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Contrary to our rich phenomenological visual experience, our
visual short-term memory system can maintain representations
of only three to four objects at any given moment1,2. For over a
century, the capacity of visual memory has been shown to vary
substantially across individuals, ranging from 1.5 to about 5
objects3–7. Although numerous studies have recently begun to
characterize the neural substrates of visual memory processes8–12,
a neurophysiological index of storage capacity limitations has not
yet been established. Here, we provide electrophysiological evi-
dence for lateralized activity in humans that reflects the encoding
and maintenance of items in visual memory. The amplitude of
this activity is strongly modulated by the number of objects
being held in the memory at the time, but approaches a limit
asymptotically for arrays that meet or exceed storage capacity.
Indeed, the precise limit is determined by each individual’s
memory capacity, such that the activity from low-capacity indi-
viduals reaches this plateau much sooner than that from high-
capacity individuals. Consequently, this measure provides a
strong neurophysiological predictor of an individual’s capacity,
allowing the demonstration of a direct relationship between
neural activity and memory capacity.

To measure the neural correlates of visual memory capacity, we
recorded event-related potentials (ERPs) from normal young adults
while they performed a visual memory task. On each trial they were
presented with a brief bilateral array of coloured squares and were
asked to remember the items in only one hemifield, which was
indicated with an arrow (Fig. 1a). Memory was tested one second
later with the presentation of a test array that was either identical to
the memory array or differed by one colour. Subjects pressed one of
two buttons to indicate whether the two arrays were identical or
different. We have used variations of this paradigm previously and
have found that observers are accurate for array sizes of up to three

to four items, and that performance is not significantly influenced
by perceptual or verbal processes1,3.

In the first experiment, we recorded ERPs to the onset of a four-
item memory array so that we could observe the sustained electro-
physiological response during the memory retention interval. A few
previous ERP studies have observed a sustained response during
working memory tasks for foveally presented stimuli, but did not
examine lateralized effects13,14. In contrast, we took advantage of the
primarily contralateral organization of the visual system by pre-
senting lateralized stimuli in each hemifield so that we could
measure the spatially specific hemispheric responses to memory
arrays that were either contralateral or ipsilateral with respect to
electrode position15,16. Approximately 200 ms after the onset of the
memory array, we found a large negative-going voltage over the
hemisphere that was contralateral to the memorized hemifield, and
this response persisted throughout the duration of the memory
retention interval (Fig. 1b). This response was focused primarily
over the posterior parietal and lateral occipital electrode sites and
strongly resembled delay activity recorded from individual neurons
in monkey visual cortex12,17.

Numerous processes contribute to visual memory performance,
and we sought to determine which aspects of processing are
reflected by the contralateral delay activity. Although this effect
seems to reflect the maintenance of object representations from the
memory array, it is necessary to rule out the possibility that it
reflects executive processes18 involved in performing the task, or
even more general processes such as increased effort or arousal19–21.
In the second experiment, we tested this by varying the number of
items in the memory array to establish whether the amplitude is
sensitive to the number of representations that are being held in
visual memory. Memory arrays in this experiment varied from one
to four items in each hemifield (average capacity in this task is
normally around three items3,7). To compare directly the magnitude
of activity across array sizes, we constructed ‘difference waves’ in
which the ipsilateral activity was subtracted from the contralateral
activity for each array size, which removes the contribution of any
nonspecific, bilateral ERP activity.

As shown in Fig. 2a, the amplitude was highly sensitive to the
number of items in the memory array. Indeed, increasing an array

Figure 1 Stimuli and results from experiment one. a, Example of a visual memory trial for

the left hemifield. SOA, stimulus onset asynchrony. b, Grand averaged ERP waveforms

time-locked to the memory array averaged across the lateral occipital and posterior

parietal electrode sites in experiment one. The two grey rectangles reflect the time periods

for the memory and test arrays, respectively. Note that, by convention, negative voltage is

plotted upwards.

letters to nature

NATURE | VOL 428 | 15 APRIL 2004 | www.nature.com/nature748



from one to two squares or from two to three squares resulted in a
substantial increase in amplitude. Moreover, because memory
performance for near-capacity arrays can fluctuate over time,
leading to occasional incorrect responses, we compared the ampli-
tude of the delay activity for correct and incorrect trials. The
amplitude for incorrect trials was considerably smaller than that
for correct trials (P , 0.01), further suggesting that the delay
activity specifically reflects the maintenance of successful represen-
tations in visual memory. Nevertheless, it is possible that the extent
of executive processes also increases with additional memory items.
Moreover, there are small but reliable differences in accuracy across
array sizes, which leaves open the possibility that increases in
arousal or effort for larger arrays may have produced the increase
in amplitude.

The amplitude of the contralateral delay activity may have
increased as the result of increasing the number of representations,
more executive processing, or higher difficulty; however, these
alternatives make different predictions for array sizes that exceed
visual memory capacity. For example, when comparing a trial
containing four memory items to a trial containing eight, the
number of active memory representations should be approximately
identical, because both trials exceed a typical individual’s memory
capacity. That is, the subject can maintain only three to four items
whether the attended side of the array contains four or eight items.
In contrast, the difficulty and extent of executive processing
increases substantially for eight-item arrays compared with four-
item arrays22. Indeed, this has been a significant limitation of
previous neurophysiological studies that have reported memory
load effects, because the amount of activity continues to increase for
loads that exceed capacity, indicating that these measures are not
directly measuring memory capacity10,21,23. Therefore, in the third
and fourth experiments, we compared the delay activity for supra-
capacity arrays with memory arrays at or near capacity. If it reflects
the active representations held in visual memory, we would expect
no difference in amplitude between supra-capacity arrays and

capacity arrays. However, if it reflects executive processes or the
amount of general effort, we would expect that amplitude should
continue to increase for supra-capacity arrays.

The results of the third experiment show that although there was
a significant increase in amplitude from arrays of two items per side
to arrays of four items per side, there was no increase from four
items to six items (Fig. 2b). That is, the amplitude reached a limit
with arrays of approximately four items per side. We tested this
further in the fourth experiment by following the same experimen-
tal design but with larger array sizes (Fig. 2c). Again we found a
significant amplitude increase from two to four items per side, but
no increase from four items to either eight or ten items per side.
These results strongly support the hypothesis that the delay activity
reflects the specific maintenance of representations in visual mem-
ory because its amplitude is sensitive to the number of successful
representations that are active in memory at the time. In addition,
the absence of continued amplitude increase beyond capacity also
minimizes the possibility that the sub-capacity amplitude effects in

Figure 2 ERP difference waves at lateral occipital and posterior parietal electrode sites for

experiments two, three and four, respectively. a, Pairwise comparisons yielded significant

differences in amplitude between array sizes of one, two and three (P , 0.001), but no

difference between three and four items (P . 0.20) in experiment two. b, c, No

significant differences in amplitude were observed between arrays of four, six, eight or ten

items (P . 0.25 in all cases) in experiments three and four.

Figure 3 Mean amplitude and visual memory capacity. a, Mean amplitude and visual

memory capacity across experiments two, three and four. Error bars reflect 95%

confidence intervals. b, The correlation between an individual subject’s memory capacity

and the increase in amplitude of delay activity between two- and four-item arrays.
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the second experiment were because of increases in the size of the
‘attentional spotlight’24, because supra-capacity arrays require a
larger spotlight than at- or below-capacity arrays, but show no
increases in amplitude.

The supra-capacity array sizes in these experiments provided
substantial increases in both the extent of executive processes and
the difficulty in performing the task. For example, there was a 32%
reduction in accuracy between arrays of four and ten items, yet there
was no increase in the amplitude of the contralateral delay activity.
Furthermore, we also observed a more centrally distributed bilateral
wave during the task that was modulated by the number of items in
the memory array. However, in sharp contrast to the contralateral
activity, the amplitude of this bilateral wave continued to increase
significantly for arrays that exceeded memory capacity, suggesting
that it is sensitive to the amount of general effort involved in
performing the task21.

These results suggest that the contralateral delay activity indexes
the currently active representations maintained in visual memory;
that is, increasing in magnitude as the number of items increases,
but reaching a limit once visual memory capacity is exhausted. To
demonstrate this effect further, we quantified the mean amplitudes
for each array size for experiments two to four. As shown in Fig. 3a,
amplitude increased monotonically from one to three items, but
this increase levelled off at three items. We also computed visual
memory capacity estimates for each subject, using a standard
formula7,25. The mean capacity of the group was 2.8 items, which
is approximately when the memory delay activity reaches a limit.
This further supports the proposal that the specific limitation in
visual memory capacity determines when this delay activity reaches
a limit.

To gauge this relationship more finely, we examined the varia-
bility across individuals for each measure. That is, we assessed
whether a given individual’s memory capacity specifically dictates
when his or her delay activity reaches a limit. If so, one would expect
low-capacity subjects to reach the limit for smaller array sizes than
would high-capacity subjects. Unfortunately, it is difficult to deter-
mine precisely the limit with a categorical data set such as array size
(for example, there is no array size of 2.6). Instead, we computed the
amplitude increase between two items and four items per side for
each subject across all experiments, the logic being that the amount
of amplitude increase between these two array sizes should be
specifically determined by memory capacity. For example, when a
subject with a low capacity of 1.8 items is shown a two-item array,
capacity should be completely consumed with the amplitude reach-
ing a limit, resulting in little or no amplitude increase from two to
four items. In contrast, a subject with a high capacity of 4.5 items
would be expected to be well below the limit for a two-item array,
and should therefore show a large increase in amplitude for a four-
item array.

The magnitude of the amplitude increase between two and four
items was plotted as a function of each subject’s memory capacity in
Fig. 3b. These two measures were very strongly correlated (r ¼ 0.78;
P , 0.0001), with low-capacity subjects producing very little ampli-
tude increase and high-capacity subjects showing larger amplitude
increases. Importantly, an individual’s memory capacity was not
significantly correlated with either the amplitude increase between
arrays of four and six items or the absolute amplitude of activity for
a given array size.

These results show that the observed memory delay activity
indexes the maintenance of active representations in visual memory.
Moreover, they demonstrate a strong neurophysiological predictor
of visual memory capacity. That is, simply by measuring the
amplitude increase across memory array sizes, we could accurately
predict an individual’s memory capacity. Visual working memory is
thought to have a central role within cognition because it maintains
representations from the environment so that they may be acted on
or manipulated3,26. Indeed, an individual’s ability to perform many

high-level cognitive functions has been shown to be directly
influenced by his or her memory capacity5,27–29. These results
provide the first link between this important cognitive limitation
and neural activity. A

Methods
Twelve neurologically normal college students participated in each experiment (age range
of 21–33) and gave informed consent according to procedures approved by the University
of Oregon. Each of these observers performed 240 trials per condition in each experiment.
All stimulus arrays were presented within two 48 £ 7.38 rectangular regions that were
centred 38 to the left and right of a central fixation cross on a grey background
(8.2 cd m22). Each memory array consisted of 1–10 coloured squares (0.658 £ 0.658) in
each hemifield. Each square was selected at random from a set of seven highly
discriminable colours (red, blue, violet, green, yellow, black and white), and a given colour
could appear no more than twice within an array. Stimulus positions were randomized on
each trial, with the constraint that the distance between squares within a hemifield was at
least 28 (centre to centre). The colour of one square in the test array was different from
the corresponding item in the memory array in 50% of trials; the colours of the two
arrays were identical on the remaining trials. At the beginning of each trial, a central
arrow cue instructed the subjects to remember the items in either the left or the right
hemifield.

We computed visual memory capacity using a formula developed by Pashler23 and
refined by Cowan7. Essentially, this approach assumes that if an observer can hold K items
in memory from an array of S items, then the item that changed should be one of the items
being held in memory on K/S trials, leading to correct performance on K/S of the trials on
which an item changed. To correct for guessing, this procedure also takes into account the
false alarm rate. The formula is K ¼ S £ (H 2 F), where K is the memory capacity, S is the
size of the array, H is the observed hit rate and F is the false alarm rate.

ERPs were recorded in each experiment using our standard recording and analysis
procedures30, including rejection of trials contaminated by blinks or large (.18) eye
movements. We recorded from 22 standard electrode sites (international 10/20 system)
spanning the scalp. We computed contralateral waveforms by averaging the activity
recorded at right hemisphere electrode sites when subjects were cued to remember the left
side of the memory array with the activity recorded from the left hemisphere electrode
sites when they were cued to remember the right side. Contralateral delay activity was
measured at posterior parietal, lateral occipital and posterior temporal electrode sites as
the difference in mean amplitude between the ipsilateral and contralateral waveforms,
with a measurement window of 300–900 ms after the onset of the memory array.
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At any instant, our visual system allows us to perceive a rich and
detailed visual world. Yet our internal, explicit representation of
this visual world is extremely sparse: we can only hold in mind a
minute fraction of the visual scene1,2. These mental represen-
tations are stored in visual short-term memory (VSTM). Even
though VSTM is essential for the execution of a wide array of
perceptual and cognitive functions3–5, and is supported by an
extensive network of brain regions6–9, its storage capacity is
severely limited10–13. With the use of functional magnetic reso-
nance imaging, we show here that this capacity limit is neurally
reflected in one node of this network: activity in the posterior
parietal cortex is tightly correlated with the limited amount of
scene information that can be stored in VSTM. These results
suggest that the posterior parietal cortex is a key neural locus of
our impoverished mental representation of the visual world.

To investigate the neural basis of VSTM’s storage capacity limit,
17 subjects were scanned while performing a parametric load
manipulation14 of a delayed visual matching-to-sample task
(Fig. 1). On each trial, subjects were briefly presented with a sample
display containing one to eight coloured discs and, after a 1,200-ms
retention interval, decided whether a single probe disc matched
one of the sample discs in location and colour. A 1,200-ms delay
maximizes VSTM’s capacity: with delays shorter than 1 s, VSTM
capacity is inflated by sensory (iconic) representations of the dis-
play15, whereas long delays not only underestimate VSTM capacity
owing to memory degradation15, but also favour the recruitment of
rehearsal mechanisms and verbal/abstract recoding of the visual
material16. To minimize verbal strategies further, a verbal working-

memory/articulatory suppression task was administered concur-
rently with the VSTM task: throughout the trial, subjects rehearsed
two digits presented at trial onset and reported them at trial offset.
Performance in this task was high and independent of VSTM set size
(92–94% accuracy across set sizes; F 5,80 ¼ 0.64, P ¼ 0.67), attesting
to the absence of a trade-off between the verbal and visual tasks, as
predicted from the independence of these two working-memory
systems17,18.

Accuracy in the VSTM task declined with increased set size (set
size 1, 97.7%; set size 2, 94.2%; set size 3, 90.0%; set size 4, 86.2%; set
size 6, 73.3%; set size 8, 68.5%). The number of objects encoded at
each set size, estimated with Cowan’s K formula11, increased up to
set size 3 or 4, and levelled off thereafter (Fig. 2; t-test between set
sizes 4 and 8, P . 0.05). This behavioural function is fitted
significantly better by a quadratic function than by a linear function
(P ¼ 0.01)19. Thus, VSTM storage capacity is about three or four
items, which is consistent with previous studies11,13. Importantly,
this capacity limit is not due to insufficient time to encode items in
VSTM4. Tripling the sample presentation time from 150 to 450 ms
in a separate experiment did not affect the K function (n ¼ 16,
P ¼ 0.28), an observation consistent with previous findings12,13. The
VSTM task therefore expresses the capacity limit of VSTM storage
as opposed to a limitation in spatially attending to the display or
encoding items in VSTM.

The brain substrates mediating VSTM’s storage capacity limit
should demonstrate a response profile paralleling the behavioural K
function: activation should increase until set size 3 or 4 and level off
thereafter. To isolate such regions, a voxel-based multiple regression
analysis with K-weighted set size coefficients was performed. The
resulting statistical parametric maps revealed a single bilaterally
symmetric area in the intraparietal and intraoccipital sulci (IPS/
IOS; P , 0.05 corrected). Time-course analysis (Fig. 3a) confirmed
a strong correlation between the IPS/IOS peak response amplitude
and the number of objects encoded (r ¼ 0.54, P , 0.001; Fig. 2).
The peak blood oxygenation level-dependent (BOLD) response
function reached a plateau by set size 4 (t-test between 4 and 8,
P , 0.05) and was better described by a quadratic function than by
a linear function (P , 0.01). This parietal activation is not simply
related to task difficulty: accuracy decreased and reaction

Figure 1 Trial design. Each trial began with the auditory presentation of two digits to be

rehearsed throughout the trial. A sample display containing a variable number of

coloured discs was then presented for 150 ms, followed by a 1,200-ms retention period,

and then by a single coloured probe disc. Subjects judged whether the colour of the probe

matched the colour of the disc shown at the same position in the sample display.

Afterwards, two digits appeared and subjects indicated whether these were the same as

those presented at trial onset.
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