (12%) reported a lifetime mental health diagnosis 
of depression, anxiety, or PTSD. An additional 114 

(26%) officers without a lifetime mental illness 
diagnosis had positive screening results for current 
mental illness symptoms representative of 
depression, anxiety, PTSD, and/or suicidal ideation 
or self-harm. Of those reporting a lifetime diagnosis 
or positive screening results for a current mental 
illness, PTSD was the most reported mental health 
concern, followed by depression and anxiety 
(Jetelina et al., 2020). 
 
Ongoing exposure to occupational and 
organizational stressors provides a unique challenge 
when working with the law enforcement population 
(Lawson et al., 2022). It is worth noting that while a 
presenting concern for the treatment of an officer 
may be PTSD, depression, or anxiety stemming 
from repeated exposure to occupational stressors, 
these symptoms may be compounded or 
exacerbated by organizational stressors such as 
unsupportive supervisors, policies, and procedures 
(Kohan & Mazmanian, 2003; Molnar et al., 2017). In 
fact, in addition to the onset of adverse mental 
health symptoms, researchers have also identified 
that occupational and organizational stressors 
influence burnout (Burke, 2017), negative 
perceptions to workplace fairness (Kohan & 
Mazmanian, 2003; Wolfe & Nix, 2017), and police 
misconduct (Bishopp et al., 2016). The events 
following 2020 have only exacerbated this 
phenomenon. Based on their review of historical 
trends following the HIV epidemic and terrorist 
attacks of September 11, 2002, researchers such as 
Stogner et al. (2020) theorized an increased 
experience of work-related stressors (e.g., resource 
shortages, loss of personnel, economic uncertainty) 
as a result of COVID-19. Treatment modalities for 
stress and other mental health concerns for law 
enforcement officers must be flexible to reflect the 
demands and stressors each officer may face 
regardless of cultural or departmental dynamics 
(Padilla, 2020). 
 
Of particular interest to this article, law enforcement 
officers are exposed to trauma routinely, both 
directly and indirectly as vicarious trauma, making 
PTSD and stress-related symptoms one of the more 
concerning mental health issues in this field (Hakik & 
Langlois, 2020). PTSD and trauma-related 
symptoms are the outward expression of an internal 
rewiring of neural networks and damages to 
behavioral and emotional areas of the brain 
(Bremner, 2006). Areas such as the prefrontal cortex 
(behavior), hippocampus (memory), and the 
amygdala (emotion) undergo changes when a 
person is exposed to trauma and the underlying 
changes are responsible for the cognitive-affective 
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dysfunctional symptoms observed in PTSD clients 
(Harnett et al., 2020). These brain alterations create 
ongoing symptoms that might negatively express 
themselves in an officer’s job performance, leading 
to a lack of ability to cope with ongoing work-related 
stressors.  
 
A Barrier to Care: Mental Health Stigma in Law 
Enforcement 
Law enforcement officer training is a rigorous and 
daunting process. It entails breaking down an 
individual’s identity to rebuild professional 
characteristics such as independence and self-
reliance (Wester et al., 2010). A trainee learns that 
the loss of emotional control could risk their career 
(Karaffa & Koch, 2016), implicitly encouraging the 
suppression of their mental health concerns. 
Although officer training constructs internal 
protective barriers that safeguard against high-risk 
and dangerous occupational events, the preparation 
traditionally supports workplace stigmas surrounding 
mental health (Karaffa & Koch, 2016). Additionally, 
because this career also emphasizes colleague 
protection and rapport (Loftus, 2010; Wester et al., 
2010), law enforcement professionals have been 
found to view seeking outside help with distrust as it 
promotes the concept of an officer’s inability to 
protect another professional in an escalating 
situation (Soomro & Yanos, 2019). This increases 
the possibility of having an officer who struggles with 
either a mental health illness or stress related to the 
job to deny their condition, oppose assistance, 
silently struggle until retirement (Hakik & Langlois, 
2020), or retire early (Police Executive Research 
Forum, 2021).  
 
Efforts for Treatment 
Given the negative mental health implications that 
occupational and organizational stressors have on 
officers, their families, those they serve, and their 
organizations (Burke, 2017; Griffin & Sun, 2018; 
Hakik & Langlois, 2020), therapeutic interventions 
that address these concerns are needed. In fact, the 
United States Congress unanimously signed the 
Law Enforcement Mental Health and Wellness Act 
(LEMHWA; 2018) into law in 2018, acknowledging 
the need for mental health resources and 
interventions for law enforcement officers. A review 
of literature indicates that researchers continue to 
examine stress management and resilience 
strategies as main avenues for reducing law 
enforcement mental health concerns while improving 
work performance (Christopher et al., 2016; Grupe 
et al., 2021).  
 

Rooted in psychological frameworks (i.e., cognitive-
behavioral, mindfulness-based resilience, 
motivational interviewing), these approaches employ 
techniques that ask individuals to gain deeper 
intrapersonal awareness through identifying and 
recognizing signs of stress (Grupe et al., 2021), 
participating in guided meditation and imagery 
exercises (Christopher et al., 2016), integrating 
coping strategies (Eddy et al., 2021), and engaging 
in group mental health support programs (Hohner, 
2017). These research initiatives reveal promising 
results. For instance, Christopher et al. (2016) 
constructed a mindfulness-based resilience training 
program for 43 United States officers that contained 
various common mindfulness practices, such as 
body scanning, mindful movement, and walking 
meditations. The focus of the study was to equip 
participants with strategies to manage occupational 
and organizational stressors. During an 8-week 
period, officers attended weekly sessions that 
intentionally adapted common language and 
understandings found within this population. Results 
were significant in attending to a variety of 
symptoms including burnout, emotional regulation, 
mental health, personal awareness, and perceived 
stress (Christopher et al., 2016). Similarly, Grupe et 
al. (2021) developed a comparable program but 
included a 5-month follow-up for the 30 participants. 
Measured relative to the pretest data, results 
continued to reveal improvements in PTSD, burnout, 
anxiety, and sleep quality (Grupe et al., 2021). 
 
Unfortunately, despite the positive outcomes of 
utilizing stress management and mindfulness-based 
interventions with law enforcement personnel, one 
substantial limitation remains. Noted in their 
qualitative study, Eddy et al. (2021) found that 
although participants relayed improvement in 
interpersonal and intrapersonal functioning following 
mindfulness-based resilience training, participants 
also disclosed that ingrained professional stigmas 
might deter professionals from participating. This 
limitation is congruent with past law enforcement 
literature suggesting officers might view stress 
management and resilience strategies as abstruse 
or mundane (Anderson et al., 1995) as well as 
incongruent with workplace culture (Waters & 
Ussery, 2007). Thus, a therapeutic intervention that 
acknowledges occupational culture and mental 
health stigma while simultaneously advocating for 
the wellness and safety of law enforcement 
members is warranted. 
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Trauma-Informed Neurofeedback for Law 
Enforcement Officers 

 
Unlike traditional talk therapy or mindfulness-based 
training, both of which prioritize emotional 
awareness, neurofeedback provides a noninvasive 
and nonverbal way to focus on neural activity and 
brain regulation. This form of treatment has proven 
to be successful in treating disorders and symptoms 
that are resistant to traditional therapy options 
(Demos, 2019). Although empirical research on 
mindfulness-based interventions reveals promising 
results (e.g., Christopher et al., 2016; Eddy et al., 
2021; Grupe et al., 2021), neurofeedback training 
recognizes these studies’ limitations by informing 
clients of the psychophysiological relationship 
between unconscious brain activity and mental 
health symptoms while being sensitive to any 
ingrained stereotypes and stigmas surrounding 
mental illness. Building upon the success of officer 
mindfulness-based research, individuals 
participating in neurofeedback are encouraged to 
take an active, independent role by becoming aware 
of their ability to regulate brain activity correlating 
with their presenting concerns. This type of client 
involvement complements law enforcement 
characteristics of independence and self-reliance as 
it stimulates individual learning and performance. 
Additionally, in this facet of neural-specific 
psychoeducation, individuals begin to not only 
understand the relationship between neurobiological 
activity and mental health diagnoses but client 
acceptance, empathy, and engagement in symptom-
related strategic thinking are also promoted (Erk, 
2000; Russell-Chapin, 2016).  
 
In conjunction with the recommendations above, it is 
the belief of the authors that use of trauma-informed 
neurofeedback for law enforcement officers seeking 
mental health assistance can be a way to both 
destigmatize and reframe their fear of being 
perceived as unreliable by proactively attending to 
concerns. Research alludes to the helpfulness of 
utilizing a trauma-informed approach with police 
officers (Raver & McElheran, 2022). In this section, 
we present the use of neurofeedback and a trauma-
informed framework for addressing the mental 
health concerns precipitated or exacerbated by the 
everyday work of law enforcement officers. 
 
Neurofeedback for Occupational and 
Organizational Stressors 
Police officers are routinely exposed to stressors 
and trauma in the course of their work, and the 
likelihood of developing PTSD or other related 
problems can increase as the exposure factors and 

stressors increase (Bishopp et al., 2019; Maguen et 
al., 2009). In addition, researchers have noted brain 
structural differences in individuals exposed to 
continued traumatic events which have been found 
to be correlated with symptomatology (Baldaçara et 
al., 2017; Bremner, 2006). To date, research 
literature regarding professions exposed to trauma 
and the professional fields themselves are reactive 
rather than proactive in implementing preventative 
measures (Lawson et al., 2022). Given that 
individuals in this field are susceptible to continued 
stressful situations and have an increased chance of 
developing a mental health illness, the deficit of 
preventive mental health options necessitates the 
need for accessible, evidence-based treatment 
options that address current mental health disorders 
while also building resilience. 
 
Fortunately, research continues to provide evidence 
that neurofeedback offers therapeutic results by 
conditioning and working directly with brain wave 
activity. Neurofeedback uses operant conditioning 
principles which allow the client to train and control 
their brain. Its ability to target unhealthy neural 
pathways and reroute the signals into a healthy 
functioning network allows it to focus on the 
originating source of the symptoms rather than 
treating the surface indicators. Neurofeedback 
research has been conducted for a variety of mental 
health concerns, including PTSD (Romero et al., 
2020; van der Kolk et al., 2016), anxiety (Gregory et 
al., 2020, 2023), and stress (Balconi et al., 2018; 
Hafeez et al., 2019). Utilizing neurofeedback both as 
a preemptive measure and as a posttraumatic-
exposure therapy tool could also allow for faster 
recovery and long-term success rates. 
 
Although scholars have studied the use of 
biofeedback, a self-regulation tool that empowers an 
individual to change physiological activity for the 
purposes of improving health and performance 
(Association for Applied Psychophysiology and 
Biofeedback [AAPB], 2008), this literature has 
primarily focused on performance enhancement 
strategies including physiological stress regulation 
(Brammer et al., 2021) and shooting performance 
(Gong et al., 2020). Currently, there is a lack of 
literature studying the impact neurofeedback has on 
members of the law enforcement population. 
Utilizing this form of neuro-informed counseling with 
law enforcement professionals might aid in 
decreasing certain symptomology developed from 
common occupational and organizational stressors. 
We identified several trends in the literature with 
implications for treatment and further research. In 
the following sections, we provide considerations 
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from the literature for training focused on the anterior 
prefrontal cortex, alpha and asymmetry training, and 
utilizing individualized neurofeedback protocols to 
address functional and structural brain changes 
resulting from exposure to traumatic experiences. 
 
Implications for Prefrontal Cortex Training. 
Because law enforcement officers encounter 
ongoing occupational and organizational stressors, 
examining avenues that improve cognitive 
functioning in relation to anxiety, stress, and 
depression is warranted. The prefrontal cortex, 
located at the anterior-most portion of the frontal 
lobe, assists with executive and social-emotional 
functioning as it communicates with other cerebral 
structures (e.g., amygdala) to regulate thoughts, 
emotions, and behaviors (Demos, 2019). 
Specifically, the prefrontal cortex inhibits amygdala 
activity (top-down processing) to encourage 
appropriate responses to environmental stimuli 
(Demos, 2019). However, researchers continue to 
document that prolonged exposure to stress 
decreases the prefrontal cortex’s ability to hinder 
inappropriate impulses resulting in increased 
emotional dysregulation, poor decision-making, and 
other mental health concerns (Arnsten et al., 2015; 
Rauch et al., 2006).  
 
In an effort to understand the impact of trauma on 
the prefrontal cortex of law enforcement personnel, 
Kaldewaij et al. (2021) conducted a quasi-
experimental, pre-post study design in which 185 
police recruits participated in an emotional action 
control task that activated the anterior prefrontal 
cortex. Using functional magnetic resonance 
imaging (fMRI) to record neural activity and 
activation, the researchers tasked participants to 
maneuver a joystick depending on a specific positive 
or negative stimulus. Results indicated that 
improved emotional control and resiliency to 
posttraumatic stress symptoms were predicted when 
activating the anterior prefrontal cortex (Kaldewaij et 
al., 2021).  
 
Neurofeedback training is another avenue shown to 
activate the prefrontal cortex while simultaneously 
conditioning a more desired and rational response to 
environmental factors. Although neurofeedback 
researchers have seen success in downregulating 
the amygdala at electrode sites outside of the frontal 
lobe (Keynan et al., 2019), other researchers 
articulate that training along the anterior dorsal (Fz), 
ventral (Fpz), or right prefrontal cortex (Fp2) might 
increase social behaviors and an overall sense of 
well-being (Demos, 2019). Further, other 
researchers examining the benefits of frontal 

neurofeedback training demonstrate positive results 
in alleviating depressive and anxiety symptoms 
when training frontal alpha asymmetry (Mennella et 
al., 2017) or cerebral areas located at either the left 
(Takamura et al., 2020) or right (Yu et al., 2021) 
dorsolateral prefrontal cortex. Due to the 
consequential relationship between the prefrontal 
cortex and reoccurring stress, clinicians integrating 
neurofeedback with law enforcement officers should 
consider alterations in frontal lobe activity when 
deciding on an efficacious training protocol.  
 
Implications for Alpha Training and Frontal 
Alpha Asymmetry Training. Of particular interest 
for this population, scholars have identified a 
positive trend in improving PTSD indicators, anxiety, 
and related symptoms by training alpha brainwave 
activity (e.g., Gregory et al., 2020; Mennella et al., 
2017; Wang et al., 2019). Professionals correlate 
alpha oscillations with “internal reflection, brain 
synchrony, and peak performance,” (Demos, 2019, 
p. 25) as well as “meditation or a deep sense of 
inner calm” (p. 215). Further, research continues to 
demonstrate that while there is a positive correlation 
between these traits and the default mode network 
(Jann et al., 2009), alpha activity is reduced in the 
default mode network for individuals with PTSD 
(Clancy et al., 2020). Thus, several studies have 
examined the relationship between alpha training 
and decreasing PTSD symptoms (Nicholson et al., 
2020; van der Kolk et al., 2016). For example, 
Romero et al. (2020) utilized van der Kolk’s et al. 
(2016) PTSD neurofeedback protocol of decreasing 
2–6 Hz and 22–36 Hz while increasing 10–13 Hz at 
sites T4 (active) and P4 (reference). Participants 
included 21 individuals who presented with primary 
trauma symptoms. Following a minimum of 15 
biweekly 30-min neurofeedback sessions, the 
researchers discovered that participants showed 
statistically significant improvements in various 
areas including hyperarousal, avoidance, severity 
and frequency, identity diffusion, susceptibility to 
influence, and affect skill deficits (Romero et al., 
2020).  
 
Additionally, our review of the literature resulted in 
the identification of another form of alpha training 
with implications for the treatment of law 
enforcement officers. Frontal alpha asymmetry 
training, originally theorized by Davidson (1992), 
accounts for the differences in left (positive emotions 
and approach motivation) and right (avoidance and 
negative emotions) frontal region alpha power and 
their association with emotional reactivity and 
temperament. Neurofeedback researchers have 
aimed to use this training approach to decrease 
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anxiety and depressive symptoms (Choi et al., 2010; 
Mennella et al., 2017; Peeters et al., 2014). For 
instance, Mennella et al. (2017) provided 
neurofeedback training to 32 female participants 
divided equally into two experimental groups who 
either received training to increase frontal alpha 
asymmetry or mid-frontal alpha activity. After 
conducting five sessions, results supported a 
significant increase in alpha asymmetry compared to 
the active control group. Additionally, individuals 
who participated in the asymmetry group 
demonstrated a significant increase in resting alpha 
power at site F4, inferring a decrease in anxiety and 
negative affect (Mennella et al., 2017).  
 
Results from studies such as these emphasize the 
potential use of alpha neurofeedback training and 
alpha asymmetry training to decrease PTSD and 
stress related symptoms commonly experienced by 
the law enforcement population. Similar to the 
recommendation of Fragedakis and Toriello (2014) 
related to utilizing neurofeedback for combat-related 
to PTSD, it is our recommendation that clinicians 
and researchers consider alpha and alpha 
asymmetry training when developing neurofeedback 
treatment plans for law enforcement officers. 
Integrating informed, empirically based 
neurofeedback protocols for officers can decrease 
maladaptive symptoms and the potential onset of 
comorbid concerns such as substance use 
(Hammond, 2007; Othmer & Othmer, 2009).  
 
Implications for Individualized Treatment 
Protocols. Researchers have long demonstrated 
that exposure to traumatic experiences and 
subsequent PTSD-related symptoms can lead to 
neurobiological dysregulation and brain structural 
and functional differences (Bremner et al., 2006; 
Shucard et al., 2012). Despite inconsistencies in 
reported findings, commonly reported 
neuroanatomical abnormalities consist of reduced 
volume in the hippocampus (Karl et al., 2006; 
Starcevic et al., 2014), anterior cingulate cortex, and 
amygdala (Lyoo et al., 2011; Starcevic et al., 2014; 
Xiao et al., 2022) and alterations in cortical thickness 
in frontal and temporal areas (Bing et al., 2013; 
Geuze et al., 2008; Xiao et al., 2022). Several 
studies have explored this phenomenon with law 
enforcement officers (e.g., Baldaçara et al. 2017; 
Lindauer et al., 2004; Shucard et al., 2012). For 
instance, a neuroimaging study completed by 
Lindauer et al. (2004) found decreased total and left 
hippocampal volumes in trauma-exposed officers. 
Additionally, Baldaçara et al. (2017) documented a 
reduction of prefrontal thickness in military police 
officers with PTSD. Relatedly, Shucard et al. (2012) 

identified a greater likelihood that police officers’ 
frequent exposure to traumatic events increased 
PTSD symptomatology and reduced brain structure 
volume. Together, this information supports the 
notion that individuals do not always experience 
exposure to stress and trauma the same in terms of 
symptomatology or structural and functional 
differences (Setroikromo et al., 2020). Thus, to 
acknowledge the array of diverse neurological 
presentations of a single mental health concern 
(e.g., PTSD, depression, anxiety, stress), our 
recommendation for improving brain function when 
structural differences are a concern is to utilize 
individualized neurofeedback protocols informed by 
quantitative electroencephalography (qEEG; 
Gregory et al., 2020, 2023). Prior to beginning 
neurofeedback treatment, the use of a qEEG can 
help identify an individual’s standard brainwave 
patterns and the areas that would benefit from 
neurofeedback training. Utilizing qEEG assists 
clinicians in determining efficacious routes of 
treatment relating to an individual’s specific cortical 
dysfunctions with presenting mental health 
symptomologies (Wigton & Krigbaum, 2015).  
 
A Trauma-informed Framework 
Due to the complex nature of their work with 
navigating diverse stressors, law enforcement 
officers often experience trauma and are exposed to 
traumatic situations. Trauma is the result of violence, 
loss, disaster, abuse, neglect, or otherwise harmful 
situations individuals are subjected to experience 
(SAMHSA, 2014). Trauma-informed care is the 
practice of staff awareness of trauma, the impact of 
services in use with trauma, and the incorporation of 
the knowledge around trauma into current practices 
(Hopper et al., 2010). The Substance Abuse and 
Mental Health Services Administration (SAMHSA), 
identified six core tenets to the informed approach 
including (a) safety; (b) trustworthiness and 
transparency; (c) peer support; (d) collaboration and 
mutuality; (e) empowerment, voice, and choice; and 
(f) cultural, historical, and gender issues. Each of 
these principles promotes rapport building and 
personal success to the trauma. Furthermore, 
several of the tenets can be associated with certain 
values and aspects found in the career of law 
enforcement such as safety, trustworthiness, peer 
support, and collaboration which encompass officer 
camaraderie and protecting one another. 
Understanding how these different principles align 
with law enforcement policies and values will provide 
counselors the ability to not only relate to this career 
mindset but incorporate a trauma-informed approach 
that increases well-being among law enforcement 
officers and their perceptions of trauma.  
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With trauma being perceived differently by every 
person, trauma-informed care considers the factors 
of the event, an individual’s experience of the event, 
and the effect it has on the person (SAMHSA, 2014). 
Accompanied by law enforcement occupational 
demands, the individual perception an officer has 
concerning certain experiences might influence their 
sensitivity to trauma. Therefore, preventative 
measures have been taken by operating a trauma-
informed framework with this population. Several 
studies have been conducted with the utilization of 
police officers using a trauma-informed framework 
when responding to victims (Lathan et al., 2019; 
Rich, 2019). However, limited research is shown on 
trauma-informed practices when working with police 
officers. For instance, Raver and McElheran (2022), 
propose several ways to incorporate a trauma-
informed approach to reduce police misconduct and 
violence. We suggest an organizational change in 
trauma-informed approaches by police leadership 
and supervisors. Additionally, the authors advise to 
not use a “one size fits all” approach when training 
others on understanding trauma. Finally, we 
recommend a change in approach to the system by 
leaders in varying levels of police organization. We 
encourage having leaders learn more about trauma 
and building the skills to help other employees with 
traumatic events (Raver & McElheran, 2022). It is 
also our recommendation that clinicians utilize a 
trauma-informed framework when working with law 
enforcement.  
 

Discussion and Implications for Future 
Research 

 
We sought to present trauma-informed 
neurofeedback as a means to prevent and treat the 
mental health concerns often experienced by law 
enforcement officers. We synthesized previous 
literature which identified neurofeedback as a means 
to decrease symptoms such as anxiety (e.g., 
Gregory et al., 2020) and PTSD (e.g., Romero et al., 
2020; 2023) while also recognizing the hesitation of 
law enforcement officers engaging in traditional 
mental health care (Jetelina et al., 2020). From our 
review of the literature, we discovered that 
researchers cited neurofeedback protocols that 
trained the prefrontal cortex (e.g., Kaldewaij et al., 
2021; Takamura et al., 2020; Yu et al., 2021), alpha 
amplitude (e.g., Romero et al., 2020; van der Kolk, 
2016), alpha asymmetry (e.g., Mennella et al., 
2017), or utilized qEEG results to develop an 
individualized neurofeedback protocol as successful 
in decreasing negative symptoms often experienced 
by officers. 
 

Although presented separately, we suggest that 
clinicians and researchers consider all the presented 
recommendations when creating neurofeedback 
treatment protocols. For instance, resources 
permitting, we suggest qEEG-informed 
individualized protocols as a standard for treatment 
planning, as each client will present with their own 
unique concerns and cortical presentations. When 
reviewing qEEG reports, clinicians may also 
consider the existing body of literature that identifies 
the significance of alpha and interhemisphere 
synchronicity for stress and trauma-related 
symptomology.  
 
Further, when developing treatment protocols, we 
emphasize the need for communication with the 
client about their personal and occupational needs. 
Clinicians must consider the potential impact of 
alleviating adverse symptoms that protect officers 
while out in the community. For instance, heightened 
vigilance is often necessary as law enforcement job 
requirements demand repeated exposure to 
dangerous environments or situations. While mental 
health professionals regard hypervigilance as a 
presenting mental health phenotype, it would be 
dangerous and potentially unethical for clinicians to 
conduct brain modulation training without knowing 
possible risk factors for this occupational population. 
Through this lens, we emphasize caution be taken 
and encourage one to conceptualize presenting 
concerns and treatment planning with the unique 
needs of these professionals. It may be 
advantageous for the clinician to periodically check 
in to assess if the training protocol is having the 
desired effects and is not interfering with their ability 
to execute work-related tasks.  
 
Finally, this article primarily focused on the 
occurrence of PTSD and stress-related symptoms in 
law enforcement officers and the use of trauma-
informed neurofeedback for treatment purposes. It is 
important for counselors to be aware of the high 
rates of anxiety and depression with this population. 
We recommend future researchers to explore and 
consider the diverse array of mental health 
implications that often accompany the law 
enforcement career path. We also suggest 
researchers examine the presentation of officers 
across various units (e.g., homicide, Special 
Weapons and Tactics [SWAT]) such as using qEEG 
software to inform individual and group biomarkers 
or develop neurofeedback treatment plans.  
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Conclusion 
 
While there is a surplus of literature recognizing the 
negative repercussions of occupational and 
organizational stressors, there continues to be a lack 
of research proposing techniques that encourage 
officer well-being. Clinicians using therapeutic 
interventions must be mindful of the distinct 
components found within the profession, including 
exposure to dangerous and traumatic events, 
training competencies, and workplace stigmas. 
Building from previous mindfulness-based 
interventions, neurofeedback could greatly benefit 
those serving in this occupation in that this form of 
biofeedback attends to these components. Because 
neurofeedback encourages client self-regulation, 
officers can take an active, independent role in their 
improvement. Additionally, utilizing a trauma-
informed framework builds upon neurofeedback by 
supporting client well-being through trustworthiness, 
collaboration, and empowerment. By providing these 
services, counselors are encouraging officers to 
reframe their beliefs surrounding seeking mental 
health and advocating for their needs. In conclusion, 
the hope of integrating neurofeedback with a 
trauma-informed framework as a normalized, 
therapeutic intervention would provide preventative 
and holistic care as well as promote the well-being 
of the officer, the profession as a whole, and the 
communities being served. 
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Abstract 

Attention-deficit/hyperactivity disorder (ADHD) is a common neurobehavioral condition affecting children and 
adolescents impairing academic success, self-esteem, and social interactions. Since there is no cure for ADHD, 
the public relies on researchers to provide an honest and objective evaluation of treatment options to help those 
with ADHD manage the disorder. The public’s expectation was thwarted when a study was published in the 
Journal of the American Academy of Child & Adolescent Psychiatry (JAACAP) titled Double-Blind Placebo-
Controlled Randomized Clinical Trial of Neurofeedback for Attention-Deficit/Hyperactivity Disorder with 13-Month 
Follow-Up (Arnold et al., 2021). The principal investigator and lead author was L. Eugene Arnold, MD, who 
referred to his coauthors as a collaborative team. The National Institute of Mental Health funded the study with a 
$2 million grant. This critical review of Arnold et al. examines various aspects of the study to help us understand 
why the findings and stated conclusion of the study deviated from a substantial body of research and clinical 
evidence demonstrating the effectiveness of NFB for treating ADHD. 
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Introduction 

 
Attention-deficit/hyperactivity disorder (ADHD) is a 
common neurobehavioral condition affecting 
children and adolescents impairing academic 
success, self-esteem, and social interactions. Since 
there is no cure for ADHD, the public relies on 
researchers to provide an honest and objective 
evaluation of treatment options to help those with 
ADHD manage the disorder. The public’s 
expectation was thwarted when a study was 
published in the Journal of the American Academy 
of Child & Adolescent Psychiatry (JAACAP) in 
August 2021, titled Double-Blind Placebo-Controlled 
Randomized Clinical Trial of Neurofeedback for 
Attention-Deficit/Hyperactivity Disorder with 13-
Month Follow-Up [Hereafter, abbreviated as “study” 

or “Arnold et al.”]. The study intended to evaluate 
neurofeedback as a treatment for ADHD over a 13-
month period. The principal investigator and lead 
author was L. Eugene Arnold, MD, along with a 
team of coauthors collectively known as the 
Neurofeedback Collaborative Group. The study may 
be accessed in the JAACAP, 2021-07-01, Volume 
60, Issue 7, pages 841–855. This study was 
supported by a $2 million grant from the National 
Institute of Mental Health (NIMH) #R01-MH100144, 
by Ohio State University College of Medicine 
Endowment, and by a Clinical and Translational 
Science award 8UL18TR000090-05 from the 
National Center for Translational Sciences. Clinical 
Trials Identifier: NCT02251743, date of registration: 
9/17/2014. The paper is available here: 
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https://europepmc.org/article/MED/32853703#free-
full-text 
 
The Neurofeedback Collaborative Group was cited 
as coauthors and comprised of the following: 

Martijn Arns, PhD; Justin Barterian, PhD; Rachel 
Bergman, BA; Sarah Black, PhD; C. Keith 
Conners, PhD (deceased); Shea Connor, BS; 
Sudeshna Dasgupta, MD; Roger deBeus, PhD; 
Teryll Higgins, MA; Laurence Hirshberg, PhD; 
Jill A. Hollway, PhD; Cynthia Kerson, PhD; 
Howard Lightstone, B; Nicholas Lofthouse, PhD; 
Joel Lubar, PhD; Keith McBurnett, PhD; Vincent 
Monastra, PhD; Kristin Buchan-Page, BA; 
Xueliang (Jeff) Pan, PhD; Robert Rice, PhD; 
Michelle E. Roley-Roberts, PhD; Rachel 
Rhodes, MLAS; Constance Schrader, PhD; 
Yubo (Jeremy) Tan, MS, MBBS; Craig E. 
Williams, MD. 

 
Neurofeedback training (NFB) is one of several 
types of biofeedback, all of which are predicated on 
the operant conditioning paradigm, wherein 
spontaneous activity increases when reinforcement 
is provided. In the specific case of NFB treatment of 
ADHD, an electroencephalographic (EEG) device is 
used to continually analyze the child’s brainwaves. 
This device provides auditory and visual signals or 
rewards within 250 ms of the moment the child’s 
brain shifts into an EEG pattern that is known to 
correlate with a more attentive state. When these 
transient moments of heightened alertness are 
paired with the reward signals, the child learns how 
to better self-regulate their attention. As the child 
receives this training, their ability to sustain attention 
improves and ADHD symptoms decrease. 
 
This critique examines various aspects of the study 
to help us understand why the findings and stated 
conclusion of the study deviated from a substantial 
body of research and clinical evidence 
demonstrating the effectiveness of NFB for treating 
ADHD. In addition to identifying errors in the study’s 
design, methodology, and data analysis, information 
gathered from interviewing several authors revealed 
deeper issues compromising the reliability and 
validity of the conclusions. One author described 
personal surreptitious communication between the 
authors of the study and a journal editor that 
indicated the JAACAP journal would publish the 
study if the conclusion stated that NFB was no better 
than a placebo. In direct contradiction to core ethical 
principles, the manuscript was subsequently 
manipulated to conform with the journal editor’s 
predetermined outcome. 
 

Lexchin along with other concerned scientists (2003) 
have compiled substantial evidence demonstrating 
that sponsorship of research by the pharmaceutical 
industry compromises the outcome and quality of 
research studies. Although investigators are ethically 
required to disclose conflicts of interest, this fails to 
reveal the degree to which said conflict impacted the 
research. This study by Arnold et al. is a prime 
example of how current ethical requirements fail to 
reveal critical information. The sheer number of 
methodological errors alone, not to mention the 
coercion by editors at JAACAP, demonstrates that 
incentives to disparage NFB, influenced the 
evolution and publication of this study to a greater 
extent than the ethical requirement to provide 
research that is free of conflicts of interest. Those 
controlling the authorship and publishing of this 
study abused their credentialed authority and now 
must follow ethical requirements to disclose the 
errors and retract the study. When those who 
conduct research admit and correct errors, the very 
nature of scientific inquiry is strengthened along with 
the public’s trust in the conclusions offered by 
research studies. For future researchers, an 
admission and retraction of this study will 
demonstrate the critical nature for adopting 
strategies to minimize the impact of conflicts of 
interest by fostering transparency and accountability 
in their research practices. 
 
Part I. Neurofeedback History  
Before discussing specific issues in the study, it is 
important to understand that the efficacy of NFB 
treatment for ADHD has already been repeatedly 
demonstrated. In the 1950s, Kamiya (1968, 1969, 
2011) demonstrated successful operant conditioning 
of the alpha frequency (8–12 Hz). Sterman (1969, 
1972, 1974, 2000) completed a series of exemplary 
studies characterized by rigorous research designs 
and transparent methodology allowing publication in 
top-tier scientific journals and replication at 
independent laboratories. In the 1960s, Sterman 
conducted research on medication-resistant epilepsy 
using NFB to increase an EEG frequency called the 
sensorimotor rhythm (12–15 Hz). This training 
allowed epileptics to significantly reduce the 
frequency, intensity, and duration of seizure 
incidents lasting for many months and even years. 
Sterman’s work with human and animal subjects 
demonstrated cross-species conditioning thus 
eliminating any suggestion that the effects produced 
by NFB might be due to placebo or bias. Lubar et al. 
(1995) and Zuberer et al. (2015) conducted studies 
demonstrating the effectiveness of NFB as a 
treatment for ADHD. Many others contributed to this 
early efficacy research verifying that NFB was safe 
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and effective to improve functional abilities for a 
wide range of physiological and psychogenic 
disorders.  
 
Part II. Acceptance of Neurofeedback 
For the purposes of this critique, detractor will be 
used as a general term to refer to those having 
direct or indirect ties, are paid by, or receive tangible 
benefit(s) from their association with the 
pharmaceutical industry, including, but not limited to, 
pharmaceutical company employees, members of 
their Boards of Director, major stockholders, agents 
such as pharmaceutical company consultants, 
collaborators, biomedical researchers funded by the 
industry, and physicians who “have a monopoly over 
the prescription trade by virtue of their licenses to 
practice” (Idzik, 1965). 
 
Detractors have created and spread many false 
beliefs regarding NFB. One such false belief is that 
key decision-makers at the NIMH have been 
unwilling to fund NFB studies because they question 
the legitimacy of NFB. The real reason this major 
source of funding for research is hesitant to fund 
NFB research is because the efficacy of NFB has 
already been scientifically demonstrated. The 
funding priority of the NIMH, as their mission 
statement indicates, is to investigate new treatments 
that build upon our knowledge base (see 
https://www.nih.gov/about-nih/what-we-do/mission-
goals). 
 
NFB is not a new treatment, therefore allocating 
funding to assess efficacy is duplicative and 
unwarranted. Detractors disregard the fact that NFB 
has an extensive history of acceptance as a medical 
procedure illustrated by these selected examples: 

a) In 1978, the Current Procedural Terminology 
(CPT) committee, under the auspices of the 
American Medical Association, 
acknowledged that NFB met or exceeded 
requirements for efficacy and assigned 
treatment codes indicating it was a 
legitimate intervention eligible for 
reimbursement by health insurance 
companies (https://www.ama-assn.org 
/amaone/cpt-current-procedural-
terminology). 

b)  In 1976, the U.S. Food and Drug 
Administration began regulating NFB 
instruments as Class II medical devices 
indicating they were safe and effective tools 
for treatment 
(https://www.accessdata.fda.gov/cdrh_docs/
pdf14/K143031.pdf). 

c) The International Society for Neurofeedback 
(ISNR) supplies the public with a 
downloadable bibliography of NFB studies. 
In the section covering NFB research 
treatment of ADHD (pp. 3–12), the 
bibliography identifies over 130 studies 
showing NFB is an efficacious treatment for 
ADHD as both a standalone treatment or 
part of a multimodal regimen. In addition, 
ISNR estimates there are over 15,000 
clinicians worldwide using this technology 
(https://isnr.org/wp-content/uploads/2019/07 
/download.pdf). 

d) Another professional organization, the 
Applied Psychophysiology and Biofeedback 
Society (AAPB), recently released the 4th 
edition of a book titled, “Evidence-Based 
Practice in Biofeedback & Neurofeedback” 
(Khazan et al., 2023). Chapter 6 focuses on 
NFB and ADHD (pp. 121–135) and cites 
over 40 highly credible studies that were 
peer-reviewed. Based on the strength of this 
research, the authors and AAPB determined 
that the research on NFB for ADHD earned 
their highest determination of effectiveness: 
Level 5 – Efficacious and Specific.   

e) NFB has been evaluated by various 
regulatory authorities and is recognized as 
within the “scope of practice” for 
psychologists, psychiatrists, physical 
therapists, nurses, occupational therapists, 
social workers, and family therapists, among 
others.  

f) NFB developed from well-established 
foundational studies that have continued to 
support the growth of the field. The 
neurofeedback field continues to be 
supported by ongoing research projects, 
professional organizations, a dedicated 
peer-reviewed journal, and a certification 
program for new providers. 

g) Data Bridge Market Research analyzes 
trends and predicts that the global market 
for NFB will be USD 1,908 million by 2029 
(https://www.databridgemarketresearch.com
/reports/global-neurofeedback-market). 

 
Despite these facts and optimistic projections, as 
this critique discusses, the pharmaceutical industry 
and detractors who benefit from their association 
with this industry have a long history of unfairly 
targeting NFB. This abuse of the public’s trust is 
directly related to the fact that, when people choose 
nondrug treatments rather than drug therapy, the 
profit margin of the pharmaceutical industry 
diminishes. Detractors do more than simply ignore 
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the mountain of NFB research or write articles to 
dissuade the public from NFB treatment. Over time, 
their fear of this intervention has effectively 
marginalized the entire neurofeedback field. This 
critique provides evidence that methods and data 
were manipulated to draw false conclusions that 
advance the narrative that NFB treatment of ADHD 
has yet to prove itself as an efficacious treatment. 
While the neurofeedback field is receptive to 
legitimate research-based challenges and 
constructive criticism, these must be scientifically 
based and take into consideration conclusions 
derived from previous research and prevailing 
standards of care. Deviating from ethical scientific 
procedures undermines the search for evidence-
based interventions and unfairly deprives the public 
of effective treatment options.  
 
Part III. Documenting Errors, Notifying the 
Authors and the Editor of JAACAP 
After the publication of this study, an ad hoc 
committee of experts in the neurofeedback field 
gathered to review the study. The committee 
included Lori Ellison, Henry Harbin, Joy Lunt, Lori 
Russell-Chapin, Gary Schummer, and Mark 
Trullinger. The committee identified the list of 
significant errors (see Part IV below) that severely 
compromised the study’s integrity. Taken together, 
these errors make any meaningful interpretation of 
the study’s data impossible and prevent the study 
from being determinative of the efficacy of NFB. 
Additionally, a “Letter to the Editor” titled Erroneous 
Science in Arnold et al. (2021) was sent to the 
Editor-In-Chief of JAACAP pointing out the errors. 
Consistent with ethical standards, the Letter urged 
the Journal to retract the study and provide an 
explanation of the nature and extent of the errors. 
Although the authors appeared to agree with the 
validity of the errors, to the best of our knowledge, 
none have asked the Journal to retract the study. 
Interestingly, the ad hoc committee received a 
response regarding the Letter from the Editor-in-
Chief of the JAACAP stating that he considered the 
documented concerns but was unwilling to share it 
with his fellow editors. He ended his response 
paradoxically and shamelessly stating that our Letter 
did not meet the journal’s standards for publication.  
 
After the errors were made known to the primary 
authors in the meeting, some of the authors 
indicated they had not been apprised of the issues. 
Perhaps this is due to the fact that the study’s 
collaborators were responsible for nonoverlapping 
aspects of the study and not all were involved in 
writing the manuscript. As indicated in the support 

material for the study, tasks were assigned as 
follows:   

Conceptualization. Arnold, Arns, deBeus, 
Hirshberg, Hollway, Kerson, Lubar, McBurnett, 
Monastra; Data Curation: Arns, deBeus, 
Lightstone, Monastra, Buchan-Page, Pan, Rice, 
Tan; Formal Analysis: Arnold, Arns, Black, 
Conners, Dasgupta, deBeus, Hollway, Kerson, 
Lofthouse, Monastra, Buchan-Page, Pan, Rice, 
Roley-Roberts, Rhodes, Schrader, Tan, 
Williams; Funding Acquisition: Arnold; 
Investigation: Arnold, Black, Connor, 
Dasgupta, deBeus, Kerson, McBurnett, 
Monastra, Pan, Roley-Roberts; Methodology: 
Arnold, Arns, Barterian, Bergman, Black, 
Conners, Connor, Dasgupta, deBeus, Higgins, 
Hirshberg, Hollway, Kerson, Lofthouse, Lubar, 
Monastra; Project Administration: Arnold, 
Barterian, Bergman, Connor, deBeus, Higgins, 
Hollway, Kerson, Monastra, Buchan-Page, 
Roley-Roberts; Resources: Arnold, Connor, 
deBeus, Kerson, Lightstone, Monastra, Buchan-
Page, Pan, Tan; Software: Lightstone; 
Supervision: Arnold, Barterian, Black, deBeus, 
Hollway, Kerson, Rhodes, Schrader, Williams; 
Validation: Arnold, Arns, Barterian, Black, 
deBeus, Hollway, Kerson,  Monastra, Buchan-
Page, Rhodes, Williams; Visualization: Arnold, 
Arns, Connor, deBeus, Pan, Tan; Writing – 
original draft: Arnold, Arns, deBeus; Writing – 
review and editing: Kerson, Monastra, Pan, 
Roley-Roberts  (https://www.jaacap.org/article 
/S0890-8567(20)31358-7/fulltext - 
articleInformation). 

 
Part IV. Errors in Arnold et al. (2021) 
Error 1: Hypothesizing After Results Are Known. 
Abbreviated HARKing, Kerr (1998) stated this 
involves deceptively modifying a study's primary 
hypothesis after the results are analyzed. HARKing 
obscures valuable aspects of the truth and 
engenders a range of issues. Originally, the authors 
had preregistered a specific primary outcome 
hypothesis, which they later altered after analyzing 
the results. This shift in hypothesis compromises the 
integrity of the study and introduces misleading 
elements into the analysis. The authors of this study 
stated the following preregistered primary outcome 
hypothesis: 

Children randomly assigned to NFB will, when 
assessed in an unmedicated state, show a 
significantly greater reduction of inattentive 
ADHD symptoms rated by parents and teachers 
than those assigned to double-blind placebo 
sham treatment of equal duration, intensity, 
involvement, and appearance. 

http://www.neuroregulation.org/
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By definition, a sham placebo is designed to have no 
real effect. However, in this study, the sham placebo 
did show a real effect. The authors stated:  

The control improvement appears comparable to 
the longer, more intensive MTA behavioral 
treatment. What this improvement is due to 
requires further research, but the 13-month 
durability suggests more than a placebo 
response. 

 
Therefore, critical data required by the primary 
hypothesis could not be calculated. Rather than 
truthfully stating this fact, the authors changed their 
preregistered primary outcome hypothesis by 
removing the words placebo sham when they 
presented their conclusion. The authors stated: 

In summary, the primary outcome failed to show 
a significant advantage of NFB over the control 
treatment. 

 
Experts well-versed in HARKing have stated that this 
error typically arises from either investigator 
incompetence or a deliberate intent to mislead 
readers into perceiving the study as credible. In this 
context, the authors knowingly misrepresented the 
truth or concealed a material fact for reasons we can 
only speculate. The choice by the Editor of JAACP 
to publish the manuscript without identifying and 
insisting this error be corrected is duplicitous and 
raises questions about the journal's oversight and 
commitment to maintaining research integrity. 
 
Error 2: There Was No Valid Placebo Sham 
Control Group. The “control” group was given EEG 
feedback acquired from subjects of similar ages who 
were not part of the study. Additionally, this group 
was provided with real-time electromyographic 
(muscle tension level) feedback (EMG). EMG 
feedback was given when a fluctuation in muscle 
tension was detected. Participants received visual 
and auditory cues that guided them into a more 
relaxed state typically associated with lowering 
muscle tension. Notably, Barth et al. (2017) found 
that EMG feedback alone leads to a reduction in 
ADHD symptoms, particularly the hyperactivity 
component. EMG researchers suggest that 
decreasing muscle tension facilitates the reallocation 
of physiological resources so attention can be better 
regulated. Not knowing the literature regarding the 
impact of EMG biofeedback on ADHD is another 
indication of the sophomoric approach Arnold et al. 
(2021) took to conducting this study. Additionally, 
participants in both the control and treatment groups 
received guidance about the significance of sleep 
and nutrition, with a specific emphasis on the 
importance of breakfast, and were provided with a 

list of recommended breakfast foods. During each 
session, all participants were queried about their 
daily food intake and sleep duration. Given the 
implementation of these interventions, one could 
reasonably anticipate that the control group would 
also exhibit a learning effect, which manifested as a 
59% improvement compared to a 67% improvement 
in the treatment group. The control group therefore 
did not serve as a true control as they were given an 
intervention known to directly impact attentional 
factors. The study’s control group was actually an 
alternative treatment group, and the principal 
investigators should have been aware of this prior to 
finalizing the study’s method. Lacking a true control 
group, the title, data analysis, and manuscript should 
have been corrected to indicate this fact. 

 
Error 3: Type III Error or P-Hacking. The integrity 
of research findings and their ethical interpretation 
demand thorough consideration of all possible 
factors influencing outcomes, particularly when such 
conclusions impact medical treatments and patients' 
well-being. Diligent researchers and journal 
reviewers exercise caution to avoid the Type III 
error, a misjudgment characterized by rejecting the 
null hypothesis for an incorrect rationale. Trullinger 
et al. (2019) indicated that this error occurs when 
researchers repeatedly select data or apply 
statistical analyses until nonsignificant results 
become significant. Astonishingly, the authors of the 
study, and even more notably, the panel of editors at 
JAACP, permitted the authors to reach a conclusion 
that brain-wave-contingent reinforcement was 
ineffective simply based on the absence of a 
statistically significant disparity between the 
treatment and control groups in the EEG domain. 
This approach highlights a fundamental 
misinterpretation of statistical significance, 
overlooking the broader context and potential 
nuances within the data and was essentially 
dishonest. Such an oversight calls into question both 
the methodological rigor of those who analyzed the 
data and the scrutiny expected from the editorial 
review process. From the study: 

From baseline to treatment end the primary 
outcome showed significant (p < .0001) 
improvement for both NFB (d = 1.51) and control 
(d = 1.47) but did not show a significant 
difference between them. 

 
Left unexamined was the very plausible scenario 
wherein the improvement observed with the control 
group was not without cause. After all, the “sham 
treatment” the authors referred to as the control 
group produced positive results akin to those 
observed in the NFB group. Of primary importance, 
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but completely disregarded in the manuscript, the 
control condition exhibited effectiveness comparable 
to established treatments for ADHD, including 
stimulant medication and behavior therapy, as per 
the primary outcome measure. Consequently, the 
control condition cannot be cavalierly deemed as 
inert or a mere placebo. A more scientifically and 
ethically sound conclusion would be to acknowledge 
that significant inferences regarding the efficacy of 
NFB cannot be drawn from this study due to the 
absence of one of the conditions necessary to 
conduct a viable double-blind placebo-controlled 
randomized clinical trial (RCT); that is, the control 
group must meet the criteria for a neutral placebo. 
The study's conclusion, as presented, inaccurately 
portrayed the data. The authors, out of ignorance or 
deliberate deceit, set this fact aside and presented 
to the public a false conclusion. Failing to rectify this 
is not only irresponsible but also ethically 
indefensible.  
 
Error 4: “False No-Effect” Error. The analysis was 
not conducted to ascertain whether conditioned 
theta-beta ratio (TBR) training played a mediating 
role in driving symptom improvements across both 
the control and treatment groups. The authors 
stated: 

Categorically, based on the simple slope 
direction (up or down), the percentage of TBR 
“learners” was 59% for controls (9% greater than 
the 50% expected by chance in the dichotomous 
classification, p = .22) and 67% for NFB (17% 
greater than expected by chance, p = .003). 

 
The erroneous assumption of a 50% random chance 
for TBR learning resulted in a misleading situation 
where a statistically significant difference between 
NFB and random chance emerged, rather than 
between the control and random chance. 
Additionally, hypothesis testing within this study's 
data may not accurately determine specificity due to 
the near-identical number of participants reported as 
having achieved TBR learning in both the NFB and 
control groups. This misstep led to the authors 
committing a "False no-effect" error, as discussed by 
Head et al. (2015). Experts state that this error can 
only be attributed to either the researchers’ 
incompetence or deliberate deception. Ethical 
researchers are careful to avoid this error by 
employing readily accessible statistical techniques 
developed to identify this issue thereby allowing 
investigators to accurately test their hypotheses. 
Had the authors and/or the editorial staff at JAACAP 
chosen to identify this error and utilize appropriate 
corrective measures, the impact of this error would 

have been mitigated allowing the study to present 
somewhat more accurate findings. 
 
Error 5: The Authors Stated There Was Only One 
Deviation From the Registered Protocol, Which 
Was Dishonest and Deceptive. The authors stated: 

The TBR inclusion threshold was changed from 
5.0 (∼1.5 SD above norms for 6- to 11-year-
olds) in the registration protocol to 4.5 (∼1.2 SD 
above norms) to increase sample 
representativeness, the only change from the 
registered protocol. [emphasis added] 

 
The assertion in this statement is inaccurate. In 
addition, it is the second instance where the authors 
diverged from their initially preregistered protocol. 
While it is commendable that the authors 
acknowledged this deviation from the original 
design, it prompts one to question why they chose to 
acknowledge this relatively minor deviation while 
neglecting to address a major deviation concerning 
the study's most pivotal aspect—altering the criteria 
necessary to reach a conclusion. The authors 
doubled down on this ethical violation by explicitly 
stating that this deviation represented "the only 
change," misleading readers into presuming that no 
other departures from the preregistered protocol 
existed throughout the study. This selective 
acknowledgment misguides readers by creating an 
impression of transparency while concealing more 
significant deviations from the original protocol. The 
impact of the author's failure to honestly address all 
deviations and their implications cannot be 
overstated. Honest and full transparency, qualities 
this study lacks, is crucial for maintaining the 
credibility and reliability of the research process. 
 
Error 6: The Misapplication of the TBR. The 
authors claimed that the core element of the 
treatment group was the behaviorally conditioned 
alteration in the TBR. However, unwarranted 
assumptions about random changes in the TBR 
resulted in a misinterpretation of the sham group's 
efficacy, erroneously suggesting similar outcomes to 
the treatment group. The evaluation of learning rates 
for the TBR followed the methodology established 
by Monastra et al. (2005), having a documented 
test-retest reliability of 96%. This high reliability 
indicates that only 4% of participants should exhibit 
changes due to random chance. Surprisingly, the 
present study's analysis diverged from this 
established research on TBR test-retest reliability by 
assuming that learning would occur in 50% of 
participants purely due to random chance, without 
clear justification. Furthermore, employing the TBR 
as either a dependent variable or considering it as a 
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possible underlying mechanism of action was a 
substantial error. Although some research studies 
have indicated decreases in the TBR following NFB, 
other research by Janssen et al. (2017) contradicted 
this finding. Despite studies showcasing significant 
reductions in ADHD symptoms, Bakhshayesh et al. 
(2011) and Gevensleben et al. (2009) observed that 
some participants who improved showed no 
significant changes in the TBR. In addition, Ogrim 
and Hestad (2013) noted the persistence of 
"remarkably stable" power measures in both theta 
and beta frequencies after 30 sessions of NFB. 
Given the variance in findings and the lack of a 
consensus within the scientific community that 
decreasing the TBR indicates effective NFB, using 
the TBR in the context of this study was naïve, 
lacking both scientific validity and reliability.  
 
Error 7: The Focus on the TBR Overlooked More 
Scientifically Viable Alternatives. The decision to 
focus on the TBR as a key measure of training 
indicated that the authors assumed ADHD is a 
disorder stemming from a frequency imbalance. A 
much more popular theory, but equally controversial, 
suggests ADHD is caused by an imbalance of 
neurotransmitters. Both theories lack scientific 
validation and have been criticized in the literature. 
While identifying EEG subtypes based on frequency-
specific phenotypic expressions has been shown to 
have diagnostic utility, there is no consensus among 
experts that this EEG metric is the best or even a 
good way to account for all possible expressions of 
ADHD. A competing theory suggested by clinical 
data indicates that problems with ADHD are more 
likely an instability in the vigilance network rather 
than an issue involving an imbalance in certain 
frequencies. Since an overarching principle of every 
NFB session is that this training always reinforces 
neural stability, no matter what frequency bands are 
trained or where the electrodes are placed, there is 
significantly more justification to consider metrics 
that indicate a correlation with NFB. Similar to 
Sterman’s work with epileptics, NFB clinicians have 
found that the best EEG metrics showing a 
consistent positive correlation with a reduction in 
ADHD symptoms are those assessing neural 
stability. Among the many measures, the most 
reliable metric in our clinical work has been the 
coefficient of variation, a statistical measure used to 
express the relative variability of a dataset. This 
metric is also known as normalized root-mean-
square deviation (NRMSD), Percent RMS, or relative 
standard deviation (RSD). It is a standardized 
measure of dispersion of a probability distribution or 
frequency distribution and is defined as the ratio of 
the standard deviation (σ) to the mean (µ) or its 

absolute value, often expressed as a percentage. Of 
note, the software used in this study calculates the 
standard deviation for each period of NFB for the 
treatment group. However, the authors ignored this 
readily available measure, choosing instead to 
employ the TBR, a measure lacking validity and 
reliability. 
 
Error 8: The Training Interval Was Not 
Consistent With the Best Practice Model. 
Beginning with the earliest research, it has been 
consistently understood that the training interval 
represents a critical consideration in effectively 
implementing any operant conditioning paradigm. 
The level of attention an individual devotes to a 
signal as well as the impact that signal may have on 
the individual in any environment directly correlates 
with their capacity to extract crucial information from 
that signal. The evolution of best practice guidelines 
within the neurofeedback field is consistent with 
operant conditioning research and stems from 
clinical experience. Similar to determining the ideal 
dosage of medication, the training interval is highly 
significant in determining the success or failure of 
NFB. The spacing between training sessions 
becomes more determinative of the success when 
treating younger children or at the beginning of 
treatment. Additional considerations impacting the 
training session interval involve the severity of 
ADHD symptoms or if daily events in the child’s life 
are complicated by varying social, mental, or 
emotional issues. These issues impact clinical 
recommendations for the spacing of treatment 
intervals. Generally, we find that treatment outcomes 
are optimal when the participant or their parent 
commits to engage in a minimum of three spaced 
NFB sessions per week consistently. Participants 
undergoing fewer than three sessions weekly tend to 
experience less favorable outcomes or require a 
greater number of sessions to achieve maximum 
benefit from NFB. However, the methodology 
employed in this study did not require participants to 
consistently adhere to the three-sessions-per-week 
guideline. Instead, participants were allowed to 
attend sessions that yielded them an average of 
three sessions per week. Notably, the authors we 
interviewed disclosed that certain participants in the 
treatment group went up to 2 weeks without training. 
In clinical settings, fewer sessions, especially during 
the initial stages of treatment, results in significant 
slowing in progress and, with longer treatment 
intervals, there is often a substantial regression in 
progress. The noncompliance of participants or their 
parents with this critical recommendation sometimes 
leads them to say the NFB was not effective. This is 
why some experts in this field have said, “When NFB 
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fails, it has more to do with factors outside the 
therapist’s control than it does the NFB.” In the 
context of this study, allowing participants to have 
extended no-training intervals was an avoidable 
methodological error that undoubtedly compromised 
the effectiveness of NFB on the treatment group. 
 
Error 9: The Fixed Protocol for Training That 
Changes on a Fixed Schedule Was Not 
Reasonable or Optimal. The information provided 
in the text of this study is not transparent on the 
schedule of NFB, but according to the authors 
interviewed, a fixed protocol was utilized for training 
frequencies that changed every five sessions. This 
signifies a noteworthy deviation from established 
best practice guidelines. Such a fixed protocol, 
particularly one with a five-session interval, could 
potentially introduce inadequate spacing for effective 
reinforcement, especially for younger children who 
often require more immediate and frequent rewards. 
Moreover, considering the nature of ADHD 
treatment, the training is more effective if the 
interface of the participant with the instrument is 
more interactive. A characteristic of ADHD is the 
difficulty individuals with this condition face in terms 
of delaying gratification. This inability to defer 
immediate rewards in favor of longer-term goals 
contributes to challenges in impulse control, 
attention regulation, and behavioral self-regulation. 
This characteristic underscores the complex nature 
of ADHD and further emphasizes the importance of 
tailoring treatment approaches to accommodate the 
age, maturity level, degree of impairment, and 
specific cognitive and behavioral profiles of those 
who present for NFB. Furthermore, the conventional 
process during the initial 3 min of a session involves 
the NFB device calibrating itself to align with the 
participant's real-time EEG activity. Subsequently, 
this calibration is utilized during the session to 
determine thresholds for providing the feedback 
rewards. When a more adaptive protocol is used, 
more focused attention results empowering the child 
to experience enhanced self-regulation of their 
attention. The study's adherence to a fixed protocol, 
without considering the nuances of individuals with 
ADHD ignores the benefits associated with more 
fluid and interactive reinforcement schedule. This 
negatively impacted the treatment group's ability to 
learn self-regulation of attention. 
 
Error 10: Placement of the Active Sensor, a 
Critical Piece of Information, Was Omitted. For a 
study to be ethically reviewed, comprehended, and 
replicated, ethical guidelines mandate transparent 
communication of critical information, particularly 
concerning the methods employed. In clear violation 

of this principle, the study omitted critically important 
details regarding the precise placement of active 
electrodes on each participant. Additionally, a 
cogent rationale for selecting the specific electrode 
placements is absent. The process by which these 
determinations were reached remains enigmatic 
even to certain authors we interviewed. Typically, 
NFB involves selecting the optimal electrode 
placement based on a quantitative EEG (qEEG) 
assessment and a comprehensive clinical interview. 
The qEEG is a sensitive diagnostic assessment tool 
commonly used in clinical settings, neuroscience 
research, and in fields such as neurofeedback, 
psychology, neurology, and psychiatry to gain 
insights into brain function and help to identify 
potential neurological issues. This software-based 
application mathematically processes digitally 
recorded EEG to highlight specific waveform 
components that transforms the EEG into a format 
or domain that allows exploration of relevant 
information and examining the data in a variety of 
montages which can highlight impairments. In 
addition, associating numerical results with EEG 
data facilitates subsequent review, most importantly, 
allowing the comparison of a participant’s data with 
an age-matched database. For purposes of NFB, 
the information provided by the qEEG is interpreted 
by a trained clinician and integrated along with 
clinical data into an individualized treatment plan. 
Practitioners are expected to be capable of justifying 
their chosen electrode placements based on these 
criteria. It follows that researchers should adhere to, 
at minimum, this same standard. The extent to which 
this study deviated from this established best 
practice guidelines is undisclosed, but any deviation 
without robust scientific justification is untenable. 
The lack of transparency in this aspect of the study 
raises concerns about the overall rigor and integrity 
of the research process, and by extension, the 
reliability of the conclusions drawn from the study. 
 
Error 11: The Study Makes It Clear the qEEG Was 
Used Diagnostically While Other Protocol 
Determinative Information Was Disregarded. To 
be eligible for inclusion in the study, each 
participant’s qEEG assessment confirmed the 
presence of an ADHD phenotype characterized by 
excessive theta and deficient beta activity. Beyond 
this baseline criterion, best practice guidelines and 
clinical expertise have evolved that direct NFB 
providers to seek convergent validity by utilizing 
information from several databases. These data in 
conjunction with data derived from a comprehensive 
clinical interview are used to inform the optimal NFB 
protocol. Although the low beta, high theta 
phenotype may accurately categorize this subtype, 
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the precise frequency ranges for each participant 
differs. For example, some might exhibit excessive 
activity in the 3–7 Hz range, while others could 
display excesses in the 4–9 Hz range. The qEEG 
assessments identify the ideal inhibit frequency 
range for each participant and, when this, more 
tailored, range is incorporated into the NFB 
treatment protocol, it significantly impacts the degree 
and rate of improvement and, of course, the overall 
success of the treatment. However, in the context of 
an RCT, we must assume all participants were 
provided feedback based on a fixed bandwidth. This 
approach was abandoned years ago in favor of 
using tailored inhibits; training using tailored inhibits 
results in a significantly more effective treatment. 
Explicit information about the choice of inhibit 
frequency and the failure to provide a robust 
scientific rationale for their selection is a departure 
from best practice procedures and ethical research 
guidelines. This, no doubt, had a negative impact on 
the NFB treatment group. 
 
Error 12: The Lack of Proper Training for the 
Technicians. Technicians must be thoroughly 
trained in proper electrode placement; how to obtain 
a viable, stable, and reliable EEG signal; how to 
ensure proper functioning of the amplifier, hardware, 
and software; and how to optimize participant 
engagement. Two authors of the study who were 
well-versed in NFB procedures independently 
disclosed that the technicians lacked even the most 
basic skills necessary to fulfill this role. They readily 
discussed the following: the lack of consistency in 
how technicians addressed problems that arose 
during sessions, including solving problematic 
software or hardware issues and how to proceed or 
even recognize when, for example, an electrode 
becomes unseated during a session, or when 
excessive muscle artifact obliterates the EEG that 
will later be analyzed and considered an important 
datapoint. Discrepancies among technicians 
extended to various aspects, such as differing 
responses to session interruptions and 
troubleshooting problems related to the equipment. 
NFB technicians are expected to do much more than 
ensure the computer and NFB instrument are 
functioning properly. Equally significant, technicians 
were inadequately trained in effectively interacting 
with participants, which is particularly crucial for 
minors with ADHD, who are not known for having 
patience and typically do not respond well to 
corrective measures. For instance, children with 
ADHD, particularly after a 6-hour school day, will 
exhibit fatigue that is often characterized by limited 
tolerance for remedial or insensitive interactions. 
Although they may feign attentiveness, they are 

adept at disengaging from prescribed tasks out of 
boredom or spite if they perceive their technician is 
treating them unfairly or is placing unreasonable 
demands on them. These factors would markedly 
influence the EEG data used for analysis and 
undoubtedly had a dramatic impact on the overall 
treatment outcome. Technicians in this study were 
neither certified nor provided the minimum 6 weeks 
of training considered necessary in clinical settings. 
They lacked the skills to properly resolve technical 
issues and, even more importantly, they lacked 
interpersonal training to effectively manage ADHD 
children and adolescents. It was reported the 
technicians improved as the study proceeded; 
however, this lack of consistency throughout the 
course of the study would have impacted the quality 
and reliability of the data. The lack of proper 
technician training had implications for the integrity 
of the data, the ultimate effectiveness of the 
treatment, the generalizability of the results, and the 
validity and reliability of the study’s conclusions. 
 
Error 13: The Study’s Primary Outcome Measure 
Lacked Ecological Validity. According to standards 
of scientific inquiry, this study should be reported as 
a failed trial since the anticipated group differences 
that were hypothesized did not materialize for the 
primary outcome measure, as stated. However, 
scientific reporting standards also necessitate 
considering the possibility that the primary outcome 
measure lacked validity in accurately measuring 
changes related to ADHD. Clinically, it is quite 
common to see a reduced need for medication 
during and post-NFB, which is likely attributed to 
enhanced self-regulation of attention. Interestingly, 
this study did identify significant differences in the 
NFB group after 13 months, along with a notably 
higher rate of remission, as reported in the study 
(40% in the treatment group compared to 19% in the 
control group). Curiously, this outcome was 
overlooked and not presented because the reduction 
in medication was not designated as a primary 
outcome measure. Overlooking this common and 
expected result from NFB centers worldwide shows 
a lack of sophistication and understanding of how 
this treatment impacts children and adolescents who 
use medication to treat their ADHD. Indeed, this 
finding should have been reported as it raises 
questions about the ecological validity of statistically 
significant changes observed in the primary outcome 
measure. It is likely that the primary outcome 
measure might not have been sensitive or valid 
enough to gauge changes in ADHD symptoms. 
Therefore, it is essential to consider the possibility 
that statistical significance on the primary outcome 
measure may not equate to clinical significance. 
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This is a common consideration in various 
neurological and neuropsychological disorders. In 
essence, the divergence between the NFB and 
control conditions may have held clinical significance 
even if statistical significance was not achieved in 
the criterion measure. This underscores the need for 
a more thorough and inclusive interpretation of 
results, a recognition that clinical significance holds 
distinct value from statistical significance in related 
neurophysiological data. In addition, it indicates that 
the principal investigators had a less than adequate 
understanding of how NFB interacts with the use of 
medications.  
 
Error 14: Including Dual-Diagnosis Participants 
Confounded the Results. Dual-diagnosis 
participants have complex clinical profiles. By 
definition, this unnecessarily introduced confounding 
variables that affected the accuracy and 
generalizability of the study’s findings. Writing in the 
Journal of the American Medical Association, Plana-
Ripoll et al. (2019) noted that the presence of 
comorbid disorders alongside ADHD considerably 
complicates treatment outcomes. The inclusion 
criteria stipulated the requirement for ADHD to be 
present, but neither the inclusion nor exclusion 
criteria specified that ADHD must be the participant's 
primary disorder. This study allowed participants 
with primary diagnoses other than ADHD to enroll, 
as long as they met the criteria for ADHD. Dual-
diagnosis individuals often require specialized and 
integrated treatments to address their issues 
comprehensively. Had the authors avoided this 
complexity and minimized confounding influences, 
the study would have offered a clearer evaluation of 
the specific impact of NFB on ADHD symptoms and 
been more generalizable to this group. There exists 
no sound justification for including participants 
whose primary concern was not ADHD in a study 
with this level of funding and support.  
 
Error 15: Failing to Control for Medication 
Severely Confounds the Results. It is inexplicable 
and unjustifiable to fail to either control the use of 
ADHD medication or exclude those who are 
medicated. The fact that medications chemically 
produce the same results as the treatment being 
evaluated should have been enough to convince 
investigators to exclude medicated participants. In 
addition, medications are known to alter the EEG, a 
key measure that was used to evaluate the efficacy 
of NFB in this study. The degree to which 
medications impact a particular individual’s ability to 
focus attention varies idiosyncratically depending on 
multiple factors that make it extremely difficult to 
control. It is difficult, if not impossible, to accurately 

apportion changes in these primary measures to the 
medication or the NFB. Random assignment cannot 
account for the wide diversity of effects seen with 
the use of medication as illustrated in this partial list 
of medication-related issues:  

a) Although there are only two major groups of 
ADHD medications, the stimulants and 
nonstimulants, within these groups are many 
medications, all of which have unique EEG 
profiles, dosing instructions, and duration of 
effects. 

b) There is no dosing formula that can be 
tracked, such as milligrams per pound of 
body weight as the dose a child is 
prescribed varies not only with body mass 
but also the severity of the disorder. 

c) A feature of ADHD is being forgetful making 
inconsistent medication use difficult to track. 

d) Medication has a wide variety of 
idiosyncratic expressions and side effects as 
the blood level of the medication increases, 
peaks, and is removed from the body 
through metabolism. 

e) Likewise, there is a wide variety of 
distinctive social and emotional differences 
when blood levels are either increasing or 
decreasing from medication use. 

f) Although the Diagnostic and Statistical 
Manual of Mental Disorders (5th ed.; DSM-
5; American Psychiatric Association [APA], 
2013)] no longer differentiates between ADD 
and ADHD, the presence or absence of 
hyperactivity impacts medications that are 
prescribed and how NFB sessions are 
conducted.  

g) Research shows that when a child is treated 
with NFB, the need for medication 
decreases or is eliminated. As the course of 
NFB progresses, to minimize the possibility 
that the child experiences medication 
overdose symptoms, typically a child 
undergoing NFB is periodically reevaluated 
by the prescribing physician who will adjust 
the medication appropriately. This becomes 
an ethical issue that must be properly 
addressed in a study utilizing NFB if 
medication use is not eliminated or 
controlled. 

 
NFB teaches the participant to self-regulate their 
attention; therefore, the presence of medication 
impacts the child's capacity to glean meaningful 
learning from their interaction with the NFB 
instrument. Clinically, we see that if a child remains 
on stimulant medication during NFB, they typically 
require extending the overall number of sessions 

http://www.neuroregulation.org/


Schummer and Sguigna  NeuroRegulation  

 

 
102 | www.neuroregulation.org Vol. 11(1):92–110  2024 doi:10.15540/nr.11.1.92 
 

before positive effects are observed. In some cases, 
stimulant usage can make it impossible for the child 
to show any improvement. Had the participants not 
been medicated, the study would have been better 
focused and yielded a more valid and reliable 
evaluation of the impact of NFB on the targeted 
population. Given the substantial prevalence of 
ADHD, we must conclude that there exists no sound 
justification for including medicated ADHD 
participants in a study with this level of funding and 
support.  

Note. While it may be argued that the RCT 
design accounts for issues such as co-occurring 
conditions and medications because the effects 
are randomly distributed and, theoretically, they 
statistically cancel out over a series of imaginary 
experiments. However, given the extremely wide 
diversity in how these confounds manifest, the 
decision not to exclude these individuals means 
any causality attributed to the treatment could 
come from imbalances in these confounding 
issues.  

 
Error 16: Treatment Fidelity Was Inadequate and 
Unfeasible. The absence of an on-site expert during 
the sessions who was proficient in all aspects of 
proper NFB treatment application posed a significant 
concern in the reliability of each session. The study’s 
method section stated:  

All trainers/technicians received initial reliability 
training and weekly phone consultations from 
Dr. Vincent Monastra, who reviewed 287 
randomly selected videotapes of treatment 
sessions and visited each site yearly to observe 
treatment in person. 

 
The acquisition of skills necessary to promptly 
address the challenges that invariably arise during 
NFB demands a substantial investment of time. It is 
imperative to address problems as they emerge 
during sessions, rather than addressing them in 
annual visits by an expert or a weekly phone 
conversation. If supervision were conducted in such 
a manner in a clinical setting, it would be considered 
substantially below the standard of care, inadequate, 
and negligent. Conversations with the authors 
revealed a consensus on the gravity of this 
oversight. Having an expert on site who possesses 
comprehensive proficiency in all facets of the 
treatment help to ensure that sessions are 
conducted with optimal consistency, quality, and 
effectiveness. Disregarding this crucial “best-
practice” guideline represents a notable shortcoming 
that undoubtedly had a detrimental impact on the 
validity and reliability of the study’s published 
results.  

Error 17: Creating a Valid “Sham” Condition for 
NFB Has Never Been Demonstrated. Since each 
time a researcher claims to have created a valid 
sham, their study concludes that NFB is no more 
effective than a placebo, it is reasonable to question 
the neutrality of the ostensible sham condition itself 
rather than questioning the efficacy of NFB. 
Researchers have speculated the degree to which 
NFB's effectiveness is rooted exclusively in the 
operant conditioning model. Some experts suggest 
NFB may be more aligned with skill acquisition. This 
alternate perspective could potentially clarify the 
elusive search for robust neuromarkers that 
correlate with positive responses to NFB. 
Considering the evolution of the human brain, it is 
evident that natural selection has molded our brain's 
development to be highly attuned to both conscious 
and subconscious signals within our environment. 
As the brain functions as the central control center 
for an intricate and interconnected system, it is 
exceedingly unlikely that a sham condition could 
ever be devised in which physiological input occurs 
without influencing the distributed attention neural 
network. Given the challenges in developing a valid 
placebo equivalent akin to the placebo used in drug 
studies, a better alternative would be to utilize 
research designs that do not require this condition 
(West, 2008). If the authors had a better 
understanding of the shortcomings of the sham 
control paradigm in assessing NFB, they might have 
considered employing more innovative and suitable 
research designs to more accurately assess the 
efficacy of NFB. 
 
Error 18: The RCT Study Design Is Not Feasible 
to Evaluate Neurofeedback Efficacy. The choice 
by Arnold et al. (2021) to employ the research 
design known as the double-blind placebo-controlled 
RCT to evaluate the efficacy of NFB was 
inappropriate. Despite RCT's “gold standard” 
reputation, experts state the special status for RCTs 
is unwarranted and depends on many factors. As 
Páez et al. (2022) and Shean (2014) have 
discussed, there are many common and effective 
treatments, including NFB, that cannot be properly 
evaluated using the RCT. Surgery, physical therapy, 
psychotherapy, evaluating diet/exercise programs, 
novel therapies, or treatments for rare conditions are 
a few interventions where the RCT research design 
would be inappropriate to demonstrate efficacy. The 
imposition of this requirement and its acceptance by 
the neurofeedback field has been somewhat 
successful at dismissing the significance of the 
myriad of past studies that consistently 
demonstrated the efficacy of NFB. Those studies 
employed experimental designs such as controlled 
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trials, ABA design, cross-sectional and longitudinal 
research, case and observational studies, and meta-
analyses. These designs are scientifically valid and, 
in the opinion of many scholars, are more 
appropriate research designs to demonstrate the 
efficacy of NFB. Deaton and Cartwright (2018) 
explained how the role of RCTs in scientific 
investigation has been exaggerated. They also point 
out that RCT’s reputation as the gold standard for 
uncovering truth may even be harmful when, for 
example, it undermines the obligation of scientific 
investigation to reconcile RCT’s results with other 
evidence in a process of cumulative understanding. 
In summary, here are a few selected explanations 
cited by experts explaining why the RCT design is 
inappropriate for NFB research: 

a) Complexity and individualization make 
creating a standardized placebo condition 
that adequately mimics active NFB 
intervention difficult. NFB is highly 
individualized and tailored. Therefore, 
treatment-specific protocols are based on 
the patient’s unique expression of a disorder 
and their desired goals.  

b) Blinding Difficulties – As Lang and Stroup 
(2020) have pointed out, true blinding is so 
unhelpful and misleading that researchers 
should stop using it. In the context of this 
study, one cannot create a placebo 
condition that effectively masks the real-time 
feedback or mimics the changes in 
brainwave activity associated with the active 
treatment. 

c) Lack of Suitable Sham Control – Finding an 
analogous placebo or sham control for NFB 
that convincingly replicates the experience 
of receiving real-time brainwave feedback is 
very difficult and simply providing random or 
irrelevant feedback does not effectively 
mimic the active NFB intervention. 

d) Placebo-controlled studies raise ethical 
concerns – If NFB is an established and 
potentially beneficial treatment for several 
conditions. Therefore, many ethicists 
contend that withholding the active 
treatment from participants in the placebo 
group is not ethically justifiable. 

e) RCTs are expensive, time-consuming, and 
require at least 100 or more, preferably 300 
participants.  

f) Given this study’s target population were 
children and adolescents with ADHD who 
often have at least one ADHD parent, the 
probability of compliance with all 
requirements of the RCT for the duration of 
time required is, by definition, extremely low. 

Of particular note, the technician's responsibility 
encompasses real-time observation of both the 
participant and their raw EEG displayed on their 
monitor. Achieving true blinding is impossible since 
the technician can seamlessly correlate the 
participant's movements with their real-time 
physiological data (EEG) being displayed on the 
technician monitor. This is an intrinsic limitation 
compromising every NFB study that purports to 
employ a double-blind design, including this study. 
Mandating this condition creates a conundrum for 
the technician; that is, the integrity of the double-
blind design is inevitably compromised when the 
technician is adequately fulfilling their role. The 
investigators of this study should have been aware 
of this problem and chosen a more appropriate 
research design that acknowledges the unique 
challenges of NFB while maintaining scientific rigor. 
 
Error 19: The Double-Blind Study Design Is Not 
Necessary to Evaluate Neurofeedback Efficacy. 
To conduct an objective study on the application of 
NFB to treat ADHD, the most meaningful metric to 
investigate is the degree to which the treatment 
impacts ADHD symptoms and the durability of the 
effects. It is worth noting that drug studies, in their 
evaluations of efficacy, typically do not rely on an 
array of physiological measures nor are they 
required to identify the underlying mechanism of 
action. Instead, they employ relatively 
straightforward symptom checklists or simple 
computerized test to assess attentional factors. 
Since a significant reduction in the disruptive 
symptoms of ADHD suffices for determining the 
effectiveness of medications, the same criterion 
should apply to assessing the efficacy of NFB. 
Regrettably, in this study, there was insufficient 
emphasis placed on validated ADHD symptom 
reduction metrics.  
 
Part V. The Authors and Journal Editor Colluded 
to Modify the Data 
In a stunning and troubling disclosure, an author 
divulged to two members of the ad hoc committee 
that, as the manuscript was being reviewed, editors 
from the JAACAP contacted the authors to 
communicate their willingness to publish the 
manuscript on the condition that the conclusion 
stated that neurofeedback was no more effective 
than the placebo. This revelation raised serious 
concerns about the study's credibility and the 
integrity of the journal publication process. It also 
highlighted the extent to which some medical 
journals go to protect their interests and the existing 
status quo. The pressure exerted by the journal on 
the authors meets the definition of coercion and was 
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the immediate catalyst for the manipulation of data 
and the presentation of an invalid and deceptive 
conclusion. However, this behavior by the JAACAP 
and the willingness of the authors to change their 
original results illustrates larger contextual factors 
that have historically targeted nondrug treatments 
that threaten the financial interests of the 
pharmaceutical industry and medication prescribers. 
 
Part VI. Conflicts of Interest Compromise 
Research Integrity 
The expectation that an individual will act in ways 
that benefit their self-interest aligns with disclosures 
exposing financial ties between vocal critics of NFB 
and the pharmaceutical industry. Given that these 
critics influence patient treatments and research 
funding decisions, the field of neurofeedback faces 
persistent criticism that precludes fair competition in 
the healthcare marketplace. Ethical guidelines 
prioritize treatments that are most effective, least 
toxic, and have the fewest side effects. If 
gatekeepers and key decision-makers were to 
acknowledge the safety and efficacy of NFB, it 
would likely become the primary treatment for 
ADHD, replacing drugs as the first-line option. In 
such a scenario, drug therapy would be reserved for 
those who either prefer taking medications or fail a 
trial of NFB. 
 
Given that the authors were apprised of the issues 
discussed above and to date have taken no action to 
retract or publicly correct these issues, we are left to 
speculate and offer opinions as to why the study so 
egregiously departed from ethical research 
standards and delivered to the public a contrived 
and deceptive conclusion. There are three possible 
explanations for this: incompetence, negligence, or 
the deliberate intent to deceive. The NIMH carefully 
screens potential investigators to ensure 
competency and approves grants to those 
professionals who possess the highest academic 
credentials and have demonstrated a history of 
cautiously overseeing large research projects. Given 
this rigorous screening procedure, it is unlikely the 
key investigators of the study were incompetent or 
negligent. Combining competence with the collusion 
described above, there is only one rational 
explanation for this deception—the authors knew 
exactly what they were doing and made the 
conscious decision to compromise their ethical 
responsibility. 
 
The problematic issues identified in this critique 
could have been avoided were it not for bias, 
conflicts of interest, and a willingness to pervert the 
scientific method. Over 10 years before the 

publication of this study, our office and several other 
NFB experts were recruited to advise Dr. Arnold on 
relevant issues regarding the study’s design and 
methods. At that time, the limitations of the RCT 
research design and the problems associated with 
developing a blinded placebo-sham condition were 
discussed. In addition, it was suggested that Dr. 
Arnold speak with a spectrum of NFB providers and 
incorporate best practice recommendations derived 
from their clinical experience into the methods used.  
Best practice guidelines reflect the most current 
practices NFB providers have found to help ensure 
positive treatment outcomes.  
 
In addition, there was a team of coauthors identified 
as collaborators in the study some of whom were 
themselves experts in NFB, having many decades of 
experience. The authors we interviewed stated that 
each collaborator was assigned responsibility for a 
specific aspect of the study however there was little 
opportunity to offer input or suggestions to Dr. 
Arnold once the methods were determined and the 
study commenced. Lastly, if there were any gaps in 
knowledge or competence, Dr. Arnold had access to 
funds from a $2 million grant to hire experts or 
consultants as necessary. Had the principal 
investigator been willing to draw from the wealth of 
knowledge and resources at his disposal, this 
research could have met the highest standards of 
research, garnered widespread respect, and been 
considered a landmark study. Sadly, the compelling 
body of evidence outlined in this critique strongly 
indicates that this study should be retracted and its 
conclusion ignored.  
 
In his role as the principal investigator, Dr. Arnold 
was responsible for ensuring the integrity of this 
research project. Given the breadth of his 
experience and the availability of NFB experts, he 
must have been cognizant of the issues negatively 
impacting the validity and reliability of the study as it 
unfolded. Considering that many of these issues 
were brought to his attention long before initiating 
participant enrollment, and again after the study was 
published, his decision to do nothing speaks 
volumes in terms of his commitment to the integrity 
of the project and to science, in general. This study 
serves as a reminder of the multifaceted dynamics 
that can impact scientific research, ranging from 
biases in authors and journal editors to powerful 
background forces that offer scientists benefits that 
would not otherwise be available to them. The 
benefits flow when researchers align their 
conclusions with corporate interests. The author’s 
collusion with the publishing journal resulted in a 
predetermined, although nonscientific, outcome that 
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frustrates, in particular, the public’s ability to discern 
the best treatment for loved ones with ADHD and 
harms those who would otherwise have benefited 
from honest, unbiased research. 
 
To illustrate the duplicity in medication research for 
ADHD, consider the fact that Dr. Arnold was the 
principal investigator in an earlier and much larger 
$17.7 million NIMH-funded study conducted at the 
University of Buffalo titled Multimodal Treatment of 
Attention Deficit Hyperactivity Disorder (MTA, 1999). 
This study compared stimulant medication to 
behavioral interventions. One conclusion from this 
study demonstrated that medications had an initial 
positive effect on ADHD that diminished after 1–2 
years. Once the effects of medication lessened, the 
data indicated behavior therapy became more 
effective than medications to manage ADHD 
symptoms. This breakdown in the widely believed 
fiction that stimulant medications are the only 
legitimate treatment of ADHD had to be explained 
and the 3-year follow-up to this study did just that 
(Jensen et al., 2007). Whereas one might think the 
diminished response to medication might be due to 
increased tolerance or adverse drug reactions, 
which occurs with other drugs. However, the follow-
up study blamed the less-than-optimal effects of the 
medication on poor adherence and persistence of 
the participants taking the medication. This later 
study stated, “Precise knowledge of the actual 
extent of adherence and persistence as well as an 
understanding of what factors predict treatment 
adherence has remained somewhat elusive” 
(Jensen et al., 2007). This suggests that if the 
participants had simply continued to take the 
stimulant medication, the results would have shown 
the superiority of medications. Apparently, to 
understand any of the reasons why children and 
adolescents often stop taking stimulants proves to 
be too “elusive” for the researchers to consider. 
 
The degree to which the MTA study influenced Dr. 
Arnold’s decisions concerning the present study 
would be pure speculation. However, we know that 
the prestige and academic acclaim resulting from 
being a principal investigator overseeing the present 
study that uses the gold standard of research 
designs and being funded by the NIMH, coupled 
with the veneer of legitimacy provided by publication 
in the flagship journal of psychiatry, the American 
Academy of Child and Adolescent Psychiatry, was 
sufficient to convince Dr. Arnold to alter his findings 
such that they “coincidentally” and unethically 
aligned with the goals of the pharmaceutical industry 
and the prescribing community. 
 

Part VII. Uncovering Conflicts of Interest 
The very nature of the scientific method separates 
fact from fiction in order to discern truth. Since 
research will positively impact some interests and 
negatively impact others, considering which groups 
benefit and which are hurt is a reasonable way to 
assess the degree to which biases and conflicts of 
interest influence an investigator’s conclusions. If 
NFB efficacy is acknowledged as a treatment for 
ADHD, the field of psychiatry and the 
pharmaceutical industry have the most to lose. 
Although the actual percentage of income child and 
adolescent psychiatrists derive from diagnosing and 
treating ADHD varies depending on the focus of 
individual practices, given the growing numbers of 
children who are being prescribed an ever-widening 
formulary of powerful psychotropic drugs to treat 
ADHD (Watson et al., 2014), it is fair to say that a 
significant portion of their income is derived from 
prescribing drugs to treat ADHD. Experts are 
legitimately concerned that, according to the Centers 
for Disease Control and Prevention, 1 in 6 children 
aged 2–8 years have been prescribed at least one 
medication to treat a behavioral or mental health 
condition. DEA data shows that in 1 year (2020–
2021), the amount of prescription amphetamines, 
such as Adderall, that were sold in the U.S. jumped 
by 1.5 tons. More than 41 million prescriptions for 
amphetamines were filled in 2020—an almost 16% 
increase over 2019. Alan Schwarz’s book, ADHD 
Nation: Children, Doctors, Big Pharma, and the 
Making of an American Epidemic (2017) paints 
many industry-funded ADHD “opinion leaders” in an 
unflattering light and sees their influence as 
malicious: 

Psychiatry journals teemed with more than a 
thousand studies on ADHD conducted by 
pharma-sponsored scientists. The Food and 
Drug Administration relied upon them when 
green-lighting medications as safe and effective. 
Their findings served as the backbone for the 
lectures that drug companies’ key opinion 
leaders delivered on world tours. The whirlwind 
created a self-affirming circle of science, one 
that quashed all dissent. 

 
“The direct-to-consumer model, supported by the 
pharmaceutical industry, is an inappropriate, 
potentially dangerous model,” warned Crowley et al. 
(2021), who authored a 2021 research paper that 
examined the role of profit in the U.S. healthcare 
system. In a fact-checked, well-referenced, and 
widely cited article titled, Big Pharma’s Role in 
Clinical Trials, Michelle Llamas (2021) discussed a 
review conducted by the Washington Post of 73 
studies of new drugs that were published in The 

http://www.neuroregulation.org/


Schummer and Sguigna  NeuroRegulation  

 

 
106 | www.neuroregulation.org Vol. 11(1):92–110  2024 doi:10.15540/nr.11.1.92 
 

New England Journal of Medicine. Of those 73 
studies, a pharmaceutical company funded 60 of 
them, 50 had drug-company employees among the 
authors, and 37 lead researchers had accepted 
money from a drug company. Given these recent 
trends, the public should be extremely cautious 
when considering research that evaluates new or 
novel treatments, especially nondrug treatments, 
when the research is conducted by investigators 
who benefit directly or indirectly from their 
association with the pharmaceutical industry. 
 
Disclosures for all authors may be found here: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7904
968/  
 
The principal investigator for this study, L. Eugene 
Arnold, MD, stated he is a child and adolescent 
psychiatrist. According to the disclosure cited above, 
Dr. Arnold has received research funding from Shire, 
Supernus, Otsuka, Roche/Genentech, and Young 
Living, has consulted with Children and Adults with 
Attention-Deficit/Hyperactivity Disorder (CHADD), 
Pfizer, and Waypoint, and has been on advisory 
boards for Ironshore, Novartis, Otsuka, Pfizer, 
Roche, and Shire (a Takeda company). In addition, 
Dr. Arnold has received research funding from five 
pharmaceutical companies, consulted with groups 
that have historically been extremely critical of NFB 
and served on the advisory boards for six 
pharmaceutical companies.  
 
Jureidini and McHenry (2011) disclosed the fact that 
the Journal of the American Academy of Child and 
Adolescent Psychiatry has a history of having been 
criticized for failing to uphold the scientific standards 
of clinical research by not retracting fraudulent 
research. Additionally, they indicated that the 
JAACAP downplayed a trial's negative results in a 
study sponsored by, and ghostwritten on behalf of, 
SmithKline Beecham (now GlaxoSmithKline). 
JAACAP editors declined to retract the article, 
arguing that the negative results are available in the 
article, and therefore there were insufficient grounds 
for retraction. This claim is disputed on the basis that 
primary and secondary outcomes for efficacy were 
manipulated and safety results were obscured or 
omitted.  
 
H. Edmund Pigott (2010, 2011, 2015) spent over a 
decade documenting a parallel scandal that 
occurred in a series of NIMH-funded studies 
published in the American Journal of Psychiatry, the 
Journal of Clinical Psychopharmacology, and 
Psychological Medicine, known as the STAR*D 
study that cost taxpayers $35 million. Pigott 

presented irrefutable evidence that these industry-
supported studies failed to provide an accurate 
assessment of psychiatric drugs purported to treat 
depression. Similar to Arnold et al. (2021) the 
research design used in their clinical trials was 
biased. Authoring articles in several journals, Pigott 
exposed how STAR*D investigators manipulated 
data, minimized adverse events, and failed to report 
negative effects. The conclusion the STAR*D 
authors deceptively reported was a cumulative 
remission rate of depression was 67% when, if the 
study protocol had been correctly followed, would 
have only been 35%. Rather than adhere to ethical 
guidelines and retract the study, the journal editors 
doubled down on their fraud falsely accusing Pigott 
and colleagues of being methodologically flawed 
and having created the problems they documented 
(https://www.madinamerica.com/2023/12/stard-
authors-double-down-fraud/). 
 
There is enough direct and circumstantial evidence 
to reasonably conclude that there are no ethical 
barriers and no limit to the number of human lives 
the pharmaceutical industry is willing to sacrifice to 
increase the sale of drugs. In addition, there appears 
to be no shortage of “researchers” who benefit from 
the sale of drugs and are willing to abandon their 
oath to “first, do no harm” to advance the sale of 
drugs. Publishing studies that deceive the public, 
helps to ensure that the supremacy of drug therapy 
remains unchallenged. History shows that those who 
attempt to demonstrate efficacy for nondrug 
treatments will be rebuffed, disregarded, and forced 
to confront numerous artificial barriers. 
 
Part VIII. The Impact of This Study 
This study’s conclusion has been publicly 
distributed, widely repeated, and weaponized in 
statements and articles written usually by 
psychiatrists or others who benefit from the sale of 
drugs to treat ADHD. The detrimental effects on the 
public perception of NFB and the reputation of 
researchers and providers in the neurofeedback field 
have been profound. Health insurance companies 
rely on published research, such as this study, to 
make coverage decisions. Currently, this study is 
perceived as authoritative; therefore, the conclusion 
is cited by adjusters to deny coverage or 
reimbursement for NFB services. We have spoken 
with prospective and current neurofeedback 
providers who have reevaluated their decision to 
enter or continue in this field. It is possible that, if 
this study is not retracted, the Current Procedural 
Terminology (CPT) committee could cite this study 
to withdraw treatment codes effectively disallowing 
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providers to receive insurance reimbursement for 
offering NFB services. 
 
Carlat Publishing claims to be a respected distributor 
of unbiased psychiatric education. They issued a 
report on April 1, 2023, stating that, based on the 
Arnold et al. (2021) study, they do not “recommend 
referring patients to this expensive treatment until 
studies show clearer benefit.” 
(https://www.thecarlatreport.com/articles/4357-
testing-neurofeedback-for-adhd). A scathing editorial 
in the American Journal of Psychiatry also 
referenced Arnold et al. (2021). The author James 
McGough (2022), a psychiatrist, “coincidentally” 
served on the Board for Sunovion Pharmaceuticals 
and was a consultant for Eli Lilly, Takeda, and Tris 
Pharma. With little understanding of the issues 
involved in studying NFB, he sarcastically titled his 
editorial, Neurofeedback for ADHD: Time to Call It 
Quits? As he could not reasonably critique the early 
NFB studies, McGough glosses over them. 
Ironically, all the issues he identifies as problematic 
in more recent NFB research applies to Arnold et al. 
(2021), including poorly described outcome 
measures, the use of too few metrics measuring 
improvement, positive outcomes being attributed to 
nonspecific effects, and, to no one’s surprise, the 
studies failed to find statistically significant benefits 
comparing NFB treatment groups to sham-control 
groups. Naively unaware of his hubris and 
hypocrisy, McGough writes, “In evaluating these 
studies, one should be aware of methodological 
concerns as well as the possibility of financial 
conflicts of interest.” 
 
Arnold et al. (2021) published a flawed conclusion 
that has had detrimental effects on the parents of 
minors with ADHD who no longer have valid and 
reliable information upon which to make an informed 
decision regarding treatments. Those damaged the 
most by this study are the children and adolescents 
who would likely have received lifelong benefits from 
NFB had the study been conducted properly and its 
conclusion been ethically sound. If this study is 
allowed to go unchallenged and is not retracted, 
money from a variety of entrenched interests will 
likely continue to undermine NFB along with other 
treatments that are perceived to negatively impact 
drug manufacturers due to these interests profiting 
from treating illness, not curing or preventing illness. 
If nothing is done to force the retraction of this study, 
NFB may cease to exist as a treatment option. The 
choice to do something to support the retraction of 
this abysmal study or to remain silent about it being 
published as legitimate research is not social or 
academic, it is a moral choice.  

Part IX. Ethical Considerations  
The mission statement for the NIMH calls for the 
“urgent study and integration of novel brain-based 
innovative therapies that integrate advances in 
technology.” A major issue impeding the realization 
of this statement is exemplified in the study criticized 
here. Those invested in the pharmacological “status 
quo” are powerfully entrenched and resist the 
advancement of all technologically-based 
neuromodulatory interventions such as NFB. Even in 
the face of overwhelming evidence that NFB is 
helpful in the treatment of a wide variety of 
disorders, produces far fewer side effects than 
medications, has durable results, and is less costly 
over the long term than drug therapy, recent studies 
led by medical doctors, including the present study, 
continue to disparage NFB.  
 
Current ethical guidelines require researchers to 
disclose all conflicts of interest. However, this 
guideline does not reveal the most relevant ethical 
issue—to what extent did the author’s conflict of 
interest impact their research. We are left to surmise 
this by examining patterns of behavior among 
researchers or groups they affiliate, or by 
scrutinizing the implications of their research 
conclusions; that is, who benefits from their 
research. Because of this limitation, ethicists have 
recommended that future guidelines direct 
researchers to abstain from research projects if 
there is even the possibility that their conflict could 
skew the results. At the very least, those having any 
conflict of interest should never be principal 
investigators. Forward-thinking ethics such as this 
are discussed on the Integrity website at 
https://h2020integrity.eu/integrity/. Considering the 
issues revealed in this critique, it should be obvious 
that no one with a direct or indirect association with 
the pharmaceutical industry can be trusted to fairly 
evaluate any nondrug treatment.  
 
We would be remiss to overlook the harm done to 
society when pseudoscientists allow personal biases 
and conflicts of interest to direct their work. 
According to a recent survey conducted by Pew 
Research Center (2022), the percentage of adults in 
the U.S. who say they have a great deal of 
confidence in medical scientists to act in the best 
interests of the public dropped from 40% to 29% in 
only the past year. Almost daily, the news reminds 
us of unprecedented challenges that, if not dealt with 
quickly and comprehensively, could end the 
existence of our species. There is a direct 
relationship between the degree to which 
researchers adhere to sound scientific principles and 
the public’s capacity to invest their trust in research 
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conclusions. Studies that manipulate data to draw 
false conclusions not only fail to add anything of 
value to our knowledge base but, more significantly, 
they erode the public’s trust in the scientific 
method—unarguably humanity's most reliable tool to 
forge a positive and healthy future. 
 
Part X. Summary 
To conform with research ethics, the authors of 
Arnold et al. (2021) and the editors of JAACAP are 
urged, once again, to consider the issues in this 
critique and take responsibility to explain how these 
errors occurred and retract the study. We fully 
expect the editors of JAACAP to be argumentative 
and hostile to any call for retraction and try to blame 
anyone but themselves for this travesty. Perhaps the 
main author, Dr. Arnold will decide to issue the call 
to retract. If not, the team of coauthors, designated 
the Neurofeedback Collaborative Group, should be 
aware that each author shares joint responsibility for 
the study’s lack of integrity. At the point an author 
becomes aware of the issues delineated in this 
critique, they are ethically required to initiate a 
formal retraction request to the Editor-In-Chief of 
JAACAP, even if they were not directly responsible 
for the errors. Although authorship of a retracted 
study may have negative implications, given the 
degree this study departed from ethical guidelines, 
the failure to call for retraction will likely be viewed 
by colleagues as being on the wrong side of this 
issue. 
 
For years, detractors of NFB have shown 
themselves to be puppets of the pharmaceutical 
industry by demanding that NFB must, once again, 
prove it is an effective treatment. However, these 
detractors insist that the only path for NFB to be 
considered evidence-based is by employing the 
RCT research design—which is as inappropriate as 
it is impossible. The best research design to test a 
hypothesis depends on what is being measured and 
what the measure is to be used for. Any 
presumption that the RCT is the best method to test 
the efficacy of NFB requires an argument strong 
enough to lead to a consensus among researchers. 
Not only is there no such consensus, but experts in 
NFB have repeatedly stated viable reasons the RCT 
design is inappropriate. The insistence that NFB be 
held to a standard that cannot possibly be met is a 
no-win situation for this treatment. This study and its 
publication in JAACAP play a major role in 
supporting the false narrative that detractors 
continue to repeat; that is, “Studies show NFB is not 
an effective treatment.” Although the information in 
this critique challenges the validity and reliability of 
the study, until the authors publicly demand the 

study be retracted, it will be considered as 
authoritative and assumed by most people to be 
legitimate research. By citing the inaccurate and 
deceptive conclusion in the study, detractors can 
falsely claim to have evidence that NFB fails to meet 
efficacy standards. The deceptive conclusion in the 
Arnold et al. (2021) study confuses the public and 
impedes NFB from fairly competing in the healthcare 
marketplace. As long as detractors of NFB are 
successful, other novel nondrug treatments will likely 
find the path to efficacy blocked, leaving drug 
therapy as the treatment of choice for most 
problems—which conveniently allows those in power 
to retain their exalted status and the pharmaceutical 
industry to continue receiving record profits. 
  
It is unfortunate to have to remind scientists and 
healthcare providers that it is incumbent upon them 
to be honest and ethical. The main feelings 
expressed by the authors we interviewed as well as 
many NFB providers regarding this study were 
confusion and profound sadness. Particularly 
clinicians were confused because the study’s 
conclusion stands in stark contrast to their 
experience of providing life-changing positive 
benefits every day to their patients. Many expressed 
sadness at having wasted precious resources on a 
meaningless study that does nothing except further 
erode public confidence in therapeutic research. 
This study should dispel any illusion that the experts 
and doctors we consult will provide us with unbiased 
recommendations since their recommendations are 
often based on biased studies. The public has a 
right to be informed regarding the degree to which 
biases or conflicts of interest skewed data and 
compromised the validity and reliability of any study 
they rely on to make treatment decisions. 
Concerning Arnold et al. (2021), our tax dollars paid 
“scientists” who had an agenda—meaning they were 
no longer engaged in research. They were, in fact, 
playing an exceedingly dangerous game that 
ultimately deceived the public and undermined the 
credibility of scientific investigation. By marginalizing 
NFB, the profits of the financial elite are protected at 
the expense of the public’s health and safety, not to 
mention robbing ADHD children and adolescents of 
the opportunity to receive the lifelong benefits of 
NFB. The only way to help ensure that the 
information upon which we base healthcare 
decisions is true and correct is to accept some 
measure of personal responsibility to expose 
unethical research and demand the authors and 
Journal publicly admit and correct their errors. The 
deceptive methods and misguided motivations that 
masqueraded as legitimate research in Arnold et al. 
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(2021) sadly mischaracterized the efficacy of NFB—
this must be corrected. 
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