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a  b  s  t  r  a  c  t

The  contralateral  delay  activity  (CDA)  is  a  negative  slow  wave  sensitive  to the  number  of  objects  main-
tained  in  visual  working  memory  (VWM).  In  recent  years,  a  growing  number  of labs  started  to  use  the
CDA  in  order  to investigate  VWM,  leading  to many  fascinating  discoveries.  Here,  we  discuss  the  recent
developments  and  contribution  of  the  CDA  in  various  research  fields.  Importantly,  we report  two  meta-
analyses  that  unequivocally  validate  the  relationship  between  the set-size  increase  in  the  CDA amplitude
eywords:
ontralateral delay activity
isual working memory
vent related potentials

and  the  individual  VWM  capacity,  and  between  the  CDA  and  filtering  efficiency.  We further  discuss  how
the  CDA  was  used  to study  the  role of  VWM  in  visual  search,  multiple  object  tracking,  grouping,  binding,
and  whether  VWM  capacity  allocation  is  determined  by  the  items’  resolution  or instead  by  the  number  of
objects  regardless  of their complexity.  In addition,  we  report  how  the  CDA  has  been  used to  characterize
specific  VWM  deficits  in special  populations.

©  2016  Elsevier  Ltd.  All  rights  reserved.
ontents

1. Introduction  .  . .  .  . .  . .  .  . . .  . . .  .  . . .  .  . . .  .  . . . .  . .  . . . .  . . . .  . . .  .  . . .  . . . .  . . .  . . . . . . . .  . . . . . . . . . . . . . . .  . . .  . .  . . .  . . . . . . .  .  . . . . . .  .  .  . . . . .  .  . . . .  .  .  .  .  . . .  .  . . . .  . . . . . . . . .  .  .  .  . . . . .  .  100
2. A  brief  history.  . .  . . .  .  . . . . . .  . . .  .  . . .  .  . .  .  .  . .  . . . .  . . .  . . . .  . . .  .  .  . .  .  .  . .  .  . . .  . . .  .  . . .  . .  . . . . .  .  . . .  .  . . . .  .  .  . . . . .  .  .  .  . .  . . .  . . . . .  . .  .  . .  . . . . . . .  .  .  . . .  .  .  . . . .  .  . . . .  .  . .  .  .  .  .  . . . . . . .101
3. The  CDA  as  an  index  of  VWM  capacity  . .  .  . . .  .  . .  .  .  . . . . . . . . . .  .  . . . . . .  .  . . . .  .  . . . .  .  . .  . . . .  . . .  . . . . .  . . . . .  .  . .  . . . . .  . . .  . . .  . .  . .  .  . . . . .  .  .  . . .  . . . .  .  .  .  .  . . . . . . . .  . .  . . .  .  . .  .  101

3.1. The  CDA  as  a  difference  wave.  . . . . . .  . . . .  .  . .  .  .  . .  .  .  . .  .  . .  . .  . .  . . .  .  .  . .  . . .  .  . . .  . . . .  . .  . . . . . .  .  . . . . . . .  . . . . . . .  .  . . . . . . . . .  .  . . . .  . .  .  .  . . . .  .  . . . . .  . . . .  .  . .  . .  .  .  . . .  .102
3.2.  Neural  origin  of  the  CDA  . .  . . .  .  . . .  .  . . .  .  . .  . . . . . . . . . . . .  .  . . . . . .  . . .  . . . .  .  . . . . . . .  . .  . . .  .  . .  . . . . . .  .  .  . . .  .  . . .  . . .  . . .  . . . .  . . . .  . . . . . . . .  .  .  . .  .  .  .  . . . . .  . . . . .  . .  .  .  .  . .  102

4.  Using  the  CDA  to  study  VWM  . . . .  . . .  . . .  .  . . .  .  . . . . . . .  . . .  . . . .  . . .  .  . . . . . .  .  . . . .  . .  .  . . . . . .  .  . . . . .  . . .  . . . .  .  . . . . . . .  . . .  . . .  . . . .  .  . . .  . . . .  .  . . . .  .  . . . .  .  . .  .  . .  .  . . .  . . .  . . .  . . . 104
4.1.  Filtering  efficiency  .  . . . .  . . .  .  . . .  .  . . . . . .  . . . .  . . .  .  . . .  .  . .  .  . .  . .  . . .  .  . . .  . . .  . .  .  . .  . . .  . .  .  .  . . .  . . .  . . . . . .  .  .  . . .  .  .  . .  .  . . .  . . . .  . .  .  . .  .  .  .  . .  . . .  .  .  . . .  .  . . . . .  .  .  . .  . .  .  . . .  . . 104
4.2.  Visual  search  .  . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . . . . . .  . .  .  .  . . .  . . . . . . .  . . . . .  . .  . .  . . .  .  .  . . . . . . . .  .  . . .  .  . . . .  . .  . . .  . . . .  .  . . . .  .  . . . .  . .  .  . . . . . .  .  . . . .  .  .  . . .  .  . . . . . .  . . .  .  .  .  . . .  .  104
4.3. Multiple  objects  tracking  .  . . . .  .  . .  .  .  . .  . . . .  .  . . .  . . . .  . . .  .  . . .  . . . .  . . .  .  . .  . .  . . .  .  . .  . . . . . .  .  . . . . . .  .  . . . .  . .  .  . . . . . .  .  . . . .  . . .  .  . . . . . . .  .  .  .  .  . . . .  .  . .  .  .  .  .  . . . . . . . . .  .  . 105
4.4.  Complexity  and  resolution.  . .  .  . . . .  . . .  . . . . . . . . . . . .  . . .  .  . . .  . . . . . . .  .  . . . . . . .  . .  . . . .  . . . . . . .  . .  .  . . .  . .  . .  . . .  . . .  . . . .  .  . .  . . . . . . .  . . . .  . . .  .  . . . . . . . .  .  . .  . .  .  .  . . . . . .105
4.5.  Binding  and  grouping  .  . . .  .  . . .  . . .  . . . .  . . . .  . . . .  . . . .  . . .  . . . . . . .  .  . . . . . .  .  .  . . . . .  .  . . . . . .  .  . . . .  . . .  . .  . . .  . . . . .  . .  . . .  .  .  . . . . .  .  . .  .  . . . .  .  . .  . . . . . . . . . . .  .  .  .  . . .  . . . . . . 105

5.  CDA  as an index of WMC  in  special  populations  .  . .  .  .  . .  .  .  . . .  .  .  .  .  . . .  . .  .  .  . . . . . . .  .  . . . . . .  .  . .  . . .  . .  . . . . .  .  . .  .  . . .  .  . . .  . . .  . .  .  .  . . .  .  . . .  .  . . . . . . . . . .  .  . . .  . .  . . .  .  . . . .  . . 106
6.  Summary  . .  .  . . .  . . .  . . .  .  . . . .  . . . .  . . .  . . . .  . . .  . .  . .  . . . .  .  . . .  . . .  .  . . .  .  . . . . . .  .  . . . . . . .  . . . . . .  . . . . . . .  .  . . . . .  . . .  .  . . .  . . . . .  . . .  . .  .  . . .  .  . . .  . . .  .  . .  .  . . .  .  .  . . . .  . . . . . .  . .  .  .  .  .  . .  . .  .  106

Acknowledgements  . .  . . . .  .  . . .  .  . . .  . . .  .  . . .  . . . .  . . .  .  . . .  .  . .  .  .  . .  .  .  . . .  .  . . .  . . .  .  . .  . . . . .  .  .  .  . .  .  .  .  . . . . . . .  .  . . . .  .  . .  .  . . . .  . . .  . . . . .  . .  .  . .  .  . . . .  . . .  . . . .  .  . . . . . .  . .  .  .  .  .  . . .  .  . . 106
References  . . .  . . . .  . . . .  .  .  . . .  .  . . .  .  . .  .  . . .  . . .  .  . . . .  . . .  .  . .  .  .  . . .  .  .  . .  .  . . .  .  . .  . . . .  . .  .  . . .  .  .  .  . . . .  . .  .  . . . . . .  .  . . . . . .  . . . . .  . . .  . . . .  . . .  . . . . .  . . . .  .  . . . .  . .  . . .  .  .  .  . . .  .  .  . . . . . .  . . .  106

. Introduction manipulated by higher cognitive functions (Luck and Vogel,
Visual working memory (VWM)  is a limited workspace
hat can hold information online, ready to be accessed and
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2013). In recent years, there has been a growing use of
electrophysiology to investigate VWM.  Specifically, the con-
tralateral delay activity (CDA), a negative slow wave whose
amplitude corresponds to the number of objects maintained
in VWM  was  extensively used, leading to many exciting

and important results that have considerably advanced our
understanding of how VWM  processes information. The goals
of this paper are to validate, unequivocally, the CDA  as
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 measure of VWM  capacity, and to review the recent
evelopments and contributions of the CDA in investigating how
WM operates.

. A brief history

The first demonstration of a sustained EEG activity during
orking-memory retention interval was reported by Ruchkin et al.

1990, 1992). However, this activity could be also attributed to
everal non-mnemonic processes occurring during the retention
nterval (such as preparation, arousal or other attentional pro-
esses). A few years later, Klaver et al. (1999) observed a negative
ctivity over posterior electrodes for an item that was presented
ither on the left or on the right side of fixation. This result did
ot receive much attention, presumably because in another condi-
ion, the authors presented two items on both sides of the fixation,
bserving only baseline activation, and this pattern was interpreted
s indicating limited resource processing.

In 2004, Vogel and Machizawa (2004) capitalized on advances
n the VWM  field and developed a bi-lateral version of the change-
etection paradigm. The bi-lateral presentation allows observing a
ore specific mnemonic related activity because it relies on a dif-

erence between an attended and a non-attended side (see Fig. 1).
hey observed a slow negative wave that persisted throughout the
etention interval, and was sensitive to the number of objects main-
ained in memory. Shortly afterwards, the CDA was used to provide
ompelling evidence that individual difference in VWM  capacity
re related to the ability to filter out irrelevant information from the
WM  limited workspace (Vogel et al., 2005). This research demon-
trates the powerful arguments that can be derived by using the
DA as a marker for VWM  capacity, conclusions that are otherwise

naccessible by means of behavioral measures only.
The CDA was first measured in the change detection paradigm

uring the retention interval, so that ‘delay activity’ seemed an
ppropriate terminology. In the following years, similar activity
as observed in several other tasks and paradigms, not necessar-

ly during the retention period, reflecting that working memory is
nvolved in other functions than just online storage. Notably, sev-
ral studies referred to the VWM  activity as CNSW (Contralateral
egative Slow Wave, Klaver et al., 1999), SPCN (Sustained Posterior
ontralateral Negativity, Brisson and Jolicoeur, 2007; Perron et al.,
009) and CSA (Contralateral Search Activity, Emrich et al., 2009).
ll of these abbreviations indicate the same VWM  processes and

he use of multiple names is obviously confusing. We  will continue
o use CDA for the rest of the paper.

In the last decade, there has been a growing use of the CDA
eading to many exciting and important results. This review will
ry to summarize the recent developments and contributions of the
DA in investigating VWM.  We  will review evidence demonstrating
he sensitivity of the CDA to the number of items represented in
WM,  and its correlation with the individual VWM  capacity. We

hen move to describe several research fields in which the CDA
uccessfully improved our understanding of VWM.

. The CDA as an index of VWM  capacity

The most important characteristic of the CDA is that its ampli-
ude increases according to the number of objects maintained in
WM.  This set-size related rise in amplitude is not due to overall

ask difficulty, because the CDA amplitude reaches an asymptote at
bout 3–4 items, which is the usual estimate of working-memory

apacity (Cowan, 2001; Luck and Vogel, 2013). Importantly, the
DA asymptote (defined as the further increase in amplitude
eyond one or two items) was found to correlate with the indi-
idual VWM  capacity, such that high capacity individuals show a
vioral Reviews 62 (2016) 100–108 101

larger increase in the CDA amplitude when more items are encoded,
corroborating the increased storage and improved processing abil-
ities of high capacity individuals. In order to better quantify this
relationship between the CDA and the individual VWM  capacity, we
tracked 11 studies (Diamantopoulou et al., 2011; Drew and Vogel,
2008; Jost et al., 2011; Kang and Woodman, 2014; Kundu et al.,
2013; Kuo et al., 2012; Lefebvre et al., 2013; Leonard et al., 2013;
Stormer et al., 2013; Tsubomi et al., 2013; Vogel and Machizawa,
2004) that calculated a correlation between these variables on 12
subject samples, and performed a meta-analysis (see Fig. 2 a). The
combined correlation was r = 0.596, and the 95% confidence interval
between 0.510 and 0.670. In order to falsify this relationship (the
fail-safe N measure, Orwin, 1983), 350 studies with an averaged
zero correlation are needed. This is very strong evidence indicat-
ing that the CDA is sensitive to the number of objects maintained in
VWM,  since the increase in CDA amplitude as more items are added
happens to a lesser extent for individuals with lower capacity.

A recent latent-variable study with 164 participants (Unsworth
et al., 2014) found a correlation of −0.49 between the CDA ampli-
tude and fluid intelligence, which is similar in magnitude to the
correlation observed between behavioral VWM  estimates and
intelligence (Fukuda et al., 2010). To the best of our knowledge,
this is the only reported correlation between any ERP component
and fluid intelligence calculated at the factor level. Moreover, struc-
tural equation modeling revealed that individual differences in the
CDA reflected both the ability to maintain distinct number of items
and attentional control ability (i.e., the ability to select and protect
targets and to filter out irrelevant distractors, see below).

Other studies have provided additional evidence validating the
CDA as an index of VWM  capacity. Notably, the CDA amplitude was
significantly reduced on incorrect trials relative to trials with a cor-
rect response (McCollough et al., 2007), which is in line with the
assumption that errors occur due to the loss of relevant information
from VWM.  In addition, it was demonstrated that the CDA ampli-
tude is insensitive to low level visual attributes such as the distance
between the objects (McCollough et al., 2007), or micro-saccades
(Kang and Woodman, 2014).

Another potential confound is that typically each object is pre-
sented in a unique position on the screen, raising the possibility that
the CDA tracks the number of spatial positions instead of the num-
ber of objects. In order to resolve this confound, the CDA  amplitude
was recoded in a condition in which four colors were presented
sequentially (two colors followed by another pair of colors). The
second color pair was presented either at the same spatial posi-
tions as the first two  colors, or at different spatial positions. The
CDA amplitude was  identical in both cases, supporting the argu-
ment that the CDA corresponds to the number of objects and not
to the number of spatial positions in VWM  (Ikkai et al., 2010). Fur-
ther support comes from studies showing that superimposing two
items does not necessarily lead to a CDA amplitude equal to just
one item (Balaban and Luria, 2015a; Luria and Vogel, 2014).

Several studies reported that manipulating the stimulus con-
trast in the change detection paradigm, while resulting in an
impaired behavioral performance, did not have any effect on the
CDA (Gao et al., 2013; Ikkai et al., 2010; Luria et al., 2010; Ye
et al., 2014). This result is significant because it reveals a disso-
ciation between the low accuracy performance (usually taken as a
marker of VWM  capacity) and the intact CDA amplitude, and serves
as additional evidence that the CDA does not simply reflect the task
difficulty. Importantly, this result is in line with claims stating that
when complex perceptual information is encoded, the low accuracy
in the change detection is the result of an error prone comparison

process, and does not reflect the actual VWM  representations (Awh
et al., 2007). This highlights the importance of the CDA as a reli-
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Fig. 1. An illustration of a typical change detection trial and the resulting CDA waveforms. This example (adapted from Allon et al., 2014) is a grand average of 20 participants,
at  the PO7/PO8 electrodes, where the CDA is usually most pronounced. Subjects were presented with 3 colors for 200 ms, and had to memorize them during the 900-ms
retention interval. The CDA is time-locked to the onset of the memory array, and the activity is measured throughout the retention interval (resulting, in this example, in a
1 vefor
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100-ms long time-window), but before the onset of the test array. Note that the wa
rom  right electrodes on left trials and left electrodes on right trials (this is an exam
psilateral activity). The CDA is the subtraction of ipsilateral activity from contralate

ble marker of the contents of VWM  in situations when behavioral
easures are not indicative enough.

.1. The CDA as a difference wave

Note that the CDA is calculated as the difference in amplitude
etween the contralateral side and the ipsilateral side of fixation
defined by an arrow that precedes the stimuli array or by a pre-
efined color, see Fig. 1). The logic is that the amplitude on the

psilateral side is assumed to reflect mostly low level and early
erceptual processing, while the amplitude on the contralateral
ide reflects both low level processes and VWM  related activity.
hus, the subtraction is intended to “clean” the wave from low
evel processes and local noise (the logic is similar to calculating
he N2pc or the LRP). While the underlying assumptions behind
he subtraction seem reasonable, it is still possible that there is

erit in separately investigating the two raw waves. For example,

t is not clear when the contralateral and the ipsilateral are nega-
ive or positive, since the CDA only indicates that the contralateral
s more negative than the ipsilateral (but both could be positive).

e are aware of only one study that separately manipulated the
ms include both right and left trials, such that the contralateral activity is generated
f a right trial, and hence PO7 registered contralateral activity and PO8 registered
tivity.

number of items on each side creating conditions with unequal
items on the contralateral and ipsilateral side, in order to investi-
gate whether the number of items on the ipsilateral side affected
the CDA on the contralateral side and vice versa. It was  found that
the number of items on the ipsilateral side affected the contralateral
wave only when one item was encoded on the contralateral side.
Similarly, the ipsilateral wave amplitude increased in response to
items in the contralateral side only when one item was  presented
on the ipsilateral side, but when more items were presented on
the ipsilateral side, its amplitude was  not affected by the number
of items on the contralateral side (Arend and Zimmer, 2011). In
addition, a recent paper successfully correlated the contralateral
amplitude with measures of filtering in a change detection task
(Liesefeld et al., 2014), but it was not clear whether the CDA  dif-
ference wave showed better (or worse) correlations. We  conclude
that more research is needed in order to fully understand the dif-
ferences between the ipsilateral and contralateral waves, and their
underlying cognitive mechanisms.
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Fig. 2. Meta-analyses of the correlations involving individual CDA amplitude set-size effects. All analyses and computations were carried out using the Comprehensive
Meta-Analysis software (Biostat, Inc.), and assumed random effects models (since these are more conservative). For both meta-analyses, each line of the plot represents
a  single experiment. In the plots, the squares represent each study’s obtained correlation and the horizontal lines represent its 95% confidence interval (CI). Square size
represents sample size (and the relative weight assigned to that study in the meta-analysis). The bottom line of each plot presents the combined results of all experiments.
The  gray diamond represents the weighted average correlation, and its width is the 95% CI of the combined effect.
(A)  A meta-analysis of the correlation between VWM  capacity and the CDA amplitude set-size effect (calculated as a difference between the CDA amplitude of 1 or 2 objects
and  the amplitude of 3 or 4 objects). Studies were selected through a search in the Google Scholar database using the following keywords: contralateral delay activity or
sustained posterior contralateral negativity intersected with capacity and ERP. The inclusion criteria were: (1) publication in the English language; (2) the study measured
the  CDA for at least 2 different set-sizes, in displays containing only relevant distinctive visual items; (3) the study measured behavioral VWM  capacity; (4) the study
included a group of normal young adults; (5) the study reported or allowed a calculation of a correlation between the CDA set-size effect (i.e., the difference in amplitude
between two set sizes) and behavioral capacity among young adults. The above criteria led to 12 samples from 11 studies, with 286 subjects in total.
The  meta-analysis produced a correlation of r = 0.596 (Z = 10.857, p < 10−26), with a 95% confidence interval of 0.510–0.670. We calculated a fail-safe number (i.e., the number
of  studies with an average correlation of r = 0.00 that are required to bring the combined effect down to a marginally-significant level) of 350, suggesting a very robust
correlation. The effect was very homogeneous: Q = 10.164 (p = 0.516), Tau-squared = 0.000.
(B)  A meta-analysis of the correlation between VWM  capacity and the CDA filtering efficiency index, calculated as the difference in CDA amplitude between a distractor-
present  condition and a distractor-absent condition (e.g., the difference in amplitude between presenting 2 to-be-remembered items alone, and presenting them along with
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.2. Neural origin of the CDA

One important question in VWM  research is to detect the brain
reas that are responsible for encoding and maintaining online
nformation. fMRI studies have identified the posterior parietal cor-
ex as the main neural locus of VWM  (Todd and Marois, 2004;
u and Chun, 2006), and there have been several attempts to
nderstand the neural origin of the CDA as well. Two  MEG  stud-

es (Becke et al., 2015; Robitaille et al., 2009) identified parietal
ortex regions (as well as regions in the ventral extrastriate cortex
hat presumably do not contribute to the ERP signal) as the origin of
he CDA, which is in line with the fMRI findings. In addition, a study
hat measured ERP and intracranial activity in monkeys was able to
bserve the human CDA homolog in the monkeys’ ERPs. Intracra-
ial recordings revealed that frontal local field potentials from the

rontal eye field and the supplementary eye field contribute to the
eneration of the CDA measured at parietal-occipital electrodes
although frontal electrodes do not show sustained ERP activity
fter the contralateral-ipsilateral subtraction). This suggests that
ultiple sources and regions are involved in maintaining online

nformation.
In terms of the neural mechanisms that can produce a sustained

elay activity, it was argued that asymmetric modulation of later-
lized alpha activity could generate the CDA activity (Mazaheri and
ensen, 2008; van Dijk et al., 2010). However, a recent work pro-
ided convincing evidence that alpha activity and the CDA exhibit
ifferent temporal characteristics and when correlated with behav-

or explain unique variance in performance (Fukuda et al., 2016).
hus, the specific neural mechanism that could produce this slow
ave activity is still unknown.

. Using the CDA to study VWM

The advantages of measuring the CDA (and any other ERP com-
onent) is that it can reveal sub-processes underlying VWM  that are
therwise impossible to investigate, because behavioral measures
eflect only the end result of the processing or are contaminated by
rocesses that are unrelated to VWM.  Indeed, since 2004 there is

 constant increase in studies tracking the CDA as their dependent
easure in various tasks, such as visual search (Emrich et al., 2009;

uria and Vogel, 2011b; Woodman and Arita, 2011), mental rotation
Prime and Jolicoeur, 2010) and dual-tasks (Brisson and Jolicoeur,
007). Another example that highlights the important advances

n VWM  made by the CDA is the recent findings demonstrating
hat similar CDA activity could be observed when the items remain
ithin view (without any retention interval). Contrary to the tra-
itional view that conceptualized working memory as a memory
nit (Baddeley, 2003; Cowan, 2001; Jonides et al., 2008; Vogel et al.,
001), this finding demonstrates that VWM  is about ‘working’ (i.e.,
nline processes) rather than ‘memory’ (Tsubomi et al., 2013).

Broadly speaking, we have identified two methods of using the
DA. The first is to measure the CDA amplitude to investigate

hether VWM  representations are affected by a certain manip-
lation, and the second is to associate variability in the CDA to
redefined individual characteristics (such as anxiety, age, or the

ndividual VWM  capacity).

 to-be-ignored items). Hence, when filtering is efficient, a condition containing 2 targets a
he  2 distractors means that only 2 items were maintained in WM),  and less similar to 4 t
tudies were selected through a search in the Google Scholar database using the following k
ntersected with filtering and ERP. The inclusion criteria were: (1) publication in the Engli
ncluded only relevant items, and the other included also some to-be-ignored distractors;
ormal  young adults; (5) the study reported or allowed a calculation of a correlation betw
bove  criteria led to 9 samples from 7 studies, with 200 subjects in total.
he  meta-analysis produced a correlation of r = 0.478 (Z = 6.850, p < 10−10), with a 95% confi

 robust correlation. The effect was very homogeneous: Q = 7.786 (p = 0.455), Tau-squared
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Another general distinction within studies that tracked the
CDA as their dependent variable is between using the “raw” CDA
amplitude and using a CDA difference between two  experimental
conditions. Most of the reviewed studies fall into the second cate-
gory, presumably because using a difference between experimental
conditions allows controlling for various components that add gen-
eral noise to the amplitude (so that the subtraction itself serve as
an additional control). However, at least when simple stimuli are
encoded, the raw CDA amplitude successfully correlated with the
individual VWM  capacity in some cases (Luria and Vogel, 2011b;
Voytek and Knight, 2010; Wiegand et al., 2013) and with RT or
accuracy in other cases (Carlisle et al., 2011; Gunseli et al., 2014a,b;
Woodman and Arita, 2011). We  now turn to review evidence from
several fields in which the CDA was  successfully used in order to
increase our understanding of how VWM  operates.

4.1. Filtering efficiency

Vogel et al. (2005) compared the CDA amplitude between con-
ditions that included only task relevant items (two or four items),
and a filtering condition that included two relevant items and
two task irrelevant items. The results indicated that low VWM
capacity individuals had difficulties filtering out irrelevant infor-
mation. Namely, low capacity individuals represented also the task
irrelevant information, as reflected by their CDA amplitude in the
filtering condition that was  similar to the CDA amplitude in the
condition with four relevant items. Conversely, high capacity indi-
viduals successfully rejected the irrelevant items as was evident in
their CDA amplitude in the filtering condition that was  similar to
the condition with only two relevant items.

Following Vogel et al. (2005), the relation between VWM  capac-
ity and filtering efficiency was  extensively investigated using the
CDA. The significance of such an argument is that it attributes indi-
vidual differences in VWM  capacity to the ability to reject irrelevant
information from reaching the limited VWM  storage, instead of
assuming differences in the actual storage space. The observed
correlation between the individual filtering efficiency and VWM
capacity is a key finding for this account. We  tracked 7 studies
that measured the correlation between these variables (Astle et al.,
2014; Fukuda and Vogel, 2009; Jost et al., 2011; Lee et al., 2010;
Liesefeld et al., 2014; Qi et al., 2014; Vogel et al., 2005), and per-
formed a meta-analysis (see Fig. 2b). The overall correlation was
r = 0.478 (95% CI between 0.356 and 0.585), providing strong sup-
port that filtering efficiency plays an important role in determining
the individual VWM  capacity.

4.2. Visual search

Models of visual search attributed an integral role for VWM  dur-
ing the search process that included storing the target template,
categorizing, and comparing between the target candidate and the
desired template (Bundesen, 1990; Desimone and Duncan, 1995;

Duncan and Humphreys, 1989). Despite these arguments, direct
behavioral evidence was  lacking (Woodman et al., 2001), and only
recent research that used the CDA was  able to better clarify the role
of VWM  in visual search.

nd 2 distractors should be more similar to 2 targets alone (since effectively ignoring
argets alone, producing a larger filtering efficiency index.
eywords: contralateral delay activity or sustained posterior contralateral negativity
sh language; (2) the study measured the CDA for at least 2 conditions, one of which

 (3) the study measured behavioral WM capacity; (4) the study included a group of
een the CDA filtering-efficiency and behavioral capacity among young adults. The

dence interval of 0.356–0.585. We calculated a fail-safe number of 114, suggesting
 = 0.000.
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First, it was demonstrated that the CDA could be observed dur-
ng the visual search task (Emrich et al., 2009). Following studies
howed that high VWM  capacity individuals search more effi-
iently, because they are better at locking on the target and avoid
epresenting distractors, resulting in lower CDA amplitudes rela-
ive to low capacity individuals (Luria and Vogel, 2011b). A parallel
ine of investigation has refined the role of VWM  in holding the tar-
et template. It was shown that when a new target is presented it
s being held in VWM  but then gradually moves to LTM. This hand-
ff between VWM  and LTM leads to better search efficiency, so
hat as the CDA amplitude decreased (indicating less involvement
f VWM)  search RT improved (Carlisle et al., 2011; Schmidt et al.,
014; Woodman and Arita, 2011). The hand-off between VWM  and
TM did not depend on the target complexity level, but when the
arget was associated with a high reward, VWM  continued to repre-
ent the target, indicating a more controlled search in high reward
onditions (Gunseli et al., 2014a,b; Reinhart and Woodman, 2014).
otably, this line of research supports the argument that the CDA

racks the involvement of the ongoing VWM  processing involved
n preforming visual search tasks.

.3. Multiple objects tracking

In multiple object tracking (MOT), participants are required to
onstantly follow moving objects. The CDA amplitude was  found to
e an excellent predictor of the tracking performance, and was able
o capture online changes in the number of tracked objects: when
dditional items were added during the trial, the CDA amplitude
ncreased according to the actual number of tracked items. Further-

ore, the real-time aspects of the CDA were exploited to dissociate
ifferent factors influencing task performance: while increasing the
peed of the moving objects increased the chances of dropping a
arget item during the tracking period as was evident in a decrease
n the CDA amplitude, increasing the number of distractors led to
wapping of a target item with a distractor, affecting the behavioral
erformance (i.e., lower accuracy performance), leaving the CDA
mplitude unchanged (Drew et al., 2013, 2012; Drew and Vogel,
008).

.4. Complexity and resolution

The CDA was used to investigate whether VWM  representations
re sensitive to the object’s complexity and to the resolution with
hich objects are maintained or whether VWM  is sensitive only to

he number of encoded items. Behavioral evidence is mixed, with
ome studies indicating that complex objects consume more WM
apacity (Alvarez and Cavanagh, 2004), but others providing evi-
ence for intact representations for complex stimuli, attributing the
reviously reported decrement in performance to processes follow-

ng VWM  retention interval, such as the comparison process (Awh
t al., 2007). Studies that measured the CDA amplitude for complex
bjects such as random polygons showed higher CDA amplitude
elative to the same number of colors (Gao et al., 2009; Luria et al.,
010; Luria and Vogel, 2011a). This evidence was interpreted as
upporting the resolution view of VWM  capacity allocation (Ma
t al., 2014), since the amount of VWM  resources devoted to an item
as reflected by the CDA amplitude) was found to be a function of
he object complexity. However, a recent study demonstrated that
hile the CDA amplitude for random polygons may  increase fol-

owing task related resolution demands, it could not be decreased
o the level of simple items such as colors. In this study (Allon
t al., 2014), lowering the resolution demands was manipulated

y asking subjects to monitor for a category change (e.g., between

 polygon and a color). Thus, there was no need for maintaining
ny fine detailed information. While this manipulation improved
he accuracy performance, the CDA amplitude did not show any
vioral Reviews 62 (2016) 100–108 105

reduction relative to a condition in which the task required encod-
ing the full polygon’s resolution. Moreover, a recent study (Balaban
and Luria, 2015b) found that one polygon had the same CDA ampli-
tude relative to just half of that polygon, even though a polygon is
evidently more complex than its half.

Studies that directly manipulated color resolution also found
that it had no effect on the CDA (Ikkai et al., 2010; Luria et al., 2010;
Ye et al., 2014) and studies that manipulated orientation resolu-
tion reported mixed results (Gao et al., 2011a,b; Machizawa et al.,
2012). Note that increasing the number of relevant features within
an object did not affect the CDA (Luria and Vogel, 2011a; Woodman
and Vogel, 2008). Thus, we conclude that the CDA is not affected by
the item’s resolution per se.

One option is that VWM  devotes more than one slot to items that
do not have a LTM trace, in line with some sort of a slot + averaging
model (Zhang and Luck, 2008). Thus, polygons show increased CDA
activity because they do not have LTM traces, consuming multiple
slots in order to be actively represented. Corroborating this argu-
ment, it was found the CDA for non-words is higher than the CDA
for words (Predovan et al., 2009), so that “complexity” might arise
due to the lack of semantic meaning. Another option is that resolu-
tion and capacity rely on separate mechanisms (Awh  et al., 2007;
Ye et al., 2014). The question of whether VWM  capacity is allocated
flexibly according to the items resolution or is allocated according
to the number of objects is still an open question in VWM  (Bays
et al., 2009; Zhang and Luck, 2011), and the CDA is likely to play an
important role in investigating this topic.

4.5. Binding and grouping

Most theories agree that working memory capacity is strictly
limited (Bays and Husain, 2008; Cowan, 2001; Luck and Vogel,
2013). One way  of bypassing this constraint is by uniting several
features or objects to form a bound representation that can fit
within working memory capacity limits. For the current purpose,
we refer to the ability to integrate several features such as color and
orientation into a bound object representation as the binding ability
(Hommel, 2004; Treisman, 1996), and to the process of integrating
several objects into one group, as the grouping ability (Peterson
et al., 2015; Woodman et al., 2003). The CDA is ideally suited for
investigating binding and grouping because any decrease in the
number of maintained objects (for example by grouping 2 items
into just one VWM  representation) should be followed by a similar
decrease in the CDA amplitude.

The question of how we  solve the binding problem and inte-
grate several features to perceive a bound object representation has
a long history in cognitive research (Treisman, 1996). In the con-
text of VWM,  studies using the CDA confirmed that simple features
such as color and orientation were easily integrated into one rep-
resentation. For example, the CDA amplitude of just an orientation
was equivalent to the CDA amplitude of a colored orientation, and
smaller than an orientation and a color patch presented as separate
items, even though this last condition contained the exact informa-
tion as in the integrated object (Luria and Vogel, 2011a; Woodman
and Vogel, 2008). Interestingly, the same trend was  observed for
random polygons, such that adding a color to a polygon (so that the
task required monitoring both color and shape change, instead of
just monitoring a shape change) did not further increase the CDA
amplitude.

While most evidence suggest that binding a small set of different
features is a fast and cost-free process, CDA evidence also suggests
that VWM  is rather flexible in terms of which object’s features are

encoded and maintained, indicating that binding may  not be an
obligatory process (at least under some conditions). For example,
when colored random polygons were presented, participants could
selectively encode only one of the objects’ features but ignoring
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he other, such that the CDA amplitude was lower when the task
equired monitoring only the color (the polygon’s shape could not
hange) relative to a condition in which only the shape was  the task
elevant feature (Luria et al., 2010). Thus, VWM  representations as
ndicating by the CDA amplitude were modulated depending on
he relevant task feature, even though identical stimuli were pre-
ented across conditions. This reveals the flexible nature of VWM
hen determining which objects’ features to encode in its limited
orkspace.

The ability to group separate objects into one represen-
ation was traditionally studied using Gestalt principles such
s similarity, connectedness and common fate. Indeed, several
tudies investigated how these cues affect working memory
epresentations by measuring the CDA. In the case of similarity,
t was found that identical colors were integrated in VWM  such
hat the CDA amplitude for 4 identical colors was comparable to
he amplitude of just one color, and both were lower than a condi-
ion with four different colors (Gao et al., 2011a,b; Peterson et al.,
015). Recent research that studied the common fate grouping cue,
evealed a more complicated picture. While common fate was suc-
essful in integrating colors once they moved together (Luria and
ogel, 2014), a distinct color and an orientation were not integrated
ven when moving together, one on top of another (Balaban and
uria, 2015a). This is evidence that the stimulus type plays a major
ole in the ability of VWM  to group objects.

Moreover, it was shown that other non-perceptual factors
ffected grouping processes in VMW.  One example is that the items’
istory as moving separately or together affected the grouping
bility, such that after an independent movement period, when
olored patches shared the same spatial position forming color-
olor conjunction (which can be seen as a strong proximity cue),
hese color-color conjunctions were not fully integrated, as indi-
ated by the CDA amplitude that was higher than a condition with
he same number of simple colors (Luria and Vogel, 2014). The CDA
lso revealed that object grouping might take time to establish,
o that in the case of stationary colors sharing the same position
and also when the colors were connected by a line), the CDA
mplitude gradually decreased during the retention interval (Luria
nd Vogel, 2011a; Peterson et al., 2015). Remarkably, these studies
eveal that although Gestalt cues affect VWM  representations, they
o not cause grouping in a reflexive and ‘automatic’ manner. Rather,
here are several factors such as the stimuli categories and the items
ecent history (as being separated or grouped) that certainly influ-
nce, and could sometimes even override strong Gestalt cues such
s common fate. To summarize, the CDA research regarding bind-
ng and grouping reveals a more complex and flexible mechanism
han just following bottom-up salient objecthood cues.

. CDA as an index of WMC  in special populations

It has been claimed that VWM  is impaired in several clinical and
ub-clinical populations. Following these arguments, the CDA has
een used to characterize the specific deficit in VWM  in these spe-
ial populations. It was demonstrated that the filtering efficiency
as impaired in Parkinson patients (Lee et al., 2010), in dyspho-

iatic individuals (Owens et al., 2012, 2013), in old age (at early
tages of processing, Jost et al., 2011) and in anxious individuals
Meconi et al., 2014; Qi et al., 2014; Stout et al., 2013). The fil-
ering deficit for anxious individuals was found when encoding
hreatening and untrustworthy faces, but also when encoding neu-
ral distractors, which might suggest a general filtering deficit in

his case. More general VWM  impairments, as evident in a gen-
ral amplitude difference relative to a control group, were found in
arkinson disease (Lee et al., 2010), schizophrenia (Leonard et al.,
013) and in ALS patients (Zaehle et al., 2013), even when the ALS
vioral Reviews 62 (2016) 100–108

patients did not show any impaired behavioral performance. Inter-
estingly, the CDA set-size was  reduced for older adults at a risk
for developing mild cognitive impairments (before exhibiting any
severe symptoms) compared to a matched age group (Newsome
et al., 2013). Thus, the CDA may  be a reliable and potent tool in
these special circumstances.

6. Summary

We  have reviewed evidence supporting that the CDA  tracks
the online VWM  processes related to the task at hand. The CDA
amplitude is highly sensitive to the number of represented items,
strongly correlates with the individual VWM  capacity, and is able to
predict performance in a variety of tasks and populations. Findings
from numerous CDA studies indicate that VWM  capacity is tightly
related to filtering ability, explain how VWM  is involved when
searching targets among distractors and enable observing how the
target information is transferred from working memory to LTM.
Other results support that VWM  capacity allocation follows the
number of represented objects rather than the item’s complexity,
and highlight VWM  flexibility when grouping and binding several
objects or features. Overall, these results support the idea that the
CDA is a valuable tool in any task that involves online processing of
visual information. Rather than just following the number of items
maintained in VWM,  the CDA is a marker for the involvement of
working memory online processing and is likely to play a an impor-
tant role in future investigations of how VWM  operates and how it
guides behavior.
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