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Working memory (WM) is the ability to
select and hold online goal-relevant infor-
mation for a short time (i.e., seconds).
The ability to manage the barrage of sen-
sory inputs that we encounter allows us to
engage in complex, goal-directed behav-
ior. Thus, WM is considered a fundamen-
tal component of virtually all aspects of
high-order cognition, and is supported by
a widely distributed network of connec-
tions between the frontal and parietal
lobes and more posterior sensory cortices
(Miller and Cohen, 2001). It is well estab-
lished that individual WM capacities are
highly variable (Luck and Vogel, 2013)
and some evidence suggests that white
matter integrity in frontoparietal regions
is linked to WM capacities (Darki and
Klingberg, 2015). Less clear is how indi-
vidual differences in frontoparietal white
matter integrity contribute to differences
in WM capacity.

Recently in The Journal of Neuroscience,
Ekman et al. (2016) tested the hypothesis
that there are two distinct anatomical path-
ways that connect prefrontal to posterior
parietal regions and that each pathway sup-
ports a different component of WM. The
first pathway, a direct corticocortical con-
nection via the superior longitudinal fascic-
ulus, was hypothesized to be responsible for
maintaining information in WM. A second
indirect pathway connecting prefrontal and
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posterior parietal regions via the striatum
was predicted to support the flexibility to
update the contents held in WM.

The authors designed two separate
studies to investigate the neural mecha-
nisms supporting these distinct types of
WM. The WM tasks in both experiments
required participants to maintain digits in
WM. Study 1 also required that partici-
pants modify the digits held in WM,
which the authors predicted would be
supported by a different neural pathway
than simple maintenance of items in WM.
In Study 1 participants were presented
with 2-7 numbers on a 3 X 3 grid. Partic-
ipants held those numbers in WM and
then either added or subtracted 1 to each
number, as indicated by an up or down
arrow. In contrast, for Study 2, partici-
pants were only required to maintain a
sequence of 2—10 verbally presented digits
in WM.

To assess individual differences in white
matter structure, Ekman et al. (2016) used
high-resolution MRI data to generate indi-
vidual connectomes for each participant
with whole-brain probabilistic tractogra-
phy. Individual connectivity matrices were
then generated and were used to measure
network centrality, a quantitative measure
of the connectivity strength of each node in
a network. The authors then compared
these graph theoretic metrics with WM ca-
pacity on the two tasks. In both experi-
ments, network centrality in the right lateral
prefrontal cortex was significantly corre-
lated with individual WM capacity. For
Study 2, which only required participants to
maintain items in WM, WM capacity was
also significantly correlated with network

centrality in the left frontoparietal opercu-
lum, extending to the superior temporal
gyrus.

The authors used this overlap in the sta-
tistical maps as ROIs to perform anatomi-
cally constrained probabilistic tractography
for both studies and then estimated the con-
nectivity between the PFC and posterior pa-
rietal cortex via the direct and indirect
pathways. Critically, this analysis revealed
that the direct and indirect pathways
showed distinct patterns of correlation with
WM capacity, suggesting that the pathways
support separable components of WM.
Specifically, there was a positive association
between both the direct and indirect path-
ways and WM capacity in Study 1, in which
participants were asked to manipulate in-
formation in WM, whereas only the direct
pathway was significantly correlated with
WM capacity in Study 2, which only re-
quired participants to hold information on-
line. These results support the notion that
the indirect pathway specifically supports
the ability to manipulate the contents of
WM, whereas the direct pathway supports
WM regardless of whether its contents are
manipulated.

The results of the Ekman et al. (2016)
study may shed important new light on
a rapidly growing area of translational
neuroscience: cognitive training. Specifi-
cally, there has been tremendous interest in
WM training as a potential treatment for
children with attention deficit hyperactivity
disorder (ADHD)), either as a primary or ad-
junctive therapy (Klingberg et al., 2005;
Cortese et al., 2015). There is evidence that
WM deficits underlie core behavioral inhi-
bition deficiencies in ADHD (Alderson et
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al., 2010), and poor WM in ADHD is asso-
ciated with increased risk of academic defi-
cits and cognitive dysfunction (Fried et al.,
2016). Thus, in theory, strengthening WM
in children with ADHD should lead to
widespread improvements in core neuro-
psychological domains, such as attention,
inhibition, and reasoning, as well as in be-
havioral symptoms and academic perfor-
mance (Engle et al.,, 1999; Cortese et al.,
2015). In practice, however, most cognitive
training interventions have had relatively
limited successes in improving behaviors
outside the narrow domain of cognitive
control that was specifically trained.

A number of randomized controlled tri-
als have examined the effects of WM train-
ingin children with ADHD (Klingberg etal.,
2005; Beck et al., 2010; Green et al., 2012;
Egeland et al., 2013; Hovik et al., 2013; van
Dongen-Boomsma et al., 2014). Several of
these studies showed that the trained groups
experienced WM gains (Klingberg et al,,
2005; Green et al., 2012; Hovik et al., 2013;
van Dongen-Boomsma et al., 2014). At the
same time, these studies have consistently
failed to report improvements in key
ADHD symptoms, such as behavior at
home and in school, academic perfor-
mance, and performance on cognitive tasks
that assess attention, inhibition, and execu-
tive functioning (Cortese et al., 2015).

Importantly, other research suggests that
WM manipulation, more than mainte-
nance, appears to be fundamental to many
cognitive deficits in ADHD (Fried et al.,
2016) and is associated with dysfunction in
frontostriatal circuits (Martinussen et al.,
2005). The findings of Ekman et al. (2016)
provide further insight into the potential
neural mechanisms underlying this deficit
and raise the possibility that past WM train-
ing studies have failed to show transfer to
improvements in ADHD symptoms be-
cause the WM training programs were pri-
marily designed to improve WM capacity
without challenging other aspects of WM,
such as monitoring, updating, and manipu-
lating, to the same degree. Thus, the lack of
consistent improvements in other cognitive
and behavioral domains could be because
the training most likely engaged the direct
fronto-parietal pathway to a greater extent
than the indirect fronto-striatal-parietal
pathway identified by Ekman et al. (2016).
Indeed, one study found improvements in
WM manipulation in tasks that require
WM content updating as a result of their
training (Hovik etal., 2013), which indicates

that frontostriatal-parietal networks were
trained to some degree.

Further evidence supporting the benefits
of training multiple WM pathways comes
from a recent meta-analysis of WM training
interventions in children with ADHD
(Corteseetal.,2015). Although most studies
showed little evidence of far transfer to
changes in behaviors like hyperactivity and
impulsivity, or to improvements on stan-
dardized tests of academic ability, the few
studies that used a “multiple-process” ap-
proach showed the greatest impact on
overall ADHD symptomatology. This find-
ing parallels an emerging approach being
adopted by a growing field of translational
neuroscientists who are attempting to har-
ness the power of videogames to create
highly engaging, interactive, and rewarding
cognitive training paradigms that push
participants to strengthen cognition across
multiple domains (Mishra et al., 2016). This
approach has yielded powerful changes in
both cognition and underlying neural activ-
ity in healthy older adults (Anguera et al.,
2013) and has the potential to do the same
for children with ADHD. Given this new
knowledge of how underlying white matter
networks correlate with different aspects of
WM, designing a newer generation of WM
training games that challenge multiple do-
mains of WM and use an immersive video-
game format might have the potential to
yield truly effective nonpharmacological
therapies for ADHD. Future studies of
WM training in children with ADHD
should challenge their ability to flexibly up-
date the contents of WM to engage, and in
turn strengthen, indirect frontostriatal-
parietal pathways and should include neu-
roimaging as outcome measures to test
whether such training leads to structural
changes in this pathway.
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