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Abstract: Working memory (WM) is essential for individuals’ cognitive functions. Neuroimaging stud-
ies indicated that WM fundamentally relied on a frontoparietal working memory network (WMN) and
a cinguloparietal default mode network (DMN). Behavioral training studies demonstrated that the two
networks can be modulated by WM training. Different from the behavioral training, our recent study
used a real-time functional MRI (rtfMRI)-based neurofeedback method to conduct WM training, dem-
onstrating that WM performance can be significantly improved after successfully upregulating the
activity of the target region of interest (ROI) in the left dorsolateral prefrontal cortex (Zhang et al.,
[2013]: PloS One 8:e73735); however, the neural substrate of rtfMRI-based WM training remains
unclear. In this work, we assessed the intranetwork and internetwork connectivity changes of WMN
and DMN during the training, and their correlations with the change of brain activity in the target
ROI as well as with the improvement of post-training behavior. Our analysis revealed an “ROI-
network-behavior” correlation relationship underlying the rtfMRI training. Further mediation analysis
indicated that the reorganization of functional brain networks mediated the effect of self-regulation of
the target brain activity on the improvement of cognitive performance following the neurofeedback
training. The results of this study enhance our understanding of the neural basis of real-time neuro-
feedback and suggest a new direction to improve WM performance by regulating the functional con-
nectivity in the WM related networks. Hum Brain Mapp 36:1705–1715, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Working memory (WM) is essential for a wide range of
cognitive tasks, including reading comprehension and prob-
lem solving, as well as for academic achievement [Engle and
Kane, 2004]. Deficits in WM are considered to be the pri-
mary source of cognitive impairment in attention deficit
hyperactivity disorder and mathematics disability [Minear
and Shah, 2006]. Given the importance of WM, some behav-
ioral training studies have been conducted and the results
suggest that WM training is promising for improving indi-
viduals’ cognitive functions [Klingberg, 2010].

The potential of WM training probably stems from the
neuroplasticity of the brain networks underlying the func-
tion. WM fundamentally relies on a frontoparietal working
memory network (WMN) [Newton et al., 2011; Schl€osser
et al., 2006] and a cinguloparietal default mode network
(DMN) [Buckner et al., 2008]. The WMN mainly includes
the dorsolateral prefrontal cortex (DLPFC), premotor area
(PMA), supplemental motor area (SMA), and posterior
parietal cortex (PPC), whereas the DMN primarily consists
of the posterior cingulate cortex (PCC), medial prefrontal
cortex (MPFC), inferior parietal cortex (IPC), parahippo-
campal gyrus (PHG), and middle temporal cortex (MTC).
Neural network models suggested that stronger frontopari-
etal connectivity in the WMN was a potential mechanism
underlying higher WM capacity [Edin et al., 2007]. Hamp-
son et al. [2006] provided evidence that functional coupling
strength within the resting DMN predicted WM perform-
ance. Furthermore, behavioral training studies showed that
the resting WMN and DMN connectivity changed as WM
performance improved [Jolles et al., 2011; Takeuchi et al.,
2012]. Together, these evidences suggest that WM behavior
is closely related to the WMN and DMN and that behav-
ioral training could modulate the two networks.

In comparison with the behavioral training approach that
used behavior as an independent variable and neural activity
as a dependent variable, the real-time functional MRI
(rtfMRI)-based neurofeedback method allows manipulation
of local brain activity directly, consequently altering the rele-
vant cognitive behaviors [deCharms, 2007]. Recently, a num-
ber of studies have demonstrated that cognitive function can
be improved by self-control of brain activity in a region of
interest (ROI) [Weiskopf, 2012]. Using this neurofeedback
approach, our recent study has demonstrated that WM per-
formance was significantly improved after successfully upre-
gulating the left DLPFC activity [Zhang et al., 2013].
However, the neural substrate of rtfMRI training remains
unclear. Previous study demonstrated that the principle of
neurofeedback training was based on operant learning

[Caria et al., 2012], and learning can take place through the
efficient use of specific neuronal circuits [Lee et al., 2011].
Thus, the functional interactions among spatially distributed
brain areas, and their roles in the behavioral improvement
induced by the regulation of local brain activity, need to be
explored in depth, which is important to understand where
adaptations occur in the human brain during the training
and how the brain networks reorganize to optimize the WM
function. In the majority of prior rtfMRI studies, effects were
mainly reported as increases or decreases of activation in
brain areas related to task performance, although some stud-
ies provided preliminary evidence that learned control over
local brain activity may induce alterations of relevant brain
networks [Rota et al., 2011; Ruiz et al., 2011]. However, the
neural substrates of WM training remain unknown.

This study aimed to systematically investigate the neural
mechanism underlying rtfMRI-based WM training. We
assessed the relationship among the signal change in the
target ROI (DLPFC), the WMN and DMN connections,
and the post-training behaviors. We further conducted a
mediation analysis [MacKinnon et al., 2007] to explore the
specific role of the WMN and DMN in the rtfMRI training.
We hypothesized that (1) self-regulation of left DLPFC
activity during rtfMRI would induce reorganization of
functional connectivity within and between the WMN and
the DMN and that (2) the altered network connections
would mediate post-training behavior.

MATERIALS AND METHODS

Subjects

A total of 30 right-handed subjects participated in the
study. The experimental group included seven females
and eight males (age: 21.47 6 3.83 years). The other seven
females and eight males constituted the control group
(age: 21.87 6 3.41 years). Age and gender were well
matched between the two groups. All subjects were free of
psychiatric disorders or history of head trauma. Partici-
pants signed informed consent forms after the experimen-
tal procedures were explained to them prior to scanning
and received monetary compensation after the experiment.
The study was approved by the Institutional Review
Board of the State Key Laboratory of Cognitive Neuro-
science and Learning in Beijing Normal University.

Experimental Procedure

The subjects underwent two rtfMRI training sessions
(separated by seven days) and a pre- and post-training
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behavioral test in each session (Fig. 1A). Each training ses-
sion included six runs. The first run was a 10-minute T1-
weighted imaging which was used for image normaliza-
tion and functional overlay. In the second run, participants
conducted a digital 3-back WM task that reliably activated
the target ROI in the left DLPFC. In addition, a control
ROI was selected in a task-unrelated area to eliminate
unspecific global effects [Zhang et al., 2013]. The subse-
quent four feedback runs consisted of four regulation
blocks (60 s each) alternated with five baseline blocks (30 s
each). During the regulation block, the average blood oxy-
genation level dependent (BOLD) signal change from the
target ROI minus the BOLD signal change from the control
ROI was presented to the participants in real time as
changing bars of a graphical thermometer (Fig. 1B) and
subjects were instructed to upregulate their left DLPFC
activity as much as possible as guided by the feedback
information. The strategy provided to them was to back-
ward recall self-generated digit or letter sequences subvo-
cally, and the length and content of the sequences they
generated could be adjusted according to the feedback
information. During the resting block, a cross was present
to the subjects (Fig. 1B), and they were instructed to relax

and rest to return to their baseline-level activity. Because
the subjects were instructed to use strategies associated
with verbal WM to regulate their BOLD signal in the tar-
get ROI, two verbal WM tasks (digit span and letter mem-
ory) and two transfer tasks (spatial 3-back and Stroop
color-word test) were tested before and after each rtfMRI
training session. To verify the training effect, subjects in
the control group underwent the same experimental proce-
dure and were given the same instructions, except that
they were provided with a sham feedback signal. For
more details about the experimental procedure, see our
previous study [Zhang et al., 2013].

Scanning Parameter

Brain images were collected using a SIEMENS 3.0 T
scanner at the MRI Center of Beijing Normal University. A
T1-weighted image of the whole brain was acquired using
the following parameters: MPRAGE sequence,
matrix 5 256 3 256, 176 partitions, 1 mm3 isotropic voxels,
TR 5 2530 ms, TE 5 3.45 ms, flip angle 5 7�. A single-shot
T2*-weighted gradient-echo, echo-planar image sequence

Figure 1.

A. The overall experimental procedure. It included two rtfMRI

training sessions and a pre- and post-training behavioral test

conducted on the same day before and after each training ses-

sion. Each rtfMRI training session included a T1 run for func-

tional overlay, an ROI localizer run for definition of feedback

ROIs and four feedback training runs. B. The feedback informa-

tion presented in the four feedback runs during the training. C.

The activation and deactivation maps of the feedback runs of

the experimental and control groups together (P< 0.01, FDR

corrected. Left side is on the reader’s left).
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was used for the functional imaging acquisition (TR 5 2000
ms, TE 5 30 ms, matrix 5 64 3 64, in-plane reso-
lution 5 3.125 3 3.125 mm2, slice number 5 33, slice
thickness 5 4.0 mm, slice gap 5 0.6 mm, flip angle 5 90�).
To reduce movement, two foam cushions were used to
immobilize the participants’ heads.

Data Analysis

Network connection analysis

The data used in this study were collected in our previous
study [Zhang et al., 2013]. According to Baddeley’s multi-
component model [Baddeley, 2003] and previous WMN
[Smith et al., 1998] and DMN studies [Greicius et al., 2003],
the nodes of the WMN and DMN were selected based on
the group activation map obtained by analyzing all the
training runs in the two groups together. The fMRI data
were first preprocessed in the SPM8 software package
(http://www.fil.ion.ucl.ac.uk/spm/), which included the
correction of slice acquisition timing, correction of head
motion, normalization to Montreal Neurological Institute
space, resampling into 3 3 3 3 4 mm3 voxels, and spatial
smoothing using a Gauss kernel with full width at half max-
imum of 8 mm. Then, the preprocessed data were modeled
using a general linear model in which the repressor was
constructed by convolving the boxcar function with a canon-
ical hemodynamic response function. After parameter esti-
mation and statistical tests, the individual activation
(regulation vs. baseline condition) and deactivation (base-
line vs. regulation condition) maps were obtained. One-
sample t-tests were performed to calculate the group activa-
tion and deactivation maps. The statistical threshold was
corrected for multiple comparisons using the topological
false discovery rate (FDR) [Chumbley and Friston, 2009] at
an overall (corrected) alpha level of 0.01. Then, the nodes of
the WMN and the DMN were defined as a spherical region
centered on the local maximum peak with a radius of 6 mm.

The time series for each of the node ROIs were extracted
and the ROI–ROI correlation matrix was computed for each
subject in each feedback run. The correlation coefficient was
converted to z-score using Fisher’s transformation [Carbon-
ell et al., 2009]. For each of the ROI–ROI connection pairs,
one-way repeated-measure analysis of variance (ANOVA)
was conducted with run as the main effect. For all the ROI–
ROI connection pairs within a network, the significance of
the multiple comparisons was corrected using FDR at an
overall (corrected) alpha level of 0.05. The same correction
of multiple comparisons was used for the between-network
ROI–ROI connection pairs. For the ROI–ROI connection
pairs in the WMN survived after the correction, a factor
analysis [Lahey et al., 2012] was conducted on their connec-
tion strengths to extract a WMN connection factor. The
logic behind the factor analysis was to search for a common
connection strength at the network level. The factor load-
ings represented the degree to which each of the survived
ROI–ROI connection pairs correlates with the WMN con-

nection factor. The similar factor analyses were performed
on the survived ROI–ROI connection pairs in the DMN and
between the WMN and DMN (WMN–DMN). Comparison
of factor scores in run D of second training session (2nd_D)
with that in run A of first training session (1st_A) was con-
ducted to evaluate the alteration of internetwork and intra-
network connection strength.

Correlation of network connections with BOLD signal

in the target ROI and with behavior

Pearson correlations of the change of the BOLD signal
intensity in the target ROI (run 2nd_D vs. run 1st_A) with
the change of the WMN, DMN, and WMN–DMN connec-
tion factors (run 2nd_D vs. run 1st_A) were computed,
respectively, to evaluate how the self-regulation of target
brain activity affected the brain networks. To investigate
the relationship between the network connections and post-
training behavior, Pearson correlations of the change of the
three network connection factors (run 2nd_D vs. run 1st_A)
with the change of behavioral performance in the post-test
after the second training session (2nd post-test) compared
with that in the pre-test of first training session (1st pre-
test) were conducted. The behavioral performance included
the verbal WM performance assessed by factor analysis of
the changes in digit span and letter memory performance,
dprime of the spatial 3-back task (3B-dprime) estimated by
the hit rate penalized by the false alarm rate [Haatveit et al.,
2010], response time of the spatial 3-back task (3B-RT), and
response time of the Stroop color-word test (Stroop-RT).

Mediation analysis

To determine whether the behavioral improvement
potentially induced by the self-regulation of the target brain
activity was mediated by the brain network connections, a
mediation analysis model was constructed using the struc-
tural equation modeling method [Boucard et al., 2007] in
AMOS 17.0 (SPSS, Chicago, IL). The changes of WMN con-
nection factor, DMN connection factor, and WMN–DMN
connection factor between run 2nd_D and run 1st_A were
selected as three mediators. The change of BOLD signal
intensity in the target ROI (run 2nd_D vs. run 1st_A) and
the change of the four behavioral indexes (2nd post-test vs.
1st pre-test), that is, verbal WM performance, 3B-dprime,
3B-RT, and Stroop-RT, were included in the model. The
mediation model was estimated using the maximum likeli-
hood algorithm and statistically tested using a Chi-square
test. The mediation effect of each mediator on each behav-
ioral index was evaluated using the Sobel test [Sobel, 1982].

RESULTS

Determination of the Nodes in the WMN and DMN

The activation and deactivation maps of the two groups
together are shown in Figure 1C. Based on this result, we
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selected the bilateral DLPFC, bilateral PPC, bilateral PMA,
SMA, and Broca’s area (left inferior frontal gyrus, L.IFG)
as the nodes of the WMN and the PCC, MPFC, bilateral
IPC, bilateral MTC, and bilateral PHG as the nodes of the
DMN (Fig. 1C). The local maximum peaks of these regions
are listed in Table I.

Training-Induced Changes of Within- and

Between-Network Connections

In the experimental group, one-way ANOVA of the
ROI–ROI connection pairs in the WMN showed that the
connection strengths of L.DLPFC-R.DLPFC, L.DLPFC-
R.PPC, R.DLPFC-R.PPC, R.DLPFC-L.PMA, L.PMA-R.PMA,
and L.PMA-L.PPC showed significant main effect of run
(L. and R. mean left and right side, P< 0.05, FDR correc-
tion, Fig. 2A). Post hoc analysis demonstrated that these
connection strengths were significantly increased during
the training. One WMN connection factor was extracted
through factor analysis of these six connection pairs (Kai-
ser–Meyer–Olkin, KMO value is 0.759, the significance of
Bartlett’s test of sphericity is P< 0.001) and the factor load-
ings were 0.187, 0.233, 0.184, 0.251, 0.217, and 0.209,
respectively, for the six connections. The WMN connection
factor showed a significant linear increasing trend (linear
regression analysis, R2 5 0.774, P< 0.0001) across training
runs. Paired t-test showed that there was a significant dif-
ference in the WMN connection factor between run 2nd_D
and run 1st_A with P 5 0.03 (Fig. 2B).

A similar analysis in the DMN indicated that the con-
nection strengths of PCC-L.PHG, PCC-R.PHG, and PCC-

L.MTC showed significant main effect of run and their
connection strengths were significantly increased during
the training (P< 0.05, FDR correction, Fig. 2A). There was
one DMN connection factor extracted by factor analysis of
the three ROI–ROI connection pairs (KMO 5 0.698, the sig-
nificance of Bartlett’s test of sphericity is P< 0.001) and the
factor loadings were 0.394, 0.382, and 0.357, respectively,
for the three connection pairs. The DMN connection factor
exhibited a significant increasing trend (linear regression
analysis, R2 5 0.861, P< 0.0001) across training runs. Com-
parison of run 1st_A with run 2nd_D demonstrated a sig-
nificant difference in the DMN connection factor
(P 5 0.0017, paired t-test, Fig. 2C).

One-way ANOVA for the between-network connections
demonstrated that the connection strengths of L.IFG-L.PHG,
L.IFG-R.PHG, L.PMA-L.PHG, L.PMA-R.PHG, SMA-L.PHG,
SMA-R.PHG, R.PPC-L.PHG, R.PPC-R.PHG, R.DLPFC-
R.PHG, L.PPC-R.PHG, L.PMA-PCC, L.DLPFC-R.PHG, and
R.PMA-R.PHG showed significant main effect of run
(P< 0.05, FDR correction, Fig. 2A). Post hoc analysis revealed
that these connection strengths were significantly increased
during the training. Factor analysis showed that one WMN–
DMN connection factor was extracted from these ROI–ROI
connections (KMO 5 0.845, the significance of Bartlett’s test
of sphericity is P< 0.001) and the factor loading were 0.090,
0.095, 0.096, 0.099, 0.087, 0.098, 0.089, 0.095, 0.092, 0.096,
0.077, 0.089, and 0.079, respectively, for these connections.
Moreover, the WMN–DMN connection factor increased line-
arly across training runs (linear regression analysis,
R2 5 0.915, P< 0.0001). There was a significant difference in
the WMN–DMN connection factor in the comparison of run
1st_A with run 2nd_D (P 5 0.0001, paired t-test, Fig. 2D).

TABLE I. The location of the node ROIs in each network (WMN: working memory network; DMN: default mode

network)

Node ROIs Side Brodmann’s area

MNI coordinates

Peak T-scorex y z

WMN
Supplement motor area Left 6 23 11 54 13.93
Premotor area Left 6 227 21 50 13.60
Premotor area Right 6 30 21 50 12.71
Posterior parietal cortex Right 7 30 261 50 12.43
Posterior parietal cortex Left 7 227 264 50 11.71
Inferior frontal gyrus Left 44 251 11 10 8.14
Dorsal lateral prefrontal cortex Left 9 245 29 34 7.10
Dorsal lateral prefrontal cortex Right 9 42 35 34 5.40

DMN
Medial prefrontal cortex Left 32 23 35 210 27.93
Inferior parietal cortex Left 39 251 267 30 27.67
Posterior cingulate cortex Left 31 26 249 30 27.45
Inferior parietal cortex Right 39 51 267 30 27.27
Middle temporal cortex Left 21 260 222 218 25.15
Parahippocampal gyrus Left 35 218 210 226 24.40
Middle temporal cortex Right 21 57 27 218 23.75
Parahippocampal gyrus Right 35 21 210 226 23.70
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For the control group, no significant alterations of
within- or between-network connections were observed
after FDR correction; therefore, the following analysis was
conducted only in the experimental group.

Correlation of Network Connections With

BOLD Signal in the Target ROI and With

Behavior

The BOLD signal in the target ROI showed a positive
correlation with the WMN connection factor (r 5 0.65,
P 5 0.004, Fig. 3A), but not with the DMN connection fac-
tor or with the WMN–DMN connection factor (Table II).

The WMN connection factor showed a negative correla-
tion with the 3B-RT (r 5 20.50, P 5 0.029, Fig. 3B). The
DMN connection factor and the WMN–DMN connection
factor exhibited significant correlations with verbal WM
performance (r 5 0.45, P 5 0.046, Fig. 3C and r 5 0.57,
P 5 0.013, Fig. 3D, respectively).

Mediation Effect of the Network Connections

Mediation effect analysis was conducted to directly
assess the role of the WMN and DMN in rtfMRI-based
WM training. A successful mediation model was identified
(Chi-square 5 10.799, degrees of freedom 5 9, P 5 0.29,
comparative fit index 5 0.907, Fig. 4 and Table III).

The path analysis demonstrated a significant impact of
target ROI on WMN connection factor (path coef-
ficient 5 0.651, P 5 0.001) and a significant effect of WMN
connection factor on verbal WM performance (path coef-
ficient 5 0.705, P< 0.001). Mediation effect analysis showed
that the influence of target ROI on verbal WM perform-
ance was mediated by the WMN connection factor (media-
tion effect 5 0.52, P 5 0.01, two-tail Sobel test). The path
coefficient from the WMN connection factor to the 3B-RT
was also significant (path coefficient 5 20.739, P 5 0.011),
and the mediation analysis indicated that the effect of tar-
get ROI on the 3B-RT was also mediated by the WMN
connection factor (mediation effect 5 20.455, P 5 0.02, two-

Figure 2.

The change of network connections during the two sessions of

rtfMRI training. A. The significantly changed within- and

between-network ROI–ROI connections (P< 0.05, FDR cor-

rected, the L. and R. refer to the left and right side, respec-

tively). B. The change of the WMN connection factor across

feedback runs. C. The change of the DMN connection factor

across feedback runs. D. The change of the WMN–DMN con-

nection factor across feedback runs. The three factors were cal-

culated by factor analysis of the significantly changed within- and

between-network ROI–ROI connections in all eight runs, respec-

tively. * refers to significant difference (P< 0.05) in the compari-

son of run 2nd_D with run 1st_A.
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tail Sobel test). Moreover, path analysis demonstrated
a significant effect of the WMN–DMN connection fac-
tor on the 3B-dprime (path coefficient 5 0.491, P 5 0.03)
and on the Stroop-RT (path coefficient 5 20.480,
P 5 0.041), but there were no mediation effects detected
for the WMN–DMN connection factor on these two
behaviors.

DISCUSSION

This study explored the change of functional connectiv-
ity within and between the WMN and DMN during the
neurofeedback training and their correlations with the
alteration of brain activity in the target ROI, as well as
with the improvement of post-training behaviors, aiming

Figure 3.

The correlation of network connection factors with the percent

signal change of the target ROI and with the behaviors. A. The

positive correlation of percent signal change in the target ROI

with the WMN connection factor. B. The negative correlation

of the WMN connection factor with the response time of the

spatial 3-back task. C. The positive correlation of the DMN

connection factor with verbal WM performance. D. The positive

correlation of the WMN–DMN connection factor with verbal

WM performance. The data shown in the scatter plot were nor-

malized. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

TABLE II. The correlations of the WMN connection factor, DMN connection factor, and WMN–DMN connection

factor with the alteration of signal in the target region of the left DLPFC and with the change of the four behavioral

indexes (the correlation coefficient with * means P < 0.05)

Network connection
factors

Correlation with
BOLD signal change

Correlation with behavioral performance

Verbal WM 3B-dprime 3B-RT Stroop-RT

WMN 0.65* 0.36 20.24 20.50* 20.16
DMN 0.10 0.45* 20.03 20.16 0.09
WMN–DMN 20.02 0.57* 0.36 0.02 20.34
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to investigate the neurobiological mechanisms of rtfMRI-
based WM training. Results showed that self-regulation of
the activation in a key region of the WMN induced
changes in network connections, which seemed to result in
relevant behavioral improvements. Further mediation anal-
ysis demonstrated the mediation role of brain networks in
rtfMRI-based WM training.

Recruitment of the WMN and DMN in rtfMRI

Training

During the rtfMRI training, regions in the WMN and
the DMN were significantly activated and deactivated,
respectively, (Fig. 1C) and the detected network nodes
were in line with previous WMN [Newman et al., 2002a]
and DMN [Buckner et al., 2008] studies. These results sug-
gested that the two networks were recruited in the rtfMRI-
based WM training and were closely associated with WM
functioning.

Changes of WMN Connections

The six functional connection pairs that showed
increased connection strengths in the WMN were observed
among the nodes in the DLPFC, PPC, and PMA (Fig. 2A).
Neuroimaging studies of WM have demonstrated that the
DLPFC is involved in allocating the attentional resources
for task-relevant stimuli or responses, so as to select and
manage (e.g., update) the information to be rehearsed
[Curtis and D’Esposito, 2003]. A verbal WM study indi-
cated that the DLPFC–PMA connection was important for

articulatory rehearsal [Koechlin et al., 2003]. Also, the
functional interactions between frontal and parietal regions
play a key role in the maintenance of WM information
[Newman et al., 2002b]. A previous study pointed out that
synchrony of neural activity may increase the effectiveness
of inter-regional connections and enhance the representa-
tion of attended stimuli [Buschman and Miller, 2007].
Therefore, the increased functional coupling in the WMN
suggested an increased efficiency for information rehearsal
and maintenance during the training. Moreover, factor
analysis of these ROI–ROI connection pairs in the WMN
showed a linearly increasing trend across feedback runs
(Fig. 2B). Because subjects reported that they used a strat-
egy of gradually increasing the difficulty of backward
recall to regulate the brain activity [Zhang et al., 2013],
this finding implies that the WMN connections were mem-
ory load dependent, which has been reported in some
prior studies [Honey et al., 2002; Newton et al., 2011;
Schl€osser et al., 2006]. The same trend in the DMN connec-
tion factor (Fig. 2C) and the WMN–DMN connection factor
(Fig. 2D) may also suggest the load effect. Interestingly,
the increase of WMN connection was positively correlated
with the increase of BOLD signal change in the target ROI
of the left DLPFC (Fig. 3A). This outcome is consistent
with the previous finding that self-regulation of local brain
activity can alter the functional connectivity of the relevant
network [Rota et al., 2011]. The connection-behavior corre-
lations showed that the increase in WMN connection was
significantly correlated with the decrease in 3B-RT (Fig.
3B), suggesting that the increased WMN connections
modulated post-training behavior.

Figure 4.

The mediation effect analysis of the WMN connection factor, DMN

connection factor, and WMN–DMN connection factor in the “ROI-

network-behavior” model (the bold arrows represent significant

path coefficients, P< 0.05; the mediation effect of WMN connec-

tion factor on verbal WM performance is 0.52, P 5 0.01, two-tail

Sobel test; the mediation effect of WMN connection factor on the

response time of spatial 3-back (3B-RT) task is 20.455, P 5 0.02,

two-tail Sobel test). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE III. The estimation of the path coefficient and its

significance (S.E. means standard error; C.R. means crit-

ical ratio; the P values less than 0.05 were marked

with*)

Paths Estimate S.E. C.R. P value

ROI ! WMN 0.651 0.203 3.207 0.001*
ROI ! WMN–DMN 20.025 0.267 20.093 0.926
ROI ! DMN 0.096 0.266 0.362 0.717
ROI ! stroop-RT 20.163 0.310 20.524 0.600
ROI ! verbal WM 20.725 0.206 23.522 <0.0001*
WMN ! stroop-RT 20.049 0.309 20.160 0.873
ROI ! 3B-RT 0.248 0.310 20.524 0.600
WMN ! 3B-RT 20.739 0.291 22.534 0.011*
WMN–DMN ! 3B-RT 0.241 0.221 1.088 0.277
ROI ! 3B-dprime 20.137 0.299 20.460 0.645
WMN ! 3B-dprime 20.241 0.298 20.809 0.418
WMN–DMN ! 3B-dprime 0.491 0.226 2.172 0.030*
WMN–DMN ! verbal WM 0.297 0.156 1.907 0.056
DMN ! 3B-dprime 20.135 0.227 20.593 0.553
DMN ! 3B-RT 0.014 0.222 0.061 0.951
DMN ! stroop-RT 0.342 0.246 1.450 0.147
DMN ! verbal WM 0.099 0.157 0.635 0.525
WMN ! verbal WM 0.705 0.205 3.436 <0.001*
WMN–DMN ! stroop-RT 20.480 0.235 22.044 0.041*
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Changes of DMN Connections

In the DMN, ROI–ROI connection pairs that showed
increased functional connectivity were found in the PCC-
L.MTC, PCC-L.PHG, and PCC-R.PHG (Fig. 2A). The con-
sistent increases of connections with the PCC were coinci-
dent with a previous study that revealed that the PCC
node in the DMN acted as a convergence node where
information processing in the other nodes in the DMN
was integrated [Fransson and Marrelec, 2008]. It has been
shown that the MTC is involved in semantic processing
[Hoffman et al., 2012]. An fMRI study of a delayed match-
to-sample task revealed that sustained activity in the PHG
may underlie long-term encoding as well as active mainte-
nance of novel information during the brief memory delay
[Ranganath and D’Esposito, 2001; Stern et al., 2001]. The
PCC was thought to contribute to the transition from short
to long-term memory by playing a direct role in output
monitoring, encoding or retrieval strategies [Kobayashi
and Amaral, 2003]. A study of monkey anatomy suggested
that the PCC was heavily connected with the PHG, receiv-
ing nearly 40% of its extrinsic input from the medial tem-
poral lobe (including PHG and hippocampal formation)
and the PCC also projected back to the medial temporal
lobe [Kobayashi and Amaral, 2003]. A study of human
beings demonstrated reduced functional connectivity of
the PCC with the medial temporal lobe and with the MTC
in patients with amnesic mild cognitive impairment, a syn-
drome with a high risk of developing into Alzheimer’s dis-
ease [Bai et al., 2009; Sorg et al., 2007]. These studies
suggest that the PCC–PHG and PCC–MTC connections in
the DMN are important for memory function. The signifi-
cant correlation of DMN connection with verbal WM per-
formance (Fig. 3C) further provides evidence that the
DMN plays a pivotal role in the process of WM
information.

Changes of WMN–DMN Connections

Between-network connection analysis indicated that the
functional connectivity of frontoparietal areas in the WMN
with the PCC as well as with the PHG in the DMN was
significantly increased during the training (Fig. 2A) and a
significant correlation of the WMN–DMN connection with
verbal WM performance was observed (Fig. 3D). The
increases of connectivity between the PCC and the WMN
nodes are consistent with a role for this region in modulat-
ing the dynamic interaction between these two networks
controlling the efficient allocation of attention [Leech et al.,
2011]. With respect to the PHG, a single unit recording
study indicated that the prefrontal cortex exerted top-
down control upon the PHG in memory retrieval [Tomita
et al., 1999]. A study of the N-back paradigm showed that
interaction between the PPC and the PHG was related to
the different strategies used by the individuals to perform
the WM task [Glabus et al., 2003]. Moreover, a recent
study demonstrates that the prefrontal and parietal regions

are the sources of a top-down signal that exert top-down
control upon the sensory cortex, even in the absence of
WM stimuli [Gazzaley and Nobre, 2012]. Therefore, the
increased between-network functional interaction may
imply top-down modulation during the rtfMRI training,
which resulted in an efficient allocation of attention and
strategy to active selection and retrieval of the memory
information necessary for the WM training and an inhibi-
tion of the interfering information, such that relevant rep-
resentations can be effectively used to guide behavior (Fig.
5).

Mediation Effects of the Network Connections in

the Impact of the Target ROI on the Behaviors

The above analysis implied that intentional regulation of
the percent signal change in the target ROI through rtfMRI
induced the change of WMN connections, the functional
interaction between the WMN and DMN led to the change
of connections in the DMN, and these altered network
connections subsequently modulated the post-training
WM performance. Therefore, there may exist a “ROI-
network-behavior” relationship in the rtfMRI training (Fig.
5); that is, the WMN and DMN may act as mediators
between the signal change in the target ROI and verbal

Figure 5.

The “ROI-network-behavior” relationship underlying the rtfMRI

training.
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WM as well as transfer behaviors. To clarify this hypothe-
sis, this study conducted a mediation analysis. The result
provided evidence that the WMN connection factor acted
as a mediator of the effect of the BOLD signal change in
the target ROI on the improvement of verbal WM per-
formance as well as on the change of 3B-RT, but no media-
tion effects of WMN connection were observed for the 3B-
dprime or for the Stroop-RT (Fig. 4). With respect to the
DMN connection factor and the WMN–DMN connection
factor, there were no mediation effects on verbal WM or
the transfer tasks, but significant path coefficients between
the WMN–DMN connections and the performances of
transfer tasks were detected (Table III), suggesting that the
performance of transfer WM tasks was modulated by the
intranetwork functional interaction. This result also pro-
vided direct evidence for the previous finding that the
connection between the WMN and DMN can predict WM
performance [Sala-Llonch et al., 2012]. The different role of
network connections in the modulation of the four behav-
ioral indexes suggested that there might be different neu-
ral bases underlying the improvement of the trained and
the transferred behaviors in the experimental group. For
the control group, although the transfer task performances
were also improved [Zhang et al., 2013], no significant
changes in network connections were observed during the
rtfMRI training. Because the difference between the two
groups was the neurofeedback information, the different
extent of recruitment of the brain networks during the
rtfMRI training in the two groups may reflect the neural
basis of neurofeedback.

SUMMARY

Taken together, based on the fundamental assumption
that the brain operates as a system where spatially distrib-
uted brain areas interact with each other, this study pro-
vides evidence for brain network reorganization at the
system level due to the self-regulation of target ROI activa-
tion, and revealed their specific roles in the modulation of
post-training behavior. The differential changes in the
functional networks between the experimental and control
group during training and the differential modulation
mechanisms for the verbal WM task and the transfer tasks
in the experimental group enhance our understanding of
the neural substrate underlying real-time neurofeedback
training. Moreover, this study demonstrates the neuroplas-
ticity of the WMN and DMN, thus providing a new direc-
tion to improve WM performance by regulating the
functional connectivity in the WM-related networks.
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