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Short-term visual memory has been widely studied
in humans and animals using delayed matching para-
digms. The present study used positron emission to-
mography (PET) to determine the neural substrates of
delayed matching to sample for complex abstract pat-
terns over a 5-s delay. More specifically, the study
assessed any differential neural response associated
with remembering individual perceptual properties
(color only and shape only) compared to conjunction
between these properties. Significant activations asso-
ciated with short-term visual memory (all memory
conditions compared to perceptuomotor control) were
observed in extrastriate cortex, medial and lateral
parietal cortex, anterior cingulate, inferior frontal
gyrus, and the thalamus. Significant deactivations were
observed throughout the temporal cortex. Although
the requirement to remember color compared to shape
was associated with subtly different patterns of blood
flow, the requirement to remember perceptual conjunc-
tions between these features was not associated with
additional specific activations. These data suggest that
visual memory over a delay of the order of 5 s is mainly
dependent on posterior perceptual regions of the cor-
tex, with the exact regions depending on the percep-
tual aspect of the stimuli to be remembered. o 1998
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INTRODUCTION

Most studies of visual memory involve complex,
multidimensional stimuli. For example, in studies of
object memory, the stimuli typically include color, shape,
and spatial location as well as inherent semantic
properties. Even in studies of word recognition or
recall, the stimuli include complex visual patterns as
well as semantic and phonological dimensions. An
effective application of functional imaging studies has
been to unconfound different types of memory (e.g.,
semantic compared to episodic) and different subpro-
cesses of memory (e.g., learning, storage, and re-
trieval). In this study, we used a simple visual recogni-
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tion task in an attempt to determine the neural
mechanisms associated with short-term recognition of
different perceptual dimensions of stimuli.

The study necessitated the design of complex stimuli,
which could subsequently be distinguished on the basis
of color alone, shape alone, or the conjunction between
these two perceptual dimensions. This task is closely
based on the delayed matching to sample (DMTS)
paradigm which has been widely used in experimental
animal studies and the stimuli were closely based on
those used in the DMTS test from the CANTAB battery
(e.g., Robbins et al., 1994). Importantly, it is a trial-
unique version of the paradigm such that all target
stimuli are novel. In the typical DMTS experiment,
animals are presented with an object and, after a
variable delay period, must select the target object from
a choice of alternatives. Successful performance of this
task has been shown to depend on inferior temporal
regions (Gross, 1973; Mishkin, 1982; Horel et al., 1987)
as well as posterior perceptual cortex. There may also
be an involvement of medial temporal lobe structures
(Zola-Morgan and Squire, 1985; Mishkin and Murray,
1994 for review), particularly the rhinal cortex (Zola-
Morgan et al., 1989; Murray, 1992; Meunier et al.,
1993). However, it has been argued that medial tempo-
ral structures are only involved at relatively long
delays (Alvarez et al., 1992, 1995). In human subjects
medial temporal lobe damage typically results in long-
term rather than short-term memory deficits (e.g.,
Milner, 1970). However, using the same paradigm as in
the present study, Owen et al. (1995) found that neuro-
surgical patients with temporal lobe lesions or more
restricted bilateral amygdalo-hippocampectomies
showed pronounced impairments on this task, even at
the shortest delays.

There have been numerous recent functional imag-
ing studies of recognition memory processes, where
there is no requirement to perform elaborative process-
ing of stimuli or to process intervening material (e.g.,
Jonides et al., 1993; Roland and Gulyas, 1995; Goldberg
etal., 1996; Baker et al., 1996; Owen et al., 1996). In all
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these studies, the memory conditions were associated
with activation in a network of structures. The exact
prefrontal and posterior cortical areas and subcortical
structures activated by these studies depended on the
nature of the stimulus input (abstract shapes, familiar,
objects, spatial locations), the length of the delay, and
the nature of the baseline condition.

While many of these studies implicitly considered
memory for multidimensional stimuli, they did not
explicitly address memory for conjunctions of visual
features compared to single features alone. Functional
imaging studies of perceptual conjunctions have been
confined to the domain of attention. For example Cor-
betta et al. (1991) found that the requirement to divide
attention between perceptual features rather than
selectively attend particular features was associated
with increased activation in the anterior cingulate and
right dorsolateral prefrontal cortex. Rees et al. (1997)
also found activation of the right dorsolateral prefron-
tal cortex when attention to conjunctions was compared
to attention to features.

The present study aimed to extend the study of
perceptual conjunctions to the mnemonic domain to
assess the hypothesis that short-term visual memory is
associated with activation within a network of poste-
rior cortical (visual areas and inferior temporal cortex)
and possibly prefrontal structures. On the basis of
findings from studies of attention, we thought that
memory for feature conjunction rather than individual
features would be associated with predominantly right-
sided, prefrontal activation.

METHOD

Subjects

Six right-handed male volunteers aged between 23
and 40 were recruited. Subjects with any neurological
or psychiatric history were excluded. All subjects were
given a structural MRI scan prior to PET scanning and
the structural scan was checked to exclude abnormali-
ties. This scan and the subjects’ reported histories were
considered sufficient evidence of normality. Five of the
subjects were in full-time higher education and one was
employed as a systems analyst, indicating an above
average level of current cognitive functioning. The
study was approved by the local hospital ethics commit-
tee, and permission to administer radioactive sub-
stances was obtained from the Administration of Radio-
active Substances Advisory Committee (ARSAC) UK.
Informed written consent was obtained prior to the
study.

Cognitive Activation Paradigm

This experiment had a subtractive design with four
experimental conditions. In all conditions subjects were

presented with a test stimulus; all stimuli were com-
plex shapes made up of four differently colored subele-
ments (Fig. 1). After 2 s the test stimulus disappeared
and was replaced by a blank screen. Five seconds later
four choice stimuli were presented, one of which was
the original stimulus, the spatial location of the correct
stimulus varying randomly. Subjects had to identify the
original stimulus by pressing the response button on a
strip of four which corresponded to the spatial position
of the correct stimulus. They were given 5 s in which to
make this response (all subjects made all responses
within this time) before the next problem appeared.
Thus each trial took a total of 12 s and this was a fixed
interval. During each scan, a run of nine problems, all
from the same condition, were presented, beginning 30
s before scanning. Subjects were scanned 12 times with
three repetitions of each condition. The order of condi-
tions was counterbalanced within and between sub-
jects. Every individual problem was unique.

Condition 1: Color Only

In this condition, the shapes of the four choice stimuli
were all the same as that of the test stimulus but the
colors of the subelements differed. Therefore subjects
could perform the task by remembering the colors of the
test stimulus only.

Condition 2: Shape Only

In this condition, the colors of the four choice stimuli
were all the same as that of the test stimulus but the
shapes of the subelements differed. Therefore subjects
could perform the task by remembering the shapes of
the test stimulus only.

Condition 3: Conjunction Condition

In this condition, one of the incorrect choice stimuli
had the same shapes as the test stimulus but different
colors, one had the same colors but different shapes and
one had different colors and shapes. Therefore, in order
to perform this condition, subjects had to remember the

FIG. 1. An example of the test stimuli used. The four shades of
grey represent four different colors.
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conjunction of color and shape in the test stimulus,
since neither dimension alone uniquely defined the
correct response.

Condition 4: Perceptuomotor Control

In this condition, all four “choice” stimuli were identi-
cal and had no elements in common with the test
stimulus. Subjects were explicitly instructed not to
attempt to remember the test stimulus and were told to
respond to the appearance of the four “choice stimuli”
by pressing a prespecified response button which was
the same for the duration of the run. This control
condition was chosen to match the perceptual and
motor demands of the memory task as closely as
possible. A consequence of this was to introduce certain
possible confounds which cannot be explicitly ad-
dressed in this study. First, it is not possible to deter-
mine empirically the extent to which subjects complied
with the instruction not to remember the initial stimuli.
Second, this condition requires subjects to remember
which of four buttons to press, the effect of which
cannot be directly studied. However, these are minor
concerns which we did not consider to be critical.

PET Scanning Technique

Regional cerebral blood flow was measured with an
ECAT HR+ scanning system (CTI Siemens, Knoxville,
TN) in 3D mode with septa retracted. For each scan,
555 Mbq of H,®0O were flushed through a venous
cannula in the left antecubital vein with normal saline
over 20 s at a rate of 10 ml/min by an automatic pump.
After a delay of about 35 s, a rise in counts could be
detected at the head, peaking 30—-40 s later, varying for
individual subjects. The data were acquired during one
90-s frame, beginning 5 s before the rising phase of the
head curve. A total of 12 scans were performed at
intervals of 8 min. Correction for attenuation was made
by performing a transmission scan with an exposed 68
Ge/68 Ga external ring source before each session.
Images were reconstructed by filtered back projection
to give a resolution of approximately 6 mm at full width
half maximum and displayed in a 128 X 128 pixel
format with 43 planes rendering the voxels approxi-
mately cubic.

Data Analysis

Data were analyzed using Statistical Parametric
Mapping (SPM96, Wellcome Dept. of Cognitive Neurol-
ogy, London, UK). Scans were realigned using the first
as a reference and were subsequently transformed into
a standard space corresponding to the stereotactic atlas
of Talairach and Tournoux (1988). These normalized
images were smoothed with a 12-mm FWHM isotropic
Gaussian kernel.

This experiment had a subtractive design, in which

conditions could be compared to each other. Analysis
was carried out using the general linear model. The
conditions for each subject were specified in the appro-
priate design matrix which also included global activity
as a confounding covariate and can therefore be consid-
ered an ANCOVA. Effects at each and every voxel were
estimated according to the general linear model and
regionally specific effects were compared using linear
contrasts. The resulting set of voxel values for each
contrast constituted a statistical parametric map of the
t statistic (SPMIt}) which was then transformed to the
unit normal distribution, SPM|Z|. Statistical inferences
were based on the theory of random Gaussian fields
(Friston et al., 1995).

RESULTS

Performance Data

The mean percentage of problems solved correctly
and the mean response latencies under the three
memory conditions are shown in Table 1. This table
shows that the conjunction condition was not signifi-
cantly more difficult than the feature only conditions.
Interestingly, five of the six subjects reported finding
the shape only condition the most difficult and in fact,
performance on this condition was better than for color
only or conjunction.

The use of a perceptuomotor control task rather than
rest as the baseline condition in this task means that
the changes in rCBF which can be reported must be
thought of as relative activations or deactivations. For
example a deactivation associated with memory com-
pared to control says only that blood flow is lower in the
memory than the control condition. Whether this is due
to reduced blood flow in the memory task or increased
blood flow in the control task in relation to a rest state
cannot be addressed by the present design. Therefore
the rCBF changes described below should all be thought
of as relative differences in blood flow associated with
the different conditions.

rCBF Changes Associated with Memory Conditions
Compared to Control

This comparison combines the three different memory
conditions and compares them to the control condition

TABLE 1
Performance of Subjects Under the Three Memory
Conditions
Color only Shape only Conjunction
Percentage correct 83 91 85
Latency (ms) 4385 3588 4015
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in order to determine the general overall regions associ-
ated with recognition of colored shapes (Fig. 2).
Significant (P < 0.001) rCBF increases (relative acti-
vations) were observed mainly in posterior cortical
regions (Table 2). Specific regions activated included
the superior, medial, and inferior occipital gyri bilater-
ally (BA 18 and 19), the left inferior parietal lobe (BA
40), the posterior lateral portion of the precuneus
bilaterally (BA 7), the fusiform gyrus (BA 37), and
lingual gyrus bilaterally (BA 17/18). Frontal cortex
areas activated were regions of the left premotor cortex
(BA 4 and 6) extending to the anterior cingulate (BA 32)
and the left inferior (BA 44) frontal gyrus. Subcortical

TABLE 2

Coordinates of Maximal Significant Changes of rCBF
Between Memory Conditions and Perceptuomotor Control

Talairach
coordinates

Left/ Brodmanns —  Z

Region of activation right area X y z value
rCBF increases

Medial occipital gyrus R 19 32 -84 8 5.96
L 19 —34 -88 2 5093

Inferior occipital gyrus L 18 —-32 -84 —-10 5.61
R 18 38 -76 -6 4.34

Superior occipital gyrus L 19 —-30 —72 34 551
R 19 32 -78 28 5.23

Lingual gyrus R 17 20 —90 —14 5.19
L 17 -16 —90 4 417

Inferior parietal cortex L 40 —32 -50 56 4.68
Precuneus L 7 —22 —62 52 4.73
R 7 24 —72 48 551

Cerebellum R 0 —68 —24 521
L —42 —-62 —-20 4.74

L —22 —46 —-26 4.24

Fusiform gyrus L 19/37 —46 —56 —10 4.34
R 37 44 —-60 —12 3.73

Inferior frontal gyrus L 44 —42 14 26 4.64
Thalamus L —-16 —14 4 441
Premotor cortex L 6 —-20 2 48 432
Anterior cingulate L 32 -2 8 52 416

rCBF decreases

Superior temporal gyrus R 22 56 —44 8 7.10
R 39 60 —56 30 6.45

L 39 -50 —62 22 585

Medial temporal gyrus L 21 —-62 —16 —14 6.26
R 22 46 —14 4 8.42

Inferior temporal cortex L 20 —-62 —16 —20 5.31
R 20 56 6 —28 4.88

Hippocampus R 20 —12 —18 4.44
Amygdala L —-22 -6 —16 4.64
Anterior frontal cortex L 9 -2 54 22 6.08
Superior frontal gyrus R 9 20 52 30 5.80
Cerebellum L —26 —76 —34 5.46
R 26 —90 —36 5.17

Precuneus R 7 2 =54 34 422
L 7 -6 —58 32 4.06

Putamen R 28 2 8 3.88

Note. Z = 3.09 for P < 0.001.

areas activated were the left thalamus and medial and
lateral regions of the cerebellum bilaterally.

Significant (P < 0.001) rCBF decreases (relative de-
activations) were observed throughout the temporal
cortices bilaterally; in the superior (BA 22 and 39),
medial (BA 21 and 39), and inferior (BA 20) temporal
gyri (see Table 2). There were also deactivations, rela-
tive to control, in the anterior frontal cortex (BA 9)
extending ventrally to the orbitofrontal cortex (BA 11
and 25), the right superior frontal gyrus (BA 8), and the
left medial frontal gyrus (BA 8). Deactivations were
also observed in the precuneus bilaterally with foci
anterior and ventromedial to the foci of the activation.
Subcortical deactivations were seen bilaterally in the
posterior cerebellum, in the left amygdala, right hippo-
campus, and the right putamen.

rCBF Changes Revealed Through Comparisons
Between Different Memory Conditions (Table 3)

Conjunction compared to colour only. The only sig-
nificant (P < 0.001) activation associated with memory
based on conjunctions compared to memory for color
alone was in the depths of the sulcus separating the
inferior parietal and superior temporal cortices. Signifi-
cant activations associated with memory for color alone
compared to conjunction were observed in the inferior
frontal gyrus bilaterally (BA 44/45), the right superior
temporal gyrus (BA 22), left medial temporal gyrus (BA
21), and left hippocampus.

Conjunction compared to shape only. The only sig-
nificant (P < 0.001) activation associated with memory
based on conjunction compared to memory for shape
alone was in the ventrolateral cerebellum. Significant
activations associated with memory for shape alone
compared to conjunction were observed in the right
inferior frontal gyrus (BA 44/45), left premotor cortex
(BA 6), and anterior cingulate on the right (BA 32).
Posterior activations associated with shape alone com-
pared to conjunction were observed in the right supe-
rior temporal gyrus (BA 22), left inferior temporal
cortex (BA 20), right medial occipital gyrus (BA 18),
right inferior parietal cortex (BA 40), and anterior
medial precuneus (BA 7) on the right.

Conjunction compared to single features only (Fig. 3).
The sole activation associated with memory based on
conjunction compared to memory for single features
(color and shape conditions combined) was in the
ventrolateral cerebellum. Significant activations associ-
ated with memory for single features compared to
conjunction were observed in the right inferior frontal
gyrus (BA 44/45), left premotor cortex (BA 6), and right
anterior cingulate (BA 32). Posterior activations were
observed in regions of the right superior temporal
gyrus (BA 22), the left inferior temporal gyrus (BA 20),
the anterior medial precuneus (BA 7) on the right and
the left lingual gyrus (BA 18). There was also a
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TABLE 3

Coordinates of Maximal Significant Changes of rCBF
Between Different Memory Conditions

Talairach
coordinates
Left/ Brodmann's — Z
Region of activation right area X y z value
Conjunction-color
Sulcus separating infe-
rior parietal and supe-
rior temporal cortices L -30 —-34 26 3.90
Color-conjunction
Inferior frontal gyrus R 44/45 46 16 16 4.66
L 44 -54 10 10 348
Superior temporal gyrus R 22 44 —-48 20 3.93
Medial temporal gyrus L 21 —48 —-44 2 357
Hippocampus L -36 —-12 -8 348
Conjunction-shape
Ventrolateral cerebellum L —48 —60 —46 3.49
Shape-conjunction
Superior temporal gyrus R 22 44 —-48 20 544
Inferior temporal cortex L 20 —40 —-10 —-18 3.83
Medial occipital cortex R 18 24 —-86 20 454
Inferior parietal cortex R 40 64 —28 44 4.05
Precuneus R 7 10 -58 30 3.89
Premotor cortex L 6 —-20 4 52 416
Anterior cingulate R 32 18 10 44 4.13
Inferior frontal cortex R 44/45 46 16 16 3.80
Conjunction-features
Ventrolateral cerebellum L —-48 —-60 —44 3.09
Features-conjunction
Superior temporal gyrus R 22 44 —-48 20 531
Hippocampus L -36 —12 -10 3.72
Inferior temporal cortex L 20 -30 —-20 —-32 358
Precuneus R 7 10 -56 30 3.58
Lingual gyrus L 18 -2 —68 6 352
Inferior frontal gyrus R 44/45 446 16 16 4.79
Premotor cortex L 6 -20 6 52 367
Anterior cingulate R 32 20 10 44 338
Color-shape
Inferior frontal gyrus L 44 —-26 20 50 3.18
Lingual gyrus L 18 -16 -94 -8 31
Shape-color
Anterior cingulate R 32 16 4 44 430
Inferior parietal cortex R 40 66 —28 44 457
Medial occipital cortex R 19 22 —-86 24 421
L 19 —-20 —-74 34 408
Precuneus R 7 2 —78 54 3.66
Cerebellum R 14 -50 -6 3.96

Note. Z = 3.09 corresponds to P < 0.001.

significant activation in the left hippocampus which,
adjusted blood flow values showed, was due to rela-
tively decreased blood flow in the conjunction condition
compared to the other three conditions (Fig. 3b).

Color compared to shape. The only significant
(P < 0.001) activations associated with memory for
color alone compared to memory for shape alone were
in the left inferior frontal gyrus (BA 44) and the left
lingual gyrus (BA 18). Significant activations associ-
ated with memory for shape only compared to color only

were seen in the right anterior cingulate (BA 32), right
inferior parietal cortex (BA 40), regions of the medial
occipital gyrus (BA 19) bilaterally, posterior medial
precuneus (BA7), and right cerebellum.

DISCUSSION

This study demonstrated that an extensive network
of mainly posterior cortical structures are involved in
short-term visual memory for abstract patterns. The
requirement to remember different perceptual features
of the stimuli was associated with subtle differences in
activations within this network. Interestingly memory
for feature conjunction was not associated with specific
activations relative to single feature conditions, whereas
memory for a particular feature was associated with
specific activations relative to the conjunction condi-
tion.

The involvement of visual areas in short-term memory
for abstract patterns is not a novel observation. In a
study of memory for complex geometric patterns, recog-
nition of previously learned patterns compared to rest
involved activation of 18 overlapping fields of the
occipital and parietal cortex (Roland and Gulyas, 1995).
Activation of many of the same areas in the present
study suggests that these regions are involved in
memory rather than simply perception of stimuli, since
the control task was perceptually matched. However, it
should be noted that the memory conditions were likely
to be associated with more eye-movements than the
control condition. These were not measured explicitly
and are a potential confound of the study design. The
posterior cortical activations in the present study are
far more extensive than those reported in studies of
delayed response (Jonides et al., 1993; Baker et al.,
1996) which probably reflects the much greater complex-
ity of the stimuli in the present study.

Prefrontal activations associated with the require-
ment to remember visual stimuli in this study are
confined to the premotor cortex, anterior cingulate, and
inferior frontal gyrus (BA 44) all on the left. The
left-sided premotor activation cannot be due simply to
the execution of a right-hand motor response since the
same response is made in the control task. In the
control task, however, the response is fully prespecified,
whereas in the memory conditions the spatial location
of the response is only determined when the choice of
stimuli appear. This premotor activation may repre-
sent preparatory activity associated with a response
which is not fully specified. It is consistent with activa-
tions observed in other studies with delayed response
paradigms (Jonides et al., 1993; Goldberg et al., 1996;
Baker et al., 1996). Activity in the anterior cingulate
has been associated with many paradigms requiring
selective attention and response selection (Pardo et al.,
1990; Friston et al., 1991; Corbetta et al., 1993), includ-



NEURAL RESPONSE IN SHORT TERM MEMORY 19

a b

sagittal caronal sagittal coronal

FIG. 2. (a) The activations associated with all three memory conditions compared to the control condition in the form of a statistical
parametric map of the t statistic [after transformation to a SPM(Z)], thresholded at uncorrected P < 0.001. (b) The corresponding
deactivations. The SPMs are displayed as maximum intensity projections viewed from the right, the back, and the top, respectively.

d

FIG. 3. (a) The relative activations associated with the single feature conditions compared to the conjunction condition. These
“activations” may also represent relative deactivations associated with the conjunction condition compared to single features. This is the case
for temporal lobe structures including the left hippocampus, as shown by plotting adjusted blood flow values (b). The adjusted response,
indicative of regional cerebral blood flow, is based on normalized counts and this graph shows the relative counts associated with each
condition. Since the numbers represent relative counts, there are no associated units.
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ing delayed response tasks. The region of the inferior
frontal gyrus activated here has also been activated in
previous studies using delayed response paradigms
(e.g., Goldberg et al., 1996) and there is evidence that it
is involved in the encoding rather than the retrieval of
visual features.

Unlike earlier studies (Roland and Gulyas, 1995;
Baker et al., 1996), we did not see activation of the
dorsolateral prefrontal cortex. However, both these
studies required subjects to remember stimuli for much
longer delays than in the present study. Our results in
this respect are similar to the delayed response study of
Jonides et al. (1993) which, using a 3-s delay, also failed
to show dorsolateral prefrontal cortex activation. Ani-
mal evidence suggests that prefrontal involvement in
delayed response tasks is a function of the duration of
the delay (e.g., Miller and Orbach, 1972).

A theoretical basis for our findings is provided by a
series of studies by Phillips (1974) who characterized a
short-term visual memory system (STVS) which is
qualitatively distinct from both iconic memory and
long-term visual memory. This STVS is thought to be a
type of memory where recent visual events are actively
visualized, is dependent on attention for active mainte-
nance, and persists for delays of the order of 10 s in the
absence of intervening distracters. Visual memory over
longer delays than this requires converting a viewer-
centered representation into a structural description.
The findings of the present study suggest that such a
short-term posticonic visual memory system may be
subsumed mainly by perceptual systems of the cerebral
cortex with prefrontal activation becoming necessary
only when longer term retention is required.

A noteworthy finding is relative deactivation of re-
gions of the lateral and medial temporal cortex, includ-
ing hippocampus, associated with visual memory. As
discussed in the introduction, performance of DMTS
paradigms is thought to critically depend on intact
inferior and, more controversially, medial temporal
lobe structures in animals and man. The present study
is consistent with the suggestion that it may be deacti-
vations within these regions that are essential to
successful performance. Lueschow et al. (1994) de-
scribed two different short-term memory mechanisms
in the inferotemporal cortex, involving suppression and
enhancement, respectively. The suppressive mecha-
nism is seen in “simple stimulus repetition,” a feature
of tasks where animals respond automatically to any
repetition of a stimulus within a trial. The DMTS
paradigm, with trial unique stimuli, used here, is an
example of such a task. While the physiological nature
of deactivations in PET studies are incompletely under-
stood, it is certainly plausible that they may reflect
suppressive neural mechanisms of this kind.

The direct comparisons between the three memory
conditions revealed subtle feature-specific differences.

When the conjunction condition was compared with the
feature only conditions, the main differences were
relative deactivations in the feature conditions. The
absence of specific activations associated with conjunc-
tions was a somewhat surprising finding. In previous
studies of perceptual conjunctions using sustained at-
tentional paradigms, attention to conjunctions rather
than features has been associated with relatively re-
stricted foci of activity in the prefrontal cortex (Cor-
betta et al., 1991; Rees et al., 1997). While we have no
clear explanation for our failure to find activation in
such a region, it may be due to the relative difficulty of
different conditions. In the attentional studies, the
conjunction conditions are subjectively the most diffi-
cult while in the memory task of the present study,
none of the subjects found the conjunction condition
harder than the single features conditions. In fact the
shape only condition was subjectively the most difficult
and it was this condition that was associated with
anterior cingulate activity.

Comparison of the feature only conditions with the
conjunction condition revealed distinct patterns of acti-
vation. This is consistent with the findings of the
selective/divided attention study of Corbetta et al.
(1991). Activation of the left inferior frontal gyrus (BA
44) was associated with memory for color compared to
conjunction and also color compared to shape. This is
consistent with the argument that activation of this
region in short-term memory tasks indicates that ver-
bal rehearsal of information is taking place (Goldberg
et al., 1996). The color only condition is likely to involve
more verbal rehearsal since colors are more readily
verbalizable than the complex shapes in these stimuli.
Memory for either perceptual feature compared to
conjunction was also associated with activations in
regions of the temporal lobe. However, adjusted blood
flow values in these regions suggested that these effects
were due to greater relative deactivation compared to
the control condition for conjunction rather than greater
activation for feature only conditions. A recent paper
studying attentional conjunction (Rees et al., 1997),
and using a parametric design which allowed the
authors to report absolute deactivations, also found
temporal deactivations associated with conjunctions
compared to single features, suggesting this mecha-
nism may be an important component in processing
perceptual conjunctions.

Memory for shape compared to conjunction also
activated a region of the right anterior cingulate, an
activation also seen when shape was compared to color.
Blood flow in the anterior cingulate was higher in the
shape alone condition compared to each of the other
conditions. This region of the right cingulate has also
been implicated in tasks such as the Stroop where
subjects must overcome perceptual interference in or-
der to select a response (Pardo et al., 1990). It is
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possible that this activation represents such an effect
since performance of the shape only condition requires
subjects to disengage attention from the more salient
attribute of the stimuli, color (Robbins et al., 1994).

These comparisons between memory conditions also
identified posterior cortical regions associated with the
memory for specific perceptual dimensions. Memory for
color differentially activated the left lingual gyrus
which is consistent with the finding of Corbetta et al.
(1991) that this region is involved in selective attention
to color. Memory for shape differentially activated a
region of the medial occipital gyrus and the right
inferior parietal cortex and precuneus. These activa-
tions are more extensive than those reported in selec-
tive attention to shape by Corbetta et al. (1991) though
it should be noted that the shapes used in the present
study were much more complex. It is also possible that
eye movements are contributing to the parietal activa-
tions since the discrimination of the shapes requires
more local processing of detail than the discrimination
of colors. The design of this study does not enable us to
unconfound component processes of short-term memory;,
therefore these feature-specific activations may be asso-
ciated with encoding, retention, recognition, or all of
these.

The most striking feature of this study is that it
indicates that a network of posterior structures can
mediate short-term visual memory. These results sup-
port an account of a short-term visual memory system,
analogous to the short-term visual store (Phillips, 1974;
Humphreys and Bruce, 1989), dependent primarily on
perceptual systems. Memory for perceptual conjunc-
tions compared to single features did not additionally
activate any regions. The relative deactivations associ-
ated with the memory for feature conjunctions ob-
served in temporal cortex may correspond to an atten-
tional bias effect as suggested by Rees et al. (1997).
Differential activations in perceptual systems seen for
memory of particular features of stimuli is consistent
with the findings of Corbetta et al. (1991) that selective
attention to particular perceptual features differen-
tially activates particular posterior cortical regions.
The present findings indicate that the neural sub-
strates of object memory also reflect the perceptual
properties of the stimuli.
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