
Contents lists available at ScienceDirect

NeuroImage: Clinical

journal homepage: www.elsevier.com/locate/ynicl

Modulation of frontal gamma oscillations improves working memory in
schizophrenia

Fiza Singha,⁎, I-Wei Shua, Sheng-Hsiou Hsub, Peter Linka, Jaime A. Pinedac, Eric Granholma

a Department of Psychiatry, School of Medicine, University of California at San Diego, United States
b Swartz Center for Computational Neuroscience, University of California at San Diego, United States
c Department of Cognitive Science, Division of Cognitive Neuroscience, University of California at San Diego, United States

A R T I C L E I N F O

Keywords:
Schizophrenia
Neurofeedback
Cognitive remediation
Working memory
N-back
Gamma

A B S T R A C T

Schizophrenia is a debilitating mental disorder that is associated with cognitive deficits. Impairments in cog-
nition occur early in the course of illness and are associated with poor functional outcome, but have been
difficult to treat with conventional treatments. Recent studies have implicated abnormal neural network dy-
namics and impaired connectivity in frontal brain regions as possible causes of cognitive deficits. For example,
high-frequency, dorsal-lateral prefrontal oscillatory activity in the gamma range (30–50 Hz) is associated with
impaired working memory in individuals with schizophrenia. In light of these findings, it may be possible to use
EEG neurofeedback (EEG-NFB) to train individuals with schizophrenia to enhance frontal gamma activity to
improve working memory and cognition. In a single-group, proof-of-concept study, 31 individuals with schi-
zophrenia received 12 weeks of twice weekly EEG-NFB to enhance frontal gamma band response. EEG-NFB was
well-tolerated, associated with increased gamma training threshold, and significant increases in frontal gamma
power during an n-back working memory task. Additionally, EEG-NFB was associated with significant im-
provements in n-back performance and working memory, speed of processing, and reasoning and problem
solving on neuropsychological tests. Change in gamma power was associated with change in cognition.
Significant improvements in psychiatric symptoms were also found. These encouraging findings suggest EEG-
NFB targeting frontal gamma activity may provide a novel effective approach to cognitive remediation in
schizophrenia, although placebo-controlled trials are needed to assess the effects of non-treatment related fac-
tors.

1. Introduction

Schizophrenia (SCZ) is a heterogeneous, debilitating mental dis-
order that affects 2.4 million Americans and is a leading cause of dis-
ability worldwide. The disorder typically presents during late adoles-
cence and disrupts multiple aspects of brain development (Silver, 2003;
Mohamed, 1999). Cognitive deficits occur early in the course of the
illness and are associated with poor functional outcome (Silver, 2003;
Mohamed, 1999). Cognitive impairments have been difficult to treat
using conventional treatment modalities. In this context, emerging
evidence of aberrant neural dynamics in SCZ provides compelling op-
portunities to develop novel therapeutics to improve cognitive deficits.

Recent studies suggest that cognitive deficits in patients with SCZ
may arise from desynchronization of distributed neural networks.
Synchronization, or coordinated activation of neurons, specifically in

the gamma band (30–50 Hz) has been shown to play a central role in
top-down attention, multisensory processing, perceptual binding and
working memory (WM). EEG recordings in patients with SCZ have been
associated with abnormal gamma band responses (GBR), both in power
and coherence relationships, during WM tasks. For instance, behavioral
abnormalities in WM and aberrant gamma band response (GBR) have
been noted in early (Haenschel, 2009) and chronic stages of SCZ (Cho
et al., 2006; Minzenberg, 2010), across different tasks (Chen, 2014)
(Kissler, 2000), and during various phases of WM including encoding,
maintenance and retrieval (Chen, 2014). In contrast, resting state
gamma power, however, appears to be a trait rather than state marker
(Mitra, 2015), and does not change in response to antipsychotic treat-
ment in individuals with SCZ. The degree of GBR impairment has also
been associated with the degree of disorganization symptoms (Cho
et al., 2006). These findings are also consistent with convergent data

https://doi.org/10.1016/j.nicl.2020.102339
Received 5 February 2020; Received in revised form 30 June 2020; Accepted 2 July 2020

Abbreviations: SCZ, Schizophrenia; NFB, Neurofeedback; EEG, electroencephalogram; GBR, gamma band response; WM, working memory
⁎ Corresponding author at: Department of Psychiatry, MC 0737, University of California San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0810, United States.
E-mail address: fsingh@health.ucsd.edu (F. Singh).

NeuroImage: Clinical 27 (2020) 102339

Available online 10 July 2020
2213-1582/ © 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2020.102339
https://doi.org/10.1016/j.nicl.2020.102339
mailto:fsingh@health.ucsd.edu
https://doi.org/10.1016/j.nicl.2020.102339
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2020.102339&domain=pdf


from molecular studies where parvalbumin expressing interneurons
responsible for producing gamma oscillations are disrupted in SCZ pa-
tient (Dienel and Lewis, 2018; Lewis and Glausier, 2016; Rotaru et al.,
2012).

These findings suggest that an intervention that enhances frontal
GBR, such as EEG neurofeedback (NFB), may improve WM in schizo-
phrenia. NFB is an operant conditioning technique for learning how to
control one’s brain activity to improve cognitive performance, regulate
stress levels, emotional functioning and behavior. NFB is based on vi-
sualization of brain activity to make it accessible. The subject is pre-
sented with a visual metaphor of brain activity, and then either up- or
down- regulates it to make it fit within predetermined parameters.
Brain activity can be measured via EEG and used to provide real-time
feedback on brain function. EEG-NFB is a non-invasive, relatively in-
expensive, well-tolerated and easily administered treatment.
Modulation of brain activity via EEG-NFB has been employed in the
treatment of a variety of disorders including attention deficit hyper-
activity disorder (ADHD), autism, depression and post-traumatic stress
disorder (PTSD) (Angelakis, 2007; Gevensleben, 2009; Gevensleben,
2009; Kluetsch, 2014; Levesque et al., 2006). Studies have shown that
EEG-NFB has positive effects on cognitive function (Enriquez-Geppert
et al., 2013; Gruzelier, 2014; Gruzelier, 2014; Gruzelier, 2014). At
present, there are no studies employing EEG-NFB to modulate GBR in
patients with SCZ.

With this in mind, we designed an open label clinical trial of EEG-
NFB to enhance gamma band response bilaterally across the frontal
cortex in participants with SCZ. As a single group trial, the study was
designed to explore if GBR can be modulated in participants with
schizophrenia using EEG-NFB. Secondary exploratory aims included
examining changes in WM, other cognitive domains, and symptoms
during EEG-NFB. We hypothesized that gamma NFB would be asso-
ciated with positive changes in neural markers (improved task-induced
GBR), and behavior (gains in performance on the n-back task and WM
domain of the MCCB). Additionally, we planned to estimate correla-
tions between change in NFB training threshold (TT) and changes in
cognition to test whether behavioral changes were associated with
changes in brain metrics.

2. Materials and methods

Men and women of any race between the age of 18–65 years with a
diagnosis of SCZ or schizoaffective disorder were recruited from a
variety of outpatient clinics and board-and-care/group homes in San
Diego County. A best estimate diagnostic approach was used in which
information from the Structured Clinical Interview for DSM5 was sup-
plemented by information from family, previous psychiatrists, and
medical records to generate a diagnosis. Subjects prescribed the same
antipsychotic for at least 60 days and a constant therapeutic dose for at
least 30 days prior to study entry were included. Subjects with an or-
ganic brain disorder, seizure disorder, history of traumatic brain injury,
or mental retardation, were excluded. Subjects who met DSM5 criteria
for alcohol or substance dependence (except nicotine) within the last
6 months or DSM5 criteria for alcohol or substance abuse (except ni-
cotine) within the last month were also excluded. Only those subjects
competent to participate in the informed consent process and who
provided voluntary informed consent were included. This study was
approved by the Human Subjects Committee of UC San Diego.

A total of 43 participants were screened, out of which 31 partici-
pants met inclusion criteria and consented for treatment (Fig. 1). Par-
ticipants had a mean age at baseline of 45.5 years (SD = 9.4;
range = 26–61) and 12.4 years (SD = 2.4; range = 8–19) of education.
There were 16 female and 15 male participants. 71% of the sample was
Caucasian. On average patients were on 419.1 mg (SD = 392.7)
chlorpromazine equivalents of antipsychotic medication. At baseline
subjects were moderately ill as characterized by the Positive and Ne-
gative Syndrome Scale (PANSS) symptom severity scores. Mean

baseline total PANSS scores were 85.7 (SD = 6.5, range 73–98), posi-
tive symptom subscale scores were 20.0 (SD = 2.5, range 14–25), ne-
gative symptom subscale scores were 23.5 (SD = 4.5, range 15–33) and
general psychopathology subscale scores were 42.3 (SD = 4.3, range
37–53), all within moderate severity range.

2.1. Study assessment schedule

Behavioral and electrophysiological assessments were conducted at
baseline and every 4 weeks of treatment (t = 0, 4, 8 and 12 weeks) to
determine treatment-induced dose response relationships, as well as at
4 weeks post-treatment follow-up (t = 16 weeks), to examine durability
of treatment effects. Symptom ratings and functional assessments were
conducted at baseline, 12 and 16-week timepoints.

2.1.1. Electrophysiology/N-back task
Subjects were seated in a quiet room and asked to perform the n-

back task while 32-channels of EEG were collected at 500 Hz sampling
rate using the Cognionics Quick30 ®, wireless, dry electrode EEG re-
cording cap. The n-back is a continuous performance, computerized
task used to measure WM. The subject is presented with a sequence of
stimuli (letters, number, or shapes), and the task consists of indicating
when the current stimulus matches the one from n steps earlier in the
sequence. The load factor n can be adjusted to make the task more or
less difficult (Salari et al., 2014). Subjects performed the 0-back task as
a positive control followed by the more demanding 1-back task, and the
most demanding, 2-back task. Stimuli were presented on a computer
monitor screen at a viewing distance of approximately 96 cm using
Presentation software (version 20.3).

2.1.2. Neuropsychological functioning: the MATRICS Consensus Cognitive
Battery (MCCB)

Consists of both paper and pencil and computerized cognitive tests
(Green and Nuechterlein, 2004; Green, 2004). The MCCB was specifi-
cally designed to assess treatment-related changes in cognition in
people with schizophrenia. The MCCB is comprised of 10 tests that
assess seven cognitive domains: Speed of Processing, Attention/Vigi-
lance, Working Memory (nonverbal), Working Memory (verbal), Verbal
Learning, Visual Learning and Reasoning and Problem Solving. The
MCCB composite score is a standardized mean of the seven domain
scores. T-scores are standardized to normative data. For MCCB, larger
scores indicate better performance.

2.1.3. Symptom ratings
The Positive and Negative Syndrome Scale (PANSS), including the

Positive (7 items), Negative (7 items), and General Psychopathology
(16 items) subscales, was used. Higher scores on total and subscales
(positive, negative and general psychopathology) indicate higher se-
verity of disease. Positive symptoms include items such as hallucina-
tions, delusions and paranoid ideation, whereas negative symptoms
include reduced affect, alogia, depression and amotivation.

2.1.4. Treatment tolerability/Patient satisfaction
Treatment tolerability was assessed every 4 weeks using a ques-

tionnaire. The survey used a scale from 0 to 20, where 20 represents
highest satisfaction.

2.2. EEG-NFB training

Subjects were scheduled to receive 12 h of gamma-NFB training
over 12 weeks (30 min of training, twice weekly for 12 weeks). Positive
feedback was provided to reinforce an increase in synchronous GBR at
both F3 and F4 electrodes, using the Thought Technologies, Procomp-2,
2-channel neurofeedback device.

Subjects were given a choice of visual metaphors (games) where
success in the game was related to increasing the GBR. All subjects
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viewed a computer screen on which the game was displayed and in-
structed to make the game continuous and win as many points as
possible. Games included flying a plane, riding a roller-coaster, or
nature scenes that morphed as the game progressed. Baseline GBR was
assessed on the first visit to compute an initial training threshold (TT).
Initial TT was defined as the value required to achieve positive feed-
back 75–80% of the time during the first feedback session. On the next
session, TT was increased by 5%, so that it was now 5% more difficult
to receive positive feedback. This new threshold was maintained until
the subject was able to achieve 75–80% success rate again. This process
was repeated for the remainder of the study for a total of 12 weeks. This
successive approximation was meant to operantly condition subjects to
learn to modulate their frontal gamma activity. Change in TT was
computed every 4 weeks throughout the duration of the study at t = 4,
8 and 12 weeks.

2.3. Data analysis

2.3.1. EEG data processing
Raw EEG was processed using EEGLAB (Delorme and Makeig, 2004)

under Matlab 2018b. EEG data were high-pass filtered at 1.0 Hz and
low-pass filtered at 50 Hz with FIR filters. EEGLAB plugins pop_rejchan
() and clean_rawdata() were used to automatically remove and inter-
polate EEG channels with the following criteria: (1) spectral power

between 1 and 50 Hz that was three standard deviations above or below
that of other channels, (2) channels with flat signals longer than 5 s, (3)
channels that were poorly correlated (r < 0.7) with their re-
constructed versions based on adjacent channels, (4) channels with line
noise power four standard deviations higher than their signals. EEG
data were then re-referenced to common average reference.

For the remaining channels, line noise was further removed using
cleanline in EEGLAB (Bigdely-Shamlo, 2015). Artifact subspace re-
construction (ASR) was applied to remove and interpolate non-sta-
tionary, high-amplitude bursts using clean_asr (σ = 20) (Chang, 2019).
Independent component analysis was performed and an automatic IC
classifier, ICLabel (Pion-Tonachini et al., 2019), was used to separate
and label independent components (ICs) into seven categories (see
https://labeling.ucsd.edu/tutorial/labels for details). The ICs labeled as
muscle, eye, heart, line noise, and channel noise with probability higher
than 0.5 were rejected. On average two to eight ICs, mostly labeled as
eye and muscle, were rejected for each EEG recording. The final cleaned
channel signals were reconstructed using the remaining ICs. The script
of the processing pipeline is available online (https://github.com/
goodshawn12/resteeg) and all the functions and plugins are available
in EEGLAB.

For EEG recordings during the working memory task, EEG data were
epoched from −0.25 to 1.75 s relative to the presentation of the stimuli
(i.e. letters on the screen). The epoched trials that contained absolute

Fig. 1. Study enrolment and subject flow.
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amplitude larger than 150 µV were rejected using pop_eegthresh
function in EEGLAB. The trials with improbable events (e.g. artifacts),
defined as having normalized joint probabilities that were three stan-
dard deviations above that of all trials were also rejected using pop_-
jointprob function in EEGLAB (for details, see Section “Rejecting im-
probable data” in https://sccn.ucsd.edu/wiki/Chapter_01:_Rejecting_
Artifacts). Event-related spectrogram (ERS) was computed using con-
tinuous wavelet transform (CWT) with analytic Morlet and averaged
across all the remaining trials for each recording. The ERS results were
further divided into five frequency bands (delta, theta, alpha, beta, and
gamma) and three time-windows (0–0.5, 0.5–1, and 1–1.5 s). Average
EEG power in the region of interest (ROI), gamma frequency band
(30–50 Hz) and each time window at the frontal locations F3, F4, and
Fz were obtained. These values were averaged to generate frontal
gamma power (FGP). It is worth noting that we did not use the event-
related spectral perturbation (ERSP) by normalizing the ERS with the
spectral power of pre-stimulus baseline EEG due to its unavailability in
the n-back task. Although the relative power (e.g. ratio of gamma to
other low frequencies) could be used as a normalized EEG metric to
reduce the inter-session variability of FGP, it could be affected by other
task-relevant activities (e.g. P300 response to the target stimuli) or task-
irrelevant factors (e.g. drowsiness or noise due to sweat).

2.3.2. Statistical analyses
Hierarchical linear modeling (utilizing HLM v6.08) was used to

assess change in outcome (EEG power, n-back performance, neu-
ropsychological test performance, clinical measures) over the course of
the 16-week study. Growth curve models predicting each level-1 out-
come variable were estimated using time (measured in weeks centered
at baseline), as a level-1 predictor. Significant results were followed up
by paired t-tests. Cohen’s d effect sizes were also calculated for each t-
test. Additionally, hypothesis driven Pearson correlations were esti-
mated to ascertain the relationship between change in FGP, NFB
training threshold and change in performance of the n-back task.
Multiple imputation was used to fill in missing EEG data that resulted
from technical difficulties, and ocassional recording failure during EEG
recording. 71 missing EEG observations out of 310 possible observa-
tions (~23%), or 3.8% of the total dataset used for analysis was im-
puted.

3. Results

3.1. Treatment tolerability

Overall treatment completion at 12 weeks was 81%. Twenty-nine
subjects (94%) completed at least one assessment point in addition to
baseline (Fig. 1), and 81% completed all assessments. The patient sa-
tisfaction survey showed moderate to high levels of satisfaction (week
4: M = 16.7, SD = 2.6; week 8: M = 17.9, SD = 2.1; week 12:
M = 18.0, SD = 1.7; week 16: M = 17.3, SD = 2.5) through the
entirety of the study. The treatment was well tolerated, without any
treatment related adverse events. One subject was hospitalized for
reasons unrelated to study participation.

3.2. Training threshold

Was measured at baseline and subsequently trained via EEG-NFB at
each treatment session. TT ranged between 0.7 and 28 (M = 6.1,
SD = 7.6) at baseline, and increased by 136%, 202% and 157% on
average, at 4, 8- and 12-week treatment timepoints, respectively.

3.3. Neurophysiology/N-back task

A significant time effect was found for task related FGP during the 2-
back condition (γ = 0.02, t(29) = 2.19, p = .037), but not the 1-back
condition (γ = 0.01, t(29) = 0.83, p = .413). Follow-up paired t-tests
revealed significantly greater FGP dose effects during the 2-back task at
4 (t(23) = 2.55, p = .018, d = 0.5) and 12 (t(19) = 3.42, p = .003,
d = 0.75) week doses (Fig. 2). Treatment effects on n-back performance
were significant for 1-back performance over time (γ = 0.55, t
(30) = 2.07, p = .047) and 2-back performance over time (γ = 0.46, t
(30) = 2.17, p = .038). Follow-up paired t-tests were marginally sig-
nificant for 1-back performance at the 4-week dose (t(28) = 1.86,
p = .074, d = 0.35) and statistically significant at 8-weeks (t
(27) = 3.36, p = .002, d = 0.65) and 12-weeks (t(24) = 3.37,
p = .003, d = 0.65). For 2-back performance, follow-up paired t-tests
were marginally significant at the 8-week dose (t(27) = 1.94, p = .063,
d = 0.35) and statistically significant at the 12-week dose (t
(24) = 2.33, p = .029, d = 0.45).

3.4. Neuropsychological functioning

A statistically significant time effect was found for MCCB age-

Fig. 2. Gamma-NFBs effects on frontal gamma power over time in the 2-back condition. *p < 0.1; **p < 0.01.
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normed T-scores (γ = 0.19, t(30) = 3.61, p = .001). Follow-up paired
t-tests showed significant effects as early as 4 weeks (week 4: t
(29) = 2.74, p = .010, d = 0.5; week 8: t(27) = 3.46, p = .002,
d = 0.65; week 12: t(24) = 3.64, p = .001, d = 0.75), that continued
to be significant until the end of training at 12 weeks. Follow-up testing
revealed near significant time effects for WM (γ = 0.21, t(30) = 2.01,
p = .053), and significant effects for reasoning and problem solving
domain (γ = 0.26, t(30) = 3.07, p = .005), and speed of processing
domain (γ = 0.34, t(30) = 3.06, p = .005). A trend (p < .10) for the
effect of time was also found visual learning (γ = 0.24, t(30) = 1.90,
p = .067). Treatment effects on MCCB cognitive domains are shown in
Fig. 3.

3.5. Symptoms

Significant time effects were found indicating improvements in
PANSS Positive (γ = -0.08, t(30) = -3.56, p = .002), PANSS Negative
(γ = -0.13, t(30) = -4.47, p < .001), PANSS General (γ = -0.16, t
(30) = -4.73, p < .001) and PANSS Total (γ = -0.37, t(30) = -6.63,
p < .001) scores.

3.6. Durability of treatment effects

At the 16-week follow-up, FGP during 2-back condition remained
signficantly greater than baseline (t(20) = 2.18, p = .041, d = 0.5), as
did MCCB (t(24) = 3.35, p = .003, d = 0.65), SoP (t(24) = 2.81,
p = .010, d = 0.55), RPS (t(24) = 2.75, p = .011,d = 0.55), and
(marginally) 2-back performance (t(23) = 1.82, p = .082, d = 0.35).
In addition, PANSS total (t(22) = 7.07, p < .001, d = 1.45), positive
(t(22) = 3.28, p = .003, d = 0.7), negative (t(22) = 3.77, p = .001,
d = 0.8) and general (t(22) = 4.57, p < .001, d = 0.95) symptom
ratings remained significantly lower than baseline. A summary of
treatment effects on all variables is presented in Table 1.

3.7. Correlations

To further examine the relationship between NFB training, change
in frontal electrical activity and behavior, correlations between change
in NFB TT, FGP and n-back performance from baseline to treatment
completion (12 weeks) were examined. Moderate strength, statistically
significant correlations were found between change in NFB TT and
change in 1-back (r = 0.47, p = .020) and 2-back performance
(r = 0.53, p = .008). Additionally, change in FGP was also statistically
significantly correlated with change in 2-back performance at 8 weeks
(r = 0.40, p = .047) and 12 weeks of treatment (r = 0.40, p = .046),
with moderate strength correlations.

4. Conclusions and discussion

The primary aim of the study was to assess target engagement to test
whether gamma oscillatory activity is a viable target for EEG NFB, and
our proof-of-concept study is the first to demonstrate that EEG-NFB can
be used to influence gamma oscillations in individuals with SCZ. The
study also aimed to obtain preliminary data on dose response re-
lationships of NFB sessions needed to improve FGP and WM, as well as
relationships between behavioral change and neural markers. We hy-
pothesized that treatment would influence both neural markers and
cognitive performance, and that change in these domains would be
correlated with each other. The EEG-NFB intervention was associated
with significant improvements in frontal gamma power and working
memory on the n-back task with medium effect sizes, as well as gen-
eralization to improvements in working memory, speed of processing,
and reasoning and problem solving on the MCCB. Moreover, improve-
ments in gamma power were associated with improvements in cogni-
tion that persisted four weeks after treatment ended. These findings are
consistent with NFB effects in other studies where treatment effects
persisted well beyond the end of treatment. For instance, a recent meta-
analysis of 10 studies in Attention Deficit Hyperactivity Disorder
showed persistent treatment effects up to 6 months (Van Doren, 2019),
and changes have been observed for as long as 22 months post treat-
ment in patients with schizophrenia (Surmeli, 2016).

Improvements in cognition were noted on both the computerized n-
back task and the more generalized cognitive tests of the MCCB. Time
effects revealed significant improvement in performance on the 1-back
task at 4, 8 and 12 weeks of doses, and significant changes in the 2-back
task at 12 weeks of treatment, suggesting that a greater dose of treat-
ment is needed for more difficult tasks. Significant effects on the MCCB
battery total score were noted at the 4, 8 and 12-week timepoints, with
a large effect by week 12 and significant improvements in SoP, WM and
RPS domains. Since the present study did not have a placebo arm, it is
possible that changes in neuropsychological variables resulted from
practice effects. In their recent study, however, Keefe et al. examined
data from 813 subjects (Keefe, 2017) and found minimal practice ef-
fects on the MCCB in longitudinal treatment studies in patients with
SCZ.

Furthermore, FGP was also improved over time, with significant
effects at the 4- and 12-week doses. Although several outcomes showed
significant improvement by 4 or 8 weeks, the most robust improve-
ments across measures were found by 12 weeks, suggesting 12 weeks
(12 h) of gamma NFB treatment may be the optimal dose for our
treatment protocol. A recent review of published EEG-NFB studies in
SCZ between 1964 and 2019 by our group identified 7 studies with
empirical data, none of which targeted gamma oscillations (accepted
for publication: https://doi.org/10.1093/schizbullopen/sgaa005). The

Fig. 3. Gamma-NFBs effect on neuropsychological
variables from baseline to12-weeks of treatment;
*p < 0.1; **p < 0.01; MCCB: MATRICS Consensus
Cognitive Battery; SoP: Speed of Processing; AV:
audiovisual; WM: Working memory; VerbL: Verbal
learning; VisL: Visual learning; RPS: Reasoning and
problem solving domains.
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studies revealed a wide range of effective treatment doses between 2.75
(Schneider and Pope, 1982) hours to 58.5 h (Surmeli, 2012), suggesting
that treatment dose may depend on protocol, as well as underlying
illness severity. Additionally, change in both FGP and TT was associated
with change in n-back performance with moderate strength correlation
coefficients. Although the current study cannot rule out the effects of
non-treatment factors or medications, these relationships suggest that
improvements in GBR may contribute to change in cognition.

In general, antipsychotic medications have shown small effects on
cognition that are similar to practice effects in healthy controls in large
clinical trials such as the Clinical Antipsychotic Trials of Intervention
Effectiveness (CATIE) trial of 57 sites that analyzed neurocognition in
817 subjects (Keefe, 2007). Additionally, animal models of SCZ indicate
that antipsychotic medications maintain or worsen hypofrontality, a
state of decreased blood flow and glucose metabolism in the pre-
frontal cortex, which worsens function of brain regions that support
cognition (Krzystanek and Palasz, 2019). In the study by Minzenberg
et al. in first episode psychosis, no relationship was found between
gamma power and medications (Minzenberg, 2010). Therefore, it is
unlikely that medication changes alone can account for improved
cognition in the present study. Nonetheless, medication effects and
other non-NFB factors need to be explored further in a larger rando-
mized, placebo-controlled clinical trial, as potential contributors to
treatment efficacy.

Positive and negative symptoms were not a direct treatment target.
Nonetheless, significant changes were observed in general psycho-
pathology, positive and negative subscales of the PANSS at the con-
clusion of the study. These gains continued to be present at the 4-week
post-treatment completion timepoint. The general principle that acti-
vating cognitive areas can improve positive and negative symptoms has
been frequently reported in the literature on cognitive remediation (CR)
studies, as confirmed by two recent meta analyses. In the first one, 67
studies (n = 4067) demonstrated significant effects of cognitive re-
mediation not only on cognitive domains, but also symptoms.
Subsequent statistical modeling suggested that improving cognitive
symptoms led to improvements in psychosocial functioning, which in
turn facilitated improvements in symptoms (Kambeitz-Ilankovic, 2019).
In another meta-analysis on CR’s effects, 15 studies showed small to
moderate effects on negative symptoms compared to treatment as
usual, again, suggesting that activation of cognitive resources may lead
to reductions in symptoms (Cella, 2017).

Our encouraging initial findings must be considered in the context

of some limitations. These include the need for a larger sample, and
placebo-controlled trial to ascertain the effects of non-treatment factors
such as behavioral activation and contact with study staff, as well as
any effects of changes in medication adherence and administration.
Such studies will also provide needed statistical power to identify
mediators and moderators of treatment that can guide further refine-
ment of treatment protocols. Additional questions pertaining to the
treatment protocol itself also remain unanswered- Would higher treat-
ment doses lead to greater gains? Would participants experience
boredom, burnout and lack of motivation with longer protocols? How
might delivering the same treatment dose over a shorter time period
(e.g. 12 h of EEG-NFB delivered over 6 weeks) influence efficacy? And
what about long-term effects? What length of follow-up period is ideal
to assess NFB effects? These and many other important questions will
need to be addressed with studies that incorporate larger sample sizes,
placebo arms, and uniform well thought out study designs (Ros et al.,
Brain, in press). Ultimately, developing and refining direct brain
modulating treatments has the potential to innovate treatments and
teach us more about the human brain, and most importantly, improve
the lives of those suffering with serious mental illness.
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