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Abstract

Extended maintenance delays decrease the accuracy of information stored in spatial working
memory. In order to elucidate the network underlying sustained spatial working memory, 16
subjects were scanned using fast event-related fMRI as they performed an oculomotor delayed
response task containing trials with “short” (2.5 s) or “long” (10 s) delay periods. Multiple cortical
and subcortical regions were common to both delay trial types indicating core task regions. Three
patterns of activity were found in a subset of core regions that reflect underlying processes:
maintenance-related (e.g., left FEF, right supramarginal gyrus (SMG)), response planning-related
(e.g., right FEF, SEF), and motor response-related (e.g., lateral cerebellum (declive)) activation.
Several regions were more active during long than short delay trials, including multiple sites in
DLPFC (BA 9, 46), indicating a circuitry dynamically recruited to support sustained working
memory. Our results suggest that specialized brain processes support extended periods of working
memory.
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Introduction

Visual spatial working memory (VSWM) refers to the cognitive ability to hold “on-line”
information about stimuli that are no longer present in the external environment but are key
to adaptive behavior (Baddeley, 1983, 1986; Baddeley et al., 1975; Fuster, 1997). VSWM
bridges retrospective sensory and prospective motor processing (e.g., Curtis et al., 2004;
Curtis, 2006) and underlies a wide range of complex, higher-order behaviors including
spatial reasoning and problem solving (e.g., Newman et al., 2003).

It has been well established in humans and non-human primates that a widely-distributed
brain circuitry supports VSWM. Single-unit studies in monkeys have identified distributed
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populations of neurons with delay-contingent firing patterns that provide a neuronal
mechanism for sustaining mnemonic information across a delay period. Such neurons have
been identified in a number of cortical and sub-cortical regions, including prefrontal cortex
(Funahashi et al., 1989, 1991, 1993, 1997), frontal eye field (FEF) (Funahashi et al., 1989),
supplementary eye field (SEF) (Hanes et al., 1995), inferior parietal lobule (Colby et al.,
1996; Gnadt and Andersen, 1988), caudate nucleus (Hikosaka et al., 1989a,b), thalamus
(Wyder et al., 2004), and superior colliculus (Munoz and Wurtz, 1995; Basso and Wurtz,
1998). Delay-contingent reductions in firing patterns have also been observed in substantia
nigra pars reticulata (SNpr) (Hikosaka and Wurtz, 1983). In humans, numerous
neuroimaging studies collectively implicate recruitment of a widely distributed system
supporting working memory, including dorsolateral prefrontal cortex (DLPFC), FEF, SEF,
intraparietal sulcus (IPS), cingulate cortex, basal ganglia, and lateral cerebellum (e.g.,
Sweeney et al., 1995, 1996; McCarthy et al., 1996; Courtney et al., 1997, 1998; Smith and
Jonides, 1998; Ungerleider et al., 1998; LaBar et al., 1999; Luna et al., 1999; Cabeza and
Nyberg, 2000; Hartley and Speer, 2000; Postle et al., 2000a,b; Rowe et al., 2000; Berman
and Colby, 2002; Leung et al., 2002; Manoach et al., 2003; Wager and Smith, 2003; Brown
et al., 2004a,b; Curtis et al., 2004, 2005; Passingham and Sakai, 2004; Curtis and
D'Esposito, 2006; Keedy et al., 2006; Klingberg, 2006; Ricciardi et al., 2006; Ranganath,
2006; Scherf et al., 2006).

The distributed network engaged to support performance of a VSWM task codes for
multiple underlying cognitive processes. VSWM tasks typically consist of a fixed sequence
of events: the initial presentation of a stimulus, a delay interval when the stimulus is not
seen, and a cued execution epoch when a memory-guided response is executed. Different
cognitive processes are emphasized during each epoch, including encoding (initial mapping
of a characteristic of some stimulus into an internal representation), maintenance (retention
of that representation across a delay), manipulation (engaging in an additional cognitive
process during the delay period), response planning (using the maintained representation to
guide purposeful action), and execution (generating a response).

The mechanisms underlying maintenance, in particular, have been of great interest in the
literature. Most maintenance studies have examined the effects of increased memory load
and/or manipulation demands during the delay period on various brain regions (e.g., Cohen
etal., 1997; Rypma et al., 1999a,b; Jha and McCarthy, 2000; Leung et al., 2004; D'Esposito
et al., 1999). A few studies have indicated increased activation in widespread frontal
regions, such as left caudal inferior frontal gyrus and superior frontal gyrus, as memory load
increases (e.g., Rypma et al., 1999a,b), and a primary role for DLPFC in the manipulation of
information (e.g., D'Esposito et al., 1999). A more recent report provides evidence that
prefrontal cortex plays less of a role in the storage of information than does a domain-
specific network in posterior cortex (Postle, 2006). Together, these studies suggest a specific
network supporting working memory capacity. However, we still have a limited
understanding of the mechanisms that sustain information over time.

We have previously demonstrated that increases in the duration of the delay period can
undermine the fidelity of maintained representations—Ilonger delay periods in the
oculomotor delayed response (ODR) task lead to decreased latency, implying ongoing
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response preparation, and decreased accuracy of the saccadic response, indicating loss of
signal (Luna et al., 2004). We do not yet, however, have a good understanding of the
underlying network supporting temporally-extended delay periods. Our intent in the current
study was to take a novel approach to understanding maintenance by characterizing the
mechanisms that support spatial working memory throughout different lengths of working
memory delays.

Two hypothetical network configurations may underlie extended maintenance. First, there
may be a static, fixed network of regions recruited throughout a delay period, regardless of
its duration. Extended delays would thus simply entail temporally-sustained activity in these
areas. A second possibility is that a core network of regions necessary to perform the task is
recruited early and additional regions that function to facilitate or enhance maintenance
(e.g., by filtering out distractors, updating rule information, or ‘refreshing’ the maintained
mnemonic information) are dynamically recruited later as duration demands increase.

We examine these two possible network configurations in the context of an oculomotor
delayed response (ODR) task comprised of two trial types, each with different lengths of
delay periods. The ODR task was developed for use in monkey electrophysiology studies
(Hikosaka and Wurtz, 1983) and is particularly well-suited to investigate extended
maintenance for a number of reasons. First, in the present design, encoding and motor
response demands (the location of a briefly appearing flash and a saccade to the remembered
location, respectively) are equivalent across short and long-delay trial types. This restricts
subjects from adopting different encoding strategies based on advanced knowledge of the
delay length of the upcoming trial. Second, the type and amount of information that is
required to be maintained are also equivalent across delay trial types. Third, there are no
manipulation demands in this task, minimizing potential misinterpretations of maintenance
versus manipulation-related activity, particularly in prefrontal circuitry (e.g., Rowe et al.,
2000). Only the length of time that the subject must hold the location information online is
varied. Finally, given the relatively widespread use of ODR tasks in single-unit studies,
implementation of this task with human subjects allows us to draw a link between the human
and non-human primate literatures investigating the brain basis of VSWM.

In terms of the brain regions supporting VSWM trials with different delay durations, we
hypothesized that a core set of regions, including the FEF, SEF, DLPFC, posterior parietal
cortex, anterior cingulate, caudate, and the lateral cerebellum (e.g., Sweeney et al., 1995,
1996; Courtney et al., 1998; LaBar et al., 1999; Luna et al., 1999; Cabeza and Nyberg, 2000;
Postle et al., 2000a,b; Rowe et al., 2000; Wager and Smith, 2003; Brown et al., 2004b;
Curtis et al., 2004; Passingham and Sakai, 2004), would be recruited during each mnemonic
trial type. We also hypothesized that there would be an additional subset of regions recruited
to support the demands of extended maintenance, such as updating rule representation (e.g.,
DLPFC) over the longer delays.

A second level of analysis was possible based on our straightforward comparisons of the
networks supporting short versus long delay trials. By comparing the patterns in the time
courses from commonly recruited brain regions, we are able to gain additional insight on the
functional contributions of these areas. We predicted that two basic patterns would be
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observable in the time courses. First, regions involved in sustaining a memory trace across
the duration of the delay period (similar to activity in some neurons with delay-contingent
activity) were predicted to show early involvement during both delay trial types and
prolonged activity on long-delay trials (see Fig. 1A), with no increases in magnitude
(Boynton et al., 1996). Second, since subjects did not know if the delay on any given trial
would be short or long (see Materials and methods), we predicted that time courses from
regions associated with response preparation/execution (i.e., planning to initiate a saccade
toward the remembered location of the stimulus) would show a single peak on short trials,
but a biphasic response on long-delay trials (see Fig. 1B). That is, during long-delay trials,
these regions should exhibit increased activity prior to when a motor response would be
required on a short-delay trial, decreased activity when a motor response is not cued, then a
second peak of activity towards the end of the longer delay when a response would actually
be required.

Materials and methods

Subjects

Eighteen healthy adult subjects were recruited for this study. Imaging data from two subjects
were excluded from analyses due to excessive (greater than 1/3 voxel) head motion in the
scanner. The remaining 16 subjects (ages 18-30 years; 9 males) were right handed, had far
visual acuity of at least 20/40 (corrected or uncorrected), and medical histories that revealed
no neurological disease, brain injury, or major psychiatric illness in the subject or first
degree relative. Written consent and experimental procedures for this study complied with
the Code of Ethics of the World Medical Association (1964 Declaration of Helsinki) and the
Institutional Review Board at the University of Pittsburgh. Subjects were paid for their
participation in the study.

Oculomotor delayed response (ODR) task

Our task consisted of spatial working memory (a.k.a. oculomotor delayed response) trials
and visually guided saccade (VGS) trials with jittered inter-trial fixation periods (see Fig. 2).
In spatial working memory trials, (Fig. 2A), subjects were instructed to fixate a central
yellow crosshair for 2425 ms. A brief (75 ms) stimulus randomly appeared at one of four
possible locations on the horizontal meridian, at +4° or +8° of visual angle. Stimulus
eccentricity was counterbalanced across visual hemi-fields. Subjects were explicitly
instructed not to look at the stimulus when it appeared but to remember its location in space.
A delay period followed presentation of the stimulus that lasted either 2.5 or 10 s (referred to
as “short-delay” and “long-delay” trials, respectively). Importantly, subjects were instructed
to maintain fixation during the delay as spatial working memory for locations has been
shown to be disrupted by eye movement control (Postle et al., 2006). The fixation cross
disappeared after the delay, which cued subjects to look toward the remembered location of
the target. Subjects did not know the delay length of any given trial as these were randomly
chosen. For the VGS trials (Fig. 2B), subjects first fixated a green cross for 1250 ms. A
stimulus appeared (1250 ms) at one of four possible locations on the horizontal meridian, at
+4, 8° visual angle. Subjects were instructed to look at the peripheral target when it
appeared. VGS trials were analyzed to assure that expected oculomotor regions were
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engaged during the task, but were not considered in any additional statistical analyses.
During fixation periods (Fig. 2C; presented between trials), subjects maintained fixation on
a central white crosshair for jittered intervals of either 5, 7.5, 10, or 12.5 s, with the selection
of each inter-trial fixation period duration determined using a decaying exponential function
(Dale and Buckner, 1997; Dale, 1999). Twenty long-delay trials, 20 short-delay trials, and
20 VGS trials were presented in random order in each run; two runs were presented per
experimental session.

Each subject completed behavioral training on the ODR task in our laboratory no more than
1 week prior to being scanned. In the MR scanning environment, eye movements were
obtained with a long-range optics eye-tracking system (Model 504LRO; Applied Science
Laboratories, Bedford, MA, USA) that recorded eye position by pupil-corneal reflection
obtained by a mirror mounted on the head coil. Simultaneous on-line video monitoring was
used to assess task compliance. At the beginning of each eye-tracking session, a nine-point
calibration procedure was performed. Fourteen subjects viewed experimental stimuli
presented using Macromedia (Adobe) FLASH software while four subjects viewed the
identical stimuli presented using E-Prime (Psychology Software Tools, Pittsburgh, PA). All
stimuli were front-projected onto a flat screen positioned on a standard head coil. Recorded
eye tracking data were viewed and scored off-line using a combination of ILAB software
(Gitelman, 2002) and in-house scoring programs written in MATLAB (MathWorks, Inc.)
running on a Dell Dimension 8300 PC. Due to limitations in the original set-up of the eye
tracking system, we were able to obtain usable data for only seven subjects.

fMRI acquisition and preprocessing

Imaging data were collected using a 3.0 Tesla Signa whole-body MR scanner (General
Electric Medical Systems, Milwaukee, WI). A gradient-echo echo-planar imaging sequence
sensitive to blood-oxygen-dependent (BOLD) contrast (T2*) was performed (Kwong et al.,
1992; Ogawa et al., 1992). The acquisition parameters were: TR=2.5s; TE = 25 ms; flip
angle = 90°; single shot; full k-space; 64x64 acquisition matrix with FOV = 20x20 cm.
Twenty-three 5-mm-thick axial slices with a 1 mm gap were collected, aligned to the base of
the genu and splenium of the corpus callosum, generating 3.125%3.125%x5 mm voxels, which
covered the entire cortex and most of the cerebellum. A three-dimensional volume spoiled
gradient-echo (SPGR) pulse sequence with 124 slices (1.5 mm slice thickness) was used to
acquire the structural images in the axial plane.

FIASCO software (Functional Imaging Analysis Software— Computational Olio) (Eddy et
al., 1996) was used to pre-process the raw data. Images were corrected for three-dimensional
head motion by aligning each volume in the time series to the volume obtained in the middle
of the acquisition. Images were submitted to linear, temporal detrending by calculating an
unbiased estimate of the slope and subtracting it out of each pixel's time series. Each
subject's images were smoothed with a 5.6 mm full-width at half maximum (FWHM) filter,
which given the original voxel size was optimal for maximally improving the signal-to-noise
ratio while minimally reducing resolution, and shifted 5 s, which adjusts for the peak
activation of the BOLD response function (Cohen et al., 1997).

Neuroimage. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geier et al. Page 6

fMRI data analyses

Individual subjects—Three-dimensional datasets were created from the two-dimensional
preprocessed image files using AFNI (Analysis of Functional Neuro-Images) (Cox, 1996).
Next, to convert from arbitrary image intensity units to percent signal change, we divided
the time series of each voxel by its mean intensity. AFNI was then used to obtain event-
related activation data via multiple regression to overlay on co-planar anatomic images
(Cox, 1996). Detailed methods for this procedure have been described fully elsewhere
(Ward, 1998). Briefly, for each subject, the BOLD response to each trial type (i.e., ODR
“long” trials, ODR “short” trials, and visually guided saccade trials—not analyzed here) was
estimated by coding a different regressor (i.e., delta function) for each of the 15 time points
(i.e., image acquisitions) immediately following each trial onset. This procedure produced
one time course estimate over 15 time points per voxel, per trial type. The selected time lag
(15 TRs) was sufficiently long to capture the rise and fall of the hemodynamic response for
each trial type. We did not assume a response shape in our time course estimation. Note that
the estimated BOLD response from ODR trials encompassed presentation of the cue, delay
period, and the motor response. Individual ODR trial components were not modeled in this
study. Jittered inter-trial fixation periods (see the Oculomotor delayed response (ODR) task
section) ensured that there were a sufficient number of independent linear equations to
estimate the BOLD responses separately. Each individual map was then spatially normalized
into Talairach space (Talairach and Tournoux, 1988) using anatomical markers and re-
sampled into 1 mm isotropic voxels.

Group analyses—In this study, we aimed to 1) identify brain regions supporting trials
with different maintenance durations, and 2) characterize the function of ‘core’ brain regions
by examining the hemodynamic time courses in these areas during short and long-delay
trials. To address our first aim, we conducted voxel-wise analysis of variance (ANOVA) on
the short-delay trial estimated BOLD response values from each subject with time (TR 1
through 15) as a fixed factor and subjects (16) as a random factor. This resulted in a main
effect of time map for the short-delay trial condition identifying regions that were
significantly (p< 0.005) active across time. Since subjects did not know at the start of each
trial which delay would be forthcoming, encoding and early maintenance requirements were
equivalent across trials. Therefore, the task-related areas involved in short-delay trials would
also be recruited during long-delay trials. Regions exhibiting a main effect of time for the
short trial condition were thus considered in our experiment to be reflective of a core spatial
working memory network.

We then repeated the above procedure using the long-delay trial estimated BOLD response
values. Regions identified in long-delay trials that were absent in the short-delay trials may
represent areas that assist maintenance regions in sustaining the fidelity of a representation
across prolonged delay periods. The main effect of time maps for both short- and long-delay
trials were corrected for multiple comparisons using False Discovery Rate (FDR). Threshold
was set for these images at p<0.01.

Clusters identified in the main effect of time maps were simultaneously compared to an
anatomically-defined ROI database (27 regions of interest across 2 hemispheres) drawn in
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AFNI in order to assess which brain regions were recruited during each trial type. Details of
the construction of this ROl mask are provided elsewhere (Scherf et al., 2006). A region was
considered “common” to short and long-delay trials if it contained clusters of significantly
(p<0.01, corrected) activated voxels from both the short and long-delay trial main effect of
time maps.

To address our second aim of characterizing response mechanisms of core regions
supporting short- and long-delay trials, we first used the clusters from the short-trial main
effect of time map as a functional mask and extracted the average estimated BOLD time
course from these voxels across subjects for both the short- and long-delay trials. We then
performed repeated measures ANOVA with condition (short and long-delay trials), time
(TR 1 through 15), and subjects (N=16) as factors on these time courses. We did this in
order to make direct statistical comparisons of the responses in the same voxels across delay
trial types.

To investigate the hypothesis that additional regions may come on-line during longer delay
periods to assist or facilitate aspects of extended maintenance, we identified clusters
observed exclusively in the long-delay trial main effect of time map. It is possible that these
same regions were also participating during short-delay trials but simply did not reach our
selected level of significance and thus were not detected in the short main effect of time
map. To account for this possibility, we used clusters exclusively identified in the long-delay
trial main effect of time map as functional masks and extracted the estimated mean BOLD
time courses from the corresponding voxels across subjects for both short-and long-delay
trials. These extracted time courses were then subjected to further statistical analyses. First,
repeated-measures ANOVA was conducted to examine whether the short-delay trial time
course from a particular region had a significant main effect of time. If significant (p<0.05),
another repeated-measures ANOVA was conducted to examine the relationship between
short and long-delay trial time courses across time. If not, then the region was considered to
be active only in the long delay trials.

Scanner eye tracking

Video monitoring of subjects’ eyes during scanning provided online visual evidence of task
compliance for all 16 participants. Due to technical limitations at time of acquisition,
however, eye tracking data from only 7 out of 16 subjects were able to be scored for overall
percent correct (i.e., proportion of correctly performed ODR trials) and initial saccade
latency. Noise artifact precluded analyses of saccade accuracy to the 0.5° to 1° of visual
angle of spatial resolution needed to assess differences due to the delay period. Overall
percent correct across both delay trials was extremely high among these 7 subjects
(M=99.1+1.4%). Across all trials, only one error was observed: one subject incorrectly
broke fixation and made a saccade towards the peripheral cue. This error occurred during a
long-delay trial. Removal of this subject from analyses did not change our overall results. As
expected due to longer preparation times, latencies for the initial saccade made following
long delays (M=484.43+55.04 ms) were significantly shorter than for short delays
(M=510.59+10.59 ms), t(4)=5.587, p<0.005.
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ROl analysis

Common clusters—As expected, short- and long-delay trials were supported by largely
overlapping networks (Fig. 3). Clusters were identified in several commonly reported ROIs
(see Materials and methods), including bilateral FEF, right SEF, left DLPFC (BA 10/46)
(Talairach coordinates: —44, 46, 18), left IPS, and the right caudate. We also observed
activation bilaterally in the anterior inferior parietal lobule, adjacent to the postcentral
sulcus, anterior and distinct from the supramarginal gyrus. In 11 out of 16 subjects, a
common cluster in the left declive (cerebellum) was also identified. Additional regions were
recruited as well during both delay trial types, including bilateral superior temporal gyrus,
left parahippocampal gyrus, right middle cingulate, and left medial dorsal thalamus. A
complete list of common regions, including Talairach coordinates and F-statistic for the
peak voxel in each cluster, can be found in Table 1.

Long-delay trial clusters—Clusters identified in a more caudal location in the left
DLPFC (BA 46) (Talairach coordinates: —43, 39, 10), anterior cingulate, and bilateral
regions in the lateral cerebellum (simple lobule) were found to be non-overlapping between
the two main effect of time maps. In addition, multiple clusters at various sites in bilateral
DLPFC (BA 9,10), bilateral pre-supplementary motor area (Pre-SMA), right middle
cingulate, left middle temporal gyrus, and bilateral inferior frontal gyrus (BA 47) were also
identified only in the long-delay trial main effect of time map at the significance level
reported (p<0.01, corrected). A comprehensive list of these regions can be found in Table 2.

Time course analyses

Commonly recruited task regions—Three distinguishable patterns were observed in
the BOLD time courses from a subset of the commonly recruited brain regions. Table 3 lists
the region from which these time courses have been extracted as well as the Talairach
coordinates of the peak voxel from each cluster.

Pattern 1. In left FEF, left middle temporal gyrus (BA 39), and right supramarginal gyrus
(SMG), trials with short delays exhibited single-peaked (occurring between 12.5sand 15 s
post trial-onset), relatively broad, time courses. For long delay trials, the responses in these
regions were roughly similar in magnitude but temporally extended (Fig. 4).

Repeated-measures ANOVA on the time courses for pattern 1 revealed the following
effects: left FEF (trial type (F(1,15)=5.826, p<0.05); time (F(14,210)=7.589, p<0.001)); trial
type by time interaction (F(14,210)=3.201, p<0.001)), left middle temporal gyrus (trial type
= not significant; time (F(14,210) =6.060, p<0.001); trial type by time interaction
(F(14,210) = 1.774, p<0.05)), and right SMG (trial type (F(1,15)=8.857, p<0.01); time
(F(14,210)=3.419, p<0.001); trial type by time interaction (F(14,210)=2.768, p<0.001)).

Pattern 2: A second pattern was observed in the right FEF, right SEF, left IPS, and right
superior temporal gyrus. In these time courses, a single peak is observed in short trials,
occurring between 10 and 12.5 s post trial onset (Fig. 5). In long-delay time courses from
these regions, a bi-phasic response is observed. Initially, the long-trial time course rises
simultaneously with the short-trial time course, until approximately 7.5-10 s post trial onset.
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This initial peak is followed by a decrease in percent signal change, and then by a second
peak. This second peak occurs in each of these regions 20 s after the start of the trial and is
roughly similar in magnitude (within approximately 0.10% MR signal change) to the short
trial peak.

Repeated-measures ANOVA on the time courses for pattern 2 revealed the following
effects: right FEF (trial type = not significant; time (F(14,210) = 7.307, p< 0.001); trial type
by time interaction (F(14,210) = 6.509, p< 0.001)), right SEF (trial type = not significant;
time (F(14,210) = 6.987, p< 0.001); trial type by time interaction (F(14,210) = 6.589, p<
0.005)), right superior temporal gyrus (trial = not significant; time (F(14,210) = 8.328, p<
0.002); trial type by time interaction (F(14,210) = 4.346, p< 0.001)), and left IPS (trial = not
significant; time (F(14,210) = 5.321, p< 0.001); trial type by time interaction (F(14,210) =
7.159, p<0.001)).

Pattern 3: A third pattern was observed in left lingual gyrus (BA 17/18) and in the left
declive of the cerebellum (Fig. 6). The HDR in these regions consisted of a single, relatively
broad peak in both short and long trials. Short-delay trials peaked earlier (15 s) than long-
delay trials (between 20 and 22.5 s). Relative to the short and long trial peaks observed in
pattern 2, short and long trial peaks in pattern 3 both occurred later in time.

Repeated-measures ANOVA on the time courses for pattern 3 revealed the following
effects: left lingual gyrus (trial type=not significant; time (F(14,210)=5.790, p<0.001); trial
type by time interaction (F(14,210)=3.919, p<0.001)) and left declive (trial type=not
significant; time (F(14,140)=10.893, p<0.001); trial type by time interaction
(F(14,140)=2.906, p<0.001)).

Long delay trial clusters—Repeated-measures ANOVA (factors: time, subjects) on the
mean time courses for short-delay trials extracted from long-delay trial cluster masks
revealed no significant main effect of time for right inferior frontal gyrus, left inferior frontal
gyrus, right middle frontal gyrus, and left lateral cerebellum (simple lobule). A significant
main effect of time was observed in right medial frontal gyrus (F(14,210)=2.869, p<0.001),
left DLPFC (F(14,210)=2.061, p<0.05), right superior frontal gyrus F(14,210)=2.147,
p<0.05), right Pre-SMA (F(14,210) = 2.265, p < 0.001), left Pre-SMA (F(14,210)=3.265,
p<0.001), left anterior cingulate (F(14,210) = 2.294, p<0.01), left middle temporal gyrus
(F(14,210)=2.204, p<0.01), right cuneus (F(14,210)=2.654, p<0.001), left precuneus
(F(14,210)=2.538, p<0.005), and right lateral cerebellum (simple lobule) (F(14,210)=2.468,
p<0.005).

Repeated-measures ANOVA (factors: trial type, time, subjects) was again conducted to
explore the relationship between the short and long-trial time courses extracted from long
main effect of time clusters. These analyses excluded those clusters that did not exhibit a
significant time course in the short-delay trial (See Above). The following effects were
observed: right medial frontal gyrus (trial type =not significant; time (F(14,210)= 4.738,
p<0.001); trial type by time interaction=not significant), left DLPFC (trial type
(F(1,15)=7.393, p<0.05); time (F(14,210) = 3.691, p<0.001); trial type by time
interaction=not significant), right superior frontal gyrus (trial type=not significant; time
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(F(14,210)=4.019, p<0.001); trial type by time interaction=not significant), right pre-SMA
time courses (trial type=not significant; time (F(14,210)=6.273, p<0.001); trial type by time
interaction = not significant); left pre-SMA (trial type=not significant; time
(F(14,210)=5.507, p<0.001); trial type by time interaction=not significant), left anterior
cingulate (trial type=not significant; time (F(14,210)=4.698, p<0.001); trial type by time
interaction=not significant), left middle temporal gyrus (trial type=not significant; time
(F(14,210)=4.625, p<0.001); trial type by time interaction = not significant), right cuneus
(trial type=not significant; time (F(14,210)=5.856, p< 0.001); trial type by time interaction
(F(14,210)=2.081, p<0.05)), left cuneus (trial type=not significant; time (F(14,210) =4.338,
p< 0.001); trial type by time interaction (F(14,210)=1.934, p<0.05)), right lateral cerebellum
(simple lobule) (trial type=not significant time; time (F(14,210) = 4.780, p<0.001); trial type
by time interaction (F(14,210)=1.794, p<0.05)).

Discussion

Visual spatial working memory allows for the internal, online maintenance of spatial
information in the absence of externally driving sensory inputs (Baddeley, 1983, 1986;
Baddeley et al., 1975; Fuster, 1997). Performance of VSWM tasks necessitates coordinated
encoding, maintenance, manipulation (when necessary), response planning, and motor
execution processes. In the ODR task used in the current study, where trial types were
identical except for the duration of the delay period, maintenance processes were
emphasized and explored. Specifically, we aimed to characterize the network(s) supporting
working memory maintenance across extended relative to shorter delay periods.

Not surprisingly, based on the gross similarities between the two delay trials, our results
indicated that largely overlapping distributed circuitries support both delay trial types.
Clusters of significantly active voxels were found in regions frequently identified as
contributing to VSWM tasks, including bilateral FEF, right SEF, bilateral anterior inferior
parietal lobule, left IPS, right caudate, and left DLPFC (BA 10/46) (e.g., Sweeney et al.,
1995, 1996; McCarthy et al., 1996; Courtney et al., 1997, 1998; Smith and Jonides, 1998;
Ungerleider et al., 1998; LaBar et al., 1999; Luna et al., 1999; Cabeza and Nyberg, 2000;
Hartley and Speer, 2000; Postle et al., 2000a, b; Rowe et al., 2000; Berman and Colby,
2002; Leung et al., 2002; Manoach et al., 2003; Wager and Smith, 2003; Brown et al.,
20044a,b; Curtis et al., 2004, 2005; Passingham and Sakai, 2004; Schluppeck et al., 2005,
2006; Curtis and D'Esposito, 2006; Keedy et al., 2006; Klingberg, 2006; Ricciardi et al.,
2006; Ranganath, 2006; Postle, 2006; Scherf et al., 2006). The fact that these regions, along
with others listed in Table 1, were recruited despite differences in the maintenance duration
requirements suggests that they support ‘core’ components of visual spatial working
memory task performance such as encoding, response planning, fundamental aspects of
maintenance, and/or the motor response.

Importantly, there were also several differences in the underlying networks supporting
different delay lengths. The most striking differences in the long-delay circuitry was the
recruitment of several sites in the DLPFC, including clusters in right BA 9, bilateral BA 10,
and right BA 46 (a distinct and more ventral location relative to the commonly recruited
DLPFC (BA 46/10) cluster). The recruitment of additional prefrontal areas as delay length
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increases is similar to the findings of Rypma et al. (1999a, b) demonstrating load-dependent
engagement of various regions in prefrontal cortex during a verbal working memory task.
Our results suggest that the brain responds to increases in delay length in a VSWM task
similarly to increases in load, despite an equivalent number of items being remembered. In
addition to these prefrontal areas, several other regions, such as right anterior cingulate,
bilateral lateral cerebellum (simple lobule), and bilateral pre-supplementary motor areas
were also recruited more in long-delay trials.

The more ventral cluster observed in the left DLPFC (BA 46) may reflect processes engaged
in order to protect the fidelity of the maintained spatial information during longer delays.
One proposed function of prefrontal cortex is to protect memories from distraction, perhaps
by recurrent interaction of excitatory and inhibitory circuits in prefrontal cortex or between
PFC and posterior association areas (Compte et al., 2000; Sakai et al., 2002). Our results are
similar to Sakai et al. (2002), who identified a region in BA 46 where there was reactivation
of maintained verbal working memory. The lateral cerebellum and its connections to the
dentate nucleus of the cerebellum form a loop through thalamus to provide outputs to BA 46
(Middleton and Strick, 1994, 2001). The bilateral clusters observed in the lateral cerebellum
(simple lobule) may assist DLPFC in processes needed to sustain or reactivate working
memory information over extended delay periods.

The anterior cingulate gyrus has been associated with detection of conflicts in information
processing (e.g., Botvinick et al., 1999; Carter et al., 1999). During the longer delays, error
detection processes mediated by the anterior cingulate may come online because of an
incongruence with response preparation processes activated early during the delay period
and the lack of a cue to respond (i.e., the central cross hair does not disappear at 2.5 s during
long delay trials).

In summary, our findings related to the network configurations of short and long-delay trials
confirm the results of previous investigations implicating a widely distributed circuitry
underlying VSWM tasks. We propose that the common areas observed in different delay
trials reflect a core set of regions necessary for task performance. Importantly, we add to the
literature by providing evidence that there are dynamically recruited regions that contribute
as well; specific brain regions either come online (e.g., right inferior frontal gyrus) or
increase their relative participation (e.g., left DLPFC) when extended periods of
maintenance are required. Although regions significantly activated during the long-delay
trials like the anterior cingulate may reflect processes related to conflicts in information
processing (a consequence of the paradigm used), regions such as the DLPFC and the lateral
cerebellum (simple lobule) may function to facilitate the maintenance of a memory trace
over extended delay durations, perhaps by mediating processes to filter out distractors or to
re-update the remembered spatial location of the stimulus.

Discerning functional roles based on differences in the time courses

By characterizing differences in short- and long-delay hemodynamic time courses from core
task regions, we were able to gain additional insight on the functional contributions of these
regions. Three distinct patterns were identified based on these comparisons.
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First, in left FEF, left middle temporal gyrus (BA 39), and supramarginal gyrus, trials with
short delays exhibited positive, single-peaked, relatively broad time courses. On long-delay
trials, these regions exhibited time courses which were similar in magnitude but extended in
time. This pattern of activity, which we term “maintenance-related”, was predicted for
regions that function to sustain a mnemonic representation for the duration of the delay
period.

Brain imaging findings in humans suggest that the middle temporal gyrus (MTG) plays a
key role in the storage of declarative rule knowledge (see Bunge, 2004). Thus, one
explanation of MTG engagement throughout the delay periods of the different trial types is
that the subjects were actively maintaining the task rules (e.g., “Remember the location of
the flashed stimulus™). A sustained representation of task rules would be essential for
successful behavioral performance.

The frontal eye field has been typically associated with response preparation, but is
consistently detected in working memory neuroimaging studies (e.g., Gaymard et al., 1999;
Postle et al., 2000a; Corbetta et al., 2002; Brown et al., 2004b; Curtis and D'Esposito, 2006;
Postle, 2006). Our results involving left FEF suggest that there may be bilateral differences
in the functional role of FEF: left FEF may participate in maintenance of the spatial location
of a stimulus, while right FEF participates in response preparation and execution processing.
An alternative explanation is that the left FEF may be involved in processes related to
holding fixation on the central crosshair during the delay period (Petit et al., 1999), which
could result in a time course pattern similar to our maintenance-related pattern.

Areas near the supramarginal gyrus (SMG) have been found to be involved in the generation
of saccades and in shifts of attention (Perry and Zeki, 2000). Specifically, it has been
suggested that the SMG is recruited when a decision must be made regarding the future
execution of a saccade, keeping the saccade system “on alert” as to the possibility of a
response (Perry and Zeki, 2000). In our task, subjects were unaware of when a saccade
would be required. This aspect of the task may have required a persistent state of
preparedness supported by processing in the SMG.

Collectively, this first pattern of activity occurs in regions typically associated with
sustaining information across a delay or maintaining a state of readiness or alertness.
Interestingly, these regions are similar to areas where populations of neurons with delay-
contingent activity have been identified in non-human primates (Funahashi et al., 1989;
Colby et al., 1996; Gnadt and Andersen, 1988), suggesting a comparable underlying
mechanism used to maintain information for prolonged periods.

A second pattern, observed in clusters identified in the right FEF, right SEF, right superior
temporal gyrus, and left IPS, was characterized by a single peak in short trials and a biphasic
response in long-delay time courses that did not return to baseline in between peaks. One
explanation for this pattern is that they indicate involvement in response preparation and/or
execution. Indeed, the frontal eye field and supplementary eye field have been found to play
crucial roles in the planning of voluntary eye movement responses based on single-cell and
neuroimaging studies (e.g., Chen and Wise, 1995; Curtis, 2006; Funahashi et al., 1991,
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1989; Hanes et al., 1995; Schall, 1991; Mann et al., 1988; Olson and Gettner, 1995; Schlag
and Schlag-Rey, 1987; Tehovnik et al., 2000). Based on the patterns in the time courses and
consideration of the timing of the components of the ODR trials, our results provide
additional evidence that these regions play a role in response preparation. The first peak in
the biphasic response in long-delay trials is very similar to the early rise of the short trial
time course, indicating similar early processes during both delays. However, the long-delay
time courses also exhibited a second peak. From the subjects' naive perspective on the
forthcoming delay length, preparing to make a saccade early in the delay period, regardless
of whether or not they would actually have to execute it, may be an appropriate strategy for
optimal task performance. On trials that turn out to have long delays, this initial preparatory
activity may be reduced and then ramped up again towards the end of the longer delay.
Thus, in the long-delay time courses, the early peak may reflect a ‘false start” in response
planning whereas the second peak reflects preparatory processes for the forthcoming, cued
saccadic response.

The lack of a complete return to baseline in pattern 2 time courses could indicate that these
regions are also involved in sustained delay period activity. Recently, Schluppeck et al.
(2006) characterized sustained bilateral activation in IPS during a memory guided saccade
task at different delay intervals. The IPS activation observed in our study (Talairach
coordinates: =17, =76, 47) is anatomically close to the “IPS1” and “IPS2” regions
previously reported (Schluppeck et al., 2005, 2006). Further, qualitative similarities can be
observed with their time courses from IPS2 at delays of 3 and 10.5 s (similar to the delay
period durations used in the present study). Pattern 2 may thus reflect transient activity
related to the initial visual target, sustained activity during the delay period, and a transient
response to the saccade at the end of the delay period (Schluppeck et al., 2006).

Taken together, our results indicate that pattern 2 regions may be involved in both response
preparation and maintenance processes. The addition of a third, longer delay period (~20 s)
in a future study would instantiate a third possible time to respond and thus could help
dissociate response preparation related processing from sustained activity plus two
transients, as noted in IPS by Schluppeck and colleagues.

A third, unpredicted pattern was observed in a cluster in left declive and left lingual gyrus
(BA 17/18). The hemodynamic response function from this region consisted of a single,
relatively broad peak in short trials and a similar, but time-shifted response in long trials.
Importantly, the peaks during short trials in this region occurred later in the time course than
the peaks in response planning regions. Although this pattern may reflect a time-lagged
hemodynamic response from these areas, another possibility is that these patterns reflect
underlying processes that are more closely tied to preparing for the actual motor response
(i.e., response execution) or, alternatively, processes which occur after the initial saccade to
the target location has been made (e.g., in the assessment of the accuracy of the memory
guided saccade). Future studies will be needed in order to test these explanations. The
declive may support memory guided saccade accuracy via connections to nuclei in the
vermis (known to support the accuracy of saccadic eye movements) and would be recruited
close to the response itself (Leigh and Zee, 1999). Activity near the lingual gyrus, a visual
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association area, may provide sensorimotor input involved in the assessment of memory-
guided saccade accuracy that is also tied to directing the actual motor response.

Conclusions

Working memory is known to operate over time periods ranging from a few to tens of
seconds (Baddeley, 1983, 1986; Baddeley et al., 1975; Fuster, 1997), but the neural
processes underlying extended maintenance are relatively unknown. Our work, aimed at a
more complete characterization of maintenance processes, indicates that a core circuitry
supports working memory across time, regardless of the length of the delay period. Our time
course analyses allowed us to partially differentiate the functional roles of a number of these
regions, including middle temporal, inferior parietal, and left FEF involvement in sustained
maintenance, premotor (right FEF, SEF) recruitment in response planning, and cerebellar
and visual association regions' involvement in processes more closely related to the actual
motor response. Importantly, our results are consistent with the notion that spatial selective
attention and motor preparatory processes are fundamental to spatial working memory
function (e.g., Postle, 2006). We also found evidence that areas beyond the core working
memory regions were recruited or exhibited increased involvement when extended periods
of maintenance were required, including several sites in DLPFC (BA 9, 10, 46), right
anterior cingulate, and regions in the lateral cerebellum (simple lobule). Taken together,
these results suggest that working memory circuitry is influenced by the extent of the delay
and that there may be specific processes which support the ability to retain information
online for prolonged periods.
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A. Maintenance Related

B. Response Preparation Related

Percent MR Signal Change

Time ﬁ

Fig. 1.
Expected hemodynamic time courses for (A) maintenance-related and (B) response

preparation-related regions across short- (red trace) and long- (blue trace) delay trial types.
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A. Spatial Working Memory

Delay 2.5 or 10

+

C. Fixation

Jittered 5-12.5s
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Fig. 2.
The oculomotor delayed response (ODR) task consisted of memory-guided saccade (MGS)

trials (A) and visually-guided saccade trials (B), with a jittered fixation baseline (C). Arrows
indicate the correct location of saccade on MGS and VGS trials. The colors of the fixation
cross prior to the onset of each trial distinguished MGS and VGS.
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Fig. 3.
Examples of commonly recruited brain regions across short- and long-delay trial types. All

images are thresholded at p<0.01, corrected. Radiological convention is used (e.g., right side
of image=left hemisphere of the brain). Abbreviations: FEF=frontal eye field;
SEF=supplementary eye field; Mid Cing=middle cingulate gyrus; MD Thal=medial dorsal
nucleus of the thalamus; VLThal=ventral lateral nucleus of the thalamus;
SMG=supramarginal gyrus; MTG=middle temporal gyrus; MOG=middle occipital gyrus.
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Brain regions exhibiting pattern 1 (“maintenance-related”) time courses. For each graph, the
dashed line depicts the mean short-delay time courses and the solid line depicts the mean
long-delay time course. Error bars represent the standard error of the mean at each time

point.
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Brain regions exhibiting pattern 2 (“response preparation-related”) time courses. For each
graph, the dashed line depicts the mean short-delay time courses and the solid line depicts
the mean long-delay time course. Error bars represent the standard error of the mean at each

time point.
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Fig. 6.

Percent Signal Change

Left Lingual Gyrus

Left Declive

Page 24

05

04

03

02

01

01

02

Percent Signal Change

07

06F

05

04r
03t
02t

01

01

0 25 5 751012515175202252527 53032535
Time (seconds)

-0.2

025575 1012515175‘202252‘52?53032535
Time (seconds)

Brain regions exhibiting pattern 3 (“motor response-related”) time courses. For each graph,
the dashed line depicts the mean short-delay time courses and the solid line depicts the mean
long-delay time course. Error bars represent the standard error of the mean at each time

point.
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Common regions used in time cour se pattern analysis

Table 3

Talairach coordinates Region BA
X y z
Pattern 1
-28 -12 63 Left FEF 6
-54 -60 11  Left middle temporal gyrus 39
50 -44 35 Right supramarginal gyrus 40
Pattern 2
24 -7 61 Right FEF 6
9 -1 56 Right SEF 6
40 -31 9 Right superior temporal gyrus 41
=17 -76 47  LeftIPS 7
Pattern 3
-8 -94 -9  Left lingual gyrus 17/18
-31 -69 —-26  Left declive -
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