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The ability to actively maintain information in working memory
(WM) is vital for goal-directed behavior, but the mechanisms under-
lying this process remain elusive. We hypothesized that successful
WM relies upon a correspondence between the neural processes
associated with stimulus encoding and the neural processes
associated with maintenance. Using functional magnetic resonance
imaging, we identified regional activity and inter-regional connec-
tivity during stimulus encoding and the maintenance of those
stimuli when they were no longer present. We compared correspon-
dence in these neural processes across encoding and maintenance
epochs with WM performance. Critically, greater correspondence
between encoding and maintenance in 1) regional activity in the
lateral prefrontal cortex (PFC) and 2) connectivity between lateral
PFC and extrastriate cortex was associated with increased per-
formance. These findings suggest that the conservation of neural
processes across encoding and maintenance supports the integrity
of representations in WM.
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memory

Introduction

Working memory (WM) comprises the ability to actively
retain and to manipulate information over short delays and is
therefore critical for goal-directed behavior. Recent theories
have posited that sensory, mnemonic, and control processes
that encode a representation into WM and processes involved
in maintaining the representation in WM when the item is no
longer present rely on the same neural circuitry (Postle 2006;
D’Esposito 2007). However, there is evidence that the neural
populations involved in WM encoding and those involved in
WM maintenance are nonoverlapping; the population of
neurons that are active during both encoding and mainten-
ance is often a small portion of the neurons that are active
during encoding or maintenance alone (Fuster 1973; Funaha-
shi et al. 1990; Nakamura and Kubota 1995; Munk et al. 2002;
Takeda and Funahashi 2007). For example, Funahashi et al.
(1990) identified neurons in principal sulcus that displayed
significant changes in firing either during the cue period (cor-
responding to WM encoding), delay period (corresponding to
WM maintenance), or response period of a WM task. Only
16% of these neurons were active during both cue and delay
periods, and of the neurons showing a significant response
during the delay period, only 25% were similarly active
during the cue period. Other evidence suggests that encoding
and maintenance activity may even arise from distinct neural
generators (Malecki et al. 2009).

It is important to note that the above studies focused only
on significantly active (or significantly inhibited) neurons;
many neurons do not display significant changes in firing rate

during WM tasks. Recent research using functional magnetic
resonance imaging (fMRI) in humans has indicated that these
subthreshold neurons may be important for WM as well.
When restricting analyses to early visual areas, it has been
found that subthreshold patterns of activity during WM main-
tenance are similar to those observed during stimulus percep-
tion (Harrison and Tong 2009; Serences et al. 2009; see also
Lewis-Peacock et al. 2012). These results underscore the
importance of examining both above- and below-threshold
neurons or voxels to obtain a fuller picture of the mechanisms
of successful WM maintenance.

In addition to regional activity, WM relies on communi-
cation between regions (Fuster et al. 1985; McIntosh et al.
1996; Honey et al. 2002; Gazzaley et al. 2004). While some
evidence indicates qualitative similarity in inter-regional coup-
ling during encoding and maintenance (Gazzaley et al. 2004),
studies directly comparing functional connectivity across
these 2 WM subprocesses have highlighted differences in the
pattern and degrees of connectivity between encoding and
maintenance (Woodward et al. 2006; Chang et al. 2007).
Thus, the functional relevance of correspondence in neural
activity between encoding and maintenance remains unclear.

In the current study, we compared fMRI activity during WM
encoding and maintenance epochs to provide direct evidence
for the hypothesis that the correspondence between the
neural processes associated with encoding and maintenance
processes is critical for WM. We analyzed the data from 64
participants who performed a delayed matching task that re-
quired participants to retain 4 stimuli in WM (Remember con-
dition) or to view the stimuli without engaging WM (View
condition; Gazzaley, Cooney, McEvoy, et al. 2005; Fig. 1).
This task temporally segregated stimulus encoding (which oc-
curred when the sample stimuli were presented) from main-
tenance (which occurred during a blank delay period),
allowing us to ascribe neural activity recorded during differ-
ent stages of each trial to individual processes underlying WM
(Zarahn et al. 1997, 1999; Pessoa et al. 2002; Jha et al. 2004;
Yoon et al. 2006). In this study, we use the term “neural simi-
larity” as shorthand for correspondence between encoding
and maintenance processes. Our analyses focused on
WM-related activity in lateral prefrontal cortex (PFC) and
higher-level visual regions within extrastriate cortex (EC), 2
regions that have been shown to be involved in WM (Zarahn
et al. 1999; Pessoa et al. 2002; Sakai et al. 2002; Ranganath
et al. 2004; Lepsien and Nobre 2007) and that are known to
exhibit inter-regional coupling during WM (Fuster et al. 1985;
Gazzaley et al. 2004; Rissman et al. 2008). We quantified the
degree to which maintenance activity corresponded to encod-
ing activity for each participant, and we compared this metric
to task accuracy to determine the relationship between neural
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similarity and the integrity of WM. Our analyses dissociated
neural activity related to performance, which is presumably
more directly related to essential WM functions, from neural
activity unrelated to task performance, which may support
other cognitive processes. The underlying logic of this ap-
proach is that neural similarity is indicative of shared neural
operations or representations. Similar logic forms the basis of
powerful fMRI analysis techniques such as fMRI adaptation
(Grill-Spector and Malach 2001; Henson and Rugg 2003) and
multivoxel pattern classification (Kriegeskorte et al. 2006;
Norman et al. 2006). A key advantage of the present analysis
was our use of a large sample size. fMRI studies examining
individual differences tend to be underpowered, leading to ar-
tificially inflated correlation values (Yarkoni 2009; Yarkoni
and Braver 2010). Our prediction was that greater neural simi-
larity would result in more successful task performance.

Materials and Methods

Participants
Sixty-four healthy adult participants were included in this analysis.
The participants were between the ages of 18 and 35 (mean
age = 22.4 years, standard deviation [SD] = 3.1 years; 27 female). All
participants were right-handed with normal-to-corrected vision and
were not taking any medications with psychoactive, cardiovascular,
or homeostatic effects. All participants provided written informed
consent according to the procedures of the University of California,
Berkeley Institutional Review Board. Inclusion criteria for this analy-
sis included: blood oxygen level-dependent (BOLD) and behavioral
data for at least two-thirds of the trials in the relevant conditions
(Remember and View, see below), all relevant anatomical scans
(gradient-echo multi-slice [GEMS] and MP-FLASH), and a response
rate of >80% in the Remember condition.

Experimental Design and Procedure
We analyzed both published (Gazzaley, Cooney, McEvoy, et al. 2005)
and unpublished data from a delayed matching WM task (Fig. 1). On
each trial, participants viewed 4 sequentially presented images (2
faces and 2 scenes in a randomized order). Each image was presented
for 800 ms, with a 200-ms blank interval between consecutive stimuli.
A 9-s delay period (fixation cross) followed stimulus presentation. A
single probe stimulus followed the delay period and remained on the
screen for 1 s. Finally, there was a 10-s intertrial interval (fixation
cross) before the start of the next trial. Trial types were presented in a
blocked fashion, with a self-paced instruction screen at the start of
each block. The details of this task have been previously described
elsewhere (Gazzaley, Cooney, McEvoy, et al. 2005). Here, we focus on
the 2 conditions that were pertinent to the present analyses: Remem-
ber and View. On Remember trials, participants were asked to re-
member all 4 images and respond with a button press whether the

probe image, which was either a face or a scene, matched 1 of the 4
cue images. On View trials, participants were instructed to view all 4
images and were probed with an arrow. They were asked to respond
with a button press indicating the arrow’s direction. For the Remember
condition, half of the probes were seen earlier in the trial, while half
were novel images. For the View condition, half of the arrows pointed
left and half pointed right. Eleven participants were rewarded based on
performance; the remaining participants were not (results did not sig-
nificantly differ between rewarded and unrewarded subjects).

fMRI Data Acquisition and Processing
Imaging data were collected with a 4-T Varian INOVA scanner
equipped with a transverse electromagnetic send and receive radio
frequency head coil. Functional data were obtained with a 2-shot T2-
*-weighted echo-planar imaging (EPI) sequence (18 slices, slice thick-
ness 5 mm, repetition time [TR] = 2000 ms, echo time [TE] = 28 ms,
matrix 64 × 64, field of view 224 mm). Following acquisition, slice-
timing correction was applied to the functional data using a sinc
interpolation method. Each shot of half k-space was combined with
the bilinear interpolation of the 2 flanking shots to result in an interp-
olated TR of 1000 ms.

Two anatomical scans were also collected: a T1-weighted GEMS
anatomical scan with the same slice prescription as the functional
images (TR = 200 ms, TE = 5 ms, matrix 256 × 256, field of view 224
mm), and a high-resolution 3-dimensional MP-FLASH (TR = 9 ms,
TE = 5 ms, matrix 256 × 256 × 128, field of view 224 × 224 × 198 mm).
Imaging data were preprocessed using FSL 4.1 (FMRIB’s Software
Library: www.fmrib.ox.ac.uk/fsl). The preprocessing steps included
MCFLIRT for motion correction and BET to extract the brain from the
skull. As our approach involved examining differences across individ-
uals, all analyses were conducted in individual participant space.

fMRI Data Analysis
Statistical analysis was conducted in AFNI (Cox 1996) under the as-
sumptions of the general linear model (GLM). Images were spatially
smoothed using a 5-mm full width at half maximum Gaussian kernel.
All task runs were concatenated. The statistical model included events
for cue, delay, and probe for correct trials, separately for each task
condition. Incorrect and missed trials for cue, delay, and probe events
were included as nuisance regressors. Cue and probe events began at
stimulus onset and lasted the duration of the stimulus (4 s for the cue
and 1 s for the probe). Delay events began at the 4th second of the
delay period and lasted 1 s. Previous analyses have demonstrated that
temporally separating regressors by 4 s results in low autocorrelation
between 2 task phases and is therefore sufficient to produce indepen-
dent estimates of cue-related activity and delay period activity (Zarahn
et al. 1997, 1999). Several previous studies have employed a similar
approach to isolate activity from different task stages of delayed rec-
ognition tasks (Pessoa et al. 2002; Jha et al. 2004; Yoon et al. 2006).
To ensure that the specific regressors utilized in the current study
were sufficiently independent, we computed the autocorrelation func-
tion of the time series within each of our regions of interest (ROIs;
see below for how we defined the ROIs) as in Zarahn et al. (1997).
This autocorrelation analysis was conducted in each voxel separately
for Remember and View conditions. Each voxel’s autocorrelation was
then averaged across ROIs to result in a single autocorrelation func-
tion for each ROI for each condition. With a 4-s temporal separation
between regressors, the autocorrelation was 0.25 for Remember trials
and 0.30 for View trials—nearly identical to the acceptable value of
0.29 reported previously (Zarahn et al. 1997).

All regressors were created by convolving a boxcar function of
the appropriate length for each event with a canonical gamma hemo-
dynamic response function. In addition to the above regressors,
estimated motion parameters were included as nuisance regressors.
Linear contrasts were performed for the comparisons of interest for
Remember and View trials: overall (cue + delay + probe—baseline),
encoding (cue—baseline), and maintenance (delay—baseline). The
View condition was designed specifically to act as a nonmemory
control condition for the task we used, given that it matches the
sensory and timing information in the Remember condition, but

Figure 1. Experimental design (adapted from Gazzaley, Cooney, McEvoy, et al.
2005). On each trial, participants viewed 4 sequentially presented cue images
followed by a blank delay period. A single probe stimulus followed the delay. On
Remember trials (top row), participants encoded the cue images and were asked to
report with a button press whether the probe matched one of the cue images. On
View trials (bottom row), participants were instructed to view the cue images and to
respond indicating the direction of an arrow probe that pointed either left or right.
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requires a simple perceptual response at probe instead of remember-
ing the cue items (Gazzaley, Cooney, McEvoy, et al. 2005; Gazzaley,
Cooney, Rissman, et al. 2005). Therefore, in order to control for
non-WM-related processes, such as attending to stimuli, anticipation
of the probe stimulus, and motor preparation, for all metrics (see
below) we subtracted activity during the View condition from activity
during the Remember condition.

Two participants were missing imaging data for 1 of the 3 Remem-
ber runs, and 3 participants were missing behavioral responses on a
subset of the View runs. For the participants missing View behavioral
data, the GLM was run using all the trials from the View runs.

Identification of ROIs
Functional ROIs were created to limit our analyses to regions known
to be integral to WM: left and right inferior frontal gyrus (IFG) and
middle frontal gyrus (MFG) within lateral PFC, and left and right EC
(Zarahn et al. 1999; Pessoa et al. 2002; Sakai et al. 2002; Ranganath
et al. 2004; Lepsien and Nobre 2007). An additional control ROI that
is not commonly related to visual WM, the postcentral gyrus (PoCG),
was created to determine whether any effects found were specific to
WM-related brain regions. First, we defined structural ROIs of these 4
regions on a standard brain (MNI152). The structural IFG, MFG, and
PoCG were defined using unthresholded templates of the Harvard-
Oxford Probabilistic Brain Atlas (FSL; provided by the Harvard Center
for Morphometric Analysis). The structural EC included the lingual
gyrus, the parahippocampal gyrus, posterior portions of the fusiform
and inferior temporal gyri, and the surrounding occipital cortex (Fig. 2).

To transform structural ROIs into individual participant space, a
2-step normalization process with FSL’s FLIRT module for linear regis-
tration was used. First, the parameters to register the GEMS anatomical
image to the high-resolution MP-FLASH anatomical image (7 degrees of
freedom [DOF]) were computed. Next, the parameters to register the
MP-FLASH to standard MNI152 space (12 DOF) were computed. These
transformation matrices were combined to provide the transform from
EPI space (which was identical to the GEMS anatomical space) to MNI
space, and then reversed so as to provide the reverse-normalization
parameters to register the standardized, structural ROIs into individual
participant space.

The functional ROIs were participant-specific. They consisted of the
30 most active voxels in each hemisphere within each structural ROI
from the overall Remember–overall View contrast (Remember [cue +
delay + probe]−View [cue + delay + probe]). To ensure that the reported
results were not specific to the manner in which functional ROIs were
chosen, we repeated these analyses creating subject-specific ROIs for
the 50 most active voxels. The results were consistent; thus, we are only
reporting results from the 30 most active voxels.

Proportion Overlap Analysis
Based on evidence that the extent of neural activation correlates with
WM performance (Rypma and D’Esposito 1999), we assessed the
degree to which above-threshold neural activity during maintenance
corresponded to above-threshold encoding activity. To do so, we cal-
culated the proportion of active delay period voxels that were also
active during the cue period of the task for each participant. First, we
counted the number of active voxels within each ROI (thresholded at
uncorrected t > 1.5) in the cue/delay conjunction. To examine this
conjunction as a proportion of voxels active during WM maintenance,
we divided the conjunction by the total number of significantly active
delay voxels to get the Proportion Overlap separately for Remember
and View. Previous studies identifying WM-relevant voxels have simi-
larly isolated significant delay activity and tracked the corresponding
activation across other task epochs (Nakamura and Kubota 1995;
Postle et al. 2003; Tsujimoto and Sawaguchi 2004). Finally, we sub-
tracted View Proportion Overlap from Remember Proportion Overlap
to get the overall Proportion Overlap values reported below.

Spatial Similarity Analysis
Next, we calculated the degree to which the spatial patterns of BOLD
activity during maintenance corresponded to the spatial patterns of
BOLD activity during encoding, regardless of intensity (Spatial Simi-
larity; Aguirre 2007; Miller et al. 2010). Spatial Similarity was computed
within each of the functional ROIs using Remember–View. This analysis
complemented and extended the Proportion Overlap analysis because
it examined whether the pattern of BOLD activity across the cue and
delay periods of the task was similar without limiting the search to sig-
nificantly active voxels. First, the uncorrected t-values at each voxel
within each ROI were vectorized for both the cue and delay periods.
The resulting vector of t-values within each ROI was then correlated
across the cue and delay periods using a nonparametric test (Kendall
rank-order correlation) so as not to make any assumptions about the
underlying distribution. The output was the magnitude of Spatial Simi-
larity between cue and delay period activity for each ROI.

Connectivity Similarity Analysis
To calculate the Connectivity Similarity between all combinations of
the functional ROIs (IFG–EC, MFG–EC, IFG–MFG, IFG–PoCG, MFG–
PoCG, and EC–PoCG), we implemented a beta-series correlation
analysis (Rissman et al. 2004). This technique allowed us to quantify
inter-regional neural interactions between each pair of regions separ-
ately for different task stages (i.e., cue vs. delay). First, the above GLM
was adapted such that the regressors of interest that estimated the
BOLD response were separately calculated for each trial (as opposed
to for each trial type). This resulted in a parameter estimate (beta
value) for each stage within each trial. The average beta values within
each ROI from each task stage were then temporally sorted across all
events of that stage. A correlation between the sorted beta values for
each pair of ROIs was calculated for all cue period events and all
delay period events to quantify the degree of functional connectivity
between those 2 regions during each task stage. We contrasted the
functional connectivity during the Remember condition with that
during the View condition. The correlation coefficients were standar-
dized into z-scores to allow for statistical conclusions to be made from
the magnitudes of the correlations. Connectivity Similarity was calcu-
lated as the absolute value of the difference between functional connec-
tivity during the cue period and functional connectivity during the
delay period for each pair of regions. Given that we only included
correct trials in our GLM, the number of betas that went into our
average functional connectivity varied across participants (mean 26.4
for Remember and 29.7 for View, range 19–30). To assess whether the
number of betas included in the analysis influenced our results, we also
conducted the above analysis including 19 randomly chosen betas for
each participant. Both methods produced similar results; thus, we only
report the analysis including all betas for each participant.

Figure 2. Regions of interest. Structural ROIs from which the subject-specific ROIs
were created: inferior frontal gyrus (IFG; light blue), middle frontal gyrus (MFG; dark
blue), extrastriate cortex (EC; red), and postcentral gyrus (PoCG; yellow).
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Results

Proportion Overlap
First, we computed Proportion Overlap to measure the simi-
larity between the extent of above-threshold activity during
WM maintenance (when encoded stimuli were absent) and
the extent of above-threshold neural activity during encoding
(when stimuli were present). This analysis was conducted
only in participants who had significant delay period voxels
for a given ROI (correlation values for included participants,
along with the number of participants in each correlation, are
reported below). Across participants, greater Proportion
Overlap was associated with higher accuracy in the left IFG
(r = 0.29, P = 0.049, n = 47; Fig. 3a). We did not observe a sig-
nificant relationship between Proportion Overlap and accu-
racy in the left MFG (r = 0.07, P = 0.65, n = 44; Fig. 3b) or the
left EC (r =−0.03, P = 0.81, n = 34; Fig. 3c). There were no
relationships between the right-lateralized PFC or EC ROIs
and accuracy (P > 0.19 for all ROIs; n = 51 for IFG, 49 for
MFG, and 37 for EC). Lastly, there was no relationship
between overlap in the left or right PoCG and accuracy
(r =−0.04, P = 0.78, n = 45 and r =−0.09, P = 0.52, n = 51,
respectively). These findings remained consistent when
raising the significance threshold from t > 1.5 to t > 2.0
(r = 0.32, P = 0.04 for left IFG and P > 0.14 for all other ROIs),
as well as when including participants with no delay period
activity in the analysis with Proportion Overlap set to 0
(r = 0.23, P = 0.06 for left IFG and P > 0.10 for all other ROIs).
This finding suggests that the integrity of visual WM depends
on neural similarity in the left IFG.

Spatial Similarity
Secondly, we calculated Spatial Similarity to assess the pat-
terns of BOLD activity across all voxels regardless of the mag-
nitude of the BOLD signal. Underlying spatial patterns of
BOLD activity may convey essential information that cannot
be extracted by examining only above-threshold activation.
For instance, early visual regions do not exhibit above-
threshold delay period activity during the maintenance of
visual stimuli, but neural patterns in these regions contain
information about the stimulus being maintained (Harrison
and Tong 2009; Serences et al. 2009). We found that while
there was a positive relationship between Proportion Overlap
and accuracy in the left IFG when limiting our analyses to sig-
nificant above-threshold voxels, there was no relationship
between Spatial Similarity and accuracy when including all

voxels within the ROI in the analysis (r = 0.09, P = 0.47).
Similar to the Proportion Overlap analysis, there was no
relationship between accuracy and Spatial Similarity in the left
or right MFG, EC, or the control ROI, PoCG (P > 0.13 for all
ROIs). In order to rule out the possibility that the relationship
between cue and delay epochs evolves throughout the delay,
the Spatial Similarity analysis was repeated using prepro-
cessed BOLD values from 3 representative timepoints during
the delay epoch. BOLD signal values from each voxel in a
given ROI were extracted for 3 encoding TRs (TRs 6, 7, and 8
of the trial, reflecting the approximate peak of the BOLD
response to the cue stimuli) and 3 maintenance TRs (TRs 11,
13, and 15 of the trial, chosen as representative samples of
the delay period). These values were averaged over trials sep-
arately for Remember and View conditions. We then averaged
the values from TRs 6–8 to derive a single encoding vector for
the ROI and determined the correlation between this vector
and each of the 3 delay vectors. This yielded 3 correlation
values per subject per condition. After subtracting View from
Remember values, we examined each of the 3 correlation
values for a relationship with overall accuracy. No significant
relationships with task accuracy were observed in any of the
ROIs (P > 0.11 for all ROIs).

Although spatial patterns of subthreshold delay period
voxels have been shown to contain WM stimulus information
(Harrison and Tong 2009; Serences et al. 2009), our results
suggest that correspondence between significantly active
voxels, and not spatial patterns, across encoding and mainten-
ance periods is critical for WM. In support of this notion, non-
human primate studies have suggested that patterns of
activity that contain WM stimulus information may not be
stable across encoding and maintenance (Meyers et al. 2008;
Woloszyn and Sheinberg 2009).

Connectivity Similarity
Thirdly, our metric of neural similarity was the degree to
which functional connectivity between lateral PFC regions
and EC during maintenance corresponded to their connec-
tivity during stimulus encoding (Connectivity Similarity). Con-
nectivity Similarity was defined as the magnitude of the
difference between functional connectivity during encoding
and maintenance. All analyses focused on left-lateralized ROIs
given that the Proportion Overlap analysis indicated that the
only region whose overlap was related to accuracy was the
left IFG. For each of these analyses, participants with func-
tional connectivity scores >3 standard deviations from the

Figure 3. Proportion Overlap relationships with behavior. Proportion Overlap was positively associated with accuracy in (a) the left IFG, but not in (b) the left MFG. (c) There was
no relationship between accuracy and Proportion Overlap in the left EC.
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mean were excluded, as noted below. As hypothesized, par-
ticipants who were more accurate had increased Connectivity
Similarity (a value of 0 indicating perfect Connectivity Simi-
larity), both with left IFG–EC connectivity (r =−0.27, P = 0.03,
n = 64; Fig. 4a) and with left MFG–EC connectivity (r =−0.33,
P = 0.008, n = 63; Fig. 4b). No significant relationship was
found between Connectivity Similarity and WM accuracy for
left IFG–MFG (P = 0.94, n = 64) or for any of the regions’ Con-
nectivity Similarity with PoCG (IFG–PoCG, MFG–PoCG, and
EC–PoCG; P > 0.29 for all ROI pairs, n = 63).

Discussion

These results provide novel evidence for the neural processes
underlying successful WM, and advance previous research ex-
amining neural activity associated with WM encoding or
maintenance alone. By directly comparing neural activity
during WM encoding and maintenance, we showed that the
correspondence of neural processes—both above-threshold
activity and functional connectivity—during these 2 stages is
related to the integrity of WM. As such, we provide empirical
support for theoretical work suggesting that overlap between
encoding and maintenance processes is a critical element of
WM (Postle 2006; D’Esposito 2007). It is important to note
that although encoding and maintenance are thought of as
separate and unitary processes, each is multifaceted. Encod-
ing involves processes that extract and store information in
WM in addition to stimulus-evoked sensory processes (Chafee
and Goldman-Rakic 1998; Bor et al. 2003; Ranganath et al.
2004; Brady et al. 2009; Gao et al. 2010), while maintenance
comprises sustained rehearsal, storage, and interference
resistance (Smith and Jonides 1998; Sakai et al. 2002). Our
results therefore likely reflect the correspondence in neural
activity related to several of these processes, instead of the
correspondence purely between stimulus-evoked activity and
storage-related activity. Nevertheless, our work provides the
first direct evidence that shared features of temporally segre-
gated neural activity in WM relates to WM performance. The
view that emerges from this evidence is that of a unitary set of
representations and operations that subserve the complex
processes of encoding and maintaining information in WM.

Although our hypothesis did not focus on the relative roles
of lateral PFC regions and EC in WM, here we consider
regional differences in our findings within the context of
prevalent models of visual WM. These models propose that

stimulus information is maintained via persistent top-down
input from lateral PFC to EC (Petrides 2000; Awh and Jonides
2001; Postle 2006; D’Esposito 2007). In line with this view,
our Connectivity Similarity results indicate that both dorsal
and ventral PFC communicate with EC in the service of WM.
We found that Connectivity Similarity between dorsal and
ventral PFC was not correlated with accuracy (r =−0.01),
which is consistent with the notion that doral and ventral
regions of PFC may play different roles in WM and provide
differential input to downstream regions (Petrides 2000;
Badre and Wagner 2007; Blumenfeld et al. 2011). Left ventro-
lateral PFC is implicated in the selection of relevant infor-
mation in the context of memory (Jha et al. 2004; Feredoes
et al. 2006; Badre and Wagner 2007) and stimulus represen-
tations (Rushworth et al. 1997; Thompson-Schill et al. 1997),
which is consistent with a putative shared function across WM
encoding and maintenance. Dorsolateral PFC, on the other
hand, may serve to increase the capacity of downstream
regions to store WM information (Edin et al. 2009). However,
given that the relationships between IFG–EC and MFG–EC
Connectivity Similarity and WM accuracy were not signifi-
cantly different from one another (P = 0.64), we cannot rule
out the possibility that these 2 regions play complementary or
even overlapping roles in our task. The left lateralization of
our results in the PFC is not surprising, given previous
reports of left PFC activation in this particular WM task (see
Gazzaley, Cooney, Rissman, et al. 2005, Gazzaley et al. 2007).
However, other studies with similar WM delay tasks have
found right lateral PFC involvement (e.g., Yoon et al. 2007);
we therefore refrain from making strong claims regarding the
hemispheric specificity of PFC involvement in WM.

The above models also suggest that stimulus information is
stored in EC neurons that initially represent visual input.
While we did not find evidence for conserved neural activity
within EC across encoding and maintenance, it is possible
that EC retains stimulus information throughout WM via other
mechanisms. Recent work has demonstrated that neurons that
initially contain the most WM stimulus information may not
contain the same degree of information during the latter
stages of maintenance (Meyers et al. 2008). An alternate possi-
bility is that visual neurons may retain information via rapid
shifts in synaptic weights (Sugase-Miyamoto et al. 2008).
Under such a scenario, representations could be passively
stored over brief intervals, with periodic input required to
keep the representations active over several seconds (Mongil-
lo et al. 2008; Sugase-Miyamoto et al. 2008). Thus, instead of
requiring sustained neural activation, the conservation of
stimulus information across encoding and maintenance may
be accomplished via periodic, punctate (and possibly sub-
threshold) reactivation of cue-evoked activity that may require
much more sensitive techniques to properly document. Intri-
guingly, this scenario is consistent with our observation that
MFG– and IFG–EC Connectivity Similarity were significantly
related to accuracy, whereas Proportion Overlap in EC did not
show a relationship with accuracy.

Our work raises 2 important questions for future research.
First, what factors contribute to individual differences in the
degree of neural similarity and WM accuracy? One possibility
is that strategic differences in task performance differentially
engaged WM operations (Braver et al. 2008), resulting in
varying degrees of neural similarity. Another nonexclusive
possibility is that trait variables, such as WM capacity or

Figure 4. Connectivity Similarity relationships with behavior. Connectivity Similarity
was comparably associated with accuracy for the (a) left IFG–EC and (b) left MFG–
EC pairs. Note that the Connectivity Similarity metric is a difference score, thus
smaller values are indicative of greater similarity.
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intelligence, may determine the degree of neural similarity
during WM maintenance. Studies incorporating explicit ma-
nipulations of strategy or the examination of WM capacity, in
conjunction with our neural similarity metrics, can address
these possibilities. Secondly, what is the mechanism that
results in neural similarity across task stages? In this study, the
temporal resolution of fMRI precludes us from distinguishing
between encoding-evoked activity that is sustained through-
out maintenance and phasic encoding activity that is reconsti-
tuted during maintenance. Evidence exists for both
possibilities: work utilizing single unit recording has ident-
ified cells that fire persistently throughout the delay (Fuster
and Alexander 1971), whereas recent multivariate analyses
have revealed that information conveyed by EC neurons may
degrade early in the delay and be reconstituted toward the
end of the delay (Woloszyn and Sheinberg 2009), possibly via
input from PFC (Ranganath and D’Esposito 2005). Electro-
physiological measures of neural reinstatement may be
necessary to distinguish between these alternatives.
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