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Abstract.
Background: The three-month, multi-domain Memory Boot Camp program incorporates z-score neurofeedback (NFB),
heart rate variability (HRV) biofeedback, and one-on-one coaching to teach memory skills and encourage behavior change
in diet, sleep, physical fitness, and stress reduction.
Objective: This prospective trial evaluates the Memory Boot Camp program for adults ages 55 to 85 with symptoms of Mild
Cognitive Impairment (MCI) and subjective memory complaints.
Methods: Participants were evaluated via the Montreal Cognitive Assessment (MoCA), NeuroTrax Global Cognitive Score,
measures of anxiety, depression, sleep, quality of life, quantitative electroencephalography (QEEG), and HRV parameters
at four timepoints: baseline, pre-program, post-program, and follow-up. The trial included a three-month waiting period
between baseline and pre-program, such that each participant acted as their own control, and follow-up took place six months
after completion of the program.
Results: Participants’ MoCA scores and self-reported measures of anxiety, depression, sleep quality, and quality of life
improved after treatment, and these changes were maintained at follow-up. Physiological changes in HRV parameters after
treatment were not significant, however, breathing rate and QEEG parameters were improved at post-program and main-
tained at follow-up. Finally, participants’ improvement in MoCA score over the treatment period was correlated with their
improvement in two brain oscillation parameters targeted by the z-score NFB protocol: relative power of delta and relative
power of theta.
Conclusions: Trial results suggest that the Memory Boot Camp program is a promising treatment strategy for older adults
with symptoms of MCI and subjective memory complaints.
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1. Introduction

Most individuals experience a decline in cognition
and memory during older adulthood (Petersen, 2011).
For the majority, this decline is relatively minor and
does not prevent them from carrying out normal
functions. However, approximately 10–20% of adults
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over 65 in the United States develop Mild Cogni-
tive Impairment (MCI), a greater degree of cognitive
decline that causes difficulty with daily life (Langa &
Levine, 2014; Petersen, 2011). Individuals with MCI
are at an increased risk of conversion to dementia,
compared to older adults with no cognitive concerns
(Mitchell & Shiri-Feshki, 2009). The criteria for
MCI, or for the DSM-5 classification Mild Neurocog-
nitive Disorder, include lack of dementia, objective
impairment in one or more cognitive domains, sub-
jective cognitive concerns (reported by the patient or a
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knowledgeable informant), and the ability to maintain
functional independence (often by performing com-
pensatory strategies to offset the decline) (American
Psychiatric Association, 2013; Petersen et al., 2014).
The amnestic MCI subtype involves memory decline,
which might or might not be accompanied by decline
in other cognitive domains (Petersen, 2011; Petersen
et al., 2014). MCI is a heterogeneous disorder; indi-
viduals who have received this diagnosis may have
neuropathology consistent with many different dis-
eases, including Alzheimer’s disease, other dementia
subtypes (or a combination of subtypes), cerebrovas-
cular disease, or others (Abner et al., 2017).

Subjective Cognitive Decline (SCD), an earlier st-
age of cognitive impairment, has recently been recog-
nized (Buckley et al., 2015). SCD is characterized by
concern about memory loss and other cognitive con-
cerns that may or may not be associated with objective
changes in cognition. Older adults with SCD have
twice the risk of developing dementia than do those
without SCD (Mitchell et al., 2014), and they have
reduced quality of life (Pusswald et al., 2015).

1.1. Promising non-pharmaceutical treatment
strategies: Addressing modifiable risk
factors

There are no medications currently approved by the
United States Food and Drug Administration to treat
MCI or to prevent dementia. However, several health
and lifestyle risk factors associated with age-related
cognitive decline, MCI, or dementia are considered
modifiable, including lack of physical activity, lack of
cognitive stimulation, and a diet high in refined sug-
ars and saturated fats and low in whole grains, fiber,
fruits, and vegetables (Licher et al., 2019; Livingston
et al., 2017; Lourida et al., 2019; Wahl et al., 2019).

Further, it is known that exposure to chronic stress
and elevated levels of the stress hormone, cortisol,
lead to cognitive impairment and increased risk for
dementia (Lupien et al., 1999; Ouanes & Popp, 2019).
Patients with MCI (Nicolini et al., 2014) and demen-
tia (da Silva et al., 2018) are more likely to show
autonomic dysfunction and alterations in the stress
response. A number of chronic stress-related mental
health conditions have been linked to hippocam-
pal atrophy, cognitive decline, and/or increased risk
of dementia, including post-traumatic stress (Jatzko
et al., 2006), major depressive disorder (Sheline et al.,
2003), anxiety (Gimson et al., 2018), and insomnia
(Neylan et al., 2010; Noh et al., 2012). Sleep depri-
vation disrupts emotions and cognition in multiple

ways, including causing memory problems (Krause
et al., 2017). Insufficient sleep may also increase
the risk of Alzheimer’s disease. It has been theo-
rized that sleep deprivation leads to increased levels
of amyloid-� in the brain and accelerates amyloid-
� deposition into the amyloid plaques characteristic
of Alzheimer’s disease (Ju et al., 2014). Depression
is likewise tightly linked with memory and cognitive
deficits, and depressed individuals are likely to expe-
rience impairments in working memory, executive
function, and processing speed domains (LeMoult
& Gotlib, 2019). Older adults with MCI, compared
to those in the general population, are at increased
risk for depression and anxiety (Mirza et al., 2017),
and a recent meta-analysis found a depression preva-
lence of 34% among MCI patients with the amnestic
subtype (Ismail et al., 2017).

There is evidence that intervention to reduce some
of these risk factors can delay or decrease the risk of
age-related cognitive impairment or MCI (McEvoy
et al., 2019; Ngandu et al., 2015; Petersen et al.,
2014; Williamson et al., 2019). Physical activity is
associated with protection from cognitive decline
and dementia, and high-intensity exercise is associ-
ated with even greater protection (Livingston et al.,
2017). Six months of aerobic exercise training has
been shown to increase brain volume in older adults
(Colcombe et al., 2006), and exercise in combi-
nation with cognitive training has been shown to
improve cognitive function in older adults (with
or without dementia) (Karssemeijer et al., 2017;
Law et al., 2014). The Mediterranean diet is asso-
ciated with longer life (Trichopoulou et al., 2003),
reduced cardiovascular disease risk (Grosso et al.,
2017), reduced Alzheimer’s disease risk, and a lower
rate of conversion from MCI to Alzheimer’s disease
(Scarmeas, Stern, Mayeux, et al., 2006; Scarmeas
et al., 2009; Scarmeas, Stern, Tang, et al., 2006). Even
diet changes made late in life may provide benefit.
Older adults at high risk for cardiovascular disease
who were placed on the Mediterranean Diet for four
years experienced improvements in cognitive func-
tion, while those in the control group experienced
cognitive decline (Valls-Pedret et al., 2015). Further,
epidemiological studies suggest that the status of spe-
cific vitamins and other nutrients is associated with
reduced risk of cognitive impairment, MCI, and/or
dementia (Mohajeri et al., 2015; Smith & Refsum,
2016). These include (but are not limited to) vitamin
D (Annweiler et al., 2013; Annweiler et al., 2012;
Buell & Dawson-Hughes, 2008), the vitamin B fam-
ily (Cooper et al., 2015; Douaud et al., 2013; Mohajeri
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et al., 2015; Smith & Refsum, 2016), and omega-3
fatty acids (Bourre, 2006; Cole et al., 2009; Su, 2010;
Yurko-Mauro et al., 2010).

Cognitive stimulation and learning new skills are
promising strategies as well. Completing high school
during early life is associated with a reduction in
dementia risk in old age; for older adults, contin-
uing education, learning complex new skills, and
engaging in cognitively stimulating activities are
likely to produce cognitive improvements, even if
begun late in life (Livingston et al., 2017). Older
adults who learned how to use an iPad or digi-
tal photography software experienced improvements
in memory (Chan et al., 2014; Park et al., 2014).
Certain computer brain games have been shown to
enhance cognitive function in older adults (Anguera
et al., 2013), and a recent Cochrane review of com-
puterized cognitive training in healthy older adults
suggests small, but measurable, improvements in
cognitive function and memory at the end of train-
ing (Gates et al., 2020). Further, there is evidence that
older adults with working memory concerns are more
likely than other groups to benefit from computer-
ized training (Diamond & Ling, 2019). Computerized
cognitive training is known to improve skills that are
very similar to those trained, although the extent to
which it improves performance on untrained tasks or
extends to other domains of life is currently under
debate in the field (Simons et al., 2016; Smid et al.,
2020). Improvements in cognitive skills after non-
computerized cognitive training have been shown to
transfer to long-lasting improvements in daily life
(Tennstedt & Unverzagt, 2014) and may be espe-
cially effective when training is performed with an
enthusiastic coach (Diamond & Ling, 2019).

In addition to the more extensively researched
modifiable risk factors described above, there is
emerging evidence to suggest that managing stress
and improving mental health may likewise contribute
to improved cognitive health in older adults (Fotuhi
et al., 2016; Young et al., 2017). The severity of
memory complaints is associated with symptoms of
depression (Ponds et al., 1997), anxiety (Rabin et al.,
2017), and reduced quality of life (Mol et al., 2007).
The current study focuses on three techniques in par-
ticular to improve stress management and mental
health: neurofeedback (NFB), heart rate variabil-
ity (HRV) biofeedback, and mindfulness meditation.
These techniques are also associated with improve-
ments in cognition (discussed below).

Electroencephalography (EEG) -based NFB is a
biofeedback protocol in which information about the

participant’s brain oscillation patterns is fed back
via auditory and/or visual cues in real time operant
conditioning is then used to modify these brain oscil-
lations (Niv, 2013; Sitaram et al., 2017; Thatcher,
1998). NFB has been shown to improve function in
a variety of behavioral, psychiatric (Schoenberg &
David, 2014) and neurological conditions, including
depression (Dias & van Deusen, 2011; Fernández-
Álvarez et al., 2020; White et al., 2017), anxiety
(Hammond, 2005), traumatic brain injury (Thorn-
ton & Carmody, 2009), chronic pain (Patel et al.,
2020), post-traumatic stress disorder (Steingrims-
son et al., 2020), obsessive compulsive disorder
(Ferreira et al., 2019), epilepsy (Egner & Sterman,
2006), and attention-deficit/hyperactivity disorder
(ADHD) ((Arns et al., 2009; Bussalb et al., 2019;
Groeneveld et al., 2019; Lubar et al., 1995; Mi-
coulaud-Franchi et al., 2014; Pigott & Cannon, 2014;
Riesco-Matı́as et al., 2019; Van Doren et al., 2018),
but see (Cortese et al., 2016; Sonuga-Barke et al.,
2013)). It has also been shown to improve cogni-
tive performance in healthy individuals (Dessy et al.,
2017; Gruzelier, 2014; Reiner et al., 2014; Rozengurt
et al., 2016). In several studies, older adults experi-
enced improvements in attention, working memory,
and executive function after NFB training (Ange-
lakis et al., 2007; Becerra et al., 2012; Reis et al.,
2016; Wang & Hsieh, 2013), and adults with demen-
tia experienced improvements in memory, efficiency
of cognitive processing, and some aspects of exec-
utive function (Berman & Frederick, 2009; Luijmes
et al., 2016; Surmeli et al., 2015). Further, NFB for
individuals with MCI was associated with improved
memory performance maintained at least thirty days
beyond training (Lavy et al., 2019).

Z-score NFB is a more recent protocol in which
multiple QEEG parameters are typically trained
simultaneously, and only those for which the par-
ticipant deviates from the average values in an
age-matched normative database (Collura et al.,
2010; Thatcher & Lubar, 2009). The z-score for a
particular QEEG parameter represents the number of
standard deviations from the age-normed mean, and
participants are trained to approach z = 0. Although
few high-quality studies currently exist for the use
of z-score NFB (R. Coben et al., 2019), a num-
ber of published studies show promising results of
z-score NFB for a variety of conditions (Thatcher
et al., 2020), including ADHD (Groeneveld et al.,
2019; Wigton & Krigbaum, 2015), pain perception
(Prinsloo et al., 2018), and cognitive dysfunction
(Koberda, 2014).
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HRV refers to the variability in timing between
heart beats (De Jong & Randall, 2005), and it is gov-
erned by both the sympathetic and parasympa-
thetic nervous systems. Low HRV is associated with
reduced ability to adapt to stressful environments and
increased incidence of disease and stress-related ill-
ness, whereas high HRV is associated with increased
resilience, adaptability, and autonomic flexibility
(Baevsky et al., 2007; Baevsky & Chernikova, 2017;
Lehrer & Gevirtz, 2014; Shaffer & Ginsberg, 2017;
Shaffer et al., 2014; Thayer & Friedman, 2002). Fur-
ther, high HRV is associated with greater cognitive
performance, especially for executive control, in both
young and older adults (de Oliveira Matos et al.,
2020; Forte et al., 2019). HRV biofeedback trains
individuals to control their respiration by producing
a smooth, diaphragmatic breath at approximately six
breaths per minute, thereby maximizing the ampli-
tude of their respiratory sinus arrhythmia (Lehrer &
Gevirtz, 2014). As an adjunct treatment to traditional
therapies, HRV biofeedback has been used to treat
individuals with depression, stress, anxiety, and other
conditions (Gevirtz, 2013). A recent study has pro-
vided evidence that HRV biofeedback can directly
improve measures of attention, while also ameliorat-
ing symptoms of depression and anxiety in an older
adult population (Jester et al., 2019).

Approximately 8% of Americans practice some
form of meditation. Expert meditators perform better
on cognitive tasks (including attention and execu-
tive function) and may also have increased cognitive
processing speed (Clarke et al., 2015). Meditation
may result in physical changes in the brain; MRIs
of expert meditators show greater gray matter in
regions involved in attention and memory (Christie
et al., 2017; Tang et al., 2015). Mindfulness medita-
tion has been shown to reduce stress (Tang et al.,
2015) and improve executive function (Diamond
& Ling, 2019). Mindfulness meditation training in
individuals with MCI resulted in enhanced brain con-
nectivity (Wells et al., 2013). Further, a mindfulness
meditation intervention for older adults with MCI
demonstrated improved cognitive function, and those
who meditated the longest experienced the largest
improvements (Wong et al., 2017).

1.2. Benefits of combining multiple strategies to
prevent cognitive decline

Several programs that combine multiple strategies
for older adults have demonstrated improvements

in cognition (Barnes et al., 2013; Bredesen, 2014;
Fotuhi et al., 2016). Studies have also suggested that
combining multiple strategies is more effective than a
single strategy for cognitive decline/MCI (Sherman
et al., 2017). For instance, cognitive stimulation is
likely to be more effective when combined with exer-
cise (Karssemeijer et al., 2017; Law et al., 2014).
The Finnish Geriatric Intervention Study to Prevent
Cognitive Impairment and Disability (FINGER) trial,
which combined cognitive stimulation, exercise, diet
changes, and management of vascular problems in
older adults with dementia risk factors, demonstrated
an 80% improvement in executive function and a
150% increase in cognitive speed (Ngandu et al.,
2015; Rosenberg et al., 2018).

Despite the promising data for interventions to
modify risk factors, making long-lasting behavior
change is difficult. For instance, as of 2006, only
10% of adults in the United States exercised for at
least the minimum amount of time each week re-
commended by the US Department of Health and
Human Services (Office of Disease Prevention and
Health Promotion, 2017; Tucker et al., 2011). A com-
prehensive health program that includes an account-
ability partner/coach improves participants’ motiva-
tion, adherence to the program, and physiological
and psychological well-being (Kivelä et al., 2014;
Kreitzer et al., 2008; Prince et al., 2017). Including
coaching combined with additional strategies is likely
to improve adherence to, and therefore any effective-
ness of, the intervention program.

1.3. Intervention and objectives

Our center has developed a multi-domain Mem-
ory Boot Camp program to incorporate the factors
described above that are known or believed to pro-
tect against cognitive decline, based on a similar
published program (Fotuhi et al., 2016). Z-score
NFB and HRV biofeedback is combined with in-
person meetings with ‘brain coaches’, who encourage
participants to improve diet and add supplements,
practice memory training, exercise, get quality
sleep, make time for relaxation and mindfulness
meditation, learn new things that are cognitively
challenging, and increase social interaction. The
present study is a prospective trial to evaluate
the three-month Memory Boot Camp program for
older adults (age 55 to 85) with subjective and
objective memory deficits. Participants were eval-
uated via neurocognitive assessments, self-report
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Fig. 1. Study Participants Flowchart. Number of participants is shown for each phase and assessment point of the trial. Reasons for exclusion
of participants and summaries of the most common reasons for withdrawal/loss to follow-up are shown on the right.

questionnaires, quantitative electroencephalography
parameters, and HRV parameters at four timepoints:
baseline, pre-program, post-program, and follow-up.
The trial included a three-month waiting period be-
tween baseline and pre-program, such that each par-
ticipant acted as their own control, and follow-up took
place six months after completion of the program.
The primary objective of the trial was to determine
whether the three-month Memory Boot Camp pro-
gram improved cognitive function when compared
to changes that occurred over the equivalent con-
trol period. Secondary objectives included testing
for changes in stress-related measures of anxiety,
depression, sleep, and quality of life, as well as heart
rate, breathing rate, HRV, and QEEG variables. A
six-month post-program follow-up assessment was
included to determine the longevity of any changes
observed upon program completion.

2. Methods

2.1. Study design

This study (ClinicalTrials.gov ID: NCT04426162)
was performed by a private center that provides EEG-
NFB and HRV biofeedback therapy in Michigan and
Florida, USA. This prospective, multi-site trial took
place in five locations in the cities of Grandville,
Grand Rapids, and Holland, Michigan, and Palm
Beach Gardens and Boca Raton, Florida. Seventy-
six participants were enrolled, and 44 completed the
specified intervention (Fig. 1). The study design was
repeated measures with a three-month waiting period
between the initial baseline assessment and the start
of the Memory Boot Camp program, such that each
participant served as their own control. Nineteen
enrolled individuals withdrew from the study before
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or during this waiting period. Assessments took
place at baseline (t = –3 months), pre-program (t = 0
months), post-program (t = 3 months), and 6-month
post-program follow-up (t = 9 months). Participants
paid nothing to take part in the program; after com-
pletion of each assessment, participants were given
a gift card of value between $50 and $100, depend-
ing on which assessment milestone was completed.
Licensed clinical social workers oversaw the testing
and program, and brain coaches met with subjects
during the Memory Boot Camp intervention. This
study was approved by the New England Independent
Review Board.

2.2. Selection of participants: Inclusion and
exclusion criteria

A flow chart diagram of study participation at ea-
ch phase is shown in Fig. 1. Inclusion criteria were:
age 55–85 at the start of the trial, subjective memory
concerns, at least a high school education, having
a current primary care doctor (or agreement to
acquire a primary care doctor), ability to read and
write English, time availability of 4-5 hours/week,
and good general health (e.g., no active fevers, no
recent heart transplants, etc.). Exclusion criteria
included: major depression, known neurological
illness (e.g., Alzheimer’s or other dementia, Parkin-
son’s, epilepsy, multiple sclerosis), serious psychi-
atric diagnosis, substance abuse, complete blindness
or deafness, plans to be out of town for more than 10
days during the active phase of the trial, current or past
client of our centers, and employee or their family
member. Participants were recruited from the com-
munity surrounding participating center locations
through digital and print ads via radio, newspaper,
Facebook, and paid search ads. Ads were targeted
to individuals with memory concerns, offered a free
memory assessment, and directed potential partici-
pants to contact our center by telephone or online for
pre-screening.

2.3. Pre-screening

Pre-screening surveys (over the phone or online)
were used to gather information on inclusion and
exclusion criteria. Five questions were selected from
a subjective cognitive decline assessment (Gifford
et al., 2015) to confirm the presence of subjective
memory concern. Individuals who identified with two
or more memory concerns were invited to come to the
center for in-person screening.

2.4. Screening

Potential participants were given the Patient Health
Questionnaire (PHQ-9), a brief measure of depres-
sion severity (Kroenke et al., 2001). Those who
scored in the severe range (20–27) or indicated sui-
cidal ideation on question nine were not eligible for
the study; they were given a safety evaluation before
being dismissed. Individuals who completed some or
all of the screening procedures but were not invited to
enroll in the study were given gift cards of a nominal
amount.

Remaining individuals were given the Montreal
Cognitive Assessment (MoCA). A summary figure
that describes the protocol from this point in screen-
ing through the final follow-up assessment is shown
in Fig. 2. The MoCA is a screening instrument devel-
oped specifically to detect MCI in older adults that
can be administered in 10 minutes or less (Nasreddine
et al., 2005). Individuals are scored on seven different
domains: visuospatial/executive, naming, attention,
language, abstraction, delayed recall, and orientation,
and resultant scores range from 0–30. The MoCA
is considered to be the most sensitive population-
based cognitive screening tool (De Roeck et al.,
2019). A cut-off of 25/26 is recommended by the
test manufacturer to differentiate individuals in the
MCI category (Nasreddine et al., 2005). This cutoff
is likely to be inappropriate for some sub-populations
(Milani et al., 2018), and alternative cutoffs have
been suggested, including 23/24 for a cardiovascular
population (McLennan et al., 2011), and 26/27 for
a population with Parkinson’s disease (Hoops et al.,
2009). For screening purposes in the present study,
individuals who scored 18–26 on the MoCA were
invited to enroll. For potential participants who were
ultimately enrolled in the study, MoCA scores from
this timepoint (baseline) and the other three time-
points were the primary outcome measure for this
study. Individuals also took the NeuroTrax BrainCare
Testing Suite (NeuroTrax) during this screening ses-
sion. The NeuroTrax is described in the Assessments
section below.

2.5. Assessments

Individuals who enrolled in the study returned to
a center location within one week of screening to
complete the baseline timepoint assessment (Fig. 2).
After the baseline assessment, the protocols for the
following three timepoint assessments (pre-program,
post-program, and follow-up) were identical.
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Fig. 2. Summary of the Study and the Memory Boot Camp Program. A summary of each phase of the study is displayed on the left. The
right panel is a summarized description of the intervention phase of this trial: The Memory Boot Camp program. MoCA: Montreal Cognitive
Assessment; BAI: Beck Anxiety Inventory; BDI-ii: Beck Depression Inventory-II; ESS: Epworth Sleepiness Scale; ISI: Insomnia Severity
Index; PSQI: Pittsburgh Sleep Quality Index; WSAS: Work and Social Adjustment Scale.

2.5.1. Neurocognitive assessments and
self-report questionnaires

The MoCA, described in section 2.4, was used for
screening and as the primary outcome assessment for
the study. The NeuroTrax was originally developed
and validated for the diagnosis of MCI in clinical
practice and in research (Dwolatzky et al., 2004);
it has been validated in both demented (Dwolatzky
et al., 2010) and normally aging populations (Lampit
et al., 2015). The NeuroTrax covers seven cognitive
domains, consisting of memory, executive function,
attention, visual spatial, verbal function, problem
solving, and working memory. Overall performance
incorporates these domains into one age-normed
Global Cognitive Score.

The Beck Depression Inventory-II (BDI-ii) (Beck
et al., 1996) is a self-report inventory and screening
tool for depression. If a participant scored 31 or higher
on the BDI-ii at any assessment, a safety check was
performed, and the subject was dismissed from the

trial. The Beck Anxiety Inventory (BAI) (Beck &
Steer, 1993) is a self-report inventory for measur-
ing subjective, somatic, or panic-related symptoms of
anxiety. The Insomnia Severity Index (ISI) (Bastien
et al., 2001) is a self-report inventory designed to
assess sleep patterns and presence/severity of insom-
nia during a 14-day period. The Pittsburgh Sleep
Quality Index (PSQI) (Buysse et al., 1989; Mol-
layeva et al., 2016) is a self-report inventory to
measure sleep quality and disturbances over a one-
month interval. The Epworth Sleepiness Scale (ESS)
(Johns, 1992) is a self-report inventory designed to
assess level of daytime sleepiness. ESS scores ≥11
are considered indicative of above-normal sleepi-
ness that requires further evaluation; any participants
with a score in this range were advised to dis-
cuss possible sleep apnea with their physician.
The Work and Social Adjustment Scale (WSAS)
(Mundt et al., 2002) is a self-report inventory used
to provide a measure of global functional impair-
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ment, due to a specific issue, in this case, memory
concerns.

2.5.2. Physiological assessments
Quantitative electroencephalography (QEEG) and

cardio-respiratory measurement (to evaluate HRV
and respiration rate) were performed at each assess-
ment; QEEG was additionally performed at a mid-
program timepoint to confirm progress and adjust
the NFB protocol, if needed. QEEG, HRV, heart
rate, and breathing rate collection protocols were
performed as described in a previous publication by
our group (Groeneveld et al., 2019). Succinctly, one
5-minute eyes closed and one 5-minute eyes open
QEEG recording was collected at each assessment
using 19 electrode locations: O1, O2, P3, PZ, P4, T3,
T4, T5, T6, C3, CZ, C4, F3, FZ, F4, F7, F8, FP1,
and FP2, with a Neuron-Spectrum-3 amplifier (Neu-
rosoft, Ivanovo, Russia) and Neuroguide software
(Applied Neuroscience, Inc., Largo, FL) (Thatcher,
2012), using a sampling rate of 500 Hz. HRV data
were collected for seven minutes using a blood vol-
ume pulse finger sensor using a sampling rate of 128
Hz with a ProComp5 or ProComp Infiniti amplifier
(both from Thought Technology, Montreal, Canada)
with Biograph software version 6.0.4. This seven-
minute interval was also used to measure breathing
rate, using a strain gauge respiration belt (Resp-
Flex/Pro, Thought Technology). Seven minutes of
HRV data were collected to increase the likelihood
of selecting a five-minute artifact-free segment; if no
artifact-free five-minute segment could be identified,
the participant was excluded from HRV analysis. In a
departure from the method of Groeneveld et al., 2019,
during the HRV/breathing rate collection, partici-
pants were shown a screen displaying a random order
of blue and yellow squares and instructed to silently
count the blue squares (Eddie et al., 2014; Jennings
et al., 1992). Because some HRV measurements are
sensitive to breathing rate, this ‘plain vanilla’ task
was intended to distract participants from focusing
on their breathing, to prevent against exaggerated
breathing, and to more accurately capture a normal
breath pattern.

2.6. Study intervention: Memory boot camp

Following screening and the baseline assessment,
all subjects began a three-month waiting period to
serve as a control, during which they were instructed
not to make any major lifestyle changes (Fig. 2).

Before beginning Memory Boot Camp, participants
met with a brain coach at an orientation appoint-
ment to go over the details of the program and re-
ceived the following: (1) a wrist-wearable sleep and
activity tracker (MisFit, Burlingame, California) used
to motivate participants for physical activity and
sleep behavior change; (2) Metagenics brand sup-
plements (Aliso Viejo, CA, USA): Omega-3 fatty
acid containing eicosapentaenoic acid and docosa-
hexaenoic acid (1000 mg, two pills/day; participants
taking anticoagulant medications were advised not
to take this supplement), Ceralin Forte (B-complex,
three pills/day), and vitamin D3 (1000 IU/day); (3)
Memory Playbook (an in-house educational resource
to track progress) and (4) an instructional document
on memorization techniques. Participants then started
the active program phase of the trial, which consisted
of sessions two to three times per week for three
months. For sessions that included both brain coach-
ing and NFB + HRV biofeedback brain coaching
took place first.

2.6.1. Brain coaching sessions
Participants met with their brain coach approxi-

mately two times per week, for a total of 24 meetings
of 40–60 minutes each. A summary is given in the
diagram in Fig. 2. Brain coaches served as instruc-
tors as well as accountability partners to encourage
participants to fulfill goals set during brain coach-
ing sessions. These goals were based on improving
diet (work toward Mediterranean diet (defined in
Fig. 2), taking supplements, and increasing water
intake due to the susceptibility for dehydration in
older adults (Wotton et al., 2008)), increasing sleep
to eight hours using sleep hygiene recommendations
(Irish et al., 2015; Souman et al., 2018; Stepanski
& Wyatt, 2003), increasing exercise to 150 minutes
per week, reducing stress (using daily mindfulness
meditation and specific strategies based on individual
stressors in the participant’s life), cognitive train-
ing (Happy Neuron Pro: a computer-based program
(www.happyneuronpro.com), memorization of word
lists with various techniques), and increasing social
interaction with peers via group activities and/or vol-
unteer activities based on the participants’ interests.

2.6.2. NFB + HRV biofeedback sessions
Each session began with HRV biofeedback tra-

ining, which was performed as described in (Groen-
eveld et al., 2019). In brief, participants were trained
using respiratory and cardiorespiratory biofeedback
while wearing a volume pulse sensor on a finger

www.happyneuronpro.com
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and respiration belt around the waist. For respiratory
biofeedback, participants had to slow their breaths
to approximately six breaths per minute and practice
smooth, consistent breath patterns, and for cardio-
respiratory biofeedback, participants were coached
to move into slow, smooth, consistent breath pat-
terns so that the peak of their inhalation matched the
peak of their respiratory sinus arrhythmia (the rising
and falling of the heart rate as a result of inhala-
tion and exhalation). Increasing the amplitude of
respiration and slowing it in turn increases the ampli-
tude of the RSA and slows the oscillatory rhythm
to approximately 0.1 Hz, moving it into the low fre-
quency range when RSA is processed via spectral
analysis (Lehrer & Gevirtz, 2014). The respiratory
biofeedback portion of this protocol was continued
throughout NFB training. Feedback for NFB train-
ing was conducted for 20 to 30 minutes using a
Procomp Infiniti device (sampling rate 256 Hz), Bio-
graph software, and Neuroguide’s Dynamic Link
Library (DLL; Applied Neuroscience Inc.) utilizing
a joint time-frequency analysis algorithm, by trained
EEG technicians and overseen by Biofeedback Cer-
tification International Alliance-certified clinicians.
Each participant’s pre-program QEEG assessment
was analyzed and visually examined to determine the
most appropriate NFB protocol, given the findings
unique to each individual. Most participants received
30 sessions of multi-lead z-score NFB at four sites

(based on the region of maximal dysfunction in their
QEEG assessment, and subject to change at the mid-
program assessment if needed), which was performed
as described in detail in (Groeneveld et al., 2019). Par-
ticipants with attenuated alpha amplitudes on their
QEEG assessment (n = 3) were given ten sessions of
alpha amplitude training intended to increase alpha
band power, followed by 20 sessions of multi-lead
z-score NFB (as described above).

2.7. Follow-up and outcomes

During the active treatment period, participants
were encouraged by their brain coach to continue
with behavior changes on their own after the com-
pletion of the program. After the active treatment
period, there was no contact with participants to deter-
mine whether, or the extent to which, participants
continued with these modified behaviors. Six months
after completing the Memory Boot Camp program,
participants were invited back for a six-month follow-
up assessment (which was identical to the pre- and
post- program assessments in format). Seventy per-
cent of participants (31 of 44) completed this
assessment. Descriptive statistics are used to compare
the follow-up subgroup to the total participants who
completed the first three assessments (Table 1); there
were no notable discrepancies between the groups.

Table 1

Demographics

Baseline Follow-up

Number of Subjects 44 31
Sex Female (% (n)) 79.6% (35) 83.9% (26)
Age at Baseline (M (SD)) 70.1 (8.8) 69.0 (9)
Diabetic (% (n)) 4.5% (2) 6.5% (2)
Hypertensive (130/80) (% (n)) 65.9% (29) 64.5% (20)
Occasional Tobacco Use (% (n)) 4.5% (2) 6.5% (2)

Ethnicity Ethnicity: Hispanic or Latino/a (% (n)) 4.6% (2) 6.5% (2)
Race Race: Black or African (% (n)) 6.8% (3) 6.5% (2)

Race: Hispanic or Latino/a (% (n)) 2.3% (1) 3.2% (1)
Race: White (% (n)) 90.9% (40) 90.3% (28)
Years of Education (M (SD)) 14.8 (2.2) 14.8 (2.3)
Body Mass Index (M (SD)) 28.8 (5.8) 29.7 (5.7)

Center Region West Michigan (% (n)) 54.5% (24) 54.8% (17)
Southeast Florida (% (n)) 45.5% (20) 45.2% (14)

Self-Reported Medication Use Anticonvulsants (% (n)) 6.8% (3) 6.5% (2)
Central Acetylcholinesterase

Inhibitors (% (n)) 4.5% (2) 0% (0)
Circulatory or Cardiovascular (% (n)) 54.5% (24) 51.6% (16)
Psychoactive (% (n)) 34.1% (15) 32.3% (10)
Prescription Pain Medication

(Excludes NSAIDs) (% (n)) 6.8% (3) 9.7% (3)
Other Medications (% (n)) 38.6% (17) 35.5% (11)
No Medications (% (n)) 18.2% (8) 6.5% (2)
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2.8. Blinding

The clinical trial coordinator applied a code, using
state names, to each record to blind the data process-
ing researcher and the statistician. Blinding was used
for the first three timepoints but was not used for the
follow-up records, as these records were identifiable
due to change in sample size.

2.9. Data analysis

2.9.1. HRV data analysis
HRV data files were exported to CardioPro soft-

ware (version 1.2.1, Thought Technologies) for nor-
malization of missed heartbeats and visually in-
spected for validity. Data were then exported and pro-
cessed in Kubios (version 3.2.0; (Tarvainen et al.,
2014)). Using Kubios, an artifact-free five-minute
segment was selected for analysis, as described in
(Williams et al., 2015). This study utilized short-
term HRV metrics, for which five-minute recordings
are considered appropriate (Shaffer & Ginsberg,
2017; The Task Force Report, 1996). Respiration rate
was retrieved from the original Thought Technology
HRV files. HRV parameters analyzed included mean
heart rate, the power of the following frequency-
domain measures: high-frequency, 0.15–0.4 Hz (HF);
low-frequency, 0.04–0.15 Hz (LF); and very-low-
frequency, 0.016–0.04 Hz (VLF), and the two most
common time-domain measures used to calculate
HRV: the standard deviation of normal to normal beat
intervals (SDNN) and the root mean square of suc-
cessive normal to normal beat interval differences
(RMSSD) (Baevsky & Chernikova, 2017; Laborde
et al., 2017; Shaffer & Ginsberg, 2017; The Task
Force Report, 1996; van den Berg et al., 2018).

2.9.2. QEEG data analysis
All records used in analysis were in the eyes open

condition with an average reference montage. Arti-
fact was manually removed from these records by a
blinded researcher (blinding was applied for the first
three timepoints only; it was necessary to unblind
for the fourth timepoint). A minimum of 30 seconds
of artifact-free data was required for inclusion of a
record in the final analysis; the overall average length
of included records was 69 seconds. Assessed across
the 4 timepoints were eight z-score measurements,
including absolute power and relative power for the
frequency bands delta (1–4 Hz), theta (4–8 Hz), beta
(12–25 Hz), and high beta (25–30 Hz). The alpha fre-
quency band was not assessed, due to small sample

size (fewer than five records per timepoint that met
inclusion criteria, outlined below). The data analysis
protocol developed by Wigton and Krigbaum (Krig-
baum & Wigton, 2015; Wigton & Krigbaum, 2015)
was used as the model for our method to determine
whether QEEG parameters had changed after treat-
ment in accordance with the specific z-score protocol.
Similar to the deviations from Wigton and Krigbaum
used in (Groeneveld et al., 2019), the method utilized
in the present study separately calculated average |z-
score| values for each of the eight listed measurements
and used 1.5 as the absolute value threshold for trans-
formed z-scores to identify sites of interest (SOIs).
For each site trained for each individual, absolute
values of pre-program timepoint z-scores for each of
these 8 measurements were used to define SOIs.

2.9.3. Statistical analysis
All statistical analyses were performed with SAS®

Enterprise Guide, Version 7.1. Copyright, SAS® In-
stitute Inc. The graphs were made using Graphpad
Prism (Version 8), except for scatter plot graphs,
which were made using SAS. Proc Mixed was used
to perform a repeated measures analysis for all sta-
tistical tests. To account for the variation among the
time intervals, the spatial power covariance structure
was utilized. The models for the neurocognitive and
self-report assessments controlled for covariates gen-
der, age, and the interaction between gender and age.
The models for the HRV measurements all controlled
for respiration rate, age, gender, and the interaction
between age and gender. Backward selection was
used to drop or keep covariates. Although respiration
rate was a significant predictor for only heart rate, res-
piration rate was kept in the model due to its inherent
relation to HRV. Respiration rate was not used in the
model predicting respiration rate. To satisfy repeated
measures assumptions including normality, the natu-
ral log transformation was used on SDNN, RMSSD,
VLF power, LF power, and HF power. The models for
QEEG did not control for covariates as sample sizes
were not large enough to support a model with mul-
tiple parameters. For absolute power of delta, within
the QEEG analysis, empty cells within the R cor-
relation matrix were present, in this instance, the
ANTE(1) covariance structure was used to correct
this. Post-hoc analyses were performed to compare
the least squares mean (LS mean) changes from
timepoints. The resultant p-values were compared to
appropriate Bonferroni-corrected significance levels
for four multiple comparisons (�B = 0.0125. After re-
viewing results, an unplanned exploratory analysis
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was conducted to assess the relationship among
pre- to post-changes in MoCA with the pre- to
post-changes in the HRV parameters and QEEG
parameters. A scatter plot with jitter was created for
each association. To aid in the visualization of the
relationship, a 90% prediction ellipse was applied to
each scatter plot.

3. Results

3.1. Improvement in score for most
neurocognitive and self-report measures
over treatment period

Three months before the start of the Memory
Boot Camp intervention, participants took all neu-
rocognitive and self-report measures for the first
time (baseline assessment). Participants took each

measure again at pre-program, post-program, and
follow-up assessment timepoints. These study mea-
sures included the MoCA (the primary outcome
measure for this study), NeuroTrax, BAI, BDI-ii,
ESS, ISI, PSQI, and WSAS. Statistical models were
significant for the effect of time on score for all
eight of these measures (p ≤ 0.0013). This suggests
the measurements changed across the different peri-
ods (control, treatment, and follow-up). Pairwise LS
mean change values for these measures are shown
in Table 2, and LS mean values for each timepoint
are shown in Fig. 3 along with p-values for LS
mean change between the relevant timepoints. For the
MoCA, both the baseline and pre-program score LS
mean values were within the “Mild Cognitive Impair-
ment” range (Fig. 3). Baseline LS mean values for
the BAI were within the “mild anxiety” range, those
for the ESS were within the “higher normal daytime

Table 2

LS Mean Changes for Neurocognitive and Self-Report Measures throughout the Study

Measure Comparison n LS Mean 95% 95% t dz p
Change CI LL CI UL

MoCA Baseline to Pre 44 0.39 –0.31 1.09 1.09 . 0.2761
Pre to Post 44 1.57 0.87 2.27 4.44 0.67 <.0001∗
Post to Follow-up 31 0.55 –0.47 1.58 1.07 . 0.2872
Pre to Follow-up 31 2.12 1.00 3.24 3.76 0.67 0.0003∗

Neurotrax Baseline to Pre 41 2.89 1.42 4.37 3.88 0.61 0.0002∗
GCS Pre to Post 40 1.49 0.00 2.98 1.99 0.31 0.0493

Post to Follow-up 30 2.53 0.21 4.85 2.16 0.39 0.0327
Pre to Follow-up 29 4.03 1.39 6.66 3.03 0.56 0.0031∗

BAI Baseline to Pre 42 –0.72 –2.30 0.85 –0.91 . 0.3630
Pre to Post 44 –3.11 –4.66 –1.57 –4.00 –0.6 0.0001∗
Post to Follow-up 31 –0.07 –2.33 2.18 –0.06 . 0.9490
Pre to Follow-up 31 –3.19 –5.65 –0.73 –2.57 –0.46 0.0116∗

BDI-ii Baseline to Pre 42 0.16 –1.29 1.60 0.22 . 0.8290
Pre to Post 44 –4.64 –6.06 –3.22 –6.47 –0.98 <.0001∗
Post to Follow-up 31 0.81 –1.20 2.82 0.80 . 0.4276
Pre to Follow-up 31 –3.83 –5.99 –1.66 –3.50 –0.63 0.0007∗

ESS Baseline to Pre 42 0.17 –0.67 1.00 0.39 . 0.6959
Pre to Post 44 –1.64 –2.46 –0.81 –3.94 –0.59 0.0001∗
Post to Follow-up 31 –0.16 –1.37 1.06 –0.25 . 0.7992
Pre to Follow-up 31 –1.79 –3.12 –0.46 –2.67 –0.48 0.0086∗

ISI Baseline to Pre 42 –0.13 –1.25 1.00 –0.22 . 0.8228
Pre to Post 44 –3.07 –4.17 –1.97 –5.52 –0.83 <.0001∗
Post to Follow-up 31 –0.38 –1.99 1.23 –0.47 . 0.6422
Pre to Follow-up 31 –3.45 –5.20 –1.69 –3.89 –0.7 0.0002∗

PSQI Baseline to Pre 42 –0.11 –1.05 0.83 –0.23 . 0.8190
Pre to Post 44 –1.93 –2.85 –1.01 –4.16 –0.63 <.0001∗
Post to Follow-up 31 0.26 –1.03 1.56 0.40 . 0.6886
Pre to Follow-up 31 –1.67 –3.06 –0.28 –2.37 –0.43 0.0193

WSAS Baseline to Pre 42 0.47 –0.47 1.42 0.99 . 0.3239
Pre to Post 44 –3.02 –3.95 –2.09 –6.45 –0.97 <.0001∗
Post to Follow-up 31 –0.43 –1.81 0.95 –0.62 . 0.5387
Pre to Follow-up 31 –3.45 –4.97 –1.93 –4.50 –0.81 <.0001∗

MoCA: Montreal Cognitive Assessment; NeuroTrax GCS: Global Cognitive Score; BAI: Beck Anxiety Inventory; BDI-ii: Beck Depression
Inventory-II; ESS: Epworth Sleepiness Scale; ISI: Insomnia Severity Index; PSQI: Pittsburgh Sleep Quality Index; WSAS: Work and Social
Adjustment Scale; LS Mean: pairwise least squares mean change values; 95% CI LL: 95% confidence interval lower limit; 95% CI UL:
95% confidence interval upper limit; dz: Cohen’s d for effect size of paired differences; t: test statistic; p: p-value for post-hoc pairwise
comparisons. ∗Bonferroni-corrected significance level �B = 0.0125.
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Fig. 3. Change in Neurocognitive and Self-Report Measures across Timepoints. LS mean values for neurocognitive and self-report question-
naire scores at each timepoint: -3 months (baseline assessment), 0 months (pre-treatment assessment), 3 months (post-treatment assessment)
and 9 months (follow-up assessment). Pairwise LS mean change values between timepoints are summarized in the top of each graph (values
from Table 2). For all neurocognitive and self-report measures except for the NeuroTrax, there was a score change observed after the active
treatment period (gray shading) in a direction indicating improvement. Error bars represent the standard error. MoCA: Montreal Cognitive
Assessment; NeuroTrax GCS: Global Cognitive Score; BAI: Beck Anxiety Inventory; BDI-ii: Beck Depression Inventory-II; ESS: Epworth
Sleepiness Scale; ISI: Insomnia Severity Index; PSQI: Pittsburgh Sleep Quality Index; WSAS: Work and Social Adjustment Scale. ns:
p > 0.0125, change not significant at the Bonferroni-corrected significance level. * p ≤ 0.0125. ** p ≤ 0.008. *** p ≤ 0.001. **** p ≤ 0.0001.

sleepiness” range, and those for the PSQI were within
the “poor sleep quality” range. Baseline LS mean
values for all other neurocognitive and self-report
measures were within normal/subclinical ranges.

There was no evidence to support a change
in MoCA score during the control waiting period
(p = 0.2761; Table 2). Further, there was no evidence

to support a change in score for any other neuroco-
gnitive or self-report measure during the waiting
period (p ≥ 0.276) except for the NeuroTrax, for
which the LS mean increased (improved) from 97.79
to 100.69, for an LS mean change of 2.89 points
(p = 0.0002). For the NeuroTrax, both the baseline
and pre-program score LS mean values were within
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the “Probable Normal” range. For the treatment per-
iod from pre- to post-program, LS mean values
on the MoCA increased (improved) from 22.68 to
24.25, for an LS mean change value of 1.57 points
(p < 0.0001; dz = 0.67). Participants also experienced
improvement in score on the BAI over the treat-
ment period (p = 0.0001; dz = –0.60), with the pre-
and post-treatment LS mean scores both within the
“mild anxiety” range. On the BDI-ii depression mea-
sure, participants experienced improvement in score
over the treatment period (p < 0.0001; dz = –0.98),
with the pre- and post-treatment LS mean scores both
within the “normal” range. On all three measures of
sleep, the ESS, ISI, and PSQI, participants experi-
enced improvement in score (p ≤ 0.0001; dz≤–0.59)
over the treatment period. On the WSAS measure
of degree of functional impairment due to memory
concerns, participants experienced an improvement
in score over the treatment period (p < 0.0001; dz =
–0.97), with pre- and post-treatment LS mean scores
both within the “subclinical” range. There was not
statistically significant evidence to support a change
in NeuroTrax score (p = 0.0493) over the treat-
ment period after Bonferroni correction for multiple
testing.

For all tested neurocognitive and self-report mea-
sures, LS mean change values during the six-month
follow-up period after the conclusion of treatment
were not significant. For the MoCA, BAI, BDI-
ii, ESS, ISI, PSQI, and WSAS, p ≥ 0.2872 for the
follow-up period. For the NeuroTrax, the LS mean
change value for the follow-up period was not
significant after Bonferroni correction (p = 0.0327).
Although there was no significant change in Neuro-
Trax score during the treatment period or follow-up
period, both periods showed a trend in the posi-
tive direction (improvement). Likewise, there was
a significant increase in NeuroTrax score between
pre-treatment and 6-month follow-up, indicating,
perhaps, that the cumulative increase over this longer
time period represented a meaningful improvement
in the Global Cognitive Score.

3.2. HRV parameters and respiration rate

In order to produce approximately normal distri-
butions, SDNN, RMSSD, VLF power, LF power, and
HF power were transformed to natural log values for
statistical analysis. Statistical models were signifi-
cant for the effect of time on the HRV parameters
ln(SDNN) (p = 0.0031), ln(RMSSD) (p = 0.0018),
and for respiration rate (p < 0.0001), but not for heart

rate (p = 0.0140), ln(VLF power) (p = 0.1199), ln(LF
power) (p = 0.0250), or ln(HF power) (p = 0.0111)
after Bonferroni correction for multiple testing
(�B = 0.0071). For HF, SDNN, and RMSSD, a higher
value is considered an improvement (Baevsky &
Chernikova, 2017). Pairwise LS mean change com-
parisons were calculated for HRV parameters and
respiration rate between the four assessment time-
points of this study (Table 3). LS mean values at each
timepoint are graphed in Fig. 4, with significant LS
mean changes indicated.

Over the control period, there was a significant
LS mean increase for ln(HF Power), ln(SDNN), and
ln(RMSSD). After back-transforming from natural
log, HF power increased from a baseline value of
147.19 ms2 to 292.56 ms2 at the pre-program time-
point. SDNN increased from a baseline value of 21.31
ms to 28.99 ms at the pre-program timepoint, and
RMSSD increased from a baseline value of 29.15
ms to 42.63 ms at the pre-program timepoint. Nunan
and colleagues (Nunan et al., 2010) have suggested
that a normal range for SDNN is between 32 and 93
ms, while the normal range for RMSSD is between
19 and 75 ms. Therefore, SDNN values for partici-
pants in the present study were diminished at both the
baseline and pre-treatment timepoints; RMSSD val-
ues were consistent with the normal range at those
timepoints. There was no significant change over
the treatment period or follow-up period for ln(HF
power), ln(SDNN), or ln(RMSSD). Although there
was no significant change, SDNN mean values were
within the normal range at post-treatment (33.35 ms)
and at 6-month follow-up (38.19 ms).

There was no evidence to support a change in res-
piration rate during either the waiting period or the
follow-up period; however, over the treatment period,
LS mean breaths per minute decreased from 14.42 to
12.24, for an LS mean change value of –2.19 breaths
per minute (p < 0.0001; dz = –1.79). A decrease in
respiration rate after the Memory Boot Camp pro-
gram would be expected in accordance with the HRV
biofeedback protocol utilized, which rewarded a rate
of 6–8 breaths/minute. There was no evidence to sup-
port a change in mean heart rate, ln(VLF power), or
ln(LF power) over any period analyzed in the study.

3.3. QEEG parameters

All participants in this study received at least 20
sessions of z-score NFB, the goal of which is to sim-
ultaneously train 248 different QEEG metrics toward
their mean value (based on each participants’
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Table 3

LS Mean Changes for HRV and Physiological Parameters

Measure Comparison n LS Mean 95% 95% t dz p
Change CI LL CI UL

Mean Heart Rate Baseline to Pre 32 –3.44 –6.32 –0.56 –2.38 –0.42 0.0198
(beats/min) Pre to Post 27 –2.73 –6.02 0.56 –1.65 . 0.1027

Post to Follow-up 17 3.23 –1.50 7.97 1.36 . 0.1781
Pre to Follow-up 17 0.50 –4.86 5.87 0.19 . 0.8520

Respiration Rate Baseline to Pre 35 0.21 –0.73 1.14 0.43 . 0.6650
(breaths/min) Pre to Post 32 –2.19 –3.15 –1.22 –4.48 –0.79 <.0001∗

Post to Follow-up 25 –1.06 –2.34 0.22 –1.64 . 0.1040
Pre to Follow-up 24 –3.24 –4.60 –1.89 –4.76 –0.97 <.0001∗

ln(SDNN) Baseline to Pre 32 0.31 0.08 0.54 2.67 0.47 0.0092∗
Pre to Post 27 0.14 –0.12 0.40 1.09 . 0.2781
Post to Follow-up 17 0.14 –0.20 0.47 0.80 . 0.4234
Pre to Follow-up 17 0.28 –0.09 0.64 1.50 . 0.1381

ln(RMSSD) Baseline to Pre 32 0.38 0.11 0.65 2.77 0.49 0.0069∗
Pre to Post 27 0.18 –0.13 0.49 1.16 . 0.2490
Post to Follow-up 17 0.16 –0.23 0.56 0.83 . 0.4109
Pre to Follow-up 17 0.34 –0.09 0.78 1.57 . 0.1203

ln(VLF Power) Baseline to Pre 32 0.20 –0.32 0.72 0.75 . 0.4527
Pre to Post 27 0.22 –0.35 0.79 0.78 . 0.4399
Post to Follow-up 17 0.39 –0.27 1.04 1.18 . 0.2433
Pre to Follow-up 17 0.61 –0.09 1.31 1.74 . 0.0858

ln(LF Power) Baseline to Pre 32 0.26 –0.19 0.72 1.14 . 0.2570
Pre to Post 27 0.39 –0.12 0.89 1.53 . 0.1298
Post to Follow-up 17 0.35 –0.29 0.99 1.08 . 0.2831
Pre to Follow-up 17 0.74 0.04 1.43 2.10 0.51 0.0387

ln(HF Power) Baseline to Pre 32 0.69 0.16 1.21 2.59 0.46 0.0114∗
Pre to Post 27 0.23 –0.36 0.82 0.78 . 0.4355
Post to Follow-up 17 0.25 –0.53 1.03 0.63 . 0.5285
Pre to Follow-up 17 0.48 –0.38 1.34 1.11 . 0.2691

SDNN: standard deviation normal to normal beat intervals; RMSSD: root mean square of successive normal to normal beat interval differences;
LS Mean: pairwise least squares mean change values; 95% CI LL: 95% confidence interval lower limit; 95% CI UL: 95% confidence
interval upper limit; dz : Cohen’s d for effect size of paired differences; t: test statistic; p: p-value for post-hoc pairwise comparisons.
∗Bonferroni-corrected significance level �B = 0.0125.

age-matched normal distribution) (Collura et al.,
2010; Thatcher & Lubar, 2009). During each z-score
NFB session, the only QEEG metrics trained are
those that diverge from the normative mean by a
quantity greater than the z-score threshold set by the
technician. In effective z-score NFB, therefore, one
would expect that all of a participant’s QEEG metrics
that diverged beyond this threshold from the nor-
mative mean before training would be significantly
closer to the mean after training (approaching z = 0).

For the present study, data analysis was performed
on within-subject change in QEEG parameters col-
lected during the eyes open full-cap QEEG assess-
ments. The parameters absolute power and relative
power for the frequency bands delta, theta, beta,
and high beta were compared between the four
timepoints already described: baseline, pre-program,
post-program, and follow-up. Because the z-score
NFB protocol only trains QEEG metrics that are
divergent from the mean, not all participants would
be expected to receive z-score training for all eight

of these QEEG metrics. Using our previously pub-
lished statistical analysis protocol (Groeneveld et al.,
2019), based on (Krigbaum & Wigton, 2015; Wig-
ton & Krigbaum, 2015), a participant’s data for a
particular metric were considered if the pre-program
QEEG |z-score| was ≥1.5 at a trained site (an SOI,
see Methods). For alpha frequency bands, statistical
analysis was not possible because the number of par-
ticipants with SOIs of |z-score| ≥ 1.5 at trained sites
was fewer than five. Data for the remaining eight
parameter/frequency band combinations are shown
in Table 4, and LS mean values at each timepoint are
graphed in Fig. 5, with significant LS mean changes
indicated.

With the exception of relative power of beta (p =
0.0826), the effect of time on all QEEG parame-
ters considered was significant at the � = 0.05 level.
Post-hoc analyses were performed on all eight mea-
sures for investigational purposes. For all eight QEEG
parameters examined, there was a trend toward the
normative mean (decrease in |z-score|) over the
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Fig. 4. Change in HRV Physiological Measures across Timepoints. LS mean values for HRV parameters and breathing rate at each timepoint:
-3 months (baseline assessment), 0 months (pre-treatment assessment), 3 months (post-treatment assessment) and 9 months (follow-up
assessment). Pairwise LS mean change values between timepoints are summarized in the top of each graph (values from Table 3). Respiration
rate decreased during the active treatment period (gray shading). Ln(SDNN), ln(RMSSD), and ln(HF) LS mean values increased over the
control waiting period. Although not specifically labeled, there was no change over the waiting period for ln(VLF) or ln(LF). Error bars
represent the standard error. VLF: power in the very low frequency domain; LF: power in the low frequency domain; HF: power in the high
frequency domain. SDNN: standard deviation normal to normal beat intervals; RMSSD: root mean square of successive normal to normal
beat interval differences. aThese LS mean values have been back-transformed from the natural log values displayed in the top graph. Error
bars are not included because they are not appropriate for back-transformed data. Significance markers are not included on back-transformed
data graphs because they appear on the ln-transformed graphs. ns: p > 0.0125, change not significant at the Bonferroni-corrected significance
level. * p ≤ 0.0125. **** p ≤ 0.0001.

treatment period. For six out of these eight param-
eters: absolute power of delta, absolute power of
theta, relative power of theta, absolute power of
beta, absolute power of high beta, and relative po-
wer of high beta, there was a significant decrease
(improvement) in |z-score| after the treatment period
at the Bonferroni-corrected significance level of

�B = 0.0125. Effect sizes were medium to large for
all of these LS mean changes. There was no evidence
to support an LS mean change over the follow-up
period. These results are consistent with effective z-
score NFB training of participants’ brain oscillation
parameters that was maintained at least six months
after the conclusion of treatment.
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Table 4

LS Mean Changes in |z-score| QEEG Parameters for Averaged SOIs at Sites Trained

QEEG Parameter: Comparison n LS Mean 95% 95% t dz p
Frequency Band Change CI LL CI UL

Absolute Power: Delta Baseline to Pre 11 0.27 0.03 0.52 2.27 0.69 0.0315
Pre to Post 11 –0.61 –0.95 –0.28 –3.80 –1.15 0.0008∗
Post to Follow-up 7 –0.11 –0.55 0.33 –0.51 . 0.6129
Pre to Follow-up 7 –0.73 –1.32 –0.13 –2.49 –0.94 0.0196

Relative Power: Delta Baseline to Pre 12 0.29 –0.13 0.72 1.42 . 0.1681
Pre to Post 10 –0.51 –0.96 –0.06 –2.33 –0.74 0.0281
Post to Follow-up 5 –0.22 –0.83 0.39 –0.75 . 0.4625
Pre to Follow-up 6 –0.73 –1.32 –0.15 –2.58 –1.06 0.0160

Absolute Power: Theta Baseline to Pre 6 0.53 –0.07 1.13 1.87 . 0.0811
Pre to Post 7 –1.01 –1.58 –0.44 –3.78 –1.43 0.0018∗
Post to Follow-up 5 0.01 –0.76 0.78 0.02 . 0.9812
Pre to Follow-up 5 –1.00 –1.81 –0.19 –2.64 –1.18 0.0185

Relative Power: Theta Baseline to Pre 18 0.15 –0.19 0.49 0.90 . 0.3712
Pre to Post 16 –0.68 –1.03 –0.33 –3.87 –0.97 0.0004∗
Post to Follow-up 10 0.00 –0.49 0.49 0.00 . 0.9968
Pre to Follow-up 12 –0.68 –1.17 –0.18 –2.76 –0.80 0.0085∗

Absolute Power: Beta Baseline to Pre 14 0.27 0.03 0.52 2.27 0.61 0.0293
Pre to Post 13 –0.56 –0.81 –0.31 –4.51 –1.25 <.0001∗
Post to Follow-up 9 –0.02 –0.38 0.35 –0.10 . 0.9228
Pre to Follow-up 10 –0.58 –0.96 –0.19 –3.03 –0.96 0.0047∗

Relative Power: Beta Baseline to Pre 16 0.06 –0.10 0.21 0.73 . 0.4699
Pre to Post 12 –0.10 –0.27 0.08 –1.14 . 0.2619
Post to Follow-up 9 –0.21 –0.44 0.02 –1.83 . 0.0748
Pre to Follow-up 11 –0.31 –0.54 –0.08 –2.69 –0.81 0.0108∗

Absolute Power: High Beta Baseline to Pre 12 0.14 –0.36 0.64 0.56 . 0.5770
Pre to Post 12 –0.66 –1.17 –0.16 –2.69 –0.78 0.0116∗
Post to Follow-up 7 –0.09 –0.77 0.59 –0.28 . 0.7835
Pre to Follow-up 9 –0.76 –1.43 –0.08 –2.27 –0.76 0.0303

Relative Power: High Beta Baseline to Pre 5 0.05 –0.42 0.53 0.25 . 0.8077
Pre to Post 7 –0.56 –0.97 –0.15 –2.90 –1.09 0.0111∗
Post to Follow-up 5 –0.21 –0.75 0.34 –0.81 . 0.4318
Pre to Follow-up 6 –0.77 –1.32 –0.21 –2.93 –1.20 0.0104∗

SOI: sites of interest (within each metric for each frequency band, |z-score| of baseline values that are farther than 1.5 standard deviations
from zero for the sites trained, selected at pre-treatment timepoint); n: number of participants who had at least one SOI for the given frequency
band/parameter; LS Mean: pairwise least squares mean change values in average distance from zero for SOIs; 95% CI LL: 95% confidence
interval lower limit; 95% CI UL: 95% confidence interval upper limit; dz : Cohen’s d for effect size of paired differences; t: test statistic; p:
p-value for post-hoc pairwise comparisons. ∗Bonferroni-corrected significance level �B = 0.0125.

Although not significant for any parameter at the
Bonferroni-adjusted level, there was a trend for LS
mean increase in |z-score| over the control period for
all QEEG parameters examined. Despite the lack of
statistical significance, this could represent an actual
small increase in |z-score| from the baseline to pre-
program timepoint, or it could indicate regression
to the mean due to the data analysis protocol. The
authors acknowledge that by selecting the sites and
parameters for which absolute z-score values are
larger than 1.5 at a single timepoint (the pre-program
timepoint), the data analysis will inherently capture
any regression to the mean at other timepoints. The
fact that none of these changes are significant and
that the slope gradients differ between the control
and treatment time periods suggest that the changes in
|z-score| over the treatment period were greater than
any regression to the mean. In further support of this,

all |effect sizes| for the control periods, which range
from |dz | = 0.11 to 0.76; mean = 0.39, are smaller than
(<60% of) the effect sizes for the corresponding treat-
ment periods.

3.4. Correlation between change in MoCA score
and physiological metrics

As an exploratory analysis, we determined the
association between participants’ change in MoCA
score over the treatment period (the primary outcome
measure) and the change in their physiological HRV
and QEEG metrics over the same period. Due to the
exploratory nature of this analysis, clinical signifi-
cance was set at |r| ≥ 0.5. To determine these changes
over the treatment period, each participant’s value
at pre-treatment was subtracted from their value at
post-treatment. Data points for change on the MoCA
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Fig. 5. Change in QEEG Metrics across Timepoints. For participants with SOIs at trained sites, LS mean |z-score| values at each timepoint:
-3 months (baseline assessment), 0 months (pre-treatment assessment), 3 months (post-treatment assessment) and 9 months (follow-up
assessment) are shown for the QEEG parameters absolute power and relative power percent for the frequency bands delta, theta, beta, and
high beta. Pairwise LS mean change values between timepoints are summarized in the top of each graph (values from Table 4). There was no
change in |z-score| over the control or follow-up period for any parameter. For absolute power of delta, absolute power of theta, relative power
of theta, absolute power of beta, absolute power of high beta, and relative power of high beta, there was a significant decrease (improvement)
in |z-score| over the treatment period (gray shading). Error bars represent the standard error. ns: p > 0.0125, change not significant at the
Bonferroni-corrected significance level. * p ≤ 0.0125. ** p ≤ 0.008. *** p ≤ 0.001. **** p ≤ 0.0001.
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Fig. 6. Correlation between Changes in MoCA Score and Physiological Metrics over the Treatment Period. Data points for participants’
change from pre-treatment to post-treatment (post minus pre) on MoCA score (Y-axis) versus each physiological metric (X-axis) are graphed.
Reference lines are drawn at X = 0 and Y = 0, which divide the graph into quadrants. Points that demonstrate improvement in both graphed
measures (where possible) are shown in black, while those that demonstrate no change or decline are shown in gray. For 12 of the 15 graphs,
points in a single quadrant are black and points in the other three quadrants are gray, because an improvement was defined for both the X-axis
and Y-axis measures. For change in MoCA score, an improvement was an increase in score. For change in heart rate, respiration rate, and all
eight QEEG metrics, an improvement was a decrease. For the HRV metrics ln(SDNN) and ln(RMSSD), an improvement was an increase. For
the three graphs representing change in ln(VLF power), ln(LF power), and ln(HF power), two quadrants (top left and top right) contain black
points and two quadrants (bottom left and bottom right) contain gray dots because an improvement in the X-axis measure was not specifically
defined during normal breathing conditions. 90% prediction ellipses are also graphed to aid in relationship visualization. The two graphs
representing change in relative power of delta and relative power of theta (the bottom left panels) are indicated with an * symbol because
there was a significant linear correlation found between change in MoCA score over the treatment period and change in the physiological
metric (values from Table 5). In both cases, the association between these variables was a negative linear correlation. This indicates that
the increase (improvement) in participants’ MoCA scores over the treatment period was associated with a decrease (improvement; closer to
z = 0) in these QEEG |z-scores|.

versus each physiological metric are graphed in Fig. 6
along with 90% prediction ellipses to assist with visu-
alization. Data points that demonstrate improvement
are in black, and those with no change or decline are
in gray. As an example, a representative participant
in the present study had a MoCA score of 24 at pre-
treatment and 26 at post-treatment, for a change from
pre- to post-treatment of 2 (26 – 24 = 2), indicating

an improvement in MoCA. The participant also had
a pre-treatment relative power of theta |z-score| of
1.664 (1.664 standard deviations from the norma-
tive mean, z = 0) and a post-treatment relative power
of theta |z-score| of 0.898, for a change in |z-score|
over the treatment period of –0.766. This indicates
improvement, because the participant’s z-score was
closer to the normative mean of z = 0 after the
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Table 5

Correlation between Change in MoCA Score and Change in
Physiological Metrics over the Treatment Period

Change in MoCA
Change in [Metric] n r p

MoCA 44 1.000 —
Mean Heart Rate 27 0.105 0.6024
(beats/minute)
Respiration Rate 32 –0.130 0.4767
(breaths/minute)
ln(SDNN) 27 –0.158 0.4306
ln(RMSSD) 27 –0.226 0.2577
ln(VLF Power) 27 0.165 0.4106
ln(LF Power) 27 0.025 0.9032
ln(HF Power) 27 –0.223 0.2625
Absolute Power: Delta 11 –0.249 0.4601
Relative Power: Delta 10 –0.576* 0.0813
Absolute Power: Theta 7 0.218 0.6381
Relative Power: Theta 16 –0.524* 0.0371
Absolute Power: Beta 13 –0.406 0.1690
Relative Power: Beta 12 –0.469 0.1237
Absolute Power: High Beta 12 –0.457 0.1355
Relative Power: High Beta 7 –0.233 0.6146

Note: Due to the exploratory post-hoc nature of this analysis,
p-values in this table may not be an accurate representation of
statistical significance. n: number of participants in the analysis;
r: correlation coefficient; p: p-value. * |r| ≥ 0.5.

program. On the graph representing change in relative
power of theta in Fig. 6, this participant’s datapoint
is represented as a black dot in the top left quadrant
because they experienced improvement for change
in MoCA score (Y-axis) and for change in relative
power of theta |z-score| (X-axis).

Correlation coefficients (r) for the change in
MoCA score versus the change in individual phys-
iological metrics are shown in Table 5. A significant
correlation was found between change in MoCA
score over the treatment period with change in
two physiological metrics: relative power of delta
(r = –0.576; p = 0.0813) and relative power of theta
(r = –0.524; p = 0.0371). In both cases, the association
between these variables was a negative linear correla-
tion. This indicates that the increase (improvement) in
participants’ MoCA scores over the treatment period
was associated with a decrease (improvement; closer
to z = 0) in these QEEG |z-scores|.

4. Discussion

This study evaluated the Memory Boot Camp
program for older adults with both subjective and
objective memory deficits. The baseline LS mean
MoCA score for participants in this study was 22.29,
95% CI [21.26, 23.32], a value well below the stan-
dard cutoff for MCI cited by the test developer (25/26,
(Nasreddine et al., 2005)), which suggests that many

participants experienced symptoms of MCI before
the program. The Memory Boot Camp program com-
bines NFB and HRV biofeedback with brain coaching
to support behavior change on modifiable risk factors
known to be associated with age-related cognitive
decline, MCI, and dementia. Cognitive skills and rel-
evant symptoms for participants in this study were
evaluated via neurocognitive tests and self-report
questionnaires. LS mean change in scores for these
measures over the treatment period were compared to
an equivalent pre-testing control waiting period and
to a follow-up period six months after program com-
pletion. For the majority of neurocognitive tests and
self-report questionnaires, participants experienced
significant improvement in score over the treatment
period, with little evidence of change in score during
the waiting or follow-up time periods. On the primary
outcome measure, the MoCA, participants experi-
enced an LS mean change of 1.57 points (p < 0.0001)
over the treatment period. Although not directly rele-
vant to our study population, a recent study estimated
(using an anchor-based method) a Minimal Clinically
Important Difference (MCID) value of 1.22 for the
MoCA in survivors of stroke who were undergoing
rehabilitation (Wu et al., 2019). This suggests that the
change in MoCA score during the treatment period
experienced by participants in the present study could
have clinical relevance in addition to statistical sig-
nificance.

Participants in this study did not experience a
significant score increase over the treatment period
on the NeuroTrax cognitive test. There was, how-
ever, a significant NeuroTrax score increase recorded
for participants during the waiting/control period,
when participants were instructed not to make any
major lifestyle changes (and during which we did
not observe a significant score change in any other
neurocognitive or self-report test). An obvious differ-
ence between MoCA and NeuroTrax is that MoCA is
administered via “pencil and paper” whereas Neuro-
Trax is computerized. Older adults’ attitudes toward
technology have been shown to vary widely, based on
factors such as increased age, gender and socioeco-
nomic status (Werner & Korczyn, 2012). It is possible
that the increase in NeuroTrax score over the con-
trol period represented an increase in comfort with
the technology. Unlike the MoCA, for which partici-
pants’ baseline LS mean score was within the “Mild
Cognitive Impairment” range (22.29), the baseline LS
mean score for the NeuroTrax was within the “Prob-
able Normal” range (97.79). Rather than reflecting a
discrepancy between severity of underlying symp-
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toms measured by the two instruments, this may
instead represent differences in the sensitivity and
specificity of the tests. MoCA, in particular, has
demonstrated superior sensitivity to earlier/milder
stages of cognitive decline, compared to tools like the
Mini Mental State Examination (Freitas et al., 2013).
A cross validation study of MoCA in a community-
based population showed high sensitivity (97%) at the
recommended MCI cutoff of 26, but only fair speci-
ficity (35%) at that point (Luis et al., 2009). When the
cutoff score was lowered to 23, it showed both high
sensitivity (96%) and specificity (95%). In contrast,
NeuroTrax put forth a cutoff score of 96.25 (25% of
one standard deviation below the normed mean) “as
a best-balance normal/abnormal cutoff, with equiv-
alent severity” of false positive and false negative
(Doniger et al., 2004). It is therefore likely that the
“Normal” NeuroTrax cutoff score of 103.75 (25%
of one standard deviation above the normed mean)
is similar to the MoCA cutoff score of 26. Impor-
tantly, by the time of 6-month follow-up, participants
either approached or exceeded this Normal cutoff on
both instruments, indicating a meaningful improve-
ment in overall cognitive performance as a result of
participating in the Memory Bootcamp Program.

In addition to targeting known risk factors, such as
diet and exercise, the Memory Boot Camp program
aimed to improve stress management and overall
mental health. Participants experienced improvement
in self-reported measures of mental health and qual-
ity of life upon completion of the program. On
average, participants reported lower levels of depres-
sive symptoms (BDI-ii), anxious symptoms (BAI),
and improvements in sleep quality (PSQI), insom-
nia severity (ISI), and excessive daytime sleepiness
(ESS). These improvements were accompanied by
an average increase in perceived ability to function
in daily life (WSAS). It is plausible that participants’
perceived improvements in memory and cognition
(as measured by the MoCA) preceded their improve-
ments in mood, or vice versa. In the dementia field,
the cause-effect relationship between depression and
dementia, which are tightly correlated, has been
difficult to tease apart (Livingston et al., 2017).
Regardless of the specific cause, participants signifi-
cantly improved on average in mental health profile,
and these improvements were maintained for at least
six months after treatment.

The current protocol utilized a combination of
NFB and HRV biofeedback; our center has previ-
ously shown that 30 sessions of similar “NFB + HRV
biofeedback” protocols are associated with signifi-

cant improvements in attention (Groeneveld et al.,
2019) as well as anxiety and depression (White
et al., 2017). The HRV biofeedback protocol utilized
in this study was intended to normalize sympa-
thetic and parasympathetic processes and facilitate
stress recovery (Lehrer & Gevirtz, 2014; Lehrer &
Vaschillo, 2008; Vaschillo et al., 2002). Although
no changes were observed in HRV variables over
the active treatment period, there was a significant
decrease in breaths per minute during that time that
was maintained six months after the completion of
the program, which may indicate that participants
learned to modulate their breathing in accordance
with the Memory Boot Camp HRV biofeedback
protocol. Participants began the study with reduced
SDNN, a condition associated with elevated cardio-
vascular risk (The Task Force Report, 1996) and
dysfunctional sympathetic activity that may inhibit
autonomic function (Baevsky & Chernikova, 2017).
It has previously been shown that older adults have
lower values for many HRV parameters than do
younger adults, and older adults experience smaller
changes in HRV after biofeedback (Lehrer et al.,
2006). Over the course of the present study, the only
significant change in HRV metrics was an increase
in HF power, SDNN, and RMSSD that took place
over the control waiting period. Although increases
in HF power, SDNN, and RMSSD are thought to
be associated with improved autonomic regulation
(Shaffer & Ginsberg, 2017) and increased vagal activ-
ity and resilience to stress (Carnevali et al., 2018),
there is no evidence from the present study to sug-
gest that the HRV biofeedback portion of the Memory
Boot Camp program contributed to cognitive changes
experienced by participants over the active treatment
period.

The current study demonstrated significant im-
provements in six out of eight QEEG variables
following four-channel z-score NFB. The variables
changed in the direction of the Neuroguide database
normative mean, which is the goal of z-score NFB
(Thatcher & Lubar, 2009). Disregarding statistical
significance, all QEEG LS mean changes from pre-
treatment to post-treatment were in the direction of
the database normative mean, as were all LS mean
changes from the pre-treatment to follow-up time-
points. This indicates that the z-score NFB treatment
normalized brain oscillation parameters for partici-
pants in this study in a lasting manner, and this was
maintained at least six months after training.

In an exploratory post-hoc analysis, we observed
a moderately strong linear association between
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normalized QEEG variables and improved cogni-
tion. Specifically, improvements in relative power of
theta and relative power of delta were linearly cor-
related with improvements in the MoCA over the
active treatment period. “Slowing” of the EEG has
long been recognized as an indicator of progression
from normal brain activity patterns to brain activ-
ity patterns associated with cognitive decline and
dementia ((Berger, 1933), as described in (Johan-
nesson et al., 1979); (Gianotti et al., 2007; Malek
et al., 2017)). Increased relative power of theta, in
particular, has been associated with increased inci-
dence of conversion from MCI to dementia (Jelic
et al., 2000), increased severity of dementia (L. A.
Coben et al., 1985), and increased abnormalities in
neuropsychological measures as well as presence of
the pathological protein tau (Musaeus et al., 2018).

The linear correlation of improvements in QEEG
metrics with improvement in MoCA score in the
present study is consistent with a role for z-score NFB
in improving cognition in subjects with symptoms
of MCI. The specific NFB protocol utilized in this
study, z-score NFB, was selected due to our clinical
experience with the protocol for treatment of ADHD
(Groeneveld et al., 2019) and other clinical condi-
tions (unpublished data). Several recent studies have
demonstrated improved cognitive function in subjects
with MCI following more traditional NFB training
methods (Jang et al., 2019; Jirayucharoensak et al.,
2019; Lavy et al., 2019). As discussed in the Intro-
duction, there are a multitude of supportive studies of
NFB in the published literature for a variety of con-
ditions, with the strongest support level existing for
its use in ADHD ((Van Doren et al., 2018), for exam-
ple). A recently published consensus paper authored
by more than 80 researchers both supportive of, and
skeptical of, NFB (Ros et al., 2020) acknowledges the
promise of NFB and provides guidance for the appro-
priate design of future basic and clinical studies to ad-
vance the field of NFB in a more definitive direction.

It is known that health programs with a coach/
accountability partner improve participants’ motiva-
tion and adherence to the program, along with their
physiological and psychological well-being (Kivelä
et al., 2014; Kreitzer et al., 2008; Prince et al.,
2017). Furthermore, the Memory Boot Camp pro-
gram combines multiple strategies, which is likely to
be more effective than a single strategy for cognitive
decline/MCI (Sherman et al., 2017). The FINGER
trial, which combined two years of intervention for
some of the risk factors described above (cognitive
stimulation, exercise, and diet changes) with man-

agement of vascular problems in older adults dem-
onstrated an 80% improvement in executive func-
tion and a 150% increase in cognitive speed (Ngandu
et al., 2015; Rosenberg et al., 2018). The success of
this program may be due to the fact that it incorpo-
rated multiple strategies rather than a single strategy
for cognitive decline/MCI (Sherman et al., 2017). A
clinical trial to test this strategy on a United States
population at risk for developing Alzheimer’s dis-
ease, US-POINTER, is currently ongoing, with an
estimated study completion date of November 2023
(ClinicalTrials.gov ID: NCT03688126).

4.1. Limitations

The present study was a prospective trial of the
Memory Boot Camp program, with a waitlist control
period of three months and 6-month post-program
follow-up. Statistical analysis was utilized such that
participants acted as their own control. The limita-
tion of this type of experimental design is the lack of
a sham-control placebo group. Further, a single treat-
ment condition prevented comparison of the different
elements of the Memory Boot Camp program proto-
col. Although we found no evidence of a change in
HRV metrics over the treatment period, it is possible
that a change was missed due to the protocol utilized.
For convenience, photoplethysmography was utilized
rather than electrocardiography. Though it is more
accurate, electrocardiography is more invasive as it
requires increased direct contact with participants to
apply adhesive sensors to the chest or wrist areas
(Schäfer & Vagedes, 2013). Also for convenience,
we utilized short-duration rather than long-duration
(twenty-four hour) recordings of HRV, and we there-
fore did not evaluate the aspects of HRV that are only
captured by long-duration recordings. Further, the
‘plain vanilla’ task given to participants during HRV
recording sessions to prevent them from consciously
modifying their breathing rate involved keeping track
of the number of blue boxes on the screen. Although
it was intended to produce a more consistent breath-
ing environment to evaluate changes in HRV over
time, this specific task might have been inappropriate
for individuals with memory concerns because it may
have introduced an unnecessary stressor (especially
during the first baseline recording session), which
can affect HRV metrics. Finally, participants in this
study did not necessarily have a medical diagnosis
of MCI. Their inclusion in the study was based on
their baseline MoCA score and subjective memory
concerns.
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Despite these limitations, the study utilized mul-
tiple neurocognitive and self-report questionnaire
assessment tools, and it assessed concomitant phys-
iological change in HRV and QEEG parameters.
Further, to our knowledge, this is the first study to
report the use of z-score NFB with HRV biofeedback
for subjective and objective memory concerns and
symptoms of MCI.

5. Conclusions

After the Memory Boot Camp program, partici-
pants experienced improvements in mean score on
memory/cognition (MoCA), and measures of depres-
sion (BDI-ii), anxiety (BAI), and sleep (ESS, ISI,
PSQI), and these improvements were maintained at
the six-month follow-up assessment. Participants also
experienced mean score improvement over the treat-
ment period on the WSAS, a measure of functional
impairment due to memory concerns, which indicates
that participants felt more able to deal with their mem-
ory symptoms after the Memory Boot Camp. There
was no change in HRV parameters. However, par-
ticipants experienced physiological improvements in
breathing rate and brain oscillation parameters that
were consistent with the specific protocols utilized,
suggesting that the Memory Boot Camp program
effected lasting physiological change. Finally, par-
ticipants’ change in MoCA score over the treatment
period was correlated with change in two brain
oscillation parameters utilized in the NFB portion
of the Memory Boot Camp program. As there is
currently no approved pharmaceutical treatment for
MCI, our results for this multifactorial treatment
strategy are particularly encouraging, including a sig-
nificant change on the MoCA, which is known to
be particularly sensitive to early changes in cog-
nition. Given the fact that each participant served
as his/her own control, these trial results suggest
that a fairly short three-month program incorporating
z-score NFB, HRV biofeedback, memory and cogni-
tive training, and one-on-one coaching to encourage
behavior change in diet, sleep, physical fitness, and
stress reduction is a promising treatment strategy for
adults age 55 to 85 with subjective and objective
memory deficits and symptoms of MCI.
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Kivelä, K., Elo, S., Kyngäs, H., & Kääriäinen, M. (2014). The
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