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Introduction

The ability to keep visual information in
mind after stimulus disappearance, often
referred to as visual short-term memory
or visual working memory (VWM), is
crucial for guiding behavior. In early neu-
roimaging studies aimed at finding the
neural correlates of VWM, it was assumed
that brain areas involved with VWM
would show elevated activity during mem-
ory maintenance (see Courtney, 2004;
Postle, 2006 for thorough descriptions of
the early literature). From these studies, it
was evident that visual cortical areas, despite
their involvement in stimulus encoding, did
not show significant elevated activity during
VWM retention, implying that VWM does
not depend on activity in visual cortex. In-
stead, a widespread network of brain
regions, most notably in parietal and pre-
frontal cortex, contributed to maintenance
of visual information over a delayed interval
(Pessoa et al., 2002). To date, the exact role
of frontal and parietal areas in VWM main-
tenance still remains poorly understood.
Yet, because these areas lack high visual se-
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lectivity and are thought to be involved in
many other cognitive functions such as at-
tention and control (Postle, 2006), it has
been proposed that frontal and parietal
brain areas are not involved in the actual
storage of information, but rather control
the top-down modulation of sensory areas,
where the information itself is represented
(Courtney, 2004; Postle, 2006).

These theories have recently gained
credibility as VWM content does seem to
be represented in visual cortex, even in the
absence of elevated activity (Supér et al.,
2001; Harrison and Tong, 2009). Rather
than being evident as an increase in neural
activity, VWM maintenance of different
stimuli evokes distinct patterns of neural
activity in primary and secondary visual
cortex (Harrison and Tong, 2009), and
these activity patterns can be identified us-
ing multivoxel pattern analysis (MVPA). To
understand how MVPA works, imagine we
want to decode whether a horizontally or
vertically oriented stimulus was presented
to a participant, based on the pattern of
BOLD activity in primary visual cortex. In
the first analysis step, a classifier is trained on
horizontal and vertical stimuli to find which
voxels best discriminate between stimuli.
Then, the classifier is presented with new tri-
als that were not included in the training
phase and the classifier is required to deter-
mine whether the observed pattern among
voxels belongs to the horizontal or the ver-
tical orientation. In this way, it is possible to

discern what a subject was seeing (Kamitani
and Tong, 2005), which stimulus was main-
tained in VWM (Harrison and Tong, 2009),
and even what object a subject was imagin-
ing (Stokes et al., 2009). Importantly, this
technique is effective even in the absence of
an overall difference of brain activity in the
region of interest.

Two studies that were recently pub-
lished in this journal used MVPA to inves-
tigate whether the contents of VWM can
also be decoded from higher brain areas.
In the study by Riggall and Postle (2012),
the contents of VWM (direction of mo-
tion and movement speed) could be de-
coded only from visually selective brain
areas. Although no evidence was found
for content-specific decoding in parietal
and frontal regions, the authors could
determine which task subjects were per-
forming (i.e., deciding based on the direc-
tion or the speed of motion) from activity
patterns within these higher-order areas.
This finding suggests that VWM activity
in higher brain areas is process-related in-
stead of content-based. In contrast, the
study by Christophel et al. (2012), in
which participants had to remember a cir-
cle containing a complex mix of colors
(Christophel et al., 2012, their Fig. 1),
demonstrated visually specific VWM stor-
age in both visual and parietal cortex, sug-
gesting that the parietal cortex is involved
in information storage as well. How can
we reconcile these different findings sug-
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gesting a process-based role for the pari-
etal lobe (Riggall and Postle, 2012) versus
a content-based role for this region
(Christophel et al., 2012)?

We propose that this apparent differ-
ence in functional roles can be traced back
to a few subtle, yet important, differences
in the methods between studies. First, the
two studies differed in their method to se-
lect relevant voxels to include for training
the MVPA classifiers. Riggall and Postle
(2012) restricted their MVPA analyses to
voxels that showed elevated brain activity
in parietal and frontal cortices during the
retention period. In contrast, Christophel
et al. (2012) did not restrict their MVPA
procedures to specific neural structures,
but used a searchlight procedure that ex-
plores the entire brain and selects a few
neighboring voxels at a time to include in
the MVPA procedure. Therefore, Riggall
and Postle (2012) may have missed pari-
etal clusters that are sensitive to differ-
ences in VWM retention between stimuli
despite elevated brain activity, a possibil-
ity that is excluded in the study by Chris-
tophel et al. (2012).

Second, the stimuli used in the two
studies differed substantially. Christophel
et al. (2012) used complex colored ob-
jects, while Riggall and Postle (2012) used
moving-dot patterns. As Christophel et al.
(2012) point out in their discussion, the
complex colored objects might have in-
troduced different saliency maps for each
stimulus, and thus a difference in visual
attentional allocation might have driven
the decoding performance in parietal
lobe. Alternatively, the fact that colored
objects in the Christophel et al. (2012)
study are different in spatial layout may
cause spatially selective regions that are
prominently present in parietal cortex to
become selective for these items.

A last notable difference is that in the
Riggall and Postle (2012) study, the classi-
fier was trained on the activity during the
presentation of the stimulus itself, whereas
Christophel et al. (2012) trained the classi-
fier on the activity during the maintenance
period. Whereas it is highly likely that activ-
ity patterns during stimulus presentation re-
flect stimulus properties, it is plausible that
activity patterns during maintenance reflect
additional cognitive processes. Therefore,
Christophel et al.’s (2012) accurate decod-
ing in parietal lobe might reflect a difference
in specific processes that occur during the
maintenance of the stimulus, not necessarily
memory content itself.

How might differences in MVPA pat-
terns arise in higher-tier brain areas that are
not related to content-based storage? This

may occur because top-down projections
from higher-tier areas project differentially
into visually selective brain regions depend-
ing on task requirements and the stimuli
presented (Ruff et al., 2006; Feredoes et al.,
2011). Although this has not yet been inves-
tigated, such top-down projections might
even differ between stimuli from the same
stimulus category. Because MVPA is tai-
lored to pick up fine-grained differences in
neural patterns in the absence of differences
in larger-scale BOLD activity, successful
classification does not necessarily imply
content-based representation in higher-
level areas, but could relate to a difference in
top-down modulation of lower-tier visual
areas during active VWM maintenance.

In future work, it will be essential to
elucidate the role of higher-order areas in
VWM maintenance. One can speculate
that parietal cortex and the frontal eye
fields are more dedicated to spatial and
feature-based attention that is relevant for
VWM maintenance, while most prefron-
tal regions are involved with central atten-
tion and maintenance of task instructions
(see also Courtney, 2004; Postle, 2006; see
Sligte et al., 2010 for model). However,
without empirical evidence, these special-
izations remain questionable. To further
our understanding, future fMRI studies
should combine different decoding tech-
niques (searchlight/activation-based) and
smart stimulus designs to dissect the role
of different brain areas in VWM pro-
cesses. If parietal and frontal areas are gen-
uinely dedicated to task requirements and
top-down processes important for VWM
maintenance, a design in which various
stimulus categories and different task sets
are used in a single experiment should
show a clear differentiation in function
between higher-level and lower-level sen-
sory areas. For example, manipulating the
type of attention (spatial versus object) or
control demands (switching task instruc-
tions versus keeping them constant) could
dissociate between the roles of different
areas involved in different VWM tasks,
while the use of clearly distinguishable
stimuli (color versus motion, faces versus
houses) should reveal the role of sensory
areas itself. Magnetic stimulation of higher-
tier and lower-tier brain regions during sim-
ilar experiments could further corroborate
the functional role of different brain regions
in visual working memory representation.

In summary, both Riggall and Postle
(2012) and Christophel et al. (2012) pro-
vide compelling evidence that the con-
tents of VWM cannot be decoded from
frontal cortex, but are stored in visually
selective areas despite a lack of significant
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area-wide delay activity. In contrast, the
role of parietal cortex in VWM is still un-
clear: it might have a process-related func-
tion similar to frontal cortex or it might
store visual content as well. Although the
exact role of the parietal cortex in VWM
storage remains uncertain, these new in-
sights are of great importance to our cur-
rent knowledge of the neural dynamics of
VWM and demand a further explication
of the functional roles of different brain
areas in VWM storage.

References

Christophel TB, Hebart MN, Haynes JD (2012)
Decoding the contents of visual short-term
memory from human visual and parietal cor-
tex. J Neurosci 32:12983-12989. CrossRef
Medline

Courtney SM (2004) Attention and cognitive
control as emergent properties of information
representation in working memory. Cogn Af-
fect Behav Neurosci 4:501-516. CrossRef
Medline

Feredoes E, Heinen K, Weiskopf N, Ruff C, Driver
J (2011) Causal evidence for frontal involve-
ment in memory target maintenance by
posterior brain areas during distracter inter-
ference of visual working memory. Proc Natl
Acad Sci US A 108:17510-17515. CrossRef
Medline

Harrison SA, Tong F (2009) Decoding reveals
the contents of visual working memory in
early visual areas. Nature 458:632-635.
CrossRef Medline

Kamitani Y, Tong F (2005) Decoding the visual
and subjective contents of the human brain.
Nat Neurosci 8:679—-685. CrossRef Medline

Pessoa L, Gutierrez E, Bandettini P, Ungerleider L
(2002) Neural correlates of visual working
memory: fMRI amplitude predicts task per-
formance. Neuron 35:975-987. CrossRef
Medline

Postle BR (2006) Working memory as an emer-
gent property of the mind and brain. Neuro-
science 139:23-38. CrossRef Medline

Riggall AC, Postle BR (2012) The relationship
between working memory storage and ele-
vated activity as measured with functional
magnetic resonance imaging. ] Neurosci 32:
12990-12998. CrossRef Medline

Ruff CC, Blankenburg F, Bjoertomt O, Bestmann
S, Freeman E, Haynes JD, Rees G, Josephs O,
Deichmann R, Driver J (2006) Concurrent
TMS-fMRI and psychophysics reveal frontal
influences on human retinotopic visual cor-
tex. Curr Biol 16:1479-1488. CrossRef
Medline

Sligte IG, Vandenbroucke ARE, Scholte HS,
Lamme VAF (2010) Detailed sensory mem-
ory, sloppy working memory. Front Psychol
1:175. CrossRef Medline

Stokes M, Thompson R, Cusack R, Duncan J
(2009) Top-down activation of shape-specific
population codes in visual cortex during mental
imagery. J Neurosci 29:1565-1572. CrossRef
Medline

Super H, Spekreijse H, Lamme VAF (2001) A
neural correlate of working memory in the
monkey primary visual cortex. Science 293:
120-124. CrossRef Medline


http://dx.doi.org/10.1523/JNEUROSCI.0184-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22993415
http://dx.doi.org/10.3758/CABN.4.4.501
http://www.ncbi.nlm.nih.gov/pubmed/15849893
http://dx.doi.org/10.1073/pnas.1106439108
http://www.ncbi.nlm.nih.gov/pubmed/21987824
http://dx.doi.org/10.1038/nature07832
http://www.ncbi.nlm.nih.gov/pubmed/19225460
http://dx.doi.org/10.1038/nn1444
http://www.ncbi.nlm.nih.gov/pubmed/15852014
http://dx.doi.org/10.1016/S0896-6273(02)00817-6
http://www.ncbi.nlm.nih.gov/pubmed/12372290
http://dx.doi.org/10.1016/j.neuroscience.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16324795
http://dx.doi.org/10.1523/JNEUROSCI.1892-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22993416
http://dx.doi.org/10.1016/j.cub.2006.06.057
http://www.ncbi.nlm.nih.gov/pubmed/16890523
http://dx.doi.org/10.3389/fpsyg.2010.00175
http://www.ncbi.nlm.nih.gov/pubmed/21897823
http://dx.doi.org/10.1523/JNEUROSCI.4657-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19193903
http://dx.doi.org/10.1126/science.1060496
http://www.ncbi.nlm.nih.gov/pubmed/11441187

	Decoding the Contents of Visual Working Memory: Evidence for Process-Based and Content-Based Working Memory Areas?
	Introduction
	References


