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treatment. However, the MTL plays an essential role in 
memory encoding (Squire & Zola-Morgan, 1991), and thus, 
there is a risk of memory dysfunction following resection. 
Particularly, patients with high verbal memory and without 
typical hippocampal sclerosis preoperatively who undergo 
surgery on the language-dominant side have reduced verbal 
memory function, especially episodic memory (Gleissner et 
al., 2002; Helmstaedter et al., 1996, 2011; Hermann et al., 
1994), and decreased quality of life postoperatively (Mihara 
et al., 1994, 1996).

Thus, there have been attempts to predict postoperative 
memory impairment using preoperative electroencephalo-
gram (EEG) of the parahippocampal gyrus, electrical stimu-
lation, and functional magnetic resonance imaging (fMRI) 
(Bonelli et al., 2010; Kunii et al., 2014; Tani et al., 2016). 
However, memory decline after surgical procedures has not 
been resolved.

Patients with severe mesial temporal sclerosis who 
develop early epileptic seizures show little change in 

Introduction

Epilepsy is a major neurological disease that occurs in 
approximately 50  million individuals worldwide (World 
Health Organization, 2019). In Japan, 1% of the population 
(approximately 1 million people) have epilepsy, and approx-
imately 300,000 of them have intractable epilepsy that does 
not respond to drug treatment. For mesial temporal lobe 
(MTL) epilepsy, the most common form of intractable epi-
lepsy, resection of the hippocampus and surrounding struc-
tures has been established as a safe and effective surgical 
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Abstract
Removal of the mesial temporal lobe (MTL) is an established surgical procedure that leads to seizure freedom in patients 
with intractable MTL epilepsy; however, it carries the potential risk of memory damage. Neurofeedback (NF), which 
regulates brain function by converting brain activity into perceptible information and providing feedback, has attracted 
considerable attention in recent years for its potential as a novel complementary treatment for many neurological disorders. 
However, no research has attempted to artificially reorganize memory functions by applying NF before resective surgery 
to preserve memory functions. Thus, this study aimed (1) to construct a memory NF system that used intracranial elec-
trodes to feedback neural activity on the language-dominant side of the MTL during memory encoding and (2) to verify 
whether neural activity and memory function in the MTL change with NF training. Two intractable epilepsy patients with 
implanted intracranial electrodes underwent at least five sessions of memory NF training to increase the theta power in 
the MTL. There was an increase in theta power and a decrease in fast beta and gamma powers in one of the patients in 
the late stage of memory NF sessions. NF signals were not correlated with memory function. Despite its limitations as a 
pilot study, to our best knowledge, this study is the first to report that intracranial NF may modulate neural activity in the 
MTL, which is involved in memory encoding. The findings provide important insights into the future development of NF 
systems for the artificial reorganization of memory functions.
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memory function even after surgery (Trenerry et al., 1993). 
This difference in the degree of memory impairment after 
resection surgery can be explained by residual memory 
function in the MTL on the side to be resected, preliminary 
memory function in the contralateral MTL, or reorganiza-
tion of function due to the transfer of memory function to 
the contralateral side (Chelune et al., 1991). Such reorgani-
zation of memory function may occur in the contralateral 
MTL (Golby et al., 2002; Richardson et al., 2003), in neo-
cortical areas (Detre et al., 1998), and in the posterior hip-
pocampus (Bonelli et al., 2010) on the side to be resected. 
If this reorganization of memory function can be artificially 
generated using the preoperative intracranial EEG measure-
ment, a multidimensional therapeutic approach to refractory 
temporal lobe epilepsy may be completed: memory impair-
ment prediction, memory function modification, and mem-
ory impairment avoidance.

Neurofeedback (NF), which controls brain function by 
converting brain activity into perceivable information and 
providing feedback, has been recently attracting attention. 
NF training alleviates the symptoms of anxiety, depression, 
schizophrenia (Schoenberg & David, 2014), and attention 
deficit hyperactivity disorder (Lofthouse et al., 2012). Most 
NF studies use noninvasive brain activity measurement 
modalities, such as fMRI (Sulzer et al., 2013), near-infrared 
spectroscopy (Kohl et al., 2020), and scalp EEG (Enriquez-
Geppert et al., 2017). In intractable epilepsy patients, intra-
cranial electrodes may be implanted to diagnose epileptic 
foci, and there is growing interest in applying this invasive 
brain activity measurement method to the brain–computer 
interface (Herff et al., 2020). Intracranial electrodes have 
superior temporal resolution to fMRI and are not affected 
by artifacts. Intracranial electrodes also allow localized 
access to important deeper structures such as the hippocam-
pus, insula, and amygdala. NF efforts that take advantage of 
these intracranial electrodes include studies using electro-
corticography (ECoG) (Gharabaghi et al., 2014), local field 
potentials (Khanna et al., 2017), spike rate metric (Chaud-
hary et al., 2022), and depth electrodes (Bichsel et al., 2021) 
to modulate sensorimotor function. One study (Yamin et 
al., 2017) attempted to modulate emotional function by 
acquiring gamma rhythms in the amygdala with deep elec-
trodes and performing NF. However, these efforts have only 
recently begun.

Thus far, the effect of NF on memory function has been 
actively studied using scalp EEG (Enriquez-Geppert et al., 
2014; Eschmann et al., 2020; Eschmann & Mecklinger, 
2022; Reiner et al., 2014, 2018; Reis et al., 2016; Rozengurt 
et al., 2017; Tseng et al., 2021; Wang & Hsieh, 2013). Based 
on the relationship between memory function and theta 
rhythm (4–8 Hz) (Guderian & Düzel, 2005; Herweg et al., 
2016; Hsieh & Ranganath, 2014) and given that many scalp 

EEG studies have reported an increase in theta power during 
memory tasks (Düzel et al., 2005; Hanslmayr et al., 2009; 
Osipova et al., 2006), most memory NF studies using scalp 
EEG employ NF to increase theta power. These studies have 
suggested that increased theta activity in the frontal mid-
line area improves control processes in memory retrieval 
(Eschmann et al., 2020) and enhances memory consolida-
tion (Reiner et al., 2014; Rozengurt et al., 2017), provid-
ing evidence on the relationship between theta rhythm and 
memory function. Studies using intracranial electrodes have 
also reported increased theta power in the MTL during suc-
cessful encoding and retrieval (Fell et al., 2011; Herweg et 
al., 2020a; Lega et al., 2012; Lin et al., 2017; Miller et al., 
2018; Sederberg et al., 2003; Solomon et al., 2019a) and 
increased theta phase synchronization between the hippo-
campus and other cortices (rhinal cortex, prefrontal cortex) 
during encoding (Fell et al., 2003; Gruber et al., 2018). Mean-
while, some studies have reported decreased theta power in 
the MTL during encoding (Ezzyat et al., 2017, 2018; Fell-
ner et al., 2019; Greenberg et al., 2015; Kragel et al., 2017; 
Long & Kahana, 2015; Solomon et al., 2019b). As such, the 
causal relationship between the increase or decrease in theta 
power of MTL and memory function remains unclarified. In 
any case, using intracranial electrodes has great potential for 
advancing memory NF research as they allow direct acqui-
sition of MTL signals. Burke et al. (2015) recently reported 
modulated performance of memory encoding when the 
neural activity of the MTL was used to adjust the stimulus 
presentation timing, supporting that intracranial electrodes 
may enhance memory function. However, to the best of our 
knowledge, no study has established a memory NF system 
using intracranial electrodes or conducted training to coor-
dinate memory functions in the MTL.

Considering that the brain autonomously reorganizes 
its functions in patients with severe mesial temporal scle-
rosis (Bonelli et al., 2010; Chelune et al., 1991; Detre et 
al., 1998; Golby et al., 2002; Richardson et al., 2003), NF 
training, which uses the brain’s autonomous learning abil-
ity to coordinate brain activity and cognitive functions, is 
a promising method of artificially reorganizing memory 
functions in MTL. However, to the best of our knowledge, 
no studies have addressed the artificial reorganization of 
memory functions by NF using intracranial electrodes in 
MTL. Further, whether NFs can modulate neural activity in 
MTLs related to memory should first be confirmed. Thus, 
the present study aimed to determine whether NF training 
using intracranial electrodes implanted in the MTL could 
modulate neural activities on the verbal memory-dominant 
side during memory encoding. The secondary objective was 
to verify how verbal memory function changes as NF train-
ing progresses.
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Methods

Study Design and Participants

This pilot study was a two-person case study and an obser-
vational study with no control condition. Two native Jap-
anese-speaking patients with intractable epilepsy who had 
intracranial electrodes implanted to determine the epileptic 
focus at the University of Tokyo Hospital were enrolled. 
The language-dominant side was confirmed using func-
tional MRI before electrode implantation or bedside cortical 
electrical stimulation via subdural electrodes during a lan-
guage task (Kunii et al., 2011). Considering the concordance 
between verbal dominance and verbal memory dominance 
(Binder et al., 2008), we assumed that both participants’ 
verbal memory dominant sides were on the left side. Both 
participants had normal verbal memory level (Japanese ver-
sion of the Wechsler Memory Test mean [standard devia-
tion] index score: 100 [15]) (Table 1).

This study was approved by the institutional review 
board of the University of Tokyo Hospital (No.1797) and 
was conducted in accordance with the Declaration of Hel-
sinki. Written informed consent was obtained.

Electrode Localization and Data Acquisition

The location of the intracranial electrodes was determined 
according to the suspected epileptic foci. For participant 
01 (P01), a T-shaped subdural electrode (Unique Medical, 

Tokyo, Japan) was placed in the left MTL, covering the 
parahippocampal gyrus (Fig.  1a). Four 1.5-mm-diameter 
platinum contacts were aligned longitudinally along the 
parahippocampal gyrus at 5-mm intervals (center-to-center) 
and were used to record intracranial EEG and NF. In P02, a 
depth electrode (Unique Medical, Tokyo, Japan) was placed 
in the left MTL (Fig. 1b). Four 1-mm-long platinum con-
tacts were placed 5 mm apart (center-to-center) from the tip 
located in the hippocampus and were used to record intra-
cranial EEG and NF. Reference electrodes were placed on 
the subdural side of the right parietal lobe. Intracranial EEG 
data were recorded at a sampling rate of 512 Hz using the 
gUSBamp (gTec, Schiedlberg, Austria) and band-pass filter 
(0.5–200 Hz). Notch filter at 50 Hz was applied to eliminate 
power line interference.

Memory Neurofeedback Paradigm

The neural activity involved in memory had to be modu-
lated; thus, the neural activity feedback had to be coordi-
nated while performing the memory task. Therefore, we 
employed intermittent feedback as the NF method to reduce 
the risk of interference between the memory and NF pro-
cesses by constructing a memory NF system in which the 
two processes are separate but maintain continuity. Before 
the experiment, participants read instructions to ensure that 
they fully understood the content of the task. Participants 
sat in an electrically shielded room and were instructed to 
watch a monitor screen showing the visual stimuli during 

Table 1  Participant characteristics
ID Age (years) Age at onset 

(years)
MRI findings Epileptic focus NF target FIQ Language 

laterality
WMS-R 
verbal 
memory 
index

P01 50s 44 No lesion Rt MTL Lt MTL 71–80 Lt 92
P02 20s 20 No lesion Rt MTL Lt MTL 101–110 Lt 109
NF, neurofeedback; FIQ, full-scale intelligence quotient; WMS-R, Wechsler Memory Scale-Revised; Lt, left; Rt, right; MTL, medial temporal 
lobe

Fig. 1  Intracranial electrodes 
used for neurofeedback. (a) P01. 
(b) P02
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word set per trial. Five of the six words in the word set were 
presented during the encoding period. In the subsequent 
recognition period, one of the five words presented in the 
encoding period was presented as an old stimulus or the 
remaining word not presented in the encoding period was 
presented as a new stimulus. Of the 20 trials, 10 trials were 
set up to present the old stimulus, and 10 trials, the new 
stimulus. The sequence of trials that presented either old or 
new stimuli was randomized. Only in session 2 of P02 did 
a system error occur, and the memory NF was terminated 
at trial 17.

For recognition task 1, the accuracy score (the probabil-
ity of correctly answering whether the stimulus was old or 
new out of all responses) and recall score (the probability of 
correctly answering an old stimulus as an old stimulus) were 
calculated. For recognition task 2, the accuracy score (i.e., 
the probability of correctly answering the order by which 
the old stimulus in task 1 was presented) was calculated. 
For example, in the trial shown in Fig. 2b, “walnut” was the 
first of the five words presented, so the correct answer for 
task 2 is “first.“

Neurofeedback

Real-time analysis of the intracranial EEG data and feed-
back of the analysis results were performed using the origi-
nal program created using Simulink-based application, 
g.HIsys (gTec, Schiedlberg, Austria) and MATLAB R2020a 
(MathWorks, Natick, MA, USA). In the real-time analy-
sis of P01, intracranial EEG data were extracted for 13  s 
((1.0 + 1.6) s × 5 words) during the encoding period. Theta 
power (4–8 Hz) was calculated for each electrode and aver-
aged across the electrodes. In the real-time analysis of P02, 
artifacts due to epileptic spike waves were reduced after 
extracting intracranial EEG data. In this process, artifact 
subspace reconstruction (ASR, EEGLAB function “clean_
rawdata.m,” (Chang et al., 2018; Mullen et al., 2015)) was 

the task. The left screen presented the instructional text and 
memory task, while the right section presented the visual-
ization of NF (Fig. 2a).

First, for 20  s at the beginning of each session, the 
participants were asked to rest while looking at the fixed 
viewpoint displayed in the center of the left section. Each 
session consisted of 20 trials in the subsequent memory NF 
paradigm, and each trial consisted of a memory task (encod-
ing period followed by a recognition period) and NF period 
(Fig. 2b). During the encoding period, five words were pre-
sented sequentially in the center of the left section for 1.6 s 
at 2.6-s intervals, and participants memorized them. In the 
subsequent recognition period, one word was presented, and 
the participants were asked whether they saw it (Task 1) and 
what number they saw it (Task 2), each for 8 s. The partici-
pants responded to these questions using a keystroke. Subse-
quently, in the NF period, the theta power of the left MTL in 
the encoding period was visualized on the right screen as the 
height of a new bar with those of all previous trials for 10 s. 
The duration per session was set at approximately 15 min, 
considering the patient’s physical and mental fatigue. The 
memory task and the NF are described in more detail below.

Memory Task

The words prepared for the memory task were chosen 
from the Word List by Semantic Principles version 1.0 pro-
vided by the Center for Language Resource Development, 
National Institute for Japanese Language and Linguistics 
(2019). This word database contains 96,557 words with 
familiarity estimated using crowdsourcing and Bayesian 
linear mixed models (Asahara, 2019). First, Japanese hira-
gana or katakana words consisting of three letters or three 
syllables were extracted to create many six-word word sets. 
The word combinations were adjusted such that the aver-
age familiarity scores of the six words were equal across 
sets. Twenty word sets were extracted per session, with one 

Fig. 2  Memory neurofeedback 
paradigm. (a) Example of 
monitor screen during encoding 
period. (b) One-trial sequence of 
memory neurofeedback (NF)
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Theta power (4–8 Hz) was calculated for each trial and each 
electrode by integrating the PSD estimate and then averaging 
across the electrodes. Finally, theta powers were transformed 
into a logarithmic scale and examined for changes across the 
sessions. One-way analysis of variance (ANOVA) with post-
hoc Tukey’s test was used to compare theta power between 
sessions (α = 0.05). To explore the correlation between mem-
ory function and the NF signal, we performed three correla-
tional analyses (Spearman’s rank order correlation, corrected 
for multiple comparisons using the Holm-Bonferroni method, 
α = 0.05), focusing on the change in memory task performance 
and the NF signal between sessions. The mean theta power of 
all trials was used for correlation analysis with the accuracy 
score in recognition Task 1. For the correlation analysis with 
the recall score in Recognition Task 1, the mean theta power of 
all trials in which the old stimuli were presented in Recognition 
Task 1 was used. For the correlation analysis with the accuracy 
score in Recognition Task 2, the mean theta power of trials that 
correctly responded to the old stimulus as the old stimulus in 
Recognition Task 1 was used.

Results

Patient Response

P01 and P02 completed six and five memory NF sessions, 
respectively. No response was obtained from P01 regarding 
mental strategies during the NF. P02, meanwhile, adopted 
the strategy of making associations between presented words. 
After session 3, P02 responded that bar height increased when 
word associations were made, especially when good word 
associations were made, while bar height decreased when word 
associations were made forcibly.

Comparison of Power Spectral Density

Given that the accuracy/recall score of recognition task 1 
exceeded 80% for both participants (Table 2) and the number 
of error trials was insufficient for PSD comparison with cor-
rect trials, comparisons were made based on the performance 
of recognition task 2. In P01, the mean PSDs for correct trials 
were lower than those for error trials across frequencies, with 

conducted with parameter k set to 4. Then, theta power was 
calculated using 12 s of data, excluding the first 1 s before 
the first word was presented. Theta power was visualized 
as bar height. We explained to the participants that brain 
activity during the encoding period was visualized as a bar 
and that they would be asked to try to get the bar as high as 
possible through trial and error. To allow the participants to 
make trial-and-error adjustments to the bar height, the bar 
was presented together with those of all previous trials so 
that the relative heights could be checked. The participants 
were asked to concentrate on the task during the encoding 
period and did not provide explicit instructions regarding 
mental strategies to control brain activity.

Offline Data Analysis

After extracting the data for the encoding period, the value 
of the ASR parameter (k) was adjusted to reduce artifacts 
according to the degree of epileptic spike-wave contamina-
tion. Specifically, waveform correction by ASR was based 
on the percentage of EEG potentials exceeding the 13-sec-
ond potential mean ± 3 standard deviations: k = 10 for < 1%, 
k = 6 for 1–1.5%, and k = 4 for > 1.5%. The 12s data were 
then extracted for each trial, excluding the first 1 s before 
the first word was presented.

The power spectral density (PSD) of intracranial EEG 
was calculated for each trial using the Welch periodogram 
method (1-second Hanning window, 50% overlapping) and 
averaged among electrodes. To examine the characteris-
tics of PSD related to memory encoding, the average PSDs 
in correct trials and those in error trials in the recognition 
task were calculated for each session, excluding sessions 
in which all trials were answered correctly. The averaged 
PSDs of correct and error trials were transformed into a 10 
× log10 (µV2/Hz) scale and compared using paired t-tests 
(corrected for multiple comparisons by the number of fre-
quency bins, Holm-Bonferroni method, α = 0.05). In addi-
tion, to examine the changes in PSD with NF training, the 
PSDs between the first and final session were compared 
using the Wilcoxon rank sum test (corrected for multiple 
comparisons by the number of frequency bins, Holm-Bon-
ferroni method, α = 0.05).

Table 2  Recognition tasks and correlation with theta power
ID Recognition task Session Correlation

1 2 3 4 5 6
P01 Task 1 Accuracy (%) 90 90 100 90 100 100 r = 0.49, p = 0.33

Recall (%) 90 80 100 80 100 100 r = 0.80, p = 0.06
Task 2 Accuracy (%) 78 50 60 75 70 70 r = 0.35, p = 0.50

P02 Task 1 Accuracy (%) 100 100 100 100 95 r = − 0.35, p = 0.56
Recall (%) 100 100 100 100 90 r = − 0.35, p = 0.56

Task 2 Accuracy (%) 90 100 100 90 78 r = − 0.53, p = 0.36
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Fig. 4  Changes in power spectral 
density (the final session – ses-
sion 1). (a) P01. (b) P02). Solid 
and dotted black lines indicate the 
median power spectral density 
(PSD) in the final session (solid 
line) and in session 1 (dotted 
line), respectively (upper panel). 
Red line indicates the median dif-
ferences of PSDs (lower panel). 
Black bars above and below the 
lines indicate the frequency range 
that is significantly higher and 
lower in PSD in the final session 
than in the first session (p < 0.05, 
corrected for multiple compari-
sons by the number of frequency 
bins, Holm-Bonferroni method). 
The light gray zone indicates the 
theta frequency range (4–8 Hz)

 

Fig. 3  Differences in power spec-
tral density (correct trials − error 
trials. (a) P01. (b) P02). Solid 
and dotted black lines indicate 
the mean power spectral density 
(PSD) of correct trials (solid 
line) and error trials (dotted line), 
respectively (upper panel). Red 
line indicates the mean differ-
ences of PSDs (lower panel). The 
red shaded area around the solid 
red line indicates the 95% con-
fidence interval. The light gray 
zone indicates the theta frequency 
range (4–8 Hz)
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between recognition task scores and theta power of the left 
MTL.

Discussion

The present study suggests that memory NF for MTL may 
modulate not only theta-band power, but also high-frequency 
band power. Theta power was significantly increased while 
high-frequency power (fast beta and gamma) was signifi-
cantly decreased after more than five sessions of NF training 
in one (P01) of two participants with intractable epilepsy. In 
addition, in P01, the PSD of the left MTL during memory 
encoding was lower in the correct trials than in the error 
trials, especially in the theta band, although this was not 
significant.

Decreases in theta power during episodic memory pro-
cessing, especially successful encoding, have often been 
reported in intracranial studies in humans (Burke et al., 
2013; Ezzyat et al., 2017, 2018; Fellner et al., 2019; Green-
berg et al., 2015; Herweg et al., 2020b; Kragel et al., 2017; 
Long et al., 2014; Long and Kahana, 2015; Sederberg et al., 
2007; Solomon et al., 2019). The results for P01 are in line 
with those of previous studies. The decrease in theta power 
at encoding in intracranial studies, including the present 
study, is inconsistent with the findings of scalp EEG stud-
ies, which are characterized by an increase in theta power 
(Düzel et al., 2005; Hanslmayr et al., 2009; Osipova et al., 
2006). This discrepancy between scalp EEG and intracra-
nial electrode studies is most likely due to the difference 
in the spatial resolution of the EEG measurement methods 
(Herweg et al., 2020b). Herweg et al. (2020b) suggested that 
intracranial electrodes recorded a decrease in theta power in 
localized areas, but the oscillations were highly correlated 
between electrodes; meanwhile, scalp electrodes observed 
this synchronization as a relative increase in theta power. 
As such, intracranial electrodes, which can acquire signals 
directly from the MTL, are more useful than scalp EEG in 

a difference peak observed in the theta band. However, no sig-
nificant differences were observed at any of the frequencies. At 
P02, there were no significant differences at any frequency, and 
the confidence intervals were large (Fig. 3).

In P01, the PSD of the final session was significantly 
higher in the theta range and significantly lower in the fast 
beta and gamma range than in session 1 (ps < 0.05, corrected 
for multiple comparisons by the number of frequency bins, 
Holm-Bonferroni method). In contrast, in P02, the PSD of 
the final session was significantly higher in the fast beta and 
gamma range than in session 1 (ps < 0.05, corrected for mul-
tiple comparisons by the number of frequency bins, Holm-
Bonferroni method) (Fig. 4).

Neurofeedback Regulation Based on the Feedback 
Signal

One-way ANOVA showed significant differences between 
sessions for P01 (F(5, 114) = 44.865, η2 = 0.663, p < 0.001). 
The post-hoc Tukey test showed that theta power was signif-
icantly lower in sessions 2 and 3 than in session 1 (ps < 0.01) 
and significantly higher in the later stage (sessions 5 and 
6) than in the early (sessions 1 and 2) and middle stages 
(sessions 3 and 4) (ps < 0.01). In contrast, in P02, there 
was no significant differences between the sessions (F(4, 
92) = 2.258, η2 = 0.089, p = 0.069) (Fig. 5).

Behavioral Outcome and Correlation with Feedback 
Signal

Table  2 summarizes the results of the changes in perfor-
mance of the recognition tasks and their correlation with 
theta power in the left MTL. In Task 1, the accuracy scores 
were more than 90%, and the recall scores were more than 
80% in all sessions for both participants. The scores of Task 
2 were lower than those of Task 1, and the results varied 
among the sessions. No significant correlation was found 

Fig. 5  Theta power changes over 
sessions. (a) P01. (b) P02. Error 
bars indicate one standard devia-
tion of the mean
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al., 2007) and the process of linking words to context (Long 
& Kahana, 2015). Compared to session 1, the final session 
of P02 may have had significantly increased high-frequency 
PSD during encoding using the mental strategy of word 
association.

Interestingly, P02 stated that bar height increased when 
word associations were made, especially when good word 
associations were made, while bar height was decreased 
when word associations were made forcibly. The use of 
semantic encoding strategies and episodic (temporal) 
encoding strategies have a trade-off relationship (Golomb 
et al., 2008; Healey et al., 2014; Sederberg et al., 2010). 
Differences in EEG rhythm depend on whether a semantic 
encoding strategy is used and on the context during encod-
ing (Hanslmayr et al., 2009; Staudigl & Hanslmayr, 2013). 
A recent study reported an increase in theta power in the 
left hippocampus when recalling words with a close seman-
tic distance and a decrease in theta power when recalling 
words with distant semantic distance (Solomon, Lega et al., 
2019). A good word association can be interpreted as a state 
in which a closer semantic relationship is found between 
words than when word associations are made forcibly. As 
such, the increase in relative theta power due to the shift 
from temporal to semantic encoding strategies and due to 
good word associations may be reasonable.

A recent study (Chaudhary et al., 2022) used intracra-
nial microelectrodes, like our study, at the premotor cortex 
in one patient and reported a highly successful neural con-
trol of cellular neural activity in a NF task over many ses-
sions with immediate NF control after introduction of the 
task. The differences between their results and ours can be 
explained based on several differences in the NF methods 
employed. First, they analyzed NF data from day 123 after 
electrode implantation in patients and described it in their 
paper. However, they first employed NF on the 86th day, 
and from day 106 onwards, they had already reached a level 
of letter selection (see their “Results section”). Since our 
study reports results from only a few days after the first use 
of NF, it is reasonable to expect differences between the 
studies. A more rigorous comparison of NF effects across 
studies would require a similar number of training days. 
However, due to time constraints regarding the number of 
days electrodes can be implanted in patients, it is practi-
cally difficult to obtain more extended sessions than those 
reported in this study. Second, they employed continuous 
feedback. Continuous feedback is expected to be faster and 
more efficient in learning than the intermittent feedback we 
employed (Oblak et al., 2017). Third, they identified the 
target feedback region as the sensory-motor cortex. The 
sensory-motor cortex is located on the brain surface and 
has been the target of motor-imagery brain-computer inter-
face and other intracranial EEG studies. Many studies have 

modifying memory functions in the MTL located deep in 
the brain.

After conducting memory NF training for P01, we 
observed an increase in theta power and decrease in the 
high-frequency band, consistent with previous findings 
(Greenberg et al., 2015; Long & Kahana, 2015; Solomon 
et al., 2019b). Increased coupling between the theta rhythm 
phase and the amplitude of high-frequency rhythm in the 
MTL, especially in the hippocampus, during episodic mem-
ory encoding has also been reported (Lega et al., 2016; Mor-
mann et al., 2005), suggesting the importance of interaction 
between these two frequency bands in memory formation.

Interestingly, the increased theta power in P01 occurred 
during the late NF training stage. This could be because 
the intermittent feedback method is employed in neuro-
feedback. The usefulness of intermittent feedback has been 
reported in several studies (Emmert et al., 2017; Hellrung et 
al., 2018; Johnson et al., 2012; Zilverstand et al., 2015). In 
a previous study, intermittent feedback took longer to learn 
than continuous feedback when participants can directly 
influence the feedback signal through simple behavioral 
strategy choices (Oblak et al., 2017). Continuous feedback 
may allow for faster and more efficient learning of mem-
ory functions. The risk of interference between memory 
tasks and continuous NF can be decreased by adjusting the 
background color of the screen presenting the memory task 
according to the power of theta (Monseigne et al., 2019) or 
by visually presenting the memory task while aurally pre-
senting NF using music (Takabatake et al., 2021).

The different result for P02 can be explained as follows. 
The first was the difference in the difficulty of the memory 
task for each participant. P02 had a smaller number of ses-
sions (only three) for comparing PSDs in the correct-and-
error trials. Thus, the confidence intervals were large, and it 
was more difficult to observe the difference between the cor-
rect and incorrect trials than in P01. The second is the dif-
ference in the electrodes used for NF: P01 used a subdural 
electrode, whereas P02 used a depth electrode. Compared 
with depth electrodes, subdural electrodes are implanted to 
cover the cortical area and acquire signals from a broader 
area of the targeted region (Herff et al., 2020; Parvizi & 
Kastner, 2018). In addition, the four platinum contacts used 
in P02 were aligned at 5-mm intervals from the tip located 
in the hippocampus toward the lateral temporal lobe, which 
may have been more affected by other brain region activity 
than subdural electrodes. The impact of different electrodes 
used on the NF effect needs to be examined in the future. 
The third is the effect of the mental strategy employed by 
the P02. P02 started to remember by relating words dis-
played in the middle stage. Increased high-frequency power 
in the hippocampus in word memory encoding has been 
suggested to be related to semantic processing (Sederberg et 
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Hanslmayr, 2013). Further research is needed to evaluate 
the effects of different targeted frequency bands on memory 
NF. Second, it was difficult to recruit participants who had 
implanted electrodes in the MTL and could participate in 
NF training within a limited time frame. Therefore, this 
study was limited by the different types of electrodes, small 
sample size, small number of sessions, and inability to set 
a control condition. The results need to be further validated 
by recruiting a larger number of participants and establish-
ing a control condition. Third, the participants were required 
to perform monotonous tasks throughout the assignment, 
which may have resulted in increased fatigue and drowsi-
ness and decreased motivation. The importance of attention, 
mood, and motivation in effective learning and success in 
NF training has been noted (Kadosh & Staunton, 2019), and 
it is important to consider updating the modality from the 
traditional one (bar height adjustment) to one that incorpo-
rates the rewarding and gaming aspects in future studies.

Nevertheless, to our best knowledge, no studies have 
addressed the artificial reorganization of memory function 
by NF using intracranial electrodes in the MTL, and this 
study is the first to suggest that neural activity in the MTL, 
related to verbal memory function, can be modulated by NF 
training using intracranial electrodes.

Conclusion

NF using intracranial electrodes may modulate neural activ-
ity in the MTL, which is involved in memory encoding. 
These findings extend previous findings in human memory 
research and also provide important insights into the future 
development of NF systems for the artificial reorganization 
of memory functions.
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suggested the possibility of modulating neural activity of 
this region (Bichsel et al., 2021; Gharabaghi et al., 2014; 
Khanna et al., 2017). On the other hand, as indicated by 
the fact that our study is the first to attempt NF with intra-
cranial EEG in the medial temporal lobe, the modulability 
of neural activity in the MTL has rarely been discussed, 
and we are only now beginning to accumulate knowledge. 
We believe that our results will serve as a starting point for 
further research to investigate the possibility of memory-
related neuronal activity regulation in the MTL. Finally, in 
their study, NF was used as an alternative method of com-
munication other than speech for patients with ALS, and 
there is a difference in the participants’ motivation for NF 
compared to our study, which aimed to evaluate the pos-
sibility of modulating neural activity in the MTL. Studies 
have reported differences in motivation as a factor influenc-
ing neurofeedback success (Kadosh & Staunton, 2019).

An early NF study in cats reported successful modulation 
of the sensory-motor rhythm (Sterman et al., 1969). Studies 
in curarized rats also suggested the possibility of self-con-
trol of autonomic nervous system activity by biofeedback 
(Dworkin & Miller, 1986; Miller, 1969). Compared to 
these animal studies, human studies sometimes report dif-
ficulties in the self-regulation of neural activity, as in the 
present study. One possible interpretation of this factor is 
that there may be differences in rewards, which are posi-
tive reinforcers in learning. In animal studies, water, food, 
or electrical stimulation of the pleasure center of the brain 
are direct rewards for conditioning. NF is also based on the 
principle of operant conditioning (Sherlin et al., 2011), and 
in a typical NF study, the achievement of changing the size 
of the circle or adjusting the height of the bar successfully 
is assumed to be an indirect reward (Collura, 2014). The 
present study also followed the traditional feedback method, 
but it may not have been sufficient to function as a reward 
that would facilitate learning for the participants. More 
explicit rewards in NF learning including games (Fried-
rich et al., 2014), monetary rewards (Bray et al., 2007), and 
social rewards (Mathiak et al., 2015) have been proposed; 
memory-NF systems incorporating such rewards could be 
developed.

This study has some limitations as in both participants, 
there was no correlation between changes in neural activ-
ity and changes in memory function. First, based on sev-
eral memory studies (Düzel et al., 2005; Guderian & Düzel, 
2005; Hanslmayr et al., 2009; Herweg et al., 2016; Herweg 
et al., 2020b; Hsieh and Ranganath, 2014), theta (4–8 Hz) 
was set as the frequency band targeted by memory NFs, 
and other frequency bands were not targeted. Some stud-
ies have reported that hippocampal activity in the low-theta 
band, below 4 Hz, is essential for human memory encod-
ing (Miller et al., 2018; Solomon et al., 2019a; Staudigl & 
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