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ABSTRACT 
Visuai working memory is a limited capacity system tna! 

temporarily maintains inforniation about objects in the 
immedhate visual environmen: Psychophysicai exper:- 
ments have showri tha! most people are able to actively 
maintain 3 or 4 items in visuai working memory at any point 
in time To better understand how this process works and 
why our working memory capacity is so limited, a variety of 
neuropnysioiogicai approaches have been employed. In 
recent years. there has been a surge of interest in under- 
standing how visual informatior, is maintained in working 
memory at the neural level. Single-cell research with non- 
human primates has shown that neuronal firing during the 
retention period reflects the information that is currently 
held in working memory. In humans, event-related poten- 
tials (ERPs) have been used to examine the maintenance 
of information in working memory. An event-related poten- 
tial component, known as the negative slow wave (NSW), 
has been used to measure the maintenance of information 
in working memory "online" during a given trial. More 
recently, another ERP component, the contralateral delay 
activity (CDA) has been shown to be a fairly specific corre- 
late of the current contents of working memory. This com- 
ponent is sensitive to an individual's working memory 
capacity and may provide a window into the operations of 
this central cognitive construct. 

INTRODUCTION 
Working memory (WM) facilitates our ability to hold a lim- 

ited amount of information in an active state so that it may be 
utilized in a broad range of cognitive tasks. Despite subjec- 
tive experience to the contrary, only a small amount of infor- 
mation can be maintained in WM at once and thus this mem- 
ory system reflects a central limitation within cognition.1d The 
specific capacity of WM varies consistently across individu- 
als, and an individual's specific memory capacity has been 
shown to be predictive of his or her performance on a broad 
range of cognitive  measure^.^' Consequently, the opera- 
tions of WM appear to reflect a core cognitive construct that 
is essential for a wide range of behaviors. 

Un ik  WM ( d i  be rlividea inrc separate sub-systema 
Tor verDai and vibual infurrnation 111 this revlea' we wil cor 
centrale primarili 11' the v i~udl  coqonen! Visual WM is i. 
system that maintains a small amoun' or informatior frorr 
the immediate v i sm environnient so that it mah D? manip 
uialed or arteo upon In the last 10 years tnere have Deer 
a numb?: of srudies thdt have negun lo examine the char 
actenstic, 0' visua' WM at the benaviorai teve 
example bogel Woodman and Luck ' developea a simple 
procedure for measuring the storage capacity of visual WN 
using a Lharige detection task In this proceaure partici- 
pants are presented with a brief array of simple objects 
ie g coloreo squares) followed by a biank one-second 
retention period in which they must remember tne locations 
and identities of the objects After this retention period 
subjects are shown a test array of objects and they musi 
decide whether the two arrays are identical or not On half 
of the trials the two arrays are the same on the other half 
of trials they differ by the identity of one object Subjects 
respond at the end ot the trial by pressing one of two but- 
tons (I e same or different) We measure memory capac- 
ity by charting performance on this task as a function of the 
number of objects in the memory array Typically, perform- 
ance is near perfect for 1, 2, or 3 items but it begins to 
decline for 4 items and approaches chance by around 8 or 
10 items Using a simple formula that takes into account 
the number of items in each array as well as false-aiarm 
and correct rejection rate visual WM capacity is typically 
estimated to be an average of roughly 3 items ' l i 1 4  

However, there are considerable indrvidual differences and 
capacity estimates range from as low as 1 5 objects up to 
as many as 6 objects l 1 I '  

Neurophysiological measures of working memory 
Over the past 20 years, primate neurophysiology, func- 

tional neuroimaging and electrophysiological measures in 
humans have been used extensively to examine the brain 
processes that underlie the operations of WM lB1' These 
studies have made substantial progress in understanding 
the cortical networks that are responsible for the encoding, 
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'etention and retrieval of information held in WM. The cur- 
rent article reviews the recent developments using event- 
related potentials (ERPs) in humans that examine how 
w a l  information is maintained in an active state during 
[he retention interval of WM experiments. The excellent 
temporal resolution provided by electrophysiological meth- 
Gds allows researchers to measure the timing and duration 
of the dynamic processes that underlie short-term memory 
and may begin to elucidate the operations of this core cog- 
nitive process. 

Many of the recent findings in the neurophysiological lit- 
erature in humans build upon the experimental methodolo- 
gy and theoretical approach stemming from single-unit 
studies in non-human primates. In a typical task, a monkey 
is taught to perform a delayed match-to-sample task in 
which the monkey is presented with an object that he must 
hold in WM dunng a blank intervening penod before being 
asked whether the subsequently displayed object matches 
the identity of the target item.18 The firing rate of many indi- 
vidual neurons has been shown to increase significantly 
above its baseline-firing rate and this activity is sustained 
throughout the retention period. This increased activity is 
generally referred to as delay activity and is thought to 
reflect some aspect of the information that the monkey is 
attempting to hold in WM during this period.Ig Critically, 
delay activity is oflen shown to be specific to neurons that 
code for either the specific object or location that is to be 
remembered.202' That is, there is not simply a generalized 
increase of firing rate for all the neurons in a given cortical 
area during the retention interval. This suggests that delay 
activity contributes to the specific representation of active 
memory items rather than reflecting a generalized increase 
due to arousal or sustained attention." Indeed, several 
studies have shown that delay activity directly contributes to 
memory performance on a given trial; when behavioral per- 
formance is slow or incorrect there tends to be significantly 
less delay activity on trials as compared to when the task is 
performed c ~ r r e c t l y . ~ ' . ~ ~  While delay activity has been 
reported over a broad range of cortical areas, there appear 
to be three primary regions where there is a particularly high 
percentage of cells that show delay activity. These regions 
are the prefrontal cortex,'924 2 5  the posterior parietal cor- 
t e ~ ~ " ~ '  and inferotemporal cortex,20.28 and together these 
regions are thought to form a network which gives rise to 
the complex representations held in visual WM. 
fMRl studies of working memory 

There have been numerous studies that have used func- 
tional neuroimaging in humans to examine the operations of 
WM.i6 29-31 Typically, these studies find increased BOLD acti- 
vation during the retention period of WM tasks. This sus- 
tained activation appears to be analogous to delay activity 
observed in monkey single-unit While this activity 
can be observed in many cortical areas it is also primarily 
observed in the prefr~ntal,~' 3 ~ 3 5  posterior parieta1i6.3637 and 

inferotemporal cortices. j'' Similar to the delay activity 
observed in single-unit studies. this iMRl activity has been 
shown to be specific !o the particular demands of the mem- 
ory task. For example, Sereno et aP  found that an area of 
posterior parietal cortex showed location-specific mapping of 
the position of a remembered target. Moreover, WM-related 
fMRl activity has also been shown to be specific to the iden- 
tity of the remembered stimuli.JRd@ Finally, this activity has 
been shown to be sensitive to both the correct performance 
on a given trial'" as well as the current memory load imposed 
by the task,3437 which suggests that this activity reflects a 
process that is critical to the operation of WM. 

Event-related potential measures of working memory 

In the past 15 years, there has been increased interest 
in using ERP components to examine activity during the 
retention interval of WM paradigms. Much of this work has 
focused on an ERP component thought to be an electro- 
physiological correlate of WM, the NSW.'14' For example, 
Ruchkin et a143 asked subjects to memorize either one or 
two schematic faces and probed memory for the faces 
after a 3600ms blank interval. ERPs were time locked to 
the offset of the memory array and continued throughout 
the retention interval. During this interval, a NSW was 
observed over the temporal-occipital electrode sites and 
was sustained throughout the retention period. The ampli- 
tude and scalp topography of the NSW has been found to 
vary as a function of the nature of the specific memory 
task, and several groups have used the NSW to measure 
spatio-temporal activation patterns during WM 
For example, Mecklinger and PfeifeP found that the scalp 
distribution of the NSW is different for spatial and object 
memory tasks which suggests that there are somewhat 
distinct neural substrates underlying these two types of 
WM. The NSW for spatial memory tended to be focused 
over the posterior parietal and occipital lobes while object 
memory resulted in a mid-frontally focused wave. In gen- 
eral, the component has been found to be more focused on 
the right parietal region during visual WM  experiment^^^ 
and lefl frontal areas during phonological The NSW 
bears a number of similarities to individual neuron firing 
rates in the monkey single-unit literature. For example, the 
amplitude of the NSW was found to increase as WM load 
increased from one to two abstract  face^.'^ In addition to 
these WM paradigms, Rosler and colleagues have used 
NSWs to gain insight into the activation of long-term mem- 
ory representations during encoding and retrieval.5053 This 
group uses a variation on the fan-paradigm" to pair long- 
term memory associations with multiple cues. These stud- 
ies have also demonstrated topographic specificity of the 
NSW to the type of information accessed during long-term 
memory retrieval as well as sensitivity to cognitive effort 
necessary to perform the task. While these studies have 
concentrated on the mechanisms of long-term memory, it 
is quite plausible that the NSW observed in these tasks 
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reflects active representations in WM that were retrieved 
from long-term memory. 

A substantial difficulty in interpreting the functional sig- 
nificance of the NSW is that there are numerous process- 
es that occur while a subject is performing a simple mem- 
ory task that have little or nothing to do with WM per se. 
These non-specific, task-general processes (e.g., arousal, 
sustained attention, etc.) may directly contribute to the 
NSW and may obscure the mnemonic activity embedded 
within the waveform. One alternative explanation to the 
NSW modulation is that it reflects general preparatory pro- 
cessing for the response to the match stimulus. It’s difficult 
to be sure how much of the NSW component is due to the 
anticipation or preparation for an impending event that 
requires an overt response. The anticipation of a response 
is associated with another ERP component known as the 
contingent negative variation (CNV). To address this alter- 
native explanation, Ruchkin et a142 monitored the NSW in 
an experiment where subjects always needed to prepare in 
a similar way for the next stimulus, but only one of the two 
conditions required active memory rehearsal during the 
retention interval. Their results suggest that preparation 
alone cannot explain the NSW. However, other task-gener- 
al processes that could explain the modulation of this com- 
ponent are difficult to exclude. For instance, the amplitude 
of the NSW has been found to increase as WM load 
increases, which suggests that it is sensitive to the increas- 
ing number of item representations being held in WM. 
However, this finding could also be explained by an 
increase in generalized effort as task difficultly increases. 
Teasing apart the influence of WM load and generalized 
effort has proven very challenging because it is very diffi- 
cult to increase memory load without also increasing the 
task difficulty. Although some portion of the NSW is likely 
related to WM processing, it is currently not clear which 
portions of the activity reflect WM and which reflect more 
task-general activity. In order for this activity to provide an 
unambiguous measure of WM, it is critical to control for 
task-general effects and ideally to show that the activity fol- 
lows the known behavioral characteristics of visual WM. 
Contralateral control method 

The problem of separating out the activity that is specif- 
ic to a particular cognitive process from more task-general 
activity is common within psychophysiology. One approach 
that several researchers have used to address this problem 
over the years is referred to as the contralateral control 
method.55 This approach utilizes the contralateral organiza- 
tion of the visual system as a means to isolate a particular 
cognitive process and reduce the contribution of non-spe- 
cific phenomena so that it is simpler to interpret the func- 
tional significance of the electrophysiological results. To do 
this, researchers typically present subjects with bilateral dis- 
plays of stimuli and manipulate which side of the display the 
subject must engage in a particular task. The process of 

interest can then be isolated by measuring the difference 
between the activity observed over the contralateral and 
ipsilateral hemispheres. The general logic is that the non- 
specific task-general processes should activate both hemi- 
spheres equivalently, and that the primary difference will be 
that the activity over the contralateral hemisphere will also 
contain the process of interest. Although this approach may 
not be appropriate for examining all cognitive processes, it 
is particularly well suited for cognitive systems that follow a 
strong lateral organization in the brain such as the visual 
and motor systems. For example, this approach has been 
used extensively in studies of visual selective attention as a 
means of isolating the attention-related activity from the 
perceptual activity evoked by the stimulus display.56 In addi- 
tion, this approach has been used to examine a broad 
range of cognitive phenomena such as visual 
visual long-term memory,59 and response preparation.m61 
Indeed, there are a few ERP components that are specifi- 
cally defined as a difference between the contralateral and 
ipsilateral activity under certain balanced task conditions 
(e.g., N2pc5’; LRP2).Thus, this procedure has also been 
used to isolate single ERP components from other non-lat- 
eralized components that overlap in time.55 

Recently, Klaver et al,63 utilized this contralateral control 
approach to examine the operation of visual WM. In this 
study, they presented subjects with a bilateral array of 
abstract shapes, with one shape in each hemifield. At the 
beginning of each trial, subjects were instructed to remem- 
ber the abstract shape in one hemifield (either the left or right 
side) across a 1500ms blank interval until a test object was 
presented. Shortly following the onset of the memory array, 
a sustained negative wave was observed at posterior elec- 
trode sites that were contralateral to the position of the 
remembered item and this activity persisted throughout the 
retention period. This sustained contralateral activity is 
potentially a useful candidate for a neural correlate of visual 
WM because it is sensitive to the position of the remem- 
bered item, which makes it less likely to be due to more task- 
general processes that would be expected to be equivalent 
across hemispheres, Nevertheless, it is still plausible that 
this activity is simply due to the subject sustaining attention 
to the position of the object during the delay rather than 
reflecting the maintained information in memory. Therefore, 
additional studies are necessary to further demonstrate the 
specificity of this activity to visual WM processing. 

More recently, our laboratory has used a similar 
approach to examine processes involved in maintaining 
information in visual WM, and we have begun to test the 
specificity of this activity by examining whether it follows the 
known functional properties of this memory 65 

Essentially, we have also used a bilaterally-presented 
memory array so that we can isolate the hemispheric-spe- 
cific activity related to the position of the items that the sub- 
ject is holding in memory so that we may exclude more 
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- lpsilateral 

Figure 1. 
Grand averaged ERP waveforms time-locked to the memory array 
averaged across the lateral occipital and posterior parietal elec- 
trode sites from Vogel and Machizawa.M The two grey rectangles 
reflect the time periods for the memory and test arrays, respec- 
tively. Note that, by convention, negative is plotted upwards. 

task-general activity from the waveforms. To do this, we 
have used a variation on the visual WM task that we 
described at the beginning of this review. In our initial exper- 
iments, observers were presented with arrays of 8 simple 
objects (e.g., colored squares), with 4 on each side of the 
display. At the beginning of each trial an arrow cue signaled 
which side of the display the observer needed to remember 
over the one-second blank delay. Afterwards, a test array 
was presented and the observers reported whether the 
items on the cued side were the same or different. We time- 
locked the ERPs to the onset of the memory array, and 
recorded brain activity throughout the retention interval 
while the subject held the items in memory. Similar to Klaver 
et al,63 approximately 200ms following the onset of the 
memory array we observed a large negative-going voltage 
over the brain hemisphere that was contralateral to the 
memorized hemifield, and this response persisted through- 
out the duration of the memory retention interval (Figure 1). 
This response was primarily focused over the posterior pari- 
etal and lateral occipital electrode sites and strongly resem- 
bles delay activity recorded from individual neurons in mon- 
key visual cortex during WM tasks. Thus, we refer to this 
component as the Contralateral Delay Activity (CDA). 

In subsequent experiments we have found that this 
activity closely mirrors several known properties of visual 
WM. For example, the amplitude of the CDA is significant- 
ly reduced on trials in which the observers report was 
incorrect, suggesting that this activity reflects a process 
that is necessary for correct performance on this 
The amplitude and scalp distribution of this activity is simi- 
lar for different types of simple memory items, which is 
comparable to known behavioral performance with differ- 
ent classes of stimuli.65 In addition, we have shown that the 
amplitude of the CDA is not modulated by the size of the 
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Figure 2. 
(a). Mean amplitude (300-900 ms) of the CDA across several 
memory array sizes from Vogel and Machizawa.M Error bars 
reflect 95% confidence interuals. The vertical dashed line 
denotes the average memory capacity for the subjects in this 
sample. (b). The correlation between an individual subject's 
memory capacity and the increase in amplitude of delay activity 
between 2 and 4 item arrays. 

"spot1ight"~of attention necessary to encompass the mem- 
ory items in' the display, which further indicates that this 
activity reflects the memory for the items rather than sim- 
ply reflecting sustained attention to one side of the display 
during the retention 

The strongest evidence that this activity specifically 
reflects the operation of visual WM is that the amplitude of 
the CDA is strongly modulated by the number of items that 
the subject is holding in memory on a given trial, suggest- 
ing that it reflects the active representations that are being 
held in m e m ~ r y . ~ , ~ ~  Although CDA activity gets larger in 
amplitude for arrays of one, two, or three items, it ceases to 
increase for larger arrays (e.g., 6, 8, 10 items), which indi- 
cates that the activity only reflects the number of items the 
subject can actually hold in memory at the same time. CDA 
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amplitude reaches an asymptotic limit for arrays of approx- 
imately 3 items, which is equivalent to the behavioral esti- 
mate of average memory capacity on this task (Figure 2a). 
Indeed, the precise point at which this activity reaches 
asymptote is different for individual subjects depending 
upon his or her specific memory capacity (Figure 2b). More 
specifically, CDA amplitude stops increasing for subjects 
with low memory capacity at smaller array sizes than high 
capacity subjects, whose CDA amplitude is much higher for 
large array sizes than small array sizes. 

Together, these results demonstrate that the CDA fol- 
lows the known psychophysical properties of visual WM 
and therefore is likely to specifically reflect the active rep- 
resentations being held in memory on a given trial rather 
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