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Recent studies suggest that visual features are stored in working memory (WM) via sensory recruitment or sustained stimulus-specific
patterns of activity in cortical regions that encode memoranda. One important question concerns the spatial extent of sensory recruitment. One possibility is that sensory recruitment is restricted to neurons that are retinotopically mapped to the positions occupied by the
remembered items. Alternatively, specific feature values could be represented via a spatially global recruitment of neurons that encode
the remembered feature, regardless of the retinotopic position of the remembered stimulus. Here, we evaluated these alternatives by
requiring subjects to remember the orientation of a grating presented in the left or right visual field. Functional magnetic resonance
imaging and multivoxel pattern analysis were then used to examine feature-specific activations in early visual regions during memory
maintenance. Activation patterns that discriminated the remembered feature were found in regions of contralateral visual cortex that
corresponded to the retinotopic position of the remembered item, as well as in ipsilateral regions that were not retinotopically mapped to
the position of the stored stimulus. These results suggest that visual details are held in WM through a spatially global recruitment of early
sensory cortex. This spatially global recruitment may enhance memory precision by facilitating robust population coding of the stored
information.

Introduction
Working memory (WM) supports the maintenance of information in an online state. Human neuroimaging (Harrison and
Tong, 2009; Serences et al., 2009a) and single-unit studies in
nonhuman primates (Miller et al., 1996; Supèr et al., 2001) suggest that WM storage is mediated by sensory recruitment or sustained activity in early cortical regions that encode information.
For example, Serences et al. (2009a) required subjects to remember the orientation or color of a foveally presented grating. Using
functional magnetic resonance imaging (fMRI) and multivoxel pattern analysis (MVPA), they demonstrated that sustained patterns of activation in primary visual cortex (V1)
during WM storage discriminated the specific value of the
remembered attribute, even in the absence of changes in overall response amplitude.
One important question concerns the spatial extent of sensory
recruitment. On one hand, recruitment may be confined to cortical regions that were activated during the encoding of a stimulus. Dill and Fahle (1998) showed subjects two dot patterns
separated by a short interval and asked them to determine
whether these stimuli were identical. Relative to a condition in
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mance was reliably reduced when they appeared in different locations (Zaksas et al., 2001; Hollingworth, 2006, 2007). These
findings suggest that object representations held in WM are spatially specific, thus motivating the hypothesis that sensory recruitment is confined to cortical regions that are retinotopically
mapped to the spatial location occupied by the memoranda.
Alternatively, sensory recruitment may extend to cortical regions that were not engaged during stimulus encoding. For example, a specific orientation could be represented via the broad
recruitment of cortical neurons that encode orientation, regardless of the retinotopic position of the remembered stimulus. This
possibility is suggested by studies demonstrating a spatially global
spread of feature-based attention during perception (Treue and
Martinez-Trujillo, 1999; Serences and Boynton, 2007a). For example, Serences and Boynton (2007a) instructed subjects to
monitor one of two directions of motion carried by stimuli located in one hemifield of a display. Using fMRI and MVPA, these
authors demonstrated that patterns of activity in visual areas ipsilateral to the stimuli discriminated the attended direction of
motion, despite the fact that these regions were not being driven
by a bottom-up signal. During WM maintenance, this kind of
spatially global recruitment might enhance the precision of mnemonic representations by recruiting additional neurons to facilitate robust population coding of the stored information (Pouget
et al., 2003).
Here, we attempted to determine whether sensory recruitment during WM maintenance is spatially local or global. Subjects were required to remember the orientation of a grating
presented in the left or right visual field. Using fMRI and MVPA,
we found that patterns of activity in early cortical regions (V1)
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tion. Stimulus orientation (45° or 135°), position (left or right visual field), and trial type
(memory or no memory) were balanced within
each scan (in which “scan” refers to a continuous, 404-s-long block of 16 trials). Subjects
completed a total of six (n ⫽ 1), seven (n ⫽ 7),
eight (n ⫽ 7), or nine (n ⫽ 2) scans as time
permitted.
Perceptual monitoring task. During the same
scanning session, subjects also performed a
perceptual monitoring (PM) task. The stimuli
and display parameters were closely modeled
after those used in the WM task. On each trial,
a sample grating oriented to 45° or 135° (randomly jittered on a trial-by-trial basis by a
Figure 1. WM task. On each trial of the task, observers were shown a sample grating in the upper left or right visual field for 6 s. value in the range of ⫾10°) was presented in
A subsequent change in the color of the fixation point (to red or green; shown here as white) informed observers whether they the upper left or right visual field. This stimulus
should remember the sample orientation (memory trials) or simply wait for the next trial to begin (no-memory trials). On memory cycled on and off at a rate of 2 Hz (250 ms on,
trials, the cue was followed by a 14 s delay period and the presentation of a 1 s test grating in the same spatial location as the 250 ms off) for the duration of each 15 s trial.
sample. Observers made a two-alternative, forced-choice response indicating whether the sample and test gratings shared the Subjects were instructed to monitor this stimsame orientation. On no-memory trials, the 14 s delay period was followed by an additional 1 s blank interval (i.e., no test grating ulus and make a manual button-press response
was shown and no response was required). Trials were separated by a 2 s intertrial interval (ITI).
whenever they detected a brief (one cycle)
change in its orientation (a target event; these
occurred at unpredictable intervals two to
both contralateral and ipsilateral to a stimulus discriminated the
three times per trial; for information about the size of these angular
remembered orientation. Under identical sensory conditions in
deviations, see below, Staircase procedure). Each 260-s-long scan conwhich WM maintenance was not required, these effects were
tained a total of 12 real and 3 “null” (i.e., 15 s of fixation) trials, and each
abolished. Furthermore, patterns of activity in contralateral and
observer completed a total of three (n ⫽ 2) or four (n ⫽ 15) scans as time
ipsilateral regions of interest (ROIs) were qualitatively similar
permitted.
Staircase procedure. To ensure that both behavioral tasks were suffiduring perception and WM maintenance, consistent with senciently challenging, we adjusted their difficulty for each subject during a
sory recruitment accounts of WM storage.
separate behavioral testing session (completed 1–3 d before the scanning
session). Sample-test (for the WM task) and sample-target (for the PM
Materials and Methods
task) disparities were independently adjusted for each orientation cateSubjects. Twenty neurologically intact subjects participated in a single 2-h
gory (45° or 135°) until a criterion level of performance (75% accuracy)
scanning session. All subjects gave informed written consent in accorwas reached. The resulting orientation disparities were used to set
dance with the Office for the Protection of Human Subjects at the Unisample-test and sample-target disparities during the scan session.
versity of Oregon. Data from three subjects were discarded because of
Eye tracking. To assess compliance with fixation instructions during
technical difficulties (n ⫽ 2) or voluntary withdrawal from the study
PM and WM scans, eye position was visually monitored with the aid of an
(n ⫽ 1). Before scanning, each subject participated in a 1.5 h training
Applied Science Laboratories 5000 infrared tracking system in all subsession to identify performance thresholds in each behavioral task (see
jects. For four subjects, eye position data during WM scans were explicbelow, Staircase procedure). Subjects were compensated at a rate of $8
itly recorded. This enabled more fine-grained assessments of whether
per hour for behavioral testing and $25 per hour for scanning.
there were any reliable differences in eye position as a function of the
Working memory task. Stimuli were generated in Matlab (version 7.1;
orientation stored in working memory. Recording was performed at 60
MathWorks) using Psychophysics Toolbox software (Brainard, 1997;
Hz, and data were filtered for blinks and corrected for linear drift offline.
Pelli, 1997) and rendered in black on a medium-gray background via a
fMRI data acquisition and analysis. fMRI data were collected using a 3
rear projection system. Subjects were instructed to maintain fixation on
T Siemens Allegra system at the Robert and Beverly Lewis Center for
a central dot (subtending 0.2° from a viewing distance of 58 cm) throughNeuroimaging at the University of Oregon. Anatomical images were
out each scan.
acquired using a spoiled-gradient-recalled T1-weighted sequence that
The sequence of events on each trial is presented in Figure 1. At the
yielded images with a 1 mm 3 resolution. Whole-brain echo-planar imstart of each trial, a “sample” grating stimulus (radius of 4°, 1 cycle/°) was
ages (EPIs) were acquired in 33 transverse slices (3 mm in-plane resoludisplayed in the upper left or right portion of the display (horizontal and
tion, 2000 ms repetition time, 30 ms echo time, 90° flip angle, 64 ⫻ 64
vertical eccentricity of ⫾8.5° and ⫹5°, respectively). The sample was
matrix, 192 mm field of view, 3.5 mm slice thickness, no gap). EPIs were
rendered with an orientation of 45° or 135° (jittered on a trial-by-trial
slice-time corrected, motion corrected (both within and between scans),
basis by a randomly selected value in the range of ⫾10° to discourage the
and high-pass filtered (three cycles per run). Image preprocessing and
use of categorical labels) and cycled on and off at a rate of 2 Hz (250 ms
data analysis were performed using BrainVoyagerQX (version 1.9) and
on, 250 ms off) for a total of 6 s. To attenuate the potency of retinal
custom time-series and pattern-classification routines written in Matlab.
afterimages, the spatial phase of the sample was randomized on each
Retinotopic mapping and voxel selection. Retinotopic mapping data
cycle. After the sample epoch, a 2 s change in the color of the fixation
were acquired using a rotating checkerboard stimulus flickering at 8 Hz
point (to red or green) instructed subjects to remember the orientation of
and subtending 45° of polar angle (following Engel et al., 1994; Sereno et
the sample for comparison with a subsequent test grating (a “memory”
al., 1995). Each observer completed one scan lasting 480 s. This procetrial) or wait for the start of the next trial (a “no-memory” trial). For nine
dure was used to identify visual areas V1, V2v, V3v, V4v, V2d, V3d, and
subjects, a green cue was used to denote memory trials, and a red cue
V3a in each cortical hemisphere. To aid in the visualization of these
denoted no-memory trials. For the remaining eight subjects, this mapregions, data were projected onto a computationally inflated representaping was reversed. The cue was followed by a 14 s delay period. On
tion of each observer’s gray/white matter boundary.
memory trials, the delay period was followed by the presentation of a
To identify spatially selective voxels in these visual areas, we constatic, 1 s test grating and a 2 s intertrial interval. Subjects made a buttonstructed a general linear model with a single boxcar regressor (denoting
press response during this 3 s interval to indicate whether the sample and
stimulus location, i.e., left vs right visual field) using data from all four
test stimuli shared the same orientation (50% of trials). On no-memory
PM scans. This regressor was then convolved with a gamma function to
trials, the delay period was instead followed by an additional 3 s of fixa-

Ester et al. • Spatially Global Sensory Recruitment

15260 • J. Neurosci., December 2, 2009 • 29(48):15258 –15265

account for the assumed shape of the hemodynamic response (Boynton
et al., 1996). Voxels that showed a stronger response during epochs of
contralateral (relative to ipsilateral) stimulation ( p ⬍ 0.05, Bonferroni’s
corrected) were used to define ROIs in V1, V2v, V3v, hV4v, and V3a (as
stimuli were presented in the upper visual field, ROIs in V2d and V3d
typically contained too few voxels to enable a meaningful analysis) (for
information on ROI sizes, see supplemental Table 1, available at www.
jneurosci.org as supplemental material). The mean response amplitude
across the 60 most spatially selective voxels in each visual region (collapsed across corresponding ROIs in each cortical hemisphere) identified
using this method is shown in supplemental Figure 1 (available at www.
jneurosci.org as supplemental material).
Multivoxel pattern analysis. MVPA provides a powerful complement
to conventional univariate analyses of fMRI data. Posterior cortical regions such as V1 contain submillimeter columns of neurons that are
selective for different stimulus features such as orientation. MVPA assumes that, if a particular fMRI voxel contains slight preponderance of
columns tuned to a specific feature value, it should give rise to a weak
but detectable response bias. By considering patterns across multiple
weakly selective voxels, it is possible to infer the specific feature values
that subjects are attending (Haxby et al., 2001; Haynes and Rees, 2005;
Kamitani and Tong, 2005; Norman et al., 2006; Peelen and Downing,
2007; Serences and Boynton, 2007a,b; Serences et al., 2009b), imagining (Stokes et al., 2009), or remembering (Harrison and Tong, 2009;
Serences et al., 2009a), even in the absence of sustained changes in
overall response amplitude (Serences et al., 2009a).
To perform MVPA, we first extracted the raw time series from each
voxel in a given ROI during a time period extending from 6 to 16 s after
the offset of the sample stimulus (i.e., 12–22 s after the start of each trial).
Each time series was normalized on a scan-by-scan basis using a z transform and sorted into one of eight bins according to three factors: ROI
(contralateral or ipsilateral to the stimulus location), orientation (45° or
135°), and memory condition (memory or no memory). We then defined a “training” dataset using the data from all but one scan (here, scan
refers to a single, continuous block of trials; thus, the training and test sets
were always independent). Within the training dataset, we computed
activation patterns comprising the mean response of each voxel during
45° and 135° trials. This was done independently for each location and
memory condition pair, yielding a total of eight activation patterns. Data
from the remaining scan were used to define a “test” dataset using an
analogous approach. Before classification, we removed the overall mean
from each activation pattern in the training and test sets. Finally, we
trained a support vector machine (SVM) (specifically, the Ohio State
University SVM implementation, http://sourceforge.net/projects/svm)
to discriminate sample orientation using patterns from the training set
and then used it to infer the orientation of the sample stimulus on each
trial in the test set. Classification was performed separately for each stimulus location and memory condition pairing, so chance performance was
always 50%. This analysis was iterated using a hold-one-out crossvalidation procedure (Kamitani and Tong, 2005) until data from every
scan had been used as the test set. Overall classification accuracy for
each observer was then defined as the average classification accuracy
for each observer across all six, seven, eight, or nine permutations
(depending on how many WM scans the observer completed) of the
hold-one-out procedure.

Results
The primary goal of this study was to use fMRI and MVPA to
examine the spatial extent of sensory recruitment during WM
maintenance. We examined response profiles within several regions of occipital cortex (V1, V2v, V3v, hV4v, and V3a); however,
we focus on V1 because previous demonstrations show that this
region displays robust patterns of orientation-selective activity
during both perception (Haynes and Rees, 2005; Kamitani and
Tong, 2005, 2006; Serences and Boynton, 2007a; Serences et
al., 2009b) and WM maintenance (Harrison and Tong, 2009;
Serences et al., 2009a). For all analyses, data are presented as
collapsed across corresponding ROIs in each visual area (e.g., left

Table 1. Mean ⴞ SEM discrimination thresholds and accuracy for 45° and 135°
trials during PM and WM maintenance
PM task
WM task

Threshold
Accuracy

45° trials

135° trials

45° trials

135° trials

18.53 ⫾ 1.49
0.74 ⫾ 0.01

18.40 ⫾ 1.63
0.72 ⫾ 0.02

9.59 ⫾ 1.26
0.74 ⫾ 0.02

9.89 ⫾ 0.94
0.74 ⫾ 0.01

Figure 2. Multivoxel pattern analysis of WM data. The results of a multivoxel pattern analysis using the 60 most spatially selective voxels in each V1 ROI during a time period extending
from 6 to 16 s after the offset of the sample stimulus. The horizontal line at 0.5 denotes chance
classification accuracy. ROIs both contralateral and ipsilateral to the sample stimulus discriminated its orientation but only when active WM maintenance was required. Qualitatively similar
results were obtained across a range of pattern sizes (50 and 75 voxels) (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material) and also when a linear discriminant
algorithm was used to perform classification. Error bars represent ⫾1 SEM.

and right V1) because no differences in classification accuracy
were observed across cortical hemispheres. All analyses reported
here are based on the 60 most spatially selective voxels in each
ROI. Specific V1 ROIs in three subjects contained fewer than 60
voxels. For these subjects, analyses were performed using all
available voxels within each ROI. Critically, we observed no systematic relationship between ROI sizes and overall classification
accuracy, indicating that the findings reported here were not unfairly influenced by subjects with larger ROIs. In addition, all
findings are robust across a broad range of pattern sizes (i.e.,
50 –75 voxels).
Behavioral performance in the PM and WM tasks is summarized in Table 1. Overall, orientation discrimination thresholds
were higher during perceptual monitoring ( p ⬍ 0.001). However, no differences in discrimination thresholds were observed
between orientation categories (45° and 135°) in either task, and
overall accuracy remained at a level near that dictated by the
staircase procedure.
Multivoxel pattern analysis
If sensory recruitment operates in a spatially global manner, then
sustained patterns of activation in ROIs both contralateral and
ipsilateral to a remembered stimulus should discriminate its orientation. Figure 2 depicts the results of an MVPA based on the 60
most spatially selective voxels (as identified using data from the
perceptual monitoring task; see Materials and Methods, Retinotopic mapping and voxel selection) from each V1 ROI during a
time period extending from 6 to 16 s after the offset of the sample
stimulus. An ANOVA revealed a main effect of memory condition (F(1,16) ⫽ 11.07, p ⬍ 0.001), no effect of stimulus location
(contralateral or ipsilateral; F(1,16) ⫽ 1.49, p ⬎ 0.24), and no
interaction between these two factors (F(1,16) ⬍ 1). Planned com-
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parisons revealed that classification accuracy was higher on
memory trials relative to no memory trials. Critically, this was
true in both contralateral (t(16) ⫽ 3.48, p ⬍ 0.01) and ipsilateral
(t(16) ⫽ 2.84, p ⬍ 0.05) ROIs. Moreover, we failed to observe
consistent above-chance classification in either ROI on nomemory trials (t(16) ⫽ 0.19, p ⬎ 0.8 and t(16) ⫽ ⫺1.99, p ⬎ 0.06
for contralateral and ipsilateral ROIs, respectively) [apparent
below-chance classification in ipsilateral ROIs during nomemory trials was not robust across variations in pattern sizes
(supplemental Fig. 2, available at www.jneurosci.org as supplemental material)]. Because sensory conditions were equivalent
during memory and no-memory trials, these findings suggest
that the above-chance classification observed in both ROIs
during memory trials reflects active WM maintenance rather
than a lingering sensory response to the sample stimulus.
Qualitatively similar findings were observed across a range of
pattern sizes (50 and 75 voxels) (supplemental Fig. 2, available
at www.jneurosci.org as supplemental material) and classification algorithms (linear discriminant function), indicating
that above-chance classification is not idiosyncratically dependent on the use of an SVM.
MVPA was also applied to data from extrastriate visual areas
V2v, V3v, hV4v, and V3a. However, contralateral and ipsilateral
ROIs in each of these areas failed to support above-chance classification accuracy during memory or no-memory trials (supplemental Fig. 3, available at www.jneurosci.org as supplemental
material) (for similar findings using foveal stimuli, see Serences et
al., 2009a). Qualitatively similar results were observed over a wide
range of pattern sizes (i.e., 50, 60, and 75 voxels) and different
classification algorithms (e.g., linear discriminant function).
These results are consistent with the hypothesis that sensory
recruitment during WM maintenance is spatially global. However, there are a number of possible issues that might also account
for these effects. One such issue is head motion. Subtle differences
in head position during 45° and 135° trials could differentially
alter the intensity of fMRI voxels and bias the results of MVPA.
To quantify any differences in head position as a function of the
remembered orientation, we computed the mean change (relative to the start of each trial) in six motion parameters (translation and rotation in the x, y, and z planes) during a window
extending from the 6 –20s after the start of each memory trial (an
earlier time window than that used for MVPA was selected to
account for hemodynamic lag). These data were then submitted
to a 2 (sample orientation, 45° or 135°) ⫻ 2 (stimulus location,
left or right visual field) ⫻ 6 (motion parameter) ANOVA. This
analysis revealed a main effect of visual field (F(1,16) ⫽ 17.49, p ⬍
0.001) and a marginal effect of motion parameter (F(1.92,31.87) ⫽
2.24, p ⫽ 0.06) (a Greenhouse–Geisser correction was applied to
all model terms containing motion parameter data because of
nonsphericity of this factor). Critically, this analysis failed to reveal any effects of stimulus angle (F(1,16) ⬍ 1), nor did this factor
interact with any other term (all ps ⬎ 0.15). As shown in supplemental Figure 4 (available at www.jneurosci.org as supplemental
material), subjects exhibited a tendency to move or rotate in a
direction consistent with the spatial location of a remembered
stimulus. However, we failed to observe any biases in head position as a function of stimulus orientation, suggesting that abovechance orientation classification observed on memory trials was
not solely attributable to subtle differences in head motion.
A second potential issue is eye position. Although subjects
were instructed to maintain fixation for the duration of each WM
scan (as assessed by visually monitoring ongoing eye position in
all subjects with the aid of an Applied Science Laboratories track-
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ing system), it is possible that they made subtle eye movements
consistent with the orientation of a remembered grating. These
eye movements could produce systematic modulations in activation patterns within retinoptically organized regions of visual
cortex that could bias the results of an MVPA. To further assess
compliance with fixation instructions and examine whether there
were any subtle differences in eye position as a function of the
remembered orientation, eye position data were recorded and
tagged with trial-by-trial information regarding the specific angle
stored for four subjects during scanning. To quantify differences
in eye movements during WM scans, we identified all stable fixations (defined as a 200 ms epoch during which eye position did
not deviate ⬎0.25°) that occurred outside of a 0.5° window encompassing the center of the screen during a period extending
from 6 to 20s after the start of each memory trial. The x and y
positions of fixations made by each of the four observers are
shown in supplemental Figure 5 (available at www.jneurosci.org
as supplemental material). Critically, we observed no differences
in the mean or variance of these fixations as a function of remembered orientation (45° or 135°) across several parameters [x position, y position, polar distance (relative to the center of the
screen), and polar angle; paired-samples t tests, all ps ⬎ 0.3],
suggesting that above-chance classification accuracy during
memory trials cannot be fully explained by subtle biases in eye
movements.
Recent human neuroimaging (Serences and Boynton, 2007a)
and single-unit (Martinez-Trujillo and Treue, 2004) studies in
nonhuman primates have reported spatially global feature-based
attention effects during perceptual processing. To examine
whether similar effects could be observed in the present study, we
performed a classification analysis on patterns observed in each
ROI during a period 4 –10s after the onset of the sample stimulus.
Because the sample epoch of memory and no-memory trials were
identical, both types of trial were included in this analysis. In
contrast to the spatially global effects we observe during WM
maintenance, neither contralateral nor ipsilateral V1 ROIs reliably discriminated the orientation of the sample stimulus (twotailed t tests against chance, all ps ⬎ 0.1). We suspect that this lack
of generality is attributable to the relatively low salience of our
stimuli. For example, MVPA was also applied to data from the
PM task using a longer analysis window (6 –16 s after stimulus
onset). Following Serences and Boynton (2007a), patterns of activity in contralateral and ipsilateral V1 ROIs reliably discriminated the orientation of a monitored grating. However, when the
same analysis was repeated using a shorter analysis window
(4 –10 s after stimulus onset), these effects were abolished. We
speculate that, with a longer sample epoch, patterns of activity in
both contralateral and ipsilateral ROIs would support robust
classification of sample orientation.
Because classification was performed independently for each
ROI, these findings do not establish whether contralateral and
ipsilateral patterns within a given region are similar. To evaluate
this possibility, we repeated our classification analysis using data
from contralateral memory trials as the training set and examined
whether this would allow accurate classification of the stored
orientation when the same cortical ROI was ipsilateral to the
sample stimulus (using the same hold-one-out cross-validation
procedure described above; see Materials and Methods, Multivoxel pattern analysis). Across a range of pattern sizes (50, 60,
and 75 voxels), this analysis failed to reveal above-chance classification accuracy (one-sample t tests against chance, all ps ⬎ 0.1).
Thus, although patterns of activation in both contralateral and
ipsilateral ROIs discriminate the orientation of a remembered
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Figure 3. Event-related analysis of WM data. The mean response of the 60 most spatially
selective voxels in V1 (collapsed across hemispheres) is shown as a function of memory condition and ROI. Data are collapsed across stimulus orientation (i.e., 45° vs 135° trials) because no
differences in mean response amplitude attributable to this factor were observed. Dashed vertical lines at 0 and 22 s denote the onset of the sample and test stimuli, respectively. Shaded
regions represent ⫾1 SEM.

stimulus (Fig. 2), the pattern of activity in a given ROI is not
necessarily identical across trials in which that region is contralateral and ipsilateral to the stored stimulus (for a qualitatively similar finding in the context of a perceptual discrimination task, see
Serences and Boynton, 2007a). We speculate that this lack of
generalization may be attributable to differences in lingering
bottom-up activity when a given ROI is contralateral and ipsilateral to the stored stimulus. However, it is also possible that patterns of activation in ipsilateral ROIs may be qualitatively
different from those observed in contralateral ROIs.
Event-related analysis of WM data
Data from the WM task were also submitted to a conventional
univariate analysis. Figure 3 depicts the mean amplitude of the
blood oxygenation level-dependent (BOLD) response in each V1
ROI during both memory and no-memory trials (no significant
differences in mean response amplitude as a function of angle
were observed; thus, the data are shown collapsed across this
factor). To quantify differences between memory conditions and
ROIs during WM maintenance, we computed the mean BOLD
response within each condition during a period extending from 6
to 16 s after the offset of the sample stimulus (12–22 s in Fig. 2). A
2 (memory condition) ⫻ 2 (ROI) ANOVA of these data revealed
a main effect of ROI (F(1,16) ⫽ 11.69, p ⬍ 0.001), a main effect of
memory condition (F(1,16) ⫽ 8.45, p ⬍ 0.01), and a significant
interaction between these factors (F(1,16) ⫽ 10.72, p ⬍ 0.01). Curiously, mean response amplitudes on no-memory trials were
higher than those on memory trials (mean of 0.16 vs ⫺0.02,
respectively, standardized units), particularly toward the end of
the memory period. Mean response amplitudes were also greater
in ipsilateral ROIs (mean of ⫺0.08 vs ⫺0.13, for contralateral and
ipsilateral ROIs, respectively), although this effect was not robust
across variations in voxel number. Qualitatively similar effects
were also observed in extrastriate visual areas (supplemental Fig.
7, available at www.jneurosci.org as supplemental material).
Similarities between spatially global signals during
perception and WM maintenance
Recent studies (Harrison and Tong, 2009; Serences et al., 2009a)
have reported a high degree of similarity between stimulusspecific patterns of activation in early sensory regions during
perceptual processing and WM maintenance, consistent with the

Figure 4. Global orientation-selective patterns are similar during PM and WM maintenance.
A classification algorithm was trained to recognize orientation-selective patterns using the 75
most spatially selective voxels from each V1 ROI during PM (both left and right visual field trials
were included in this analysis; top panels depict only RVF trials merely for illustrative purposes).
As illustrated in the top two panels, this analysis was restricted to conditions in which the
sample stimulus appeared in the same cortical ROI during PM and WM maintenance (for an
identical analysis that focuses on conditions in which the sample stimulus appears in different
spatial locations during each task, see supplemental Fig. 7, available at www.jneurosci.org as
supplemental material). This algorithm was then used to infer the orientation of the sample
stimulus during each trial of the WM task. The horizontal line at 0.5 denotes chance classification accuracy. Above-chance classification accuracy was observed in ROIs both contralateral and
ipsilateral to the sample stimulus, indicating that orientation-selective patterns are similar
during PM and WM maintenance. As in Figure 2, we failed to observe sustained above-chance
classification accuracy on no-memory trials, indicating that above-chance classification of data
from WM trials is not attributable to a lingering sensory effect. Qualitatively similar results were
obtained when this analysis was applied to the 65 most spatially selective voxels in each ROI.
Error bars represent ⫾1 SEM.

hypothesis that WM involves the ingemination of a specific perceptual event. For example, Serences et al. (2009a) trained a classification algorithm to recognize stimulus-specific patterns in V1
using data from a perceptually demanding orientation discrimination task and then used this classifier to successfully discriminate the identity of a remembered orientation during a separate
WM task (for a similar demonstration, see Harrison and Tong,
2009). However, this analysis was restricted to cortical ROIs that
corresponded to the location of the monitored or remembered
stimulus. Here, we asked whether a qualitatively similar result
would be observed in ROIs that were not retinotopically mapped
to the position of the stimulus that was stored in WM (i.e., ROIs
ipsilateral to the location of the stimulus). To examine this possibility, we trained a classifier to recognize stimulus orientation
using data from PM scans. Recall that the stimuli used in PM
scans were identical to those used in the WM task. However,
during PM scans, stimuli cycled on and off at 2 Hz (250 ms on,
250 ms off) for the duration of each 15 s trial, and, thus, WM
maintenance was not explicitly required. The classifier trained
using the PM task was then used to infer the specific orientation
that subjects were remembering during each trial of the WM task.
Figure 4 depicts the results of this analysis using the 75 most
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spatially selective voxels from each cortical ROI. Data from one
subject were excluded from this analysis as a result of 0% classification accuracy in each ROI across all tested pattern sizes. This
was likely attributable to a large motion artifact between PM and
WM scans that interfered with alignment of the functional images. The findings reported here represent the remaining 16 subjects. Collapsed across ROIs, this analysis revealed a successful
generalization between patterns of activity observed during PM
and WM maintenance but only when active memory maintenance was required (two-tailed t tests against chance, p ⬍ 0.01
and p ⫽ 0.44 for memory and no-memory conditions, respectively; in addition, a one-tailed paired-samples t test revealed
significantly higher classification accuracy during memory trials,
t(15) ⫽ 1.93, p ⬍ 0.05). Qualitatively similar results were also
observed when 65 voxels were used to perform this analysis.
Thus, the pattern of activity observed within a specific ROI,
whether it was contralateral or ipsilateral to the sample stimulus,
was similar in the PM and WM tasks. These findings lend additional support to the hypothesis that WM involves the reiteration
of a specific perceptual event. The same analysis failed to reveal
consistent above-chance classification in extrastriate regions
V2v, V3v, hV4v, and V3a.
These findings reflect conditions in which the sample stimulus
appeared in the same spatial location during the PM and WM
tasks. We next asked whether training on a contralateral stimulus
in the PM task would allow successful classification of ipsilateral
stimuli during the WM task. These data are shown in supplemental Figure 7 (available at www.jneurosci.org as supplemental material). This analysis failed to reveal consistent above-chance
classification accuracy in any of the visual areas that we examined
(two-tailed t tests against chance, all ps ⬎ 0.15), suggesting that
similarities between PM and WM maintenance may be restricted
to situations in which a monitored and remembered stimulus
occupy the same spatial location.

Discussion
An emerging perspective, informed by human neuroimaging and
single-unit recordings in nonhuman primates, is that WM storage is mediated by sensory recruitment or sustained activity in
posterior cortical regions that encode memoranda (Miller et al.,
1996; Awh and Jonides, 2001; Supèr et al., 2001; Jonides et al.,
2005; Pasternak and Greenlee, 2005; Postle, 2006; D’Esposito,
2007). Here, we attempted to determine the spatial extent of this
recruitment. Positional specificity effects in WM (Dill and Fahle,
1998; Zaksas et al., 2001; Hollingworth 2006, 2007) suggest that
sensory recruitment is spatially local. However, several studies
have reported spatially global feature-based attention effects during perceptual processing (Treue and Martinez-Trujillo, 1999;
Saenz et al., 2002; Martinez-Trujillo and Treue, 2004; Bichot et
al., 2005; Serences and Boynton, 2007a). Given known similarities between mechanisms of visual attention and working memory (Desimone, 1996; Rainer et al., 1998; Awh and Jonides, 2001),
these findings suggest that sensory recruitment may be spatially
global. Here, subjects were required to remember the orientation
of a grating presented in one visual hemifield. Using fMRI and
MVPA, we found that patterns of activity in early visual areas
(e.g., V1) both contralateral and ipsilateral to this stimulus discriminated its orientation (Fig. 2). These findings cannot be explained by subtle differences in head or eye movements.
Moreover, under identical sensory conditions in which WM
maintenance was not explicitly required, these effects were abolished. Thus, above-chance classification observed on memory
trials was not caused by a sustained sensory response to the sam-
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ple stimulus. Additionally, we found that patterns of activity in
contralateral and ipsilateral ROIs were qualitatively similar during perceptual processing and WM maintenance (specifically,
activity patterns in contralateral ROIs during PM were qualitatively similar to patterns observed in contralateral ROIs during
WM maintenance, whereas activity patterns observed in ipsilateral ROIs during PM were qualitatively similar to patterns observed in ipsilateral ROIs during WM maintenance) (Fig. 4),
suggesting that similar mechanisms may support both processes.
Together, these results suggest that sensory recruitment during
WM maintenance is spatially global.
Several recent studies have reported successful classification
of stimulus orientation in extrastriate visual areas during sensory
encoding (Kamitani and Tong, 2005) and WM maintenance
(Harrison and Tong, 2009). Likewise, studies of feature-based
attention have documented spatially global effects in extrastriate
visual areas (Treue and Martinez-Trujillo, 1999; Serences and
Boynton, 2007a). However, the spatially global WM effects reported here were confined to primary visual cortex. We suspect
that this difference is attributable to the relatively low salience of
our stimuli. For example, the large foveal stimuli used by Harrison
and Tong (2009) activated several hundred voxels within extrastriate visual areas V2– hV4v. In contrast, our small, peripheral
stimuli produced a relatively weak response in only a few dozen
voxels within each extrastriate visual area we examined (supplemental Table 1, available at www.jneurosci.org as supplemental
material). It is possible that, with a larger response, patterns of
activity in each of these visual areas would support robust classification of the remembered orientation.
Our findings complement recent studies that have reported
feature-specific patterns of activation in retinotopically organized visual areas during WM maintenance in the absence of
sustained changes in overall response amplitude (Harrison and
Tong, 2009; Serences et al., 2009a). In the current study, we observed a relative decrease in response amplitude during WM
maintenance (relative to a condition in which WM maintenance
was not required). One possibility is that WM maintenance involves the recruitment of only those neurons tuned to the remembered feature value, whereas neurons tuned to other values
are suppressed (relatively speaking). This might lead to an overall
decrease in response amplitude during WM storage. However,
we emphasize that this account is purely speculative because
changes in response amplitude have been inconsistent across different studies that have examined activity in primary visual cortex.
For example, Serences et al. (2009a) failed to observe sustained
increases in response amplitude during WM maintenance (Offen
et al., 2009). In contrast, Harrison and Tong (2009) observed
sustained increases in response amplitude during WM maintenance in a subset of their subjects and no sustained changes in
others. These studies, in concert with the findings reported here,
raise questions about the extent to which sustained increases in
response amplitude are diagnostic of the involvement of an area
in WM maintenance.
Our findings are consistent with a growing number of studies
that have reported spatially global signals in human and monkey
retinotopic cortex during visual perception (Zaksas and Pasternak,
2005; Serences and Boynton, 2007a; Williams et al., 2008). In one
example, Williams et al. (2008) required subjects to compare the
category membership of two stimuli presented in the periphery of
a visual display. Using fMRI and a multivariate analysis, these
authors identified category-specific information in foveal retinotopic cortex, despite the fact that all stimuli were presented in
spatial locations corresponding to cortical regions outside of this
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area. One difference between the task devised by Williams et al.
and the WM task used in this study is that, in the former, all
stimuli were present for the duration of each trial. However, we
speculate that similar feedback mechanisms support the spatially
global mnemonic representations observed in this study. One
possibility is that feedback directly facilitates stimulus-specific
patterns of activity in both cortical hemispheres. Alternatively,
feedback signals might be directed to a contralateral ROI and
spread to ipsilateral ROIs via hard-wired cross-hemispheric connections between similarly tuned neurons in each hemisphere
(for example, recent work has described a network of callosal
axons linking cortical regions that represent the same orientation
and spatial location of visual stimuli in cat visual areas 17 and 18)
(Rochefort et al., 2009). By this account, similarly tuned neurons
in each cortical hemisphere are connected in a mutually excitatory manner; the efficacy of these connections might be modified
by WM maintenance, giving rise to stimulus-specific modulations in the ipsilateral ROI. However, we believe this possibility
unlikely given that patterns of activity in a given ROI during
contralateral and ipsilateral trials are not necessarily identical (see
Results, Multivoxel pattern analysis). Finally, inhibitory connections between corresponding visual areas in each hemisphere
may play a role in producing stimulus-specific activation patterns. This possibility is consistent with the lack of generalization
across patterns of activation evoked by contralateral and ipsilateral memoranda in a given ROI.
An important question concerns the boundary conditions
that govern the spatially global mnemonic representations observed in this experiment. Several studies have demonstrated that
performance on a memory-limited change detection task is degraded when the sample and test stimuli can occupy different
spatial locations (Dill and Fahle, 1998; Zaksas et al., 2001). For
example, Zaksas et al. (2001, their Experiment 1) trained monkeys to perform a change detection task while varying the spatial
separation of the sample and test stimuli. These conditions were
blocked, so it was always possible to infer the location of the test
stimulus given the location of the sample. On some trials, the
experimenters presented a random dot mask during the delay
period; this stimulus could appear at the location of the sample
stimulus, the impending test stimulus, or elsewhere in the display. Task performance was significantly impaired by the presentation of this mask but only when it appeared at the location of
the impending test stimulus. The selective interference produced
by this stimulus suggests that memory for the random dot aperture was localized in the cortical regions that were retinotopically
mapped to the position of the impending test stimulus. However,
as Zaksas et al. note, the masking effects observed in this study
may simply mean that the discrimination judgment required by
the task was biased toward information stored in the cortical
regions that processed the eventual test location, even if the relevant information was also stored in other cortical regions. It is
therefore still possible that the relevant directional information
was stored in a spatially global manner during this task.
Do the spatially global activation patterns observed in this
study have functional consequences for WM maintenance? Posterior visual areas V1– hV4v are thought to represent information
about feature properties such as orientation via population response profiles (Pouget et al., 2000, 2003; Ma et al., 2006). One
possibility is that the spatially global representations observed in
this study act to enhance the precision of mnemonic representations (Awh et al., 2007; Zhang and Luck, 2008; Barton et al.,
2009). For example, spatially global sensory recruitment would
increase the number of neurons dedicated to representing a re-

membered feature attribute, which may in turn improve the efficiency or signal-to-noise ratio of population responses and thus
enhance the precision of mnemonic representations. Future research is needed to examine this possibility.
In summary, our findings demonstrate that sensory recruitment during active WM maintenance is spatially global. We propose that spatially global gain modulations such as those
observed in this study may serve to enhance the precision of
mnemonic representations by recruiting additional sensory neurons that are not directly driven by the stimulus.
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