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Abstract
Children born extremely preterm (EP; < 28 weeks of gestation) or extremely low birth weight (ELBW; < 1000 g) are at increased
risk of working memory deficits compared with their term-born peers and may benefit from working memory training. This study
aimed to determine whether CogmedWorkingMemory Training®, compared with a placebo training program, was associated with
changes in resting-state functional connectivity (rsfc) and whether these changes correlated with working memory performance in
EP/ELBW children. Twenty-one 7-year-old EP/ELBW children were enrolled in a double-blinded randomized controlled trial and
hadmagnetic resonance imaging (MRI) assessments (Cogmed, n = 12; placebo (a non-adaptive version of Cogmed), n = 9). Prior to
training (baseline) and 2 weeks post-training, all children received a cognitive assessment, inclusive of immediate memory and
working memory measures and an MRI. The Cogmed Improvement Index was used as a measure of improvement in trained
activities in the Cogmed group. Resting-state functional MRI was used to measure training-related changes in intra- and inter-
network rsfc. The networks assessed include the default mode network, the left and right central executive networks, the bilateral
executive network, the dorsal attention network, and the salience network. rsfc data were compared between treatment groups and
investigated in relation to changes in working memory performance. There was little evidence of differences in intra- or inter-
network rsfc strength changes from baseline to post-training between treatment groups. In the Cogmed group, working memory
performance was associated with increased rsfc from baseline to post-training within the precuneus network, but not in the placebo
group. In the Cogmed group, results that did not survive multiple comparison correction further showed that improvement in trained
activities was associated with increased rsfc between the left central and bilateral executive networks, and with decreased rsfc within
the right central executive network and between the right central executive and salience networks. Changes in rsfc may facilitate
working memory performance following Cogmed training. Further studies are needed to investigate how changes in rsfc are
associated with behavioral changes to better support working memory in vulnerable groups.

Chiara Nosarti and Peter J. Anderson are joint senior authors.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s41465-019-00150-7) contains supplementary
material, which is available to authorized users.

* Chieh-En Jane Tseng
ctseng4@mgh.harvard.edu

1 Department of Psychosis Studies, Institute of Psychiatry, Psychology
and Neuroscience, King’s College London, London, UK

2 Turner Institute for Brain and Mental Health, Monash University,
Melbourne, Australia

3 Murdoch Children’s Research Institute, Melbourne, Australia
4 Department of Paediatrics, The University of Melbourne,

Melbourne, Australia
5 Royal Children’s Hospital, Melbourne, Australia

6 Department of Obstetrics and Gynaecology, Royal Women’s
Hospital, The University of Melbourne, Melbourne, Australia

7 Florey Institute of Neuroscience and Mental Health,
Melbourne, Australia

8 Department of Medicine, Monash University, Melbourne, Australia

9 Centre for the Developing Brain, Department of Perinatal Imaging
and Health, Division of Imaging Sciences and Biomedical
Engineering, King’s College London, London, UK

10 Monash Institute of Cognitive and Clinical Neurosciences, Monash
University, Melbourne, Australia

https://doi.org/10.1007/s41465-019-00150-7
Journal of Cognitive Enhancement (2019) 3:376–387

/Published online: 13 September 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s41465-019-00150-7&domain=pdf
http://orcid.org/0000-0003-0592-335X
https://doi.org/10.1007/s41465-019-00150-7
mailto:ctseng4@mgh.harvard.edu


Keywords Extremely preterm .Workingmemory training . Resting-state fMRI

Introduction

In recent years, much attention has focused on training the
developing brain (see Jolles and Crone 2012 for a review),
with the rationale being that training specific cognitive func-
tions (i.e., attention and working memory) during develop-
ment, can offer advantages in terms of learning capacity.
Cognitive training interventions in children with
neurodevelopmental disorders have demonstrated gains on
trained and/or non-trained tasks (Kerns et al. 2017;
Robinson et al. 2014). It is possible that neuroplasticity, which
refers to the life-long process by which the brain adapts to
changes in its environment (Pascual-Leone et al. 2005), may
underlie these cognitive improvements. Training in adults pri-
marily reshapes the existing neural landscape, while training
in young children may influence the establishment of devel-
oping neural networks. It has therefore been suggested that
childhood may be a sensitive period during which training
has its largest effects (Jolles and Crone 2012).

Working memory has been the focus of cognitive train-
ing interventions in children and adolescents born very
preterm (< 32 weeks of gestation) (Grunewaldt et al.
2013; Lohaugen et al. 2011; Everts et al. 2015), given they
often report working memory problems (see Anderson
2014 for a review), which are particularly pronounced in
those individuals born extremely preterm (EP; < 28 weeks
of gestation) (Marlow 2004). Working memory problems
are thought to underlie poor academic achievement in
young people (Simone et al. 2017), which in turn affect
their social and economic prospects later in life (Levine
and Nourse 1998; Heath and Ross 2000). Previous work-
ing memory training studies in young preterm individuals
have been conducted at preschool age (Grunewaldt et al.
2013), when cognitive resources to support training are not
well developed, and in adolescence (Lohaugen et al. 2011),
when working memory capacities are approaching adult
levels, with potentially little scope for improvement
(Jolles and Crone 2012; Gathercole 1999). In contrast, ear-
ly school age may be a preferable period to train working
memory, given that by this age, children have developed
sufficient resources to support maturing working memory
functioning. Further, at this age, brain regions that are in-
volved in working memory (i.e., frontal and parietal corti-
ces) are sufficiently developed to perform working memo-
ry tasks but are still maturing and can be influenced by the
environment (through experience, exposure, and training),
thereby allowing targeted interventions to utilize their re-
sidual neuroplastic capacity (Johnson 2011).

Resting-state functional magnetic resonance imaging
(rs-fMRI) is a fast, task-independent method for exploring

the brain’s functional organization. The functional net-
works identified at rest closely correspond to networks that
are active during the performance of specific tasks (Smith
et al. 2009) and can predict task-induced brain activity or
an individual’s task performance (Mennes et al. 2010; Zou
et al. 2013). Most importantly, resting-state functional con-
nectivity (rsfc) has been found to change as a result of
learning (Lewis et al. 2009). In relation to working mem-
ory, results of previous studies showed that working mem-
ory performance was related to rsfc within central execu-
tive and salience networks (Engstrom et al. 2013), and
within the precuneus/posterior cingulate cortex of the de-
fault mode network (Sala-Llonch et al. 2012). However, to
date, no papers have examined rsfc in relation to working
memory training in EP children and/or extremely low birth
weight (ELBW; < 1000 g birth weight). Studying training-
induced rsfc changes in relation to training outcomes may
help to increase understanding of the neural mechanisms
associated with working memory in EP/ELBW children
and aid in the refinement of interventions aimed at enhanc-
ing working memory capacity.

The current study used rs-fMRI to investigate training-
induced neuroplasticity following a working memory train-
ing program (Cogmed Working Memory Training®) com-
pared with a placebo training program in 7-year-old EP/
ELBW children. Participants were part of a larger, double-
blind randomized controlled trial. In the main trial, we failed
to identify benefits of Cogmed on working memory up to
24 months post-training compared with the placebo pro-
gram (Anderson et al. 2018); however, fMRI is powerful
in detecting changes in hemodynamic responses even in
the absence of observable effects on cognitive performance
(Froudist-Walsh et al. 2015; Erk et al. 2011). We there-
fore hypothesized that training-induced changes in rsfc
would be greater in the Cogmed group compared with the
placebo group. We further explored whether training-
induced changes in rsfc were associated with training-
induced changes in cognitive performance, and whether this
differed between treatment groups. We hypothesized that
training-induced rsfc would be associated with cognitive
improvements, regardless of group. Finally, associations
between training-induced rsfc changes and improvements
during the working memory training were explored within
the Cogmed group. We hypothesized that greater training-
induced rsfc changes would be associated with greater
working memory training gains. These hypotheses are
based on specific adaptive training effects previously re-
ported that suggest a central role of load adaptation to sup-
port effective workingmemory gains (Klingberg et al. 2002,
2005; Holmes et al. 2009).
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Materials and Methods

Study Participants

Participants in the current study were born at either < 28 com-
pleted weeks of gestation and/or with birth weights < 1000 g
in the state of Victoria, Australia, in 2005 (Doyle et al. 2011,
2010), and were enrolled in a double-blinded, placebo-
controlled randomized clinical trial of Cogmed Working
Memory Training® (hereafter referred to as Cogmed) follow-
ing parental consent (n = 91). The children were randomized
to either the Cogmed training program group or the placebo
group in a 1:1 ratio. The randomization schedule was gener-
ated by a biostatistician (K. L.) who was independent of the
study, using block randomization with variable block sizes.
The project coordinator (L. P.) and a research assistant man-
aged the randomization. The participant and their family
remained blinded to the assigned program allocation through-
out the study. Other than the project coordinator and research
assistant, all other members of the trial team were blinded to
program allocation throughout the study.

Children were excluded if they had a severe intellectual,
sensory, or physical impairment that affected their capacity to
attend mainstream school (n = 16), were from families consid-
ered unable to comply with the training schedule (n = 2), or
were not suitable for the study due to location or previous
training exposure (n = 3). Of the 91 children enrolled in the
trial, 42 children consented to optional MRI, completed work-
ing memory assessments, and had successful MRI scans both
before (baseline) and 2 weeks after training (post-training).
Loss of data included non-consent to the MRI, non-
compliance to the MRI procedures, incomplete scans, and
failure to return for follow-up neuroimaging. Of the 42 chil-
dren who completed the working memory training baseline
and post-training scans, 19 children were excluded due to
excessive motion (> 0.35 mm relative mean displacement, ap-
proximately 0.7 mm frame displacement) for at least one time
point, one child was excluded due to having a poor-quality T1-
weighted image, and one child due to having dental braces
which caused artifacts on the images. Therefore, the rsfc anal-
yses were performed in 21 children with MRI data at both
time points (Cogmed = 12; placebo = 9).

Cogmed Working Memory Training

Children were randomly assigned to receive either Cogmed or
a placebo program. Cogmed includes a range of different
computerized working memory activities that are practiced
intensively (5 days per week for 5 to 7 weeks). The program
is adaptive, such that the complexity level of individual activ-
ities varies with the child’s current working memory capacity
on a trial-by-trial basis. The placebo program is identical to
Cogmed, except that it is non-adaptive, with the complexity of

activities set to an undemanding level throughout the training
period. This design enabled us to explore possible
neuroplastic changes specifically associated with adaptive
working memory training (Anderson and Doyle 2008).
Children attended assessments at the Royal Children’s
Hospital (RCH), Melbourne, Australia, at both baseline and
2 weeks post-training.

MRI Acquisition

MRI at both baseline and post-training was undertaken with-
out sedation using a Siemens 3 Tesla Magnetom Trio scanner
and a 32-channel head coil at the RCH. Children underwent a
3D T1-weighted magnetization-prepared rapid gradient-echo
(MP-RAGE) sequence (0.85 mm sagittal slices, in-plane reso-
lution 0.82 mm2, flip angle 9°, repetition time 1900 ms, echo
time 2.27 ms, field of view 210 × 210 mm, matrix 256 × 256)
and a rs-fMRI echo planar imaging sequence with prospective
acquisition correction (PACE) (4.0 mm axial slices, in-plane
resolution = 3.3 mm2, flip angle = 90°, repetition time =
2400 ms, echo time = 35 ms, field of view = 210 × 210 mm,
matrix = 64 × 64, scan duration = 10 min).

Imaging Analysis

The researchers who analyzed the imaging data (C.E. J. T.
and C. N.) were blinded regarding group assignment when
conducting the imaging analysis. A customized template
was created from the structural images of the 21 included
children using Advanced Normalization Tools (ANTs;
http://stnava.github.io/ANTs/). The resting-state fMRI pre-
processing steps were performed using Functional
Magnetic Resonance Imaging of the Brain (FMRIB)
Software Library (FSL; www.fmrib.ox.ac.uk/fsl) and
included non-brain removal using Brain Extraction Tool,
motion correction using FMRIB’s Linear Image
Registration Tool (Jenkinson et al. 2002), temporal filtering,
slice-timing correction, spatial smoothing, normalization to
the custom template using FMRIB’s Linear Image
Registration Tool (Jenkinson et al. 2002; Jenkinson and
Smith 2001) and FMRIB’s Nonlinear Image Registration
Tool (Andersson et al. 2010), and denoising using
FMRIB’s independent component analysis–based
Xnoiseifier (Salimi-Khorshidi et al. 2014; Griffanti et al.
2014). Group independent component analysis (ICA) was
performed on the whole dataset (n = 21) using Group ICA
of fMRI Toolbox (GIFT; http://icatb.sourceforge.net). GIFT
uses a temporal concatenation approach, during which data
reduction is performed via multi-staged principal compo-
nent analysis and aggregation to generate common-group
maps. These components are then back-projected onto each
individual’s data to create subject-specific spatial maps with
corresponding time courses (Calhoun et al. 2008). ICA was
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performed using the Infomax algorithm (Bell and
Sejnowski 1995), and repeated 5 times with Icasso
(Himberg et al. 2004) to maximize the stability of the de-
rived components. Functional region of interests from the
Functional Imaging in Neuropsychiatric Disorders lab
(Shirer et al. 2012) and meta-analysis maps using the term
“frontoparietal” from http://neurosynth.org were used as
templates to identify components as resting-state networks.
The FSL tool fslcc was used to find the component that
had the highest cross-correlation with each functional net-
work template. This component was visually inspected and
determined as the network component if appropriate; if not,
the component with the second highest cross-correlation
was visually inspected. All networks were identified within
the first two components. The following resting-state net-
works were identified: the salience network (SN; bilateral
anterior cingulate cortex, middle frontal gyrus, insula, puta-
men, and thalamus), default mode network (DMN; bilateral
medial prefrontal cortex, angular gyrus, posterior cingulate
cortex, and hippocampus), dorsal attention network (DAN;
bilateral inferior frontal gyrus, precentral gyrus, intraparietal
sulcus, and lateral occipital cortex), precuneus network
(PN; bilateral angular gyrus, posterior cingulate cortex,
and precuneus), bilateral executive network (BEN; bilateral
middle frontal gyrus, anterior cingulate cortex, posterior
cingulate cortex, superior parietal lobule, supramarginal gy-
rus, and left superior frontal gyrus and inferior temporal
gyrus), and left and right central executive network
(LCEN; left superior, middle, and inferior frontal gyrus,
precuneus, and bilateral anterior and posterior cingulate cor-
tex, RCEN; right middle and inferior frontal gyrus, angular
gyrus, and supramarginal gyrus) (Fig. 1). Each identified
network was represented by one ICA component; therefore,
a total of seven components were included in the analysis.
These resting-state networks were chosen because they
have previously been identified as relating to working
memory performance (Engstrom et al. 2013; Sala-Llonch
et al. 2012; Hampson et al. 2006; Charroud et al. 2016;
Fang et al. 2016). The strength of connectivity within indi-
vidual networks was derived from the z-scored spatial maps
and will be referred to as intra-network rsfc. The strength
of connectivity between two networks (as estimated by the
Pearson’s correlation coefficient between pairs of
timecourses) will be referred to as inter-network rsfc.
Subject-specific timecourses were detrended, despiked, and
filtered using a fifth-order Butterworth low-pass filter with
a high frequency cutoff of 0.15 Hz. All correlation coeffi-
cients were transformed to z-scores using Fisher’s
transformation.

The resting-state networks identified in this study were
generated in the customized template space but are represent-
ed here on an MNI template with corresponding MNI
coordinates.

Cognitive Measures

At both assessments, children completed selected subtests
from the Working Memory Test Battery for Children
(WMTB-C) (Pickering and Gathercole 2001), namely
Digit Recall, Word List Recall, Block Recall, Mazes
Memory, and Backward Digit Recall. The Mister X sub-
test was completed from the Automated Working Memory
Assessment (AWMA) (Alloway 2007). These measures
were combined into two composite scores to represent
immediate memory and working memory. The immediate
memory composite score was a sum of the standardized
scores of all WMTB-C subtests except the Backward
Digit Recall subtest. The standardized scores of the
Backward Digit Recall and Mister X subtests were
summed to obtain the working memory composite score.
The Cogmed Improvement Index score was used as a
measure of improvement on the trained activities, which
was available for the Cogmed group only. This score was
obtained by calculating the difference between the Start
index (i.e., the mean of the three best successful trials on
days 2 and 3) and the Max index (i.e., the mean of the
three best successful trials on the two best training days).
All assessments were conducted blinded to knowledge of
treatment group allocation by trained research assistants
and psychologists at the Murdoch Children’s Research
Institute in Melbourne, Australia.

Statistical Analysis

Training-induced changes (from baseline to post-training)
in rsfc and memory composite scores were compared be-
tween the Cogmed and placebo groups, adjusting for cor-
responding baseline values of the measure of interest
(e.g., participants’ change in Digit Recall was adjusted
for their Digit Recall baseline scores). To adjust for base-
line values, robust regression and a logistic weight func-
tion were used; residuals were then used for independent t
tests and subsequent analysis. The association between
training-induced changes in intra-/inter-network rsfc
(predictor) and changes in memory composite scores
(outcome) were explored using linear regression. We in-
vestigated whether these associations differed between
treatment groups by testing for an interaction between
treatment group and rsfc change in the linear regression
models. Within the Cogmed group, additional analyses
were performed to explore the association between train-
ing improvements and changes in rsfc. Results were
corrected for multiple comparisons using the Benjamini-
Hochberg approach (Benjamini and Hochberg 1995).
Findings that do not survive multiple comparison correc-
tion are referred to as “findings at a trend-level”.
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Results

Study participants (n = 21) and non-participants (n = 70) had
similar characteristics in terms of sex, gestational age, and
birth weight; however, participants were slightly older in age
compared with non-participants (participants: mean age ±
standard deviation = 7.7 ± 0.6; non-participants: mean age ±
standard deviation = 7.2 ± 0.4). Demographic and neonatal
characteristics of the study participants are shown in Table 1.
As expected, the two groups were similar with regard to their
baseline characteristics.

There was little evidence (i.e., we were unable to reject the
null hypothesis of prior to multiple comparison correction) of
a difference in the changes in intra-network rsfc (Table 2),
inter-network rsfc (Table 3), and immediate memory or work-
ing memory (Table 4), from baseline to post-training between
the two treatment groups (aim 1). Changes in intra-network
rsfc in DAN and DMN were greater in the Cogmed group
compared with the placebo group at a trend-level (Table 2
and Fig. 2). Positive scores indicate higher functional connec-
tivity at follow-up than at baseline, while negative scores in-
dicate higher functional connectivity at baseline than at fol-
low-up.

There was evidence that precuneus intra-network rsfc
changes were associated with working memory composite
score changes in the Cogmed group (regression coefficient
(95% CI) = 5.92 (2.31, 9.53), p = 0.004), but not in the place-
bo group (regression coefficient (95% CI) = − 0.69 (− 3.69,

2.32), p = 0.60) (interaction p = 0.05, Fig. 3). There was little
evidence of associations between intra- or inter-network rsfc
changes and working memory changes for the other networks
investigated. There was also little evidence of any association
between changes in intra- or inter-network rsfc and immediate
memory composite scores.

In terms of training improvement in the Cogmed group,
findings showed associations between higher Cogmed
Improvement Index scores, which reflect the capacity to im-
prove across training trials, and decreased baseline to post-
training rsfc change within the RCEN (intra-network) rsfc
(regression coefficient (95% CI) = − 17.17 (− 29.38, − 4.96),
p = 0.011), and between the RCEN and the SN (inter-network)
rsfc (regression coefficient (95% CI) = − 17.15 (− 29.62, −
4.69), p = 0.012) at a trend-level, as well as increased baseline
to post-training rsfc change between the LCEN and the BEN
(regression coefficient (95% CI) = 19.29 (− 0.32, 38.90), p =
0.053) at a trend-level (Fig. 4). There was little evidence of
associations between intra- or inter-network rsfc change and
Cogmed training improvement for any of the other networks
investigated.

Discussion

Our findings demonstrated that changes in working memory
and rsfc in EP/ELBW children from baseline to post-training
were not different between the Cogmed and placebo groups.

Fig. 1 Resting-state networks of interest
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However, differences between groups were found in terms of
the relationship between training-induced working memory
and rsfc changes. Evidence of an association between changes
in working memory and training-induced rsfc changes within
the precuneus network was observed in the Cogmed group,
but not in the placebo group. In relation to improvements on
trained activities for the Cogmed group, associations were
found for decreased rsfc within the right central executive
network and between the right central executive and
precuneus networks and increased rsfc between the left central
executive and bilateral executive networks at a trend-level.

In the Cogmed group, we found an association between
working memory change and rsfc connectivity change in the
precuneus network. Greater improvement in working memory
performance was mostly associated with increased positive
rsfc change. The precuneus has previously been suggested to
play a central role in performing tasks that involve first-person
perspective, such as visuospatial imagery, self-referential pro-
cessing, and episodic memory retrieval (Cavanna and Trimble
2006). It is also thought to have the highest resting metabolic
rate within the DMN and is extensively connected to cortical
and subcortical regions, suggesting a role in integrating both
internally and externally driven information (Cavanna and
Trimble 2006). For instance, increased rsfc has been previous-
ly reported between the precuneus and the DMN at rest, and
between the precuneus and the right frontoparietal network
during completion of a decision-making task (Utevsky et al.

2014). The observed association between greater precuneus
intra-network rsfc change and greater working memory im-
provements following training in this study may be indicative
of improved information integration through the precuneus.
Similarly, a previous study showed that training-induced he-
modynamic response changes in the precuneus during a cog-
nitive training video game predicted performance improve-
ment on a non-trained working memory task post-training in
young healthy adults (aged 22, n = 45) (Nikolaidis et al.
2014). The authors suggested that improvement on tasks sim-
ilar to training tasks or activities (referred to as near transfer)
occurs when training-induced plasticity is evident in brain
regions that are implicated in the non-trained task
(Nikolaidis et al. 2014). Another study in young adults (aged
22, n = 15) reported that working memory improvements after
practicing a working memory task (for 6 weeks) were associ-
ated with increased frontoparietal connectivity (including the
precuneus in the parietal region), and decreased DMN con-
nectivity (between the medial prefrontal cortex and the
precuneus) (Jolles et al. 2013). However, the authors did not
find these practice effects in a group of children (age 12, n =
9), possibly due to sample size limitations resulting in a lack of
power to find such effects. Nonetheless, the results of the
aforementioned studies highlight the dynamic interaction be-
tween task-related brain regions and the precuneus, as well as
the importance of connectivity between networks to support
working memory task performance.

Table 1 Demographic and
neonatal characteristics of the
study participants

Cogmed (n = 12) Placebo (n = 9) Cohen’s d t p value

Age at assessment 7.7 ± 0.5 7.8 ± 0.8 0.16 0.38 0.71

Sex (M/F) 4/8 3/6

Gestational age (M ± SD) 27.4 ± 2.7 26.4 ± 1.1 0.51 − 1.09 0.07

Birth weight (M ± SD) 866 ± 128 974 ± 274 0.50 1.21 0.06

M mean, SD standard deviation

Table 2 Baseline to post-training changes in intra-network rsfc between the Cogmed and placebo groups

Intra-network resting state
functional connectivity

Cogmed (n = 12)
M ± SD
(z-scores)

Placebo (n = 9)
M ± SD
(z-scores)

Mean differencea (95% CI) Cohen’s d t p

Precuneus network 0.21 ± 0.34 0.03 ± 0.47 0.14 (− 0.22, 0.51) 0.44 − 0.82 0.42

Bilateral executive network 0.10 ± 0.48 − 0.03 ± 0.24 − 0.001 (− 0.24, 0.24) 0.34 0.01 0.99

Dorsal attention network 0.27 ± 0.34 − 0.10 ± 0.31 0.27 (0.02, 0.52) 1.14 − 2.23 0.04

Right central executive network 0.04 ± 0.40 − 0.16 ± 0.23 0.05 (− 0.19, 0.29) 0.61 − 0.44 0.66

Left central executive network 0.12 ± 0.31 − 0.07 ± 0.37 0.08 (− 0.15, 0.30) 0.56 − 0.72 0.48

Default mode network 0.16 ± 0.29 − 0.20 ± 0.36 0.25 (− 0.02, 0.51) 1.10 − 1.95 0.07

Salience network 0.05 ± 0.41 − 0.01 ± 0.29 0.02 (− 0.28, 0.33) 0.17 − 0.16 0.87

aMean differences were adjusted for baseline performance. The results did not survive multiple comparison correction. z-scores reflect the functional
connectivity changewithin a network. Positive scores indicate higher functional connectivity at follow-up than at baseline, while negative scores indicate
higher functional connectivity at baseline than at follow-up

M mean, SD standard deviation, CI confidence interval
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The precuneus network is not commonly investigated in
resting-state fMRI studies as it shows some overlap with the
DMN. However, it has been suggested that the precuneus
network may have a different role than the DMN, although
the two networks converge with age, as shown in a cross-
lifespan dataset (N = 126, 7–85 years old) (Yang et al. 2014).
Therefore, it may be the case that the precuneus network is
only distinguishable at a younger age, such as in extremely
preterm children in our study. Another viewpoint is that the
precuneus is not part of the DMN, as rsfc studies have found

that the DMN terminates near the subparietal sulcus and ex-
clusively involves the posterior cingulate cortex (Margulies
et al. 2009; Buckner et al. 2008). Future studies in regard to
the development of functional networks across age and spec-
ificity of the regions involved are needed.

In our study, although at a trend-level, greater improvements
in the trained activities for the Cogmed group was associated
with baseline to post-training rsfc changes within or between
the following networks: (1) right central executive network, (2)
right central executive and salience networks, and (3) left

Table 3 Baseline to post-training changes in inter-network rsfc between the Cogmed and placebo groups

Inter-network resting state
functional connectivity

Cogmed (n = 12)
M ± SD
(z-scores)

Placebo (n = 9)
M ± SD
(z-scores)

Mean differencea (95% CI) Cohen’s d t p

DMN-DAN − 0.02 ± 0.28 − 0.05 ± 0.28 − 0.06 (− 0.27, 0.17) 0.11 0.52 0.61

DMN-LCEN 0.09 ± 0.24 − 0.05 ± 0.15 0.04 (− 0.09, 0.17) 0.70 − 0.66 0.52

DMN-RCEN − 0.05 ± 0.29 − 0.002 ± 0.14 − 0.09 (− 0.27, 0.09) 0.21 1.06 0.30

DMN-SN 0.01 ± 0.26 − 0.02 ± 0.36 − 0.05 (− 0.29, 0.20) 0.10 0.39 0.70

DMN-BEN − 0.04 ± 0.29 − 0.14 ± 0.18 0.004 (− 0.16, 0.17) 0.41 − 0.06 0.96

DMN-PN 0.05 ± 0.33 − 0.15 ± 0.18 0.16 (− 0.06. 0.38) 0.75 − 1.56 0.14

DAN-LCEN 0.04 ± 0.31 − 0.07 ± 0.48 − 0.13 (− 0.37, 0.11) 0.27 1.15 0.27

DAN-RCEN − 0.02 ± 0.22 − 0.08 ± 0.37 − 0.09 (− 0.28, 0.09) 0.20 1.05 0.31

DAN-SN 0.01 ± 0.29 0.03 ± 0.31 − 0.10 (− 0.33, 0.12) 0.07 0.97 0.35

DAN-BEN − 0.02 ± 0.19 − 0.15 ± 0.20 0.08 (− 0.08, 0.25) 0.67 − 1.06 0.30

DAN-PN − 0.08 ± 0.28 0.02 ± 0.18 − 0.12 (− 0.33, 0.10) 0.42 1.16 0.26

LCEN-RCEN − 0.01 ± 0.22 − 0.09 ± 0.23 − 0.002 (− 0.18, 0.17) 0.36 0.03 0.98

LCEN-SN − 0.10 ± 0.22 0.05 ± 0.32 − 0.13 (− 0.35, 0.08) 0.55 1.32 0.20

LCEN-BEN − 0.10 ± 0.25 − 0.04 ± 0.37 − 0.08 (− 0.32, 0.15) 0.19 0.75 0.47

LCEN-PN 0.01 ± 0.16 − 0.12 ± 0.21 0.06 (− 0.07, 0.19) 0.70 − 0.96 0.35

RCEN-SN − 0.09 ± 0.37 0.01 ± 0.43 − 0.20 (− 0.46, 0.06) 0.25 1.64 0.12

RCEN-BEN − 0.04 ± 0.20 − 0.03 ± 0.32 − 0.09 (− 0.27, 0.09) 0.04 1.07 0.30

RCEN-PN − 0.08 ± 0.21 0.04 ± 0.21 − 0.11 (− 0.26, 0.04) 0.57 1.52 0.15

SN-BEN − 0.08 ± 0.21 0.03 ± 0.40 − 0.07 (− 0.23, 0.09) 0.34 0.93 0.36

SN-PN − 0.03 ± 0.29 0.06 ± 0.28 − 0.11 (− 0.35, 0.14) 0.32 0.89 0.39

BEN-PN − 0.09 ± 0.26 − 0.15 ± 0.12 0.04 (− 0.16, 0.23) 0.30 − 0.41 0.69

aMean differences were adjusted for baseline performance. z-scores refer to the functional connectivity change between two networks. Positive scores indicate
higher functional connectivity at follow-up than at baseline, while negative scores indicate higher functional connectivity at baseline than at follow-up

Mmean, SD standard deviation, CI confidence interval, PN precuneus network, BEN bilateral executive network,DAN dorsal attention network, RCEN
right central executive network, LCEN left central executive network, DMN default mode network, SN salience network

Table 4 Baseline to post-training changes in working memory between the Cogmed and placebo groups

Cogmed (n = 12)
mean ± SD

Placebo (n = 9)
mean ± SD

Mean difference
(95% CI)

Cohen’s d p

Immediate memory composite score changea 2.41 ± 1.73 1.4 ± 1.72 − 0.54 (− 2.06, 0.98) 0.59 0.52

Working memory composite score changea 2.49 ± 2.02 1.1 ± 2.35 − 0.41 (− 2.4, 1.54) 0.63 0.94

Cogmed Improvement Index score 19 ± 7.03 – –

a Composite scores are z-scores; mean differences were adjusted for baseline performances

SD standard deviation, CI confidence interval
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central executive and bilateral executive networks. The rsfc
changes range from positive to negative values (i.e., a positive
value means higher rsfc at follow-up than at baseline; a nega-
tive value means higher rsfc at baseline than at follow-up),
which may reflect the shift in levels of cognitive effort in each
individual. It is suggested that brain regions are initially more
taxed when learning a new task, and with training, the task
becomes less demanding and requires less activation
(Buschkuehl et al. 2012). Therefore, the decrease of rsfc within
the right central executive network along with Cogmed im-
provement possibly reflects reduced cognitive effort on work-
ing memory tasks post-training, as training may have increased
children’s proficiency at performing such tasks. This interpre-
tation is similar to another study in very preterm children (<
32 weeks’ gestation), which observed decreased hemodynamic
responses in frontoparietal regions during a visual working
memory task and increasedmemory performance after memory

strategy training and intensive working memory practice
(Everts et al. 2015). Similarly, children with and without devel-
opmental dyscalculia showed improved performance and re-
duced recruitment of task-related brain regions during a spatial
number representation task after mental number line training
(Kucian et al. 2011). Decreased hemodynamic responses in
task-related brain regions have also been commonly reported
in working memory training studies in adolescents and adults
(Buschkuehl et al. 2012). Taken together with our findings, it
seems that increased efficiency of working memory processes
occurs after training, resulting in decreased recruitment of task-
related brain regions (frontal and parietal regions).

Similar to our study, a randomized controlled trial assessed
the effects of Cogmed compared with a placebo program on
functional connectivity, but in typically developing children
and using magnetoencephalography rather than fMRI. The
study found training-induced rsfc increases between
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)Fig. 2 Scatter plots of the intra-
network rsfc changes in DAN and
DMN. rsfc resting state functional
connectivity, DAN dorsal atten-
tion network, DMN default mode
network. The middle line indi-
cates the mean, with each line
below and above indicating one
standard deviation.

Fig. 3 Association between
training-induced change in work-
ing memory composite score and
precuneus network intra-network
rsfc change, in the Cogmed and
placebo groups. PN precuneus
network, rsfc resting state func-
tional connectivity.
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frontoparietal networks and other cortical areas, with working
memory gains mirroring increases in rsfc (Astle et al. 2015).
Our findings showed both increased and decreased inter-
network connectivity in relation to improvement in trained
activities, possibly highlighting the dynamic interaction be-
tween networks (although not surviving multiple comparison
correction). These Cogmed-specific findings could be attrib-
uted to the adaptive nature of the Cogmed working memory
training program. It is possible that adaptive training is more

likely to induce brain-behavior changes compared with non-
adaptive training. However, the causal relationship between
adaptive training, working memory, and rsfc cannot be in-
ferred from this study and warrants future research.

Greater intra-network rsfc changes in the DAN and DMN
were found, at a trend-level, in the Cogmed group compared
to the placebo group. However, rsfc changes in neither of
these two networks were associated with working memory
changes in this study, demonstrating that differences in rsfc
changes between training groups can occur without associated
changes in behavioral manifestation (Pascual-Leone et al.
2005). It is also possible that the behavioral changes occurred
in other untested domains.

Ours is the first study to investigate the effects of Cogmed
on brain function in EP/ELBW children. Using a functional
network perspective, we were able to evaluate changes in
network rsfc strength and interactions, rather than limiting to
regional rsfc changes. Associations between training-induced
rsfc change and changes in trained activities for only the
Cogmed group were found, despite little evidence of group
differences between the Cogmed and placebo groups in rsfc
and working memory change. This is contrary to our hypoth-
esis that associations between training-induced rsfc change
and improvements in trained activities would be similar re-
gardless of training group and suggests the importance of
exploring within group neural-cognitive associations.

The current study was limited by sample size, and there-
fore, findings need to be interpreted with caution and re-
evaluated with a larger sample. It is important to note that
there was little evidence for differences in working memory
between the Cogmed and placebo groups at 24 months post-
training in the main trial which may also have limited our
power (Anderson et al. 2018). It remains to be ascertained
whether EP/ELBW children require a longer training period
or more training sessions to result in greater behavioral effects
(baseline to post-training working memory gains), due to re-
duced neuroplasticity (Pitcher et al. 2012). It should be noted
that the Cogmed Improvement Index score, which we used to
assess improvement in trained activities, does not necessarily
reflect the final effect of training as the Max index is not
necessarily from the last trial. This score may better represent
the capacity of improvement across training trials.
Additionally, especially in children, subject motion is an issue
that may affect functional connectivity measures. In our anal-
yses we used well-established ICA-based denoising methods
that have been shown to be effective in reducing spatially
specific motion artifacts and also some global artifacts, the
two main sources of motion artifacts in resting-state data
(Burgess et al. 2016).

The current study demonstrates that working memory per-
formance following Cogmed was associated with selective
functional connectivity changes in EP/ELBW children.
Further studies are needed to better understand whether more

Fig. 4 Cogmed Improvement Index and resting state functional
connectivity (rsfc) changes. RCEN right central executive network, SN
salience network, LCEN left central executive network, BEN bilateral
central executive network
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extensive training, possibly eliciting greater neuroanatomical
changes, can lead to behavioral improvements and support
cognitive growth in vulnerable groups.
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