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Dissociable neural mechanisms supporting visual
short-term memory for objects
Yaoda Xu1 & Marvin M. Chun1

Using visual information to guide behaviour requires storage in a
temporary buffer, known as visual short-term memory (VSTM)1,
that sustains attended information across saccades and other
visual interruptions. There is growing debate on whether VSTM
capacity is limited to a fixed number of objects2,3 or whether it is
variable4,5. Here we report four experiments using functional
magnetic resonance imaging that resolve this controversy by
dissociating the representation capacities of the parietal and
occipital cortices. Whereas representations in the inferior intra-
parietal sulcus (IPS) are fixed to about four objects at different
spatial locations regardless of object complexity, those in the
superior IPS and the lateral occipital complex are variable, track-
ing the number of objects held in VSTM, and representing fewer
than four objects as their complexity increases. These neural
response patterns were observed during both VSTM encoding
and maintenance. Thus, multiple systems act together to support
VSTM: whereas the inferior IPS maintains spatial attention over a
fixed number of objects at different spatial locations, the superior
IPS and the lateral occipital complex encode and maintain a
variable subset of the attended objects, depending on their com-
plexity. VSTM capacity is therefore determined both by a fixed
number of objects and by object complexity.
Behavioural studies have reported that VSTM can store up to

about four objects independent of the number of features that must
be encoded for each object3, indicating that VSTM capacity might
be limited to a fixed number of objects3. However, new evidence
shows that fewer than four objects are held in VSTM when object
complexity increases4,5, indicating that VSTM capacity is variable
and modulated by the complexity of visual objects encoded5.
A network of brain areas supports VSTM (that is, visual working

memory), including the frontal/prefrontal, parietal and occipital
cortices6–19. Although the frontal/prefrontal cortex shows increased
activity with memory load9, a recent study indicates that the
(superior) IPS might have the most important function in determin-
ing VSTM capacity for visual objects17,18, because functional mag-
netic resonance imaging (fMRI) activations within this region
correlated most strongly with the number of objects held in VSTM
(see also a related electrophysiological study19). However, these
recent findings do not address the fundamental debate over whether
neural processing capacity is limited by a fixed number of objects or
whether it varies with increasing visual object complexity2–5. In
addition, although the role of the frontal/prefrontal cortices in the
control and maintenance of VSTM has been well described7–14,
the nature of VSTM object representation in occipital and other
parietal regions is less well understood and deserves further
investigation6,11,15,16.
The occipital visual areas have been frequently reported to be

involved in VSTM tasks9–13,16, revealing that VSTM storage may
be mediated by the same brain structures processing perceptual

information15,16. Among the different visual areas, the lateral occipi-
tal complex (LOC) is important in visual object perception such that
it exhibits higher activations for objects than for noise images20–22 and
participates in successful visual object recognition23. Whether LOC
activity directly correlates with the number of objects successfully
retained in VSTM, however, has not been thoroughly established.
Besides LOC, a higher activation for objects than for noise images

has also been reported in the inferior IPS, which has been attributed
to greater visual attention to objects than to noise images22. Although
previous research has indicated that parietal attention mechanisms
are involved in VSTM for spatial information12,24, given that atten-
tion is essential in VSTM for objects as well, the role of the parietal
attention mechanisms in maintaining visual objects requires more
detailed investigation.
To address these issues, using fMRI, we examined the roles of the

parietal and occipital cortices in VSTM for visual objects. In the first
experiment, observers were required to remember either simple or
relatively complex (but still easily discriminable) shape features from
the same set of objects. Observers viewed one to four, or six black,
elongated objects in a sample display and, after a brief delay, detected
a shape feature change in a test display. The simple and the relatively
complex (hereafter referred to as ‘complex’) shape features were
defined as the presence or absence of the hole in the centre of the
objects and object outlines, respectively (Fig. 1a).
To evaluate behavioural responses, we applied Cowan’s K

formula25 and transformed change detection accuracies to VSTM
capacity estimates as a function of display set size. To evaluate fMRI
responses, we used a region of interest (ROI) approach22 and
extracted averaged fMRI responses from three functionally defined
ROIs (Fig. 2a). The superior IPS ROI was defined as voxels whose
activations correlated with VSTM capacity in a separate colour
VSTM task (Supplementary Fig. 1a) and whose Talairach coordi-
nates26 matched those reported previously17. LOC and inferior IPS
ROIs were defined as regions in the lateral and ventral occipital cortex
and the inferior IPS region, respectively, revealing higher activations
for objects than for noise images (Supplementary Fig. 1b–d)20–22.
VSTM capacity was higher for simple than for complex features

(Fig. 2b), with a significant interaction between set size and feature
complexity (n ¼ 7, P , 0.001, analysis of variance, two-tailed; this
applies to all subsequent statistical tests except where noted). For
simple shape features, K values increased linearly with set size
(P , 0.01), differed among set sizes 2 to 6 (P , 0.001) and reached
a plateau at set size 4 (P . 0.18 for the differences between set sizes 4
and 6). For complex shape features, Kvalues did not increase with set
size (P . 0.14) and reached a plateau at set size 2 (P . 0.45 for the
differences among set sizes 2 to 6). The maximum VSTM capacity
was therefore about four objects for simple shape features and only
two objects for complex shape features.
fMRI activations in the superior IPS and LOC tracked the capacity
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estimates in behavioural performance, increasing with set size for
simple shape features (P , 0.01), but not for complex shape features
(P . 0.19) (Fig. 2b). Although their activations differed among set
sizes 2 to 6 for simple shape features (P , 0.05), they did not differ
for complex shape features (P . 0.54), with significant interactions
between set size and feature complexity (P , 0.05). Moreover, for
simple shape features, the increase in activations with set size in these
brain regions correlated with the increase in K values (P , 0.01). In
contrast, regardless of feature complexity, activations in the inferior
IPS increased from set sizes 1 to 4 (P , 0.01) and reached a plateau at
set size 4 (P . 0.17 for the differences between set sizes 4 and 6), with
no interaction between set size and feature complexity (P . 0.19)
(Fig. 2b). Thus, whereas activations in the inferior IPS tracked a fixed

Figure 1 | Example trials from experiments 1, 2 and 4. a, In experiment 1,
observers viewed the sample displays that consisted of a variable number of
black, elongated shapes arranged in a circle, and after a brief blank delay they
detected a possible change in the test display at the probed location. In the
test display, either a simple feature (presence or absence of the hole in the
centre) or a complex shape feature (shape outline) could change.
b, Experiment 2 was identical to experiment 1, except that each complex
object was constructed by attaching two simple objects together. c, In
experiment 4, observers viewed a variable number of different black objects
simultaneously, sequentially at different off-centre locations, or sequentially
at the same centre location, and judged whether the probe object in the test
display was present in the sample display (sequence).

Figure 2 | Results from experiments 1, 2 and 4. a, Superior IPS (green),
LOC (red) and inferior IPS (orange) ROIs from an example observer in
experiment 1. The IPS itself is highlighted in magenta. The averaged
Talairach coordinates (x, y, z) for the ROIs are as follows: right/left,þ23/221
252/266 þ 45/þ42 for the superior IPS,þ26/221280/285 þ 30/þ26 for
the inferior IPS with off-centre presentation, þ26/225 265/270 þ 34/þ29
for the inferior IPS with centred presentation (experiment 4), þ 42/244
267/269 þ 3/þ8 for the LOC with off-centre presentation, and þ43/241
267/271 25/21 for the LOC with centred presentation (Experiment 4).
b–d, Averaged behavioural results and peak responses from the ROIs
examined in experiments 1 (b), 2 (c) and 4 (d) (means ^ within-subject
s.e.m.). In experiment 1, VSTM capacity was about four objects for simple
shape features (cyan) and only two objects for complex shape features
(orange). In experiment 2, VSTM capacity was about three for simple objects
(cyan) and 1.5 for complex objects (orange). In both experiments, whereas a
fixed object capacity was observed in the inferior IPS, a variable object
capacity tracking the number of objects held in VSTM was observed in the
superior IPS and the LOC as object complexity changed. In experiment 4,
VSTM capacity was about three objects in all three display conditions: blue,
simultaneous off-centre; green, sequential off-centre; red, sequential
centred. Whereas responses in the superior IPS and the LOC tracked VSTM
capacity in all three display conditions, those in the inferior IPS did so only
when objects appeared in different spatial locations. When objects appeared
sequentially at the same central location, however, IPS responses did not
vary with set size.
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number of objects regardless of object complexity, those in the
superior IPS and LOC followed the actual number of objects held
in VSTM as object feature complexity changed. Our left superior and
inferior IPS ROIs coincide with the region whose activity has been
shown to correlate with individual differences in VSTM capacity18.
Because the encoding of simple shape features required a binary

discrimination of hole presence or absence at the centre of each
shape, observers could have successfully performed the VSTM task
by encoding and remembering only the hole-present (or the hole-
absent) shapes without retaining features from the other shapes. This
potential grouping strategy could therefore have inflated the esti-
mated VSTM capacity and obscured the corresponding brain acti-
vations. Although this strategy would only have reduced the
differences between set sizes, inconsistent with the pattern of fMRI
results reported above, to test this grouping hypothesis directly we
conducted a second fMRI experiment that replicated the design of
the first experiment with uniquely different simple and complex
objects constructed from the same set of shape features (Fig. 1b).

As expected, behavioural VSTM capacity was higher for simple
than for complex objects (Fig. 2c), with a significant interaction
between set size and object complexity (n ¼ 10, P , 0.01). For
simple objects, K values increased with set size (P , 0.05), differed
among set sizes 2 to 6 (P , 0.01), and reached a plateau at set size 3
with Kvalues about 3 objects (P . 0.29 for the differences among set
sizes 3, 4 and 6). For complex objects, K values did not increase with
set size (P . 0.62) and reached a plateau at set size 2 with K values
about 1.5 objects (P . 0.49 for the differences among set sizes 2 to 6).
The maximum VSTM capacity was therefore about three objects for
simple objects and about 1.5 objects for complex objects.
Replicating the first experiment, superior IPS and LOC activations

differed among set sizes 2 to 6 for simple objects (P , 0.05), but
not for complex objects (P . 0.73 for superior IPS, and P . 0.067
for LOC; the marginally significant difference was driven by the
inexplicably high activation for set size 6 compared with otherwise
similar activations among set sizes 2 to 4, P . 0.28). The interactions
between set size and object complexity in these areas were significant
(P , 0.05). Moreover, for simple objects, the increase in activations
with set size in these brain regions correlated with the increases in K
values (P , 0.05). In contrast, regardless of object complexity,
activations in the inferior IPS increased from set sizes 1 to 4
(P , 0.001) and reached a plateau at set size 4 (P . 0.16 for the
differences between set sizes 4 and 6), with no interaction between set
size and object complexity (P . 0.56) (Fig. 2c). Thus, even after
grouping cues were removed, the results of the second experiment
mirrored those of the first experiment, showing a fixed object
capacity in the inferior IPS and variable, complexity-dependent
object capacity in the superior IPS and the LOC.
It is possible that the lower VSTM capacity for the complex objects

was due to perceptual processing limitations rather than memory
limitations. To test this hypothesis we conducted a behavioural
experiment that provided more time for perceptual processing.
Using the complex objects from the second experiment, we found
that VSTM capacity did not improve whether the encoding time for
four objects was 200 or 500ms (n ¼ 6, P . 0.82; K ¼ 1.90 and
K ¼ 1.85, respectively) or whether four objects were presented
simultaneously for 200ms or sequentially two at a time for 200ms
with a 500-ms blank interval in between. In fact, simultaneous
presentation was better than sequential presentation (n ¼ 6,
P , 0.05; K ¼ 1.90 and K ¼ 1.60, respectively). These results indi-
cate that the reduced VSTM capacity for complex objects was due to
limitations in VSTM rather than perception.
To dissociate whether brain activations observed so far reflect

VSTM encoding, maintenance, or retrieval and comparison, in a
third fMRI experiment we presented either one, two or four complex
objects from the second experiment (Fig. 1b) and asked observers to
maintain the objects over an extended 8,300-ms delay9,10,17. Acti-
vations in the LOC and the superior IPS differed between set sizes 1
and 2 and between set sizes 1 and 4 (n ¼ 8, P , 0.05) but not
between set sizes 2 and 4 (P . 0.18) during both encoding and
maintenance (Fig. 3a, b). These differences were largely maintained
in the superior IPS during retrieval (P , 0.05 between set sizes 1 and
2, P , 0.079 between 1 and 4, and P . 0.64 between 2 and 4), but
not in the LOC (P . 0.18 for the overall differences among set sizes).
Activations in the inferior IPS differed between set sizes 1 and 2,
between 1 and 4, and between 2 and 4 (P , 0.05) during both
encoding andmaintenance, and these differences were partly retained
during retrieval (Fig. 3c, P , 0.092 between set sizes 1 and 4, P , 0.05
between 2 and 4, and P . 0.87 between 1 and 2). These results indicate
that brain activations observed in the first two fMRI experiments
mainly reflected activations during VSTM encoding and mainten-
ance, consistent with a previous finding on the superior IPS17.
Finally, to examine whether LOC and IPS activations during

VSTM tasks track object identity or simply the locations occupied
by objects in the display and inmemory, we conducted a fourth fMRI
experiment that varied whether objects shared the same or different

Figure 3 | Results from experiment 3. Activations (means ^ within-subject
s.e.m.) from the superior IPS (a), the LOC (b) and the inferior IPS (c). The
blue and the yellow arrows indicate onsets of the sample and the test object
displays, respectively. Behavioural capacity estimate K values were 0.92
(with a within-subject s.e.m. of 0.14), 1.30 (0.12) and 1.14 (0.22) for set sizes
1, 2 and 4, respectively. Whereas activations in the superior IPS and the LOC
followed Kvalues and increased from set sizes 1 to 2 and reached a plateau at
set size 2 during both VSTM encoding and maintenance, those in the
inferior IPS increased as set size increased from 1 to 4 during both VSTM
encoding and maintenance.
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spatial locations. One to four, or six, different black objects were
presented in one of three ways: simultaneously, sequentially at
different off-centre locations, or sequentially at the same centre
location. The task was to judge whether the probe object in the test
display was present in the sample display. Because the probe object
always appeared at the centre of the test display, only VSTM for object
identities but not their locations was needed for this task (Fig. 1c).
For all three presentation conditions, K varied significantly with set
size (n ¼ 7, P , 0.01), increased as set size increased from 1 to 3
(P , 0.05) and reached a plateau at set size 3 (P . 0.46 for the
differences among set sizes 3, 4 and 6), with no differences between
the different conditions (P . 0.92). VSTM capacity was therefore
about three objects for all three presentation conditions.
To account for differences in eccentricity for centred and off-centre

presentations, we separately localized the part of the LOC and the
inferior IPS that respond to centred and off-centre presentations
(Supplementary Fig. 1d). Regardless of whether objects occupied the
same or different spatial locations, fMRI responses in the superior
IPS and LOC varied with set sizes (P , 0.06 for LOC in the
simultaneous condition and P , 0.05 for all others) and correlated
with the corresponding K values (P , 0.05) in all three presentation
conditions. However, inferior IPS exhibited a similar response
pattern only when objects appeared at different spatial locations
regardless of simultaneous or sequential presentation (P , 0.05).
When objects appeared sequentially at the same central location,
however, inferior IPS responses did not vary with set size (P . 0.45).
Overall LOC responses were greater for centred (fovea) than off-
centre presentations (P , 0.073), whereas the opposite was true for
superior IPS and inferior IPS responses (P , 0.05 and P , 0.093,
respectively). These results indicate that the LOC represents the
visual objects held in VSTM and some object location information,
as indicated by the object location eccentricity effect in Fig. 2d. In
contrast, inferior IPS representations during VSTM are more spatial
in nature27, automatically indexing a fixed number of objects by
means of their locations, even when the encoding of spatial location
is not required. Meanwhile, responses in the superior IPS in this task
resembled both those of the LOC (with responses correlating to the
number of objects held in VSTM) and those of the inferior IPS (with
a lower overall response for centred than off-centre presentations),
indicating that both object identity and some location information
might be represented in this brain area during VSTM27.
Together, our data from four fMRI experiments indicate dissoci-

able neural mechanisms in the superior and the inferior IPS and the
LOC that work in parallel to support VSTM during visual object
encoding and maintenance. Regardless of object complexity, inferior
IPS representations are limited by a fixed number of objects at
different spatial locations, indicating a possible spatial indexing
mechanism that maintains spatial attention over a fixed number of
objects at different spatial locations during both encoding and
maintenance of VSTM. Consistent with its role in attention28,29,
this mechanism may select and determine the maximum number of
objects that can be maintained in VSTM and possibly other capacity-
limited visual tasks such as subitizing and multiple object track-
ing25,30. In contrast, the representations in the LOC and the superior
IPS are not limited by a fixed number of objects, but rather by object
complexity and the total amount of visual information encoded,
indicating that these brain areas participate in the detailed represen-
tation of visual objects in VSTM during both encoding and main-
tenance. Thus, VSTM capacity is determined both by a fixed number
of objects and by object complexity. These findings not only clarify
how parietal and occipital cortices mediate VSTM but also help to
resolve a central debate over what determines VSTM capacity2–5.

METHODS
In experiment 1, nine observers viewed elongated and tilted black objects in a
sample display and, after a brief delay, detected a shape feature change in the test
display at the probed location in 50% of the trials (Fig. 1a). In different task

blocks, observers encoded either simple shape features (the presence or absence
of a hole in the shape) or complex shape features (shape outlines). In experiment
2, each complex object was constructed by attaching a cap-like simple object to a
stem-like simple object4. Twelve observers encoded either simple or complex
objects (Fig. 1b). In experiment 3, nine observers retained the complex objects
used in experiment 2 for an extended memory delay period. In experiment 4,
eight observers encoded objects that were presented simultaneously, sequentially
at different off-centre locations, or sequentially at the same centre location, with
the probe object always appearing at the same centre location (Fig. 1c).

MRI data were acquired from a Siemens Trio 3T scanner and analysed with
BrainVoyager QX 1.3 (http://www.brainvoyager.com). After defining the ROIs
separately in each observer, we overlaid the ROIs onto the MRI data from our
VSTM experiment and extracted time courses from each observer. The resulting
peak responses were then averaged across observers. Behavioural data collected
during the scans were transformed to VSTMcapacity estimates by using Cowan’s
K formula25: K ¼ (hit rate þ correct rejection rate 2 1) £ (display set size).

More details of the experiments are available in Supplementary Methods.
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