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ABSTRACT. Significance: Spatial working memory (SWM) is essential for daily life and deficits
in this domain represent a common impairment across aging and several mental
disorders. Impaired SWM has been closely linked to dysregulations in dorsolateral
prefrontal cortex (DLPFC) activation.

Aim: The present study evaluates the feasibility and maintenance of functional
near-infrared spectroscopy neurofeedback (fNIRS-NF) training of the DLPFC to
enhance SWM in healthy individuals using a real-time fNIRS-NF platform developed
by the authors.

Approach: We used a randomized sham-controlled between-subject fNIRS-NF
design with 60 healthy subjects as a sample. Training-induced changes in the
DLPFC, SWM, and attention performance served as primary outcomes.

Results: Feedback from the target channel significantly increased regional-specific
DLPFC activation over the fNIRS-NF training compared to sham NF. A significant
group difference in NF-induced frontoparietal connectivity was observed. Compared
to the control group, the experimental group demonstrated significantly improved
SWM and attention performance that were maintained for 1 week. Furthermore,
a mediation analysis demonstrated that increased DLPFC activation mediated the
effects of fNIRS-NF treatment on better SWM performance.

Conclusions: The present results demonstrated that successful self-regulation of
DLPFC activation may represent a long-lasting intervention to improve human SWM
and has the potential for further applications.
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1 Introduction
Working memory (WM) represents a core executive function and is essential for an entire range
of cognitive domains, including planning, skill learning, and problem-solving. The WM refers to
a limited functional system that can hold, update, and monitor a strictly limited amount of verbal
and visuospatial information.1 Previous studies have found a greater age-related decline in spatial
WM (SWM) compared to verbal WM,2 and SWMwas demonstrated to be selectively impaired in
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several mental disorders, such as schizophrenia,3 attention-deficit/hyperactivity disorder,4,5 major
depression,6,7 post-traumatic stress disorder,8 and anxiety disorder.9 Together, SWM is not only
essential for daily life but may also represent a transdiagnostic impairment across aging and
several mental disorders.

It has been advocated that the active maintenance of location-specific representations in
SWM is mediated by focal shifts of selective attention to the memorized location, and if focused
attention is forced to orient away from the memorized location, WM accuracy will decline.10,11 A
long-standing suggestion proposes that age-related SWM impairments are consistent with a
greater degree of age-related slowing observed in visuospatial (as compared with verbal)
attention.12 Similar deficits have been consistently reported in psychiatric disorders characterized
by impaired SWM. For instance, anxiety selectively disrupts the efficient allocation of attention
in spatial tasks while sparing verbal task performance.13–17 In anxiety disorders, biased attention
in the service of anxiety-relevant goals has been reported and may lead to fewer resources being
available to support SWM performance.17 Impairments in SWM were significantly associated
with attention control abilities that are known to be impaired in normal aging and disease states,
thus it is critical for improving SWM to pay more attention to the common neural basis of SWM
and attention processes.

Neurofeedback (NF) techniques have been a promising non-invasive means to improve cog-
nitive control by regulating associated neural activity.18,19 The corresponding methods employ a
biofeedback approach that uses real-time information about brain activity to enable self-regu-
lation of a particular neural signal.18,20 Functional near-infrared spectroscopy (fNIRS) imaging
has advantages over other hemodynamic imaging techniques in terms of its relatively high and
acceptable spatial resolution, lower costs, and fewer contraindications, as well as robustness
against motion and susceptibility to artifacts.21 A growing number of studies have thus begun
to utilize fNIRS-based NF training (fNIRS-NF), which may represent a promising strategy to
achieve self-regulation over regional brain activity.22 Some studies demonstrated the feasibility to
gain regulatory control over prefrontal brain activity via fNIRS-NF and its potential to enhance
associated executive functions, including WM in the letter N-back task.23,24 In previous work, we
demonstrated that healthy human subjects can learn volitional and regional-specific control over
the lateral prefrontal cortex which in turn enhanced cognitive flexibility in the attentional set-
shifting task.25 A recent study demonstrated the feasibility of fNIRS-NF to improve human spa-
tial memory but not WM by manipulating the neural activity of the lateral parietal cortex.26 Given
the important associations between SWM dysfunction and cognitive impairment in normal aging
and psychiatric disorders, determining the potential of fNIRS-NF to enhance SWM could re-
present a promising strategy for novel interventions. Furthermore, it is important to determine
whether the training effects of fNIRS-NF can be maintained over longer periods beyond the
initial training period. This is in particular an important step for a potential clinical application.
Although several previous studies have reported that the behavioral effects induced by fNIRS-NF
could persist for weeks or even months after intervention,27–30 these studies included long train-
ing periods (3 to 12 training sessions). Thus, the special time course of long-term effects induced
by a single training session has been characterized by follow-up measurement in the present
study, which will further verify the feasibility of fNIRS-NF.

SWM and attention processes are known to be subserved by overlapping neural substrates,
including lateral prefrontal regions together with parietal regions.9,31,32 Visuospatial processing
or spatial location processing depends on the dorsal stream, consisting of the posterior parietal
cortex (PPC) and projection to the dorsolateral prefrontal cortex (DLPFC).33 Importantly, human
imaging studies demonstrated a prototypical hemispheric functional segregation pattern, such
that spatial stimuli primarily recruited a right-hemispheric network.16 Electroencephalogram
studies have revealed that cross-frequency phase synchronization between theta and gamma
oscillations at PPC is associated with the successful maintenance of relevant objects in SWM,
and alpha activity amplitude is related to the efficient suppression of irrelevant information.34 In
contrast to PPC, which is associated with the passive storage of spatial information related to
WM load, the DLPFC has been implicated as a critical area for higher-level executive processing
like updating information and suppression of distraction. Previous transcranial magnetic stimu-
lation studies showed that stimulation on the right DLPFC enhanced the DLPFC function within
the central executive system at the top-down attentional level and improved SWM capacity,
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particularly when task difficulty demands more complex mental manipulations.33 The contribu-
tion of the DLPFC in the network of SWM has additionally been confirmed by normal aging and
disease states studies. DLPFC oxygenation is correlated with better visuospatial working
memory performance, e.g., older adults showed less activity in the DLPFC when they performed
comparably to younger people.35 Likewise, SWM deficits in psychiatric disorders are associated
with aberrant DLPFC activation.36–38 These findings suggested that increasing DLPFC activity
may represent a promising strategy to improve SWM performance. Previous studies suggested
that hemodynamic responses (HRs) in the PFC related to WM load can be robustly assessed by
NIRS;39 thus, the present study developed and evaluated an fNIRS-based NF training that targets
upregulating the right DLPFC to enhance SWM in humans. In line with the neural network in
SWM, neuromodulating the activity of this region may also have potential effects on the PPC
activity. To control for unspecific effects other than training, we used a randomized sham-con-
trolled between-subject experiment design with a total of n ¼ 60 health college participants as
the sample. Based on previous studies,25,40,41 we expected that participants in the experimental
but not the control group would learn to successfully upregulate regional-specific activity in the
right DLPFC and that this would be accompanied by behavioral-level changes in SWM
performance.

2 Methods and Materials

2.1 Participants
Sample sizes for the main analytic approaches were calculated using G*Power version 3.1, based
on the recent study suggesting that if the goal of a NF study is to show that individuals can
improve their behavior compared to baseline, effect sizes may be large.42 We calculated the sam-
ple size required for a repeated measures analysis of variance (ANOVA) with two groups and two
behavioral task time-points to detect effects with large to very large effect sizes. Thus, assuming
an ES of 0.4 and a predefined α of 0.05, a power of at least 0.80 results in a total sample size of
52, or 26 per group. Therefore, a total of n ¼ 60 healthy young students were enrolled in the
present study. To control for the unspecific effects of the training procedures on the primary
outcomes, the NF training was embedded in a randomized, sham-controlled between-subject
experimental design. Participants were randomly assigned (30 participants in each group) to
receive either real-time feedback (the experimental group) or sham feedback (the control group)
during the training. Participants were randomized without stratifying for further variables. All
participants provided written informed consent. The study had full ethical approval from the local
ethics committee of East China Normal University.

2.2 Experimental Protocols and Procedures
Participants were scheduled for six experimental sessions (as shown in Fig. 1), including one
baseline session (referred to as Baseline), and one fNIRS-NF training session (referred to as
fNIRS-NF), as well as four follow-up sessions (referred to as post, day2, day3, and week1).
Baseline, fNIRS-NF, and post-training sessions were conducted within 1 day, and day2 and
day3-training sessions were conducted 1 and 2 days after the fNIRS-NF training, respectively.
The final assessment was scheduled 1 week after the fNIRS-NF training (week1). During all
sessions, participants were administered an SWM task,43 including forward and backward ver-
sions of the task. Specifically, participants were administered the forward task in all sessions
while the backward task was administered at baseline, post, and day3-training sessions.
Previous studies demonstrated that the backward visuospatial span task was more difficult and
involved greater WM demands than the forward task.44,45 Thus, we initially considered that a

Fig. 1 Experimental procedures for the six experimental sessions.
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single training session might be more likely to improve the forward task, and also to avoid rep-
etition-associated practice effects for the behavioral task, only the forward task was included in
day2 and week1-training sessions. During baseline and post-training sessions, participants were
also administered the digit cancellation test (D-CAT).46 The D-CAT aims to evaluate focused
attention and selective attention, which are associated with SWM.

The State Anxiety Inventory47 and the Beck depression inventory-II (BDI II)48 were admin-
istered during the baseline training session to control for potential confounding effects of base-
line between-group differences in psychopathological symptom load, while the positive and
negative affect schedule (PANAS)49 was administered on each experimental day to control for
nonspecific effects of training on mood. To further control potential effects between the real and
the sham training group, all participants were required to rate their training success (scale ranging
from −4 to 4) and self-report the experimental condition (real feedback or sham feedback).

2.3 Neurofeedback Training Protocols, NIRS Data Acquisition, and FEEDBACK
The fNIRS-NF training session included six runs of alternating rest and regulation blocks
(four blocks per run, block duration being 25 s). The experimental group received real-time feed-
back from fNIRS channel 9 located over the right DLPFC, whereas the control group received
feedback from one random participant who had previously undergone the experimental training
(yoke feedback). The HR signals were assessed using an fNIRS System (ETG-7100, Hitachi
Medical Corporation, Tokyo, Japan) at a sampling rate of 10 Hz. Locations of the optodes and
feedback channel are displayed in Fig. 2. To accustom the participants to the equipment and to
reduce variance related to trial-and-error attempts during the initial training run, all participants
received real-time feedback in run1 and were required to explore suitable regulation strategies
during the subsequent four regulate blocks. Participants were told that they could employ the
strategies they discovered during the run1 or continue to find new strategies to increase brain
activity during the subsequent training.

In line with previous fNIRS-NF studies, the feedback was based on the oxy-Hb signal.26,52,53

Oxy-Hb signals were acquired by the ETG-7100 system, and online receiving, preprocessing,
and real-time feedback of the oxy-Hb signal were computed using a novel real-time fNIRS-NF
platform developed by the authors (MindGym, MG®, Patent No. CN202110959972.3).
Specifically, to reduce the physiological noise caused by heartbeat, respiration, and other

Fig. 2 One 3*5 probe patch (3-cm distance between the emitter and detector) was placed over the
prefrontal regions of each participant. The middle optode of the lowest row of the patch was placed
on the frontal pole midline point (FPz in the International 10 to 20 system, as the reference site).
The middle column of the probe was aligned along the sagittal reference plane. The correspon-
dence between the fNIRS channels and the measurement points was referred to in the positioning
template provided by Jichi University50 (as shown in Table S1 in the Supplementary Material). The
other 4*4 probe patch was placed over the rTPJ of each participant, with the optode placed on P6,
according to the International 10 to 20 system. The row of the probe was aligned along the sagittal
reference plane. The correspondence between the fNIRS channels and the measurement points
on the cerebral cortex was displayed based on the results of the virtual registration method, which
had been confirmed by a multi-subject study of anatomical craniocerebral correlation,51 as shown
in Table S2 in the Supplementary Material.
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physiological processes, the raw oxy-Hb signal was smoothed using a 2 s moving average win-
dow. A baseline was calculated by taking the average of signals 10 s before the first block and
was subsequently subtracted from the smoothed signal. The feedback signal was computed in
real-time from the signal of the a priori target channel 9.

The online feedback was visually displayed to the participants in a similar way to a time
series (see Fig. 1). The height of the line visualized the neural activity level in the chosen feed-
back channel 9 (the higher the height of the line, the higher the activity). Participants were asked
to raise the line height as high as possible by regulating their brain activity by using mental
strategies. We decided to embed the feedback in this way to help participants compare the train-
ing effects of different regulate blocks and increase training success. The conditions (rest/regu-
late) were visually presented to the participant via two background colors (see Fig. 1). The rest
condition was indicated by a rainy background, and the regulate condition was indicated by a
sunny background.

2.4 Instructions for the Participants
Participants were informed that the purpose of the fNIRS-NF training was to examine whether
they could learn to upregulate their brain activity. Given that explicit strategy instruction is not
necessary for successful NF-assisted acquisition of neural regulation,54 no explicit strategies for
regulation were provided to the participants. Participants were instructed not to control the height
of the line by physical means, such as breathing or head/body motion but rather to discover
efficient mental control strategies.

2.5 Behavioral Assessments
To assess whether fNIRS-NF of the right DLPFC leads to generalized improvements in cognitive
control, participants were administered the SWM task and the D-CAT.

During the SWM task, participants were presented with sequences of visuospatial stimuli of
varying lengths and repeated sequences of stimuli in the same (forward) or reversed (backward)
order. The stimuli consisted of squares appearing at 25 different locations and were pseudo-
randomized into 24 sequences. The sequence length varied between 3 and 10 stimuli and 3
sequences of each length in both the forward and backward tasks. Thus, the forward or backward
task has 24 trials each in a single run, with each run lasting ∼5 mins. Each cross was visible in the
matrix for 2000 ms. The inter-stimulus interval was 800 ms, during which the matrix was empty.
Each time a sequence ended; the participants repeated the squares by clicking on the correct
locations with the mouse. In both tasks, the participants did not know the sequence length before-
hand. The dependent variables were the total number of correctly recalled location sequences.43

The order of stimulus length was randomized between the times of tasks.
The D-CAT sheet consisted of 12 rows of 50 digits, each containing 5 sets of the numbers 0

to 9 arranged in random order. Participants were instructed to search for target number(s) [the
first involving a single target number (6); a second with two target numbers (9 and 4); and a third
with three (8, 3, 7)] with a slash mark as quickly and as accurately as possible. During the second
and third trials, it was stressed that all of the target numbers should be canceled without
omission.46 Each test sheet had a time limit of 60 s, and the sheets were presented one right
after the other. The order of digits was randomized between the times of tasks.

2.6 Offline Preprocessing and Analyses
The fNIRS raw data were preprocessed and analyzed using the NIRS toolbox in statistical para-
metric mapping (SPM)55,56 and in-house scripts in MATLAB (The MathWorks, Inc.). During
preprocessing, an NIRS analysis package was applied to correct head motion during training,
and a second-order detrending was applied to remove the baseline drifts and low-pass filtering
[Gaussian smoothing with full width at half maximum (4s)] was employed to remove high-
frequency noise. A generalized linear model (GLM) approach was employed to model the
task-related HR on the individual level, including the regulation periods modeled by a boxcar
function while the rest periods were included as an implicit baseline. Serial autocorrelations in
the GLM analysis were accounted for by employing pre-whitening as incorporated in NIRS SPM
[AR (1) model, in line with recommendations by Huppert57].
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For the group-level analyses, beta estimates were obtained for each participant and channel.
The primary outcome to determine the training success on the neural level was oxy-Hb change
over the training runs in the target channel (right DLPFC; channel 9). To further control the
unspecific effects of training or effects of mental effort on DLPFC activity, individual-level beta
values from the target channel were subjected to group-level activation analyses comparing the
experimental and the control group. Differences were considered significant using a channel-
level threshold of p < 0.05 (Bonferroni-corrected).

2.7 Evaluation of Training Success and Primary Outcomes
Training-induced oxy-Hb changes in the DLPFC target channel served as the primary outcome to
evaluate the training success on the neural level. First, channel-specific activity beta estimates
were employed as dependent variables, and the effects of training were initially determined by
employing mixed ANOVA models, including the between-subject factor Group (real feedback
versus sham feedback) and the within-subject factor training Time (run2/run3/run4/run5/run6).
Significant effects were explored by employing appropriate Bonferroni-corrected post hoc tests.
Then channel-specific activity beta estimates were employed as dependent variables again, and
the effects of training were further determined by employing one-way ANOVA models in each
group including the within-subject factor training Time (run1/run2/run3/run4/run5/run6).
Significant effects were also explored by employing appropriate Bonferroni-corrected post hoc
tests.

The total number of correctly recalled location sequences in the SWM task was employed as
dependent variables, and the effects of training on the behavioral level were determined by
employing mixed ANOVA models, including the between-subject factor Group (real feedback
versus sham feedback) and the within-subject factor time (baseline/post/day2/day3/week1).
Significant effects were further explored by employing appropriate Bonferroni-corrected post
hoc tests. The total performance in the D-CAT task was used as the dependent variable in mixed
ANOVA models which included a between-subject factor of group (real feedback versus sham
feedback) and a within-subject factor of time (baseline versus post). These mixed ANOVAs were
performed to test the effects of training on the attention performance. Associations between neu-
ral and behavioral training success were explored by employing analyzing correlations between
training-induced DLPFC oxy-Hb changes and behavioral indices in the experimental group.
Statistical analyses were carried out using SPSS version 22.0 (IBM, Inc.).

2.8 Up-regulation Strategies
After the training, all participants were asked to report the strategies they employed during the
training. The reported strategies were qualitatively assessed by five independent raters (two
males). To control for different strategies between the training groups, the frequencies of the
reported regulation strategies were compared between the experimental group and the control
group using the Pearson X2 test.58

3 Results

3.1 Data Quality Control
While 55 out of the 60 participants completed the whole experiment procedure, initial exami-
nation of the primary neural outcome (oxy-Hb) and behavioral outcome (total number of cor-
rectly recalled locations in SWM task) data quality identified 3 participants as outliers (outliers
were defined as subjects that deviated larger than 2 standard deviations from the mean, outliers
were additionally confirmed using the SPSS outlier detection function). Consequently, data from
these participants were excluded from all analyses resulting in a total of n ¼ 52 participants for
the primary analysis (n ¼ 27, experimental group; n ¼ 25, control group).

3.2 Assessment of Confounders
The demographic information and psychopathological load of all participants were reported in
Table 1. A mixed two-way ANOVAwith the factors time (baseline/post/day2/day3/week1) and
group (real feedback versus sham feedback) and the dependent variable self-rated mood levels
revealed a main effect of time (FPANAS-Pð4200Þ ¼ 2.97, pPANAS-P ¼ 0.021, η2PANAS-N ¼ 0.023;
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FPANAS-Nð4200Þ ¼ 11.63, pPANAS-N < 0.001, η2PANAS-N ¼ 0.079), but no main effect of group and
no other interaction effects. These findings suggested that there were no unspecific effects of the
training on mood that may interfere with cognitive improvement. Moreover, the training groups
reported a comparable evaluation of their perceived training success (t ¼ 1.399, p ¼ 0.168,
Cohen’s d ¼ 0.388) and experimental conditions (t ¼ 1.059, p ¼ 0.295, Cohen’s d ¼ 0.294).

3.3 Primary Behavioral Outcomes
Examining effects on the total number of correctly recalled locations in the forward tasks using
mixed two-way ANOVAwith the factors group (real feedback versus sham feedback) and time
(baseline/post/day2/day3/week1) revealed a main effect of time (Fð4200Þ ¼ 25.40, p < 0.001,

η2 ¼ 0.108) and group (Fð150Þ ¼ 6.16, p ¼ 0.016, η2 ¼ 0.073), as well as a significant interac-

tion effect between group and time (Fð4200Þ ¼ 2.49, p ¼ 0.045, η2 ¼ 0.011, see Fig. 3). Post-hoc
comparisons demonstrated that the SWM performance significantly increased after the real feed-
back training (baseline < post, p < 0.001; baseline < day2, p < 0.001; baseline < day3,
p < 0.001; baseline < week1, p < 0.001, two-tailed, Bonferroni-corrected, see Fig. 3).
Concordant analysis of the sham group data also found the significant changes (baseline < day2,
p < 0.001; baseline < day3, p ¼ 0.003; baseline < week1, p < 0.001, two-tailed, Bonferroni-
corrected, see Fig. 3), which may be explained by the day-to-day practice effect. Importantly,
directly comparing the training groups further revealed that the experimental group exhibited
significantly better SWM performance during post/day3/week1-training sessions (ps < 0.031,

Table 1 Demographic information and pretraining psychopathological symptom load in the two
training groups, mean, and SDs (in brackets) are reported.

Experimental group
N ¼ 27 (8 males)

Control group
N ¼ 25 (6 males) Independent samples t-test

SAI 38.82(7.30) 40.28(8.47) t ¼ −0.670; p ¼ 0.506;
and Cohen’s d ¼ −0.186

TAI 40.00(7.40) 42.08(8.97) t ¼ −0.915; p ¼ 0.365;
and Cohen’s d ¼ −0.254

BDI II 5.37(5.82) 7.04(5.72) t ¼ −1.042; p ¼ 0.303;
and Cohen’s d ¼ −0.289

Age 21(1.99) 22(2.27) /

SAI, state anxiety inventory; TAI, trait anxiety inventory; and BDI II, Beck depression inventory-II.

Fig. 3 Changes in SWM forward task performance across all sessions. ∗p < 0.05; ∗∗∗p < 0.001.
Error bars indicate the standard error of the mean (SEM).
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two-tailed, Bonferroni-corrected, see Fig. 3) as compared to the control group; however, the
group did not exhibit differences during baseline and day2-training sessions (ps > 0.108,
two-tailed, Bonferroni-corrected), thus further confirming training success on the behavior level.
However, the indices of the backward task revealed a main effect of time (Fð2100Þ ¼ 36.16,
p < 0.001, η2 ¼ 0.087) in the absence of the main effect of Group and the interaction effect
(both p values > 0.5).

Examining effects on the total performance in the D-CAT using mixed two-way ANOVA
analyses with the factors group (real feedback versus sham feedback) and Time (baseline versus
post) revealed the main effect of time (Fð150Þ ¼ 22.61, p < 0.001, η2 ¼ 0.023) and the significant
interaction effect between group and time (Fð150Þ ¼ 4.29, p ¼ 0.043, η2 ¼ 0.004, see Fig. 4) in
the absence of the main effect of Group. Post-hoc comparisons demonstrated that performance
significantly increased after the real feedback training (baseline < post, p < 0.001, two-tailed).
Concordant analysis of the sham training data did not yield significant results. However, a direct
comparison between the groups did not reveal better performance in the experimental group as
compared to the control group at baseline and post-training sessions (ps > 0.071, two-tailed).

3.4 Evaluation of Neural Training Success
A mixed two-way ANOVA with the factors time (run2/run3/run4/run5/run6) and group
(real feedback versus sham feedback) and the dependent variable DLPFC activity as measured
by the beta values (oxy-Hb) from the target channel revealed a main effect of group
(Fð150Þ ¼ 10.44, p ¼ 0.002, η2 ¼ 0.103, see Fig. 5), but no main effect of Time and no other

Fig. 4 NF-induced behavioral changes in D-CAT task (Post versus baseline-training
sessions).∗∗∗p < 0.001. Error bars indicate the SEM.

Fig. 5 The oxy-Hb signal in the target channel significantly increased throughout the real feedback
training runs but not during the sham NF training, *p < 0.05. Error bars indicate the SEM.
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interaction effects. A one-way ANOVA with the factors Time (run1/run2/run3/run4/run5/run6)
and the dependent variable DLPFC activity as measured by the beta values (oxy-Hb) from the
target channel in the experimental group revealed a main effect of time (Fð5130Þ ¼ 3.96,

p ¼ 0.002, η2 ¼ 0.132), post-hoc comparisons demonstrated that activation in the target channel
significantly increased throughout the real feedback training (run1 < run3, p ¼ 0.045; run1 <
run5, p ¼ 0.004, two-tailed, Bonferroni-corrected, see Fig. 5). Concordant analysis of the sham
training data did not yield significant changes in the target channel (Fð5120Þ ¼ 0.488, p ¼ 0.785,

η2 ¼ 0.02), thus further confirming training success on the neural level.

3.5 Association Between Behavioral Outcomes and Neural Training Success
Given that previous studies have reported significant associations between fNIRS-assessed
DLPFC activity and SWM,33,35–38 a subsequent correlation analysis examined the relationship
between behavioral outcomes and neural training success. Results revealed that NF-induced acti-
vation changes in the DLPFC (changes in run5 > run1 activation in oxy-Hb in the target channel)
were significantly and positively correlated with improved SWM performance (the difference in
the total number of correctly recalled locations in the forward task between baseline and post-
training sessions) in the experimental group (r ¼ 0.406, p ¼ 0.018; after excluding two outliers
based on the in oxy-Hb, which showed higher neural learning success, r ¼ 0.232, p ¼ 0.132

one-tailed, see Fig. 6). Concordant analysis of the sham training data did not yield significant
results: NF-induced activation changes in DLPFC were not correlated with changes in SWM
performance (r ¼ 0.243, p ¼ 0.121, one-tailed, see Fig. 6).

To further confirm the association between training effects, a mediation analysis using
bootstrap was conducted to explore the relationship between fNIRS-NF treatment (real feedback
versus sham feedback) and the SWM performance changes.59 The simple mediation model can
be formalized by the following equations:

EQ-TARGET;temp:intralink-;e001;117;433M ¼ i1þ aX þ e1; (1)

EQ-TARGET;temp:intralink-;e002;117;397Y ¼ i2þ bM þ cX þ e2; (2)

EQ-TARGET;temp:intralink-;e003;117;380Y ¼ i3þ c 0X þ e3: (3)

This model reflects a causal sequence in which X (a predictor) is postulated to affect M (the
mediator), and this effect then propagates causally to Y (the dependent variable). The previous
study argued that there need not be a significant rXY in a proper mediation analysis and the only
requirement for mediation is that the indirect effect X-M �M-Y be significant.60 The bootstrap-
ping procedure a computer-intensive resampling technique first introduced by Efron (1979)61 has
been proposed to test the significance of the indirect effect. The number of bootstrap samples for
bias corrected bootstrap confidence intervals is 5000 and level of confidence for all confidence

Fig. 6 In the experimental group, stronger training-induced DLPFC activity changes (run5 > run1)
were positively associated with better performance in the SWM forward task, and in the sham NF
group, no association is observed. Outliers were marked by stars.
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intervals is set to 95. Results revealed that the indirect effect (βTreatment-DLPFC � βDLPFC-SWM) was
significant (Effect = 0.355, BootSE = 0.167, BootCI = [0.098, 0.765]), suggesting fNIRS-NF
treatment significantly increased the DLPFC activity and that increased DLPFC activity led to
improved SWM performance, see Fig. 7 and Table 2.

In summary, these findings were consistent with other reports of training-driven modulations
in prefrontal cortical activity, supporting training-induced neuroplasticity as the mechanistic
basis of these behavioral training effects.

3.6 Exploratory Analysis – Regional Specificity of the Training Effects
These improved SWM and attention performance results suggested that a common, underlying
mechanism of cognitive control was enhanced by fNIRS-NF. To assess this further, we examined
the regional specificity of the fNIRS-NF training by quantifying the effect of training on all PFC
channels. A mixed ANOVAwith the factors Time (run2/run3/run4/run5/run6), group (real feed-
back versus sham feedback), channel (channels 1 to 22), and the dependent variable brain activity
as measured by the oxy-Hb beta values revealed a main effect of group (Fð150Þ ¼ 5.86,

p ¼ 0.019, η2 ¼ 0.04), a main effect of channel (Fð8390Þ ¼ 4.05, p < 0.001, η2 ¼ 0.016), and

a channel × group interaction effect (Fð8390Þ ¼ 2.03, p ¼ 0.043, η2 ¼ 0.008), but no main effect
of time and no other interaction effects. To control for multiple comparisons, a Bonferroni cor-
rection was used to account for all channels tested. Post-hoc comparisons demonstrated that
significant differences between the experimental group and the control group were observed
in the target channel 9 (p ¼ 0.002, two-tailed) and the adjacent channels 3-8, 13, and 17-18
(all ps < 0.04, two-tailed). For all other channels, the interaction effect was not significant
(all ps > 0.055, two-tailed).

A one-way ANOVA with the factors time (run1/run2/run3/run4/run5/run6) and the
dependent variable DLPFC activity as measured by the beta values (oxy-Hb) in the experimental
group revealed a main effect of time in channels 9 and 13 (channel 9: Fð5130Þ ¼ 3.96, p ¼ 0.002,

η2 ¼ 0.132; channel 13: Fð5130Þ ¼ 2.33, p ¼ 0.046, η2 ¼ 0.082), post-hoc comparisons

Fig. 7 The mediation effect of the DLPFC activity on the relationship between the treatment and
the SWM. The effect of fNIRS-NF treatment on SWM was fully mediated by the DLPFC activation
in the experimental group.

Table 2 Mediation analysis of the relationship between the fNIRS-NF treatment and the SWM
during the forward task among participants in the experimental group.

Effect B se t (p-value) CI R2ðΔR2Þ F

Direct

Treatment → DLPFC 0.947 0.246 3.847(<0.001) [0.453, 1.442] 0.478(0.228) 14.802

DLPFC → SWM 0.375 0.150 2.506(0.016) [0.074, 0.675] 0.394(0.155) 4.490

Treatment → SWM 0.073 0.296 0.245(0.807) [-0.523, 0.668] 0.032(0.001) 0.060

Indirect Effect Boot SE BootCI

Treatment → DLPFC → SWM
βTreatment-DLPFC � βDLPFC-SWM

0.355 0.167 [0.098, 0.765]
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demonstrated that activation in the channels 9 and 13 significantly increased throughout the real
feedback training (channel 9: run1< run3, p ¼ 0.045, run1 < run5, p ¼ 0.004; channel 13: run1
< run5, p ¼ 0.055, two-tailed, Bonferroni-correction). Concordant analysis of other adjacent
channels did not yield significant changes (all ps > 0.093), indicating that training specifically
modulated activity in the right DLPFC (channels 9 and 13).

The effect of training on all TPJ channels was additionally explored. A mixed ANOVAwith
the factors time (run2/run3/run4/run5/run6), group (real feedback versus sham feedback), and
channel (channels 1 to 24) and the dependent variable brain activity as measured by the oxy-Hb
beta values revealed a main effect of channel (Fð8400Þ ¼ 3.24, p ¼ 0.001, η2 ¼ 0.015), but no
other main effects and other interaction effects.

3.7 Exploratory Analysis – Training Effect on the Frontoparietal Connectivity
In addition, we analyzed the correlation between frontal and posterior brain regions, a functional
connectivity measure also associated with cognitive control.7,62–66 Region-averaged oxy-Hb sig-
nals corresponding to the prefrontal cortex (XA, averaged oxy-Hb signal from channels 9 and 13
in BA46, as shown in Table S1 in the Supplementary Material) and parietal cortex (XB, averaged
oxy-Hb signal from channels 11-12, 15-16, 18-24 in BA7, BA39, and BA40, as shown in Table
S2 in the Supplementary Material) were calculated, and the Pearson’s correlation (r) between XA

and XB was then calculated, and finally, a Fisher r-z transform was performed on the calculated
Pearson’s correlation.30

The group difference of NF-induced frontoparietal connectivity was not significant in
run1 (tð50Þ ¼ 0.73, p ¼ 0.469, Cohen’s d ¼ 0.203, two-tailed). Then a mixed ANOVAwith the
factors time (run2/run3/run4/run5/run6), group (real feedback versus sham feedback), and the
dependent variable frontoparietal connectivity as measured by the oxy-Hb z values revealed a
main effect of group (Fð150Þ ¼ 4.54, p ¼ 0.038, η2 ¼ 0.04) in the absence of the main effect of
time and the interaction effect, indicating that fNIRS-NF training of DLPFC modulated the
frontoparietal connectivity.

3.8 Regulation Strategies Reported by the Participants
In line with a previous study that evaluated regulation strategies during NF training with the
present platform,58 the content analysis identified five main clusters of upregulation strategies:
(1) imagination, (2) experience recall, (3) concentration, (4) calculating, and (5) singing without
a voice. Importantly, the groups did not differ in the regulation strategies employed during the
training (Pearson χ2 test, p ¼ 0.856, two-tailed, Table 3), arguing against the confounding
effects of different regulation strategies on the observed neural and behavioral between-group
differences.

4 Discussion
This present randomized sham-controlled between-subject real-time fNIRS design provides
evidence for the feasibility of an fNIRS-informed NF training that enables individuals to gain
control over right DLPFC activation. On the behavioral level, the training improved SWM

Table 3 Regulation strategies reported by the participants.

Experimental group Control group

Imagination 7 10

Experience recall 11 11

Concentration 2 1

Calculating 8 6

Singing without a voice 2 3

Numbers correspond to the number of participants reporting the corresponding regu-
lation strategy in each training group.
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performance, and this enhancement was maintained over several days. On the network level, the
regional-specific enhancement in DLPFC activation induced changes in the network level, i.e.,
it modulated frontoparietal coupling. These results may point to a novel closed-loop strategy to
induce a lasting improvement in SWM performance and to gain control over brain activity.

More specifically, the present study revealed that participants in the experimental group
successfully learned to increase right DLPFC activity over six subsequent fNIRS-NF training
runs. Importantly, no significant changes in neural activation were observed in the control group.
Together with the lack of between-group differences in perceived training success and self-
reported experimental conditions as well as regulation strategies, our results emphasized the spe-
cific importance of the feedback signal for the successful acquisition of neural regulation.
Significant training-induced changes were restricted to the target (channel 9) and an adjacent
channel (channel 13) suggesting that the training produced regional-specific increases in right
DLPFC activation. Furthermore, the exploratory analysis revealed a significant group difference
in NF-induced frontoparietal connectivity suggesting that the training may induce changes in the
communication between core nodes of the SWM network. On the behavioral level, enhanced
SWM performance in the forward task and improved attention performance in the D-CAT fol-
lowing the training of the fNIRS-NF were observed, importantly, the experimental group also
demonstrated better SWM performance over the follow-up period for 2 days and 1 week.
Moreover, exploratory analyses revealed that better SWM performance was associated with
stronger training-induced increases in right DLPFC activity and increased DLPFC activity medi-
ated the effects of fNIRS-NF treatment on better SWM performance providing evidence that the
training-induced neural training effects critically contributed to the cognitive enhancement
following training.

Comparing the experimental group with the control group demonstrated that fNIRS-NF
allowed participants to acquire regulatory control over regional-specific activation in the right
DLPFC. Examining the activation changes within the groups further documented that right
DLPFC activity significantly increased over the six training runs in the experimental but not
in the control group. Consistent with but extending past research,24 the present results suggested
that fNIRS-NF training allows participants to gain volitional control over frontal cortical brain
activity. DLPFC alterations have been demonstrated in several disorders characterized by deficits
in cognitive function, particularly hypoactivity within this cortical region was observed in cog-
nitive control among patients with schizophrenia,63 depression,67–69 and anxiety.70,71 Moreover,
the exploratory analysis revealed that fNIRS-NF of DLPFC induced significant group differences
in frontoparietal connectivity. Therefore, our results suggesting fNIRS-assisted regulatory con-
trol over DLPFC activity and frontoparietal connectivity may promote the normalization of aber-
rant neural activation and promote functional recovery in individuals with functional decline and
psychiatric populations.

The DLPFC critically contributes to WM, with this region being considered to support the
strategic control of working memory processing.72 In the present study, regional-specific modu-
lation of the right DLPFC affected working memory performance in response to spatial stimuli,
and the correlational analysis revealed that stronger training-induced DLPFC increases in the
experimental group were associated with better SWM performance. Noteworthy, excluding two
participants with the highest learning success changed the significance but not the direction of the
effects. This may suggest that individual variations strongly affect NF training success which has
been an ongoing debate in the NF field. A number of recent large-scale studies have investigated
factors that may contribute to individual differences in learning success.73–75 Furthermore,
a mediation analysis demonstrated that increased DLPFC activation mediated the effects of
fNIRS-NF treatment on better SWM performance. Previous studies demonstrated that patients
with frontal-lobe damage are impaired by the inefficient use of organizational strategies that
improve performance in healthy controls,72 which may explain the strong performance effects
on the SWM paradigm in the present study. Notably repeated administration of SWM also lead to
improved performance in the control group, suggesting a practice effect for the behavioral task.
However, the experimental group performed better during post/day3/week1-training sessions
compared to the control group, suggesting that the practice effect alone cannot explain the
improved performance of the experimental group. Moreover, the experimental group demon-
strated a significant improvement in SWM performance that lasted for one week relative to the
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control group. The maintenance of the training effects on the behavioral level is critical for the
translation into daily life and novel treatments. Interestingly, the performance enhancement was
more significant on the third day after training, which may point to the role of sleep in learning
consolidation.76 Although the present study only employed a single training session, the main-
tenance of training-induced behavioral effects may suggest that fNIRS-NF may represent a
promising and scalable intervention to induce long-term effective improvement for SWM.

The present findings need to be interpreted in the context of limitations. First, the present
study was conducted with a healthy and sex-biased sample. The potential sex differences and
generalization of the present results to patient populations need to be examined in future studies.
Second, despite some evidence for the effects of fNIRS-NF training of right DLPFC on SWM
performance, the between-group comparisons of the indices of the backward task failed to reach
statistical significance. The lack of robust effects in this domain may be explained in terms of
forward and backward recall calling upon qualitatively distinct retrieval processes.77 Previous
studies have revealed that the visuospatial span backward task was more difficult and involved
greater WM demands than the forward, especially, the backward task may be associated with
greater participation of the central executive as an attentional control system.44,45 Consistent with
the previous study, our results may reflect that the forward task mainly relies on updating data
while the backward task additionally measures a manipulation of the information in the storage.
In line with the main aim of the study, the primary assessments of the maintenance effect focused
on SWMwhile the attention test was administered only once. Future studies are needed to exam-
ine long-term effects on other cognitive domains, such as attention. Third, the present study
focused on training effects on the behavioral level and did not include neural assessments after
the NF training. So, the underlying neural mechanisms of NF-induced better SWM performance
remain unclear. A recent study presented a WM challenge after fNIRS-informed DLPFC training
with concomitant fMRI and reported that the training enhanced DLPFC activation during WM in
the absence of feedback.78 Future studies may therefore acquire fNIRS or fMRI during the main-
tenance sessions to determine which neural correlates mediate the maintenance of the enhanced
SWM performance during follow-up sessions. In addition, the present study attempted to reveal
the neural changes related to NF-induced better SWM performance in terms of functional con-
nectivity. Based on the activation results the analysis specifically focused on the connectivity of
channels that exhibited significant training effects. Future studies should investigate more com-
plex connectivity measures including all channels. Fourth, plotting activation of the target chan-
nel over the training runs revealed that learning occurred after the two initial runs with no further
increase from run 3 to run 6. This indicates that learning during the training might not have
followed a linear increase over the six runs but rather regulation ability changed qualitatively
after the third run. Notably, a similar learning curve has been observed in previous fMRI
NF studies.41 Some studies indicated this might be due to ceiling effects,23 while others focusing
on learning curves of NF revealed that subjects were not able to remain motivated towards the
end of the session or that they could not sustain the energy demands of the training.79 In par-
ticular, they interpret these results as time-on-task effects; it seems that the participants grew tired
after some time and could not sustain attention.80 Although the NF training was less instructive
and was perceived as relaxing, this may still have influenced the participant’s ability to regulate
brain activity. Taken together, these aspects could explain the lack of a systematic learning effect
throughout the training. In this regard, to substantiate participants’ ability to upregulate prefrontal
activity, future studies should include transfer trials in which participants have to upregulate
prefrontal activity without any direct feedback of their HR.41 The absence of feedback during
regulation trials can support a conclusion on how good a person got a feel for the actual brain
state and how to modulate it.23 Finally, in the majority of prior NIRS-based NF studies partic-
ipants were instructed to up-regulate the NIRS signal.81 In contrast, studies examining the ability
to decrease or down-regulate the NIRS signal are scarce. Hosseini et al. (2016) found mixed
effects on working memory after task-based NF training targeting the down-regulation of the
DLPFC.24 Performance improved in an n-back task as compared to the sham-feedback group,
but no improvement was found in either group for the delayed verbal working-memory task used
for the task-based NF paradigm. There is currently no consensus on whether training to up-
regulate or down-regulate activity in a target region is more efficient to improve working memory
or other cognitive functions22 and an optimal trial structure for fNIRS-NF to improve executive
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function procedures needs to be determined in future studies. The combination of up-and down-
regulation in one training session might for instance be a promising idea for future studies.

In summary, the present findings demonstrated that real-time fNIRS-NF training allows
healthy individuals to gain control over DLPFC activity and that this leads to improved
SWM performance, which is maintained for at least 1 week after the training and in the absence
of further online feedback. Both the behavioral and neural results of this study support the
hypothesis that the right DLPFC plays a crucial role in SWM performance and may specifically
support attentional control. We provide promising results with the therapeutic potential of fNIRS-
NF to target SWM and its underlying neural basis, which are impaired in both aging populations
and a range of psychiatric disorders.
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