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The working memory (WM) system is vital to performing everyday functions that require attentive, non-
automatic processing of information. However, its interaction with long term memory (LTM) is highly
debated. Here, we used fMRI to examine whether a popular complex WM span task, thought to force the
displacement of to-be-remembered items in the focus of attention to LTM, recruited medial temporal regions
typically associated with LTM functioning to a greater extent and in a different manner than traditional
neuroimagingWM tasks duringWM encoding andmaintenance. fMRI scans were acquired while participants
performed the operation span (OSPAN) task and an arithmetic task. Results indicated that performance of
both tasks resulted in significant activation in regions typically associated with WM function. More
importantly, significant bilateral activation was observed in the hippocampus, suggesting it is recruited
during WM encoding and maintenance. Right posterior hippocampus activation was greater during OSPAN
than arithmetic. Persitimulus graphs indicate a possible specialization of function for bilateral posterior
hippocampus and greater involvement of the left for WMperformance. Recall time-course activity within this
region hints at LTM involvement during complex span.
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Introduction

Working memory (WM) is thought of as a system in which
information currently in the focus of attention can be maintained and
manipulated. It is also seen as a gateway through which sensory
information can enter into long term memory (LTM) or through
which information can be recruited from LTM into the focus of
attention (Atkinson and Shiffrin, 1968; Baddeley and Hitch, 1974;
Cowan, 1988; Engle et al., 1999a; Unsworth and Engle, 2007b). A
properly functioning WM system enables an individual to keep
attention on a desired goal while preventing other environmental or
cognitive stimuli from interfering with the completion of the desired
goal. Furthermore, WM is crucial when attempting to override our
automatic responses through a set of cognitively salient processes
(Unsworth and Engle, 2007b), thus making it critical for the
performance of a variety of everyday tasks.

Atkinson and Shiffrin (1968) and Baddeley and Hitch (1974)
espoused the idea that the process of WM is that by which information
is at some point stored in a location, LTM, from where it can later be
retrieved by another system, short term memory (STM). The informa-
tion is then manipulated, updated, and maintained in accordance with
the aim of the present goal state. Of importance is also the idea that the
information held in STM does not have to be retrieved from LTM, but
maybe newly acquired information that has been linked with other
information in LTM. Linking, or relational encoding, is necessary in order
to attach meaning to the newly acquired information.

Many of the current discussions on WM have emphasized the
concept of capacity limits. To describe this concept, Cowan's (1988,
1999, 2005) embedded processes model examines three states of
memory: the information residing in LTM, recently perceived or
accessed information that is in an easily accessible (activated) state in
LTM, and a sub-portion of that information which we are consciously
aware of, known as the focus of attention. WM capacity differences are
believed to arise from the ability to keep the focus of attention on the
task at handwhile suppressing interference fromenvironmental stimuli
or irrelevant cognitions caused by the activation of othermemory traces
in LTM. Much in the same way, Unsworth and Engle (2006, 2007b)
suggest thatdifferences inWMcapacity arise froman individual's ability
to actively maintain information in primary memory (i.e., the focus of
attention) while also performing a controlled search of the information
residing in secondary memory (i.e., LTM).

Several tasks have traditionally been used to assess WM capacity.
For example, the typical digit span task assesses capacity by
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determining the maximum length of numbers that an individual can
serially recall. More involved tests, such as the digits backwards and
letter-number sequencing tasks, assess capacity while also requiring
the ability of mental double-tracking, meaning that memorizing and
reversing/ordering operations must be performed simultaneously
(Lezak et al., 2004, pp. 359–363). Other tasks like Daneman and
Carpenter's (1980) reading span task and Turner and Engle's (1989)
operation span (OSPAN) task are complex working memory span
(CWMS) tasks that require the participant to engage in a processing
activity that is irrelevant to the to-be-remembered information. They
involve encoding, maintenance, storage, and processing of various
types of information. Proper performance on CWMS tasks requires a
high degree of executive attentional-control (Conway et al., 2003;
Engle et al., 1999a; Kane et al., 2007a) to switch between tasks and
maintain attention on the task at hand. Of critical importance, the
irrelevant task is often thought to force the to-be-remembered
information to be temporarily displaced from the focus. If the to-be-
remembered information is properly encoded, it may be placed into
and retrieved from LTM as required (Kane et al., 2007a). The
displacement of task relevant information from the focus occurs
because the irrelevant task usually requires controlled, effortful
processing (Conway and Engle, 1996; Engle et al., 1999b); it is of
sufficiently high cognitive load that it may occupy the whole of the
focus of attention, thereby displacing any information which exceeds
the individual's immediate WM capacity (Bunting, 2006; McCabe,
2008). It is this type of complex processing, and the resultant
interactions of items coming into and going out of the focus, thatmake
CWMS tasks invaluable for the cognitive study and neuroimaging of
WM.

Neuroanatomical regions traditionally associated with WM tasks

Functional neuroimaging experiments of WM have typically used
tasks such as the Sternberg (1966) or the n-back (Gevins et al., 1990);
we will refer to these types of tasks as traditional neuroimaging WM
(TNWM) tasks. During the Sternberg task subjects are presented with
a set of stimuli and are asked if the target stimulus matches any of the
stimuli presented in the previous set. The n-back task is more complex
in that there is a continuous presentation of stimuli; on target trials
subjects are asked either if the target stimulus matches a stimulus
presented n trials back (usually 1 to 3) or to identify how many trials
back the target stimulus was shown. Generally speaking, most
neuroimaging investigations of WM have associated a core of regions
with WM functioning.

The prefrontal cortex (PFC) is believed to be integral to WM and
executive control (D'Esposito et al., 2000; Owen et al., 2005; Wager
and Smith, 2003). Sub-sections of the PFC, such as the ventrolateral
prefrontal cortex (VLPFC) and dorsolateral prefrontal cortex (DLPFC),
have been said to be involved in object and spatial domain specific
processing (Courtney et al., 1998; Smith and Jonides, 1999),
respectively. However, an extensive review of the neuroimaging
literature by Wager and Smith (2003) indicated that PFC sub-regions
were not so much domain specific as they were process specific. The
DLPFC being involved in executive processes, such as attentional
control or the monitoring of complex information (Cabeza and
Nyberg, 2000), while the VLPFC is involved in storage-related
processes such as the maintenance of spatial information (Toepper
et al., 2010) or the rehearsal of verbal information (Cabeza and
Nyberg, 2000). Bor et al. (2006) showed activation of the VLPFC
during a task where spatial information had to be kept online without
aid of a spatial strategy; when spatial strategies for remembering the
target stimuli were given, activation was only exhibited in the DLPFC.
Further involvement of the VLPFC in storage processes has been
demonstrated in proactive interference tasks where the left inferior
frontal gyrus has shown significant activation during a recent negative
condition (Jonides et al., 2000; Jonides and Nee, 2006). This activity
has been shown to occur specifically during the retrieval stage of the
recent negative condition (D'Esposito et al., 1999) and is linked to the
resolution of interference. A more recent review by Blumenfeld and
Ranganath (2007) has further indicated the VLPFC's role in the
resolution of interference by noting that it is consistently recruited
when controlled selection of items is required. The DLPFC's roles in
executive processing are further confirmed by demonstrating it is
highly recruited for the organizational processing of information.
Blumenfeld and Ranganath (2007) have also summarized the roles of
VLPFC and DLPFC in LTM, suggesting VLPFC supports the formation of
LTMs through the process of controlled item selection, while the
DLPFC aids in building associations between items in LTM and those in
the focus of attention. Another key region in the frontal lobes, the
anterior cingulate cortex (ACC), is also believed to be necessary for
proper WM function and is thought to be involved in conflict
monitoring and error detection (Bernstein et al., 1995; Botvinick et
al., 2001; MacDonald et al., 2000). Both of these are attentional control
processes and as such the ACC is believed to be critical to cognitive
control (Smith and Jonides, 1999; Osaka et al., 2003). Furthermore,
Kaneda and Osaka (2008) suggest that the ACCmay play a greater role
in executive functioning than the DLPFC.

The parietal lobes are thought to function as associative centers
and be involved in higher level cognitive processes. They are also
believed to be crucial to WM processes and serve as storage regions
(Hamidi et al., 2008; Postle, 2006; Postle and D'Esposito, 1999; Rowe
et al., 2000; Srimal and Curtis, 2008). More specifically, the superior
parietal lobule (SPL) and the precuneus (Brodmann area 7) are
believed to be crucial in maintaining and organizing items held in the
WM store (Wager and Smith, 2003; Wendelken et al., 2008), while
the supramarginal gyrus (part of the inferior parietal lobule) is
thought to retrieve the temporal ordering of items that have been
displaced from the focus of attention through serial scanning (Öztekin
et al., 2008). Parietal cortex is also thought to select the appropriate
response for a specific stimulus, known as stimulus-response
mapping (Corbetta and Shulman, 2002; Miller, 2000; Miller and
Cohen, 2001).

The medial temporal lobes (MTL) have traditionally been asso-
ciated with the encoding and maintenance of declarative LTMs. For
example, Scoville andMilner's (1957) classic study demonstrated that
bilateral lesions to the hippocampal formation produced an extremely
detrimental impact on the retention of newmemories. More recently,
neuroimaging studies have challenged this limited conception of MTL
regions by demonstrating hippocampal recruitment during various
types of WM tasks, and specifically, during the maintenance phases of
some of these tasks. Öztekin et al. (2009) found the hippocampus was
active during item recognition trials of a serial position task and that
activity increased for earlier items rather than the last item on a
judgment of recency task. Using neurosurgically implanted electro-
encephalograph (EEG) electrodes, Axmacher et al. (2007) detected
significant load dependent negative DC potential shifts and increases
in synchronized gamma band activity in the rhinal cortex during the
maintenance of multiple items during a visual Sternberg task. The
negative DC shift likely indicating membrane potential depolarization
and increased firing and/or synaptic activation of rhinal cortex
neurons, while synchronized gamma band activity further indicated
recruitment of the rhinal cortex. Van Vugt et al. (2010) furthered these
findings by demonstrating a local load dependent gamma oscillatory
power increase in the hippocampus during Sternberg task mainte-
nance. Additionally, this increase was greater for non-verbal items
(faces) than for verbal items (letters).

What makes CWMS tasks valuable neuroimaging tools?

Even though item recognition tasks such as the n-back and the
Sternberg have proven to be in valuable in dissociating many of the
brain regions involved in WM functioning, there are reasons to
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explore the use of CWMS tasks in neuroimaging settings. For example,
the n-back has been shown to account for variability in general fluid
intelligence (Gf), but it has done so only under a 3-back condition, and
this variance in Gf is separate than that accounted for by WM span
(Kane et al., 2007b). WM span, as measured by a CWMS task though,
has been shown to account for up to half the variability in Gf (Conway
et al., 2003; Kane et al., 2005). A CWMS task like the OSPAN has been
shown to possess high levels of reliability and internal consistency as
compared to other measures of WM capacity (Klein and Fiss, 1999).
An automated version of the OSPAN has also demonstrated high levels
of reliability and internal consistency, and shown high levels of
correlation with other measures of WM (Unsworth et al., 2005).
Moreover, more recent work has demonstrated correlations between
complex WM span tasks and traditional measures of LTM (Unsworth
et al., 2009; Unsworth, 2010) at sub-span levels, unlike TNWM tasks.
Such correlations make the case for the use of CWMS tasks in
neuroimaging WM research, especially when attempting to decipher
the possible interplay of WM and LTM.

Unfortunately, CWMS tasks have seen little use in neuroimaging
studies. In one of the few, Kondo et al. (2004) found the OSPAN
elicited activation in regions usually activated during the n-back (e.g.,
PFC, ACC, and SPL), while the high-span group also exhibited
significant activation in the inferior temporal cortex. Kondo et al.
(2004) was limited, however, in that they mainly restricted their
analysis to the functional connectivity differences of the cingulo-
frontal network between high-span and low-span individuals.
Recently Chein et al. (2010) examined domain general mechanisms
during encoding and maintenance, and examined MTL activity during
recall for verbal and spatial complex span tasks. They found activity in
areas typically associated with WM during encoding and mainte-
nance, and found the posterior hippocampus and immediately
inferior portion of the parahippocampal gyrus were involved in the
recall portion of the task. However, they did not specifically examine
MTL recruitment during encoding and maintenance. Therefore, a
more in depth neuroimaging exploration of CWMS tasks and the roles
of MTL ROIs during encoding and maintenance is warranted.
The current study

In this study we aimed to elucidate whether significant differences
exist between the neural resources required for the performance of
CWMS and TNWM tasks. More precisely, we wanted to determine if the
encoding andmaintenance phase of a CWMS task results in significantly
greater recruitment of areas typically associated with LTM functioning
thanmight occur during a TNWMtask. As previously stated, Axmacher et
al. (2007) and VanVugt et al. (2010) demonstrated hippocampal activity
during a Sternberg taskmaintenance, a TNWM task. To examine this, we
compared functional magnetic resonance (fMRI) activity observed
during the OSPAN task (complex span; letter span+equation verifica-
tion) with that of an arithmetic task (traditional type of neuroimaging
WM task; equation verification).

The goal of the OSPAN task is to recall the to-be-remembered
items (letters) in serial order. During the OSPAN, equation verification
is presented as the irrelevant, cognitively demanding task. As a result,
participants should often not have sufficient cognitive resources
available to rehearse the to-be-remembered letters while performing
equation verification. In other words, the equation verification should
occupy the focus of attention causing a displacement of the to-be
remembered letters from the focus to LTM. If the to-be-remembered
items have been displaced from the focus and properly stored in LTM,
they can later be retrieved from LTM as needed. By contrasting the
OSPAN and Arithmetic conditions we hoped to control for the
common activation patterns resulting from equation verification in
order to demonstrate that the OSPAN task forces recruitment of
regions associated with LTM binding and retrieval, and that
recruitment occurs during the encoding and maintenance phase of
the task.

We hypothesized that 1) the OSPAN encoding and maintenance
phase and Arithmetic task would yield activation in regions
commonly associated with WM and the resolution of interference
during on-going retrieval, such as VLPFC, DLPFC, ACC, SPL, and inferior
parietal lobule (IPL), 2) activations in these regions would be greater
during the OSPAN since CWMS tasks should require greater executive
control than a typical neuroimaging WM task, 3) due to the nature of
the OSPAN, activation would also be evidenced in areas typically
associated with LTM binding and retrieval, specifically the hippocam-
pus, and 4) the nature of CWMS tasks would be sufficiently different
from TNWM tasks, resulting in unique patterns of activity within LTM
associated regions such as the hippocampus. This would be the first
instance where such activity would be demonstrated for a CWMS task
during maintenance and encoding. We also aimed to explore what
pattern of brain activity during a CWMS task is correlated with correct
and incorrect recall. In other words, we explored what patterns of
brain activation are associated with WM capacity and proper storage
and retrieval. Edin et al. (2009) indicates we may find correct recall is
associated with heightened DLPFC activity which modulates parietal
activation.

Materials and methods

Participants

Twenty-five young adults from the University of Georgia were
recruited for this study through the university's research participant
pool and through word of mouth; 17 females and 8 males, average
age=24.8±2.8. Exclusion criteria included self-report of previous
head injury, history of loss of consciousness, current drug abuse,
evidence of neurodegenerative processes, and an estimated below
average IQ. Participants could also not have a history of, present
clinical signs of, or currently be under treatment for, any major
psychiatric symptoms or disorders. The exception to the latter
exclusion criteria was a past history of depression, since a significant
portion of the population may have at one point presented with
clinically diagnosable symptoms (Pratt and Brody, 2008). Incompat-
ibility with the MRI environment (e.g., metallic implants, pacemakers,
stents, etc.) was assessed through a standardized screening form and
participants were excluded given any signs of incompatibility.

Measures

Participants were made aware of the exclusion criteria before
participating in the study. Upon meeting with the investigator,
participants were fully screened. Screening included completing the
MRI screening form, answering questions from the psychotic
symptoms screening portion of the Structured Clinical Interview for
DSM-IV (SCID-I; First et al., 1997), and being asked the exclusion
criteria questions described earlier. Additionally, female participants
were asked to take a pregnancy test; even though the MRI
environment has been shown to have no adverse side-effects, this
was taken as a precautionary measure. If screening was successful,
participants were given a brief IQ estimate, theWechsler Test of Adult
Reading (WTAR; Wechsler, 2001) to rule out below average IQ.

Task and stimuli

Participants performed the OSPAN task in a similar fashion to
Kondo et al. (2004). The full presentation of the task lasted 6 m and
45 s, with fixed alternating conditions of OSPAN, Arithmetic, and
Baseline; there were 3 OSPAN, 3 Arithmetic, and 6 Baseline epochs,
each lasting 30 s. The OSPAN epochs were always followed by 15 s
Response epochs (Fig. 1). Each run was preceded by a set of visual
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instructions and contained a total of 15 epochs; 3 OSPAN+3
Response+3 Arithmetic+6 Baseline. The OSPAN, Arithmetic, and
Baseline conditions were structured so that participants received
similar amounts of visual input and gave the same amount of motor
output (Fig. 1).

During the Baseline condition participants were presented with
arrows pointing either left or right (4 s) and responded by indicating
which direction the arrow was pointing with the appropriate button
press. Presentation of arrows alternated with the presentation of
asterisks (2 s). During the Arithmetic condition participants were
presented with an equation (4 s) consisting of two operations,
multiplication or division and addition or subtraction. Their task
was to judge whether the equation was correct or incorrect and to
respond by pressing the appropriate button on the response pad. In
between the presentation of the equations they were shown an
asterisk (2 s). During the OSPAN task participants also had to judge
equations (4 s), but instead of asterisks they were presented with
letters (2 s) which they were instructed to remember in serial order.
Within all these block types, the sequences repeated five times. After
each OSPAN block, there was a response block in which participants
identified which letters were previously presented. They were shown
5 separate arrays, each consisting of 4 letters, for 3 s each. They were
to identify the letters presented with the appropriate button presses.
For the first array the participant identified which of the letters was
first presented, for the second array they identified which was
presented second, and so on. For any of the epochs, if the participants
responded to a prompt after the allotted time, the response was
considered incorrect.
Condition    O           R          B

Duration (s)   30  15   

4 s 

2 s 

OSPAN

12 s 

6 s 

Y    F    Q    C 

Q    Y    L    G 

C    F    L    Q 

L    R    F    C 

L    C    Y   

3 s 

Response 

9 s 

3s

6 s 

12 s

(5 x 3) + 7 = 23 

C

(8 x 5) - 3 = 37 

Y

(24 ÷ 2) - 1 = 11 

Fig. 1. Stimulus presentation. Top: Block design for stimuli; this sequence was repeated 3 t
Bottom: Progression of OSPAN block and the proceeding Response block where participants
blocks, participants were presented with equations, as in the OSPAN, but asterisks were pres
right pointing arrows instead of equations, and asterisks instead of letters.
Procedure

Participants initially practiced the task by viewing it on a computer
monitor and tapping their finger to the appropriate response as they
would with the response pads in the MRI unit. On average,
participants required 3 min before the investigator acknowledged
they were performing the task appropriately. After practice, partici-
pants were placed in the MRI scanner. During the structural scan
participants performed a practice run of the task in order to further
become acquainted with the task and scanner environment. Partici-
pants then performed 2 runs while fMRI data was acquired. The task
was designed in E-Prime, version 1.2 (Psychology Software Tools,
2006), stimuli were presented through MRI compatible goggles
(Resonance Technology Inc.), participants responded through Cedrus
LUMINA MRI compatible response pads by using their index and
middle fingers, and responses and reaction times (RTs) were recorded
by E-Prime. Behavioral data was acquired during all 3 (1 practice, 2
experimental) runs in the scanner.

MRI acquisition

3D structural scans were acquired using a fast spoiled gradient
recalled echo (FSPGR) protocol; TE=min full, TR=7.5 ms, flip
angle=20°, 154 axial slices, slice thickness=1.2 mm, and
FOV=256×256 mm. These images covered from the top of the
head to the brainstem and acquisition took approximately 6 m and
20 s. Functional scans were acquired using a T2*-weighted single shot
echo planar imaging (EPI) sequence and were aligned to the
         A     B 

30        30               30 

30 s 

24 s 

18 s 

 Q 

 

15 s 

Q

(15 ÷ 5) - 8 = -5 

F

(23 x 2) + 7 = 53 

L

imes per run. O: OSPAN, R: word recognition, B: baseline, and A: Arithmetic condition.
identify the letters presented during the OSPAN block in serial order. For the Arithmetic
ented instead of letters. During Baseline participants were presented with either left or
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intercommisural line (AC–PC line); TE=25 ms, TR=1500 ms, 90° RF
pulse, 30 interleaved slices, acquisition matrix=64×64, spa-
cing=0 mm, slice thickness=4 mm, FOV=240×240 mm, and
ASSET factor=2. Functional images covered the entire cortical surface
and a portion of the cerebellum. Each run consisted of 270 volumes
and 10 dummy samples were discarded during the initial acquisition.

Data analysis

All data were processed using the FMRIB Software Library (FSL;
Smith et al., 2004; Woolrich et al., 2009). Before MRI data sets were
analyzed using the FMRI Expert Analysis Tool (FEAT), they were
converted from their native GE DICOM format to NIFTI format using
the dcm2nii conversion tool (Rorden, 2007). Each participant's fMRI
data was motion corrected using the Motion Correction FMRIB Linear
Registration Tool (MCFLIRT; Jenkinson et al., 2002). The images were
then slice time corrected to account for the interleaved acquisition
and then brain extracted using the Brain Extraction Tool (BET; Smith,
Fig. 2. Depiction of linear trend which created a bias in the hippocampal signals. The top tw
acquisition within the hippocampus; this included the initial OSPAN, baseline, and Arithme
randomly chosen from our list of ROIs to determine whether this trend was global or localize
further emphasize the linear trend within the hippocampus for the first 53 volumes.
2002). Images were smoothed using a 6.875 mm isotropic FWHM
Gaussian smoothing kernel, twice the voxel dimensions in the x and y
planes. A high-pass temporal filter, calculated at 135 s (OSPAN+
Response+Baseline+Arithmetic+Baseline times), was applied. The
data were prewhitened to remove inter-voxel auto-correlation. Head
motion parameters estimated fromMCFLIRTwere added as confound/
regressor variables to the design. A standard hemodynamic response
function was convolved with each run's time course. All results were
warped to the 91x109x91mm MNI standard brain using a 12-degree
affine transform.

We contrasted the OSPAN and Arithmetic blocks with Baseline,
and the OSPAN to the Arithmetic blocks. Comparing the task blocks to
Baseline allowed us to determine the regions recruited for each task
and also gave us a qualitative indication of how similar or distinct
these regions were. The OSPANNArithmetic contrast yielded regions
likely associated with the high degree of attentional control required
during CWMS tasks and the storage and retrieval of information to
and from LTM. Between-subjects voxel-wise analyseswere performed
o averaged time series depict the linear trend that occurred for the first 53 volumes of
tic blocks. The lower figure depicts the time-series for the left DLPFC. This region was
d to the hippocampi. The linear least squares lines of best fit are plotted on the graphs to
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using a mixed-effects model. Whole brain group results were
thresholded using FSL's cluster thresholding, ZN4.0 and p=0.05.
Even at this high threshold, results for the task minus baseline
contrasts were still extremely robust. We increased the Z threshold
for these contrasts to 4.5 in order to parcellate some of the clusters
into more meaningful regions. Increasing the threshold did not cause
any activation areas of interest to become non-significant.

For hippocampal ROI analysis, FMRIB's Integrated Registration Tool
(FIRST; Patenaude et al., 2007) was implemented for subcortical
Fig. 3. Percent signal change values for ROIs. Graphs represent percent signal changes for acti
measures where appropriate.
segmentation. A mask was then made for each subject's hippocampi
from the respective segmentation results. Hippocampus analysis in
FEAT followed the standard procedure outlined above, except that at the
first level each subject's brain was only registered to their respective 3D
anatomical scans. The affine transformations from FIRST, optimized for
subcortical alignment to the standard MNI brain, were then convolved
with the EPI to 3D transformations in order optimize the EPI to MNI
registration for hippocampal alignment between subjects. A smaller
5 mm isotropic FWHM Gaussian smoothing kernel was applied to the
vated ROIs with the S.E.M. OSPAN and Arithmetic conditions are presented with bilateral

image of Fig.�3


Table 1
MTL regions of activation.

Region Coordinates in mm, MNI Z-
score

x y z

Whole brain analysis
OSPANNBaseline
L thalamus −10 −20 16 6.66
L caudate −14 2 16 5.90
L hippocampus/lateral GENICULATE −24 −32 −2 5.10
R thalamus 18 −14 8 4.73
R hippocampus 30 −30 −4 4.73

ArithmeticNBaseline
L hippocampus/lateral geniculate −24 −28 −4 5.3

ROI analysis
OSPANNBaseline
R hippocampus, DG/CA 28 −30 −6 6.58
R hippocampus, DG/CA 26 −34 0 5.88
R hippocampus, CA/DG 36 −26 −10 5.37
L hippocampus, DG/CA −24 −34 −2 7.46
L hippocampus, DG −26 −26 −10 7.06

ArithmeticNBaseline
R hippocampus, DG/CA 28 −28 −8 6.04
R hippocampus, DG/CA 26 −34 0 5.02
R Hippocampus, CA/DG 36 −26 −12 4.63
R hippocampus, CA 18 −40 2 2.5
L hippocampus, DG/CA −26 −30 −8 8.25
L hippocampus, DG −22 −32 −6 7.13
L hippocampus, DG/CA −24 −34 −2 6.68

OSPANNArithmetic
R hippocampus, CA/DG 36 −26 −12 4.3

Regions of MTL activity for the TaskNBaseline and OSPANNArithmetic contrasts. The
top half presents activity detected for the whole brain contrast, while the bottom half
presents the hippocampus ROI analysis results. Whole brain thresholded at ZN4.5,
pb0.05; ROI thresholded at ZN2.3, pb0.05.
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hippocampal EPI data due to the restricted area of analysis. Group-wise
ROI hippocampal analysis used a group modal mask of the hippocampi
dilated by one voxel in every direction.

Persitimulus plots for the hippocampi were calculated by taking
the mean values of the hippocampi for each time point across
participants, using the modal mask mentioned above, and averaging
these values across blocks and then runs. Percent intensity change
(PIC) plots were calculated by taking the PIC values for each subjects'
runs and averaging them across time, resulting in a scalar value for
each subject. These values were then averaged across subjects.
Additionally, PIC and persitimulus plots were calculated from voxels
falling within the top 10% intensity range within the ROI. Baseline
values were calculated by averaging the last two volumes of each
baseline block. Mean hippocampal PIC values used baseline values
from the entire hippocampus, while the top 10% used the baseline
values from the top 10% voxels. Task and baseline values were
calculated separately for each hemisphere.

Notably, plots of the entire mean and top 10% time-series depicted
linear increases in voxel intensity through approximately the first 53
volumes of each run. This trend greatly affected the resulting statistics
and persistimulus plots because intensity values for the initial OSPAN
blocks start below baseline values and increase linearly, through the
initial baseline, until the third or fourth volume of the initial
Arithmetic blocks (Fig. 2). A time series plot was also calculated for
another region, the left DLPFC, to examine whether the linear trend
was global or localized to the hippocampi. This trend was not
observed for the DLPFC (Fig. 2). Thus we present hippocampus results
calculated from 200 volumes of data per run, or 80 volumes of data for
both the OSPAN and Arithmetic conditions. These results excluded the
first 70 volumes, or the first OSPAN (TRs 1–30), baseline (TRs 31–50),
and Arithmetic (TRs 51–70) blocks. The hippocampal ROI voxel-wise
group analysis was thresholded at ZN2.3 and p=0.05.

An uncorrected, voxel threshold of p=0.005, whole brain group
analysis was performed on the OSPANNArithmetic contrast using the
average number of correct letter identification responses (demeaned)
as a regressor. This was done to preliminarily identify regions whose
activity during the encoding and maintenance might be significantly
correlated with correct and incorrect letter identification during the
recall period. Given the drawbacks associatedwith uncorrected voxel-
wise analysis, a cluster threshold of 20 voxels was chosen in order to
extract clusters with a higher likelihood of truly significant activation.
Peak activated voxels from the identified clusters were dilated by an
8 mm sphere to use as masks for a more stringent cluster thresholded
voxel-wise ROI analysis, ZN2.3 and pb0.05, correlating these regions
with correct and incorrect letter identification responses, respectively.

Results

Behavioral results

All participants completed both functional runs; answering the
equations during the OSPAN and Arithmetic conditions at 87% (M=13,
SD=2.35) and 85% (M=12.8, SD=2.93) accuracy, respectively, and
recalling the letters in serial order during the OSPAN at 87% (M=13.04,
SD=3.43) accuracy. Average RTs for the equations were 2371.29 ms
(SD=169.31) for the OSPAN blocks and 2458.11 ms (SD=175.39) for
the Arithmetic blocks. Paired sample t-tests revealed a significant effect
for equation verification RT, t(24)=4.15, pb0.001, with RTs during the
OSPAN blocks occurring faster; no significant effect was found for
number of correct equations t(24)=0.661, pb0.515. These RT results
are in accordance with those in Kondo et al. (2004).

fMRI results

The OSPAN and Arithmetic blocks were contrasted against
Baseline (ZN4.5, p=00.05), controlling for the visual input and
motor output that occurs during the OSPAN and Arithmetic blocks.
Since participants performed well on both tasks, volumes spanning
incorrect equation judgment or letters incorrectly recalled during the
Response block were not excluded from the analysis. Activation sites
for the OSPAN and Arithmetic blocks were similar with more robust
activation occurring during the OSPAN. Activity in frontal regions was
detected in the DLPFC, frontal orbital cortex, frontal operculum,
middle frontal gyrus, precentral gyrus, superior frontal gyrus,
supplementary motor area (SMA), and VLPFC. In parietal regions,
this included the precuneus, the IPL (supramarginal and angular
gyrus), and the SPL. Activation was also evidenced in the ACC,
paracingulate gyrus, posterior cingulate gyrus, and the anterior
insular cortex. Percent signal changes for the main ROIs are displayed
in Fig. 3. Activity detected in occipital regions included the lingual
gyrus, occipital fusiform gyrus, and the occipital pole. In general, both
tasks elicited bilateral activation in areas typically associated with
WM functioning.

Of greater interest, was that the whole brain group analysis gave
indication that OSPAN recruited some hippocampal areas by demon-
strating activation in regions bordering, or encompassing parts of,
bilateral hippocampus (Table 1). The Arithmetic task also appeared to
recruit some hippocampal regions as indicated by an area of activation
bordering around the left hippocampus. ROI voxel-wise analysis of the
hippocampi (taskNbaseline; ZN2.3, p =0.05) resulted in strong
activation encompassing the dentate gyrus, posterior portions of the
subiculum, and posterior/mid-posterior cornu ammonis regions of the
hippocampi for both tasks as compared to baseline (Fig. 4). The ROI
results further demonstrate that MTL regions are recruited during
CWMS tasks, but also demonstrate that they are recruited at least
during more traditional types of neuroimaging WM tasks such as
arithmetic.



Fig. 4. Activation map for hippocampal ROI analysis. The top two figures represent
activation for OSPAN (left) and Arithmetic (right) as compared to Baseline, cluster
thresholded at ZN2.3, pb0.05. Activation covers a portion of the subiculum and part of
the cornu ammonis regions. B) OSPANNArithmetic activation demonstrating signifi-
cantly greater right posterior hippocampus activation, cluster thresholded at ZN2.3,
pb0.05.

Fig. 5. Activation map for the OSPANNArithmetic contrast. Cluster thresholded, ZN4.5, pb0
with working memory, this is likely due to the higher level of executive attentional control
superior.
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Even though our initial OSPANNBaseline results were encourag-
ing, our main goal was to demonstrate neural activation supporting
the idea that during encoding and maintenance CWMS tasks recruit
areas traditionally associated with LTM (i.e., the hippocampus) to a
greater extent than TNWM tasks. The whole brain, OSPANNArith-
metic, group activation map (ZN4.0, p=0.05; Fig. 5) revealed robust,
bilateral differences in a variety of regions. Areas of increased
activation for the OSPANNArithmetic contrast are listed in Table 3.
Results demonstrated that the areas typically associated with WM
tasks are much more active during complex than TNWM tasks. For
example, in the frontal lobes greater activation was observed in the
superior and middle frontal gyri, the paracingulate gyri, ACC, IFG, pars
opercularis, DLPFC, precentral gyri. In the parietal cortex, greater
activation was observed in the SPL, IPL, and precuneus. The
supplementary motor cortex and the precentral gyrus exhibited the
greatest differences, as the largest, most robust activation clusters
encompassed these regions. Differences were also observed in regions
less commonly reported in past studies, such as the right insula and
left posterior cingulate cortex.

The hippocampus ROI voxel-wise analysis (ZN2.3, p=0.05)
revealed a cluster of 110 voxels with significantly greater activation
in the posterior right hippocampus for OSPANNArithmetic (Fig. 4,
Table 1). The ArithmeticNOSPAN contrast did not yield any
significant hippocampal differences. Mean and upper 10% values
.05. The contrast image shows greater activation in cortical regions typically associated
required during the OSAPN task. Images are in radiological convention, from inferior to
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image of Fig.�5


Fig. 6. Peristimulus graphs and percent signal change graphs for the hippocampi. Persitimulus graphs are presented for the upper 10% and mean values of both hippocampi. Values
were taken from an a-priori modal mask of the hippocampus that was dilated by one voxel in every direction. Differences between values in each of the graphs are significant across
time. Peak and mean persitimulus graphs are drawn with a line at the 20 TR mark signaling the end of the OSPAN encoding and maintenance phase, and the end of the Arithmetic
task. Following the OSPAN encoding and maintenance phase is the recall portion of the task. The initial peak in the mean graphs likely signals the retrieval of task relevant
instructional sets, while a similar peak is evidenced after termination of the blocks, likely indicating retrieval of the instructional set for the next task. The mean peristimulus graph
shows a deactivation of overall hippocampus function. This is in contrast to the upper 10% graphs which show above baseline levels of activity. Voxels falling within the upper 10%
were in the posterior hippocampus across all subjects. Overall, these graphs indicate a possible specialization of function within the posterior hippocampus for working memory
encoding and maintenance. Additionally, the increased activation in the posterior left hippocampus during OSPAN retrieval hints that items may have been displaced to LTM during
complex span encoding and maintenance.
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for the hippocampi (Fig. 6) were significantly greater for OSPAN
across time between conditions; mean: left, t(39)=2.573, pb0.014
and right, t(39)=3.594, pb0.001; upper 10%: left, t(39)=3.796,
pb0.001 and right, t(39)=3.124, pb0.003. Values were also
significantly different across hemispheres within conditions, with
mean values greater on the right and upper 10% greater on the left;
mean: OSPAN, t(39)=6.330, pb0.000 and Arithmetic, t(39)=
3.995, pb0.000; upper 10%: OSPAN, t(39)=3.068, pb0.004 and
Arithmetic, t(39)=2.534, pb0.015 (refer to Table 2 for a summary
of these results). These results support our hypothesis and suggest a
few possibilities in regards to specialization of function within the
hippocampus: 1) posterior hippocampus may be critical to imme-
diate memory functioning; 2) complex arithmetic (semantic fact-
retrieval) and CWMS tasks do involve access to LTM through the
hippocampus, but for different reasons; and 3) anterior hippocam-
pal regions may specifically be part of the default/resting state
network.

Group analyses using the average number of correct serially
identified letters per participant as a regressor, thresholded at an
uncorrected p=0.005 with a cluster size threshold≥20, yielded
regions that could be positively and negatively correlated with the
correct and incorrect recall (Table 4). Regions positively correlated
with letter identification included left paracingulate/ACC, left medial
temporal gyrus, right frontal pole, and pars opercularis of the right
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Table 2
Paired differences.

Paired%-sc
t-test
differences for
the hippocampus

Mean
% Diff.

SD S.E.M. 95% C.I. t df Sig.
(2-tailed)

Lower Upper

Differences in mean hippocampal signal change
Left hippocampus
(Arithmetic–OSPAN)

0.0197 0.0484 0.0077 0.0421 0.0352 2.573 39 0.014

Right hippocampus
(Arithmetic–OSPAN)

0.0257 0.0453 0.0072 0.0113 0.0402 3.594 39 0.001

Arithmetic (right–left) 0.0151 0.0238 0.0038 0.0227 0.0074 3.995 39 0.000
OSPAN (right–left) 0.0211 0.0211 0.0033 0.0278 0.0143 6.330 39 0.000

Differences in upper 10% hippocampal signal change
Left hippocampus
(Arithmetic–OSPAN)

0.0176 0.0293 0.0082 0.0082 0.0269 3.796 39 0.001

Right hippocampus
(Arithmetic–OSPAN)

0.0156 0.0315 0.0050 0.0055 0.0256 3.124 39 0.003

Arithmetic (left–right) 0.0246 0.0246 0.0039 0.0020 0.0177 2.534 39 0.015
OSPAN (left–right) 0.0244 0.0244 0.0039 0.0040 0.0197 3.068 39 0.004

Paired t-test differences for percent signal values from the right and left hippocampi under the OSPAN and Arithmetic conditions. All t-test were significantly different across
comparisons. Values were tested across time and the means of each individuals mean time points were supplied in the analysis.

Table 4
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inferior frontal gyrus. Regions negatively correlated with letter
identification included left superior parietal lobule, right lateral
occipital/cuneal cortex, left parietal operculum cortex, right post-
central gyrus, and left angular gyrus. Masks from these regions were
then used for ROI analysis of positive and negative correlation with
correct recall using a more stringent cluster threshold (ZN2.3;
p=0.05). Of the positively correlated regions used as masks, a cluster
encompassing the anterior cingulate and the frontal pole was found to
be significant. For negatively correlated regions, a cluster encompass-
Table 3
Regions of significant differences; OSPANNArithmetic.

Cluster Region Brodmann
area

Coordinates in
mm, MNI

Z-
score

x y z

1 R and L supplementary motor
cortex

6 0 0 62 7.62

L precentral gyrus 3/4 −50 −6 42 6.41
L superior/middle frontal gyrus 6 −24 −4 52 6.26
R and L paracingulate gyrus 32 0 14 46 5.95
R anterior cingulate gyrus 24 8 12 46 5.71
L inferior frontal gyrus, pars
opercularis

44 −54 12 22 5.59

2 R precuneus 7 10 −66 38 6.24
R angular 39 44 −48 24 5.13
R superior parietal lobule/
supramarginal

7/40 38 −48 42 4.80

3 L precuneus 7 −8 −72 38 5.45
L supramarginal 40/39 −44 −40 34 5.41
L superior parietal lobule 7 −26 −56 46 5.2

4 L DLPFC–middle frontal gyrus 9 −38 34 26 5.38
5 R DLPFC–middle frontal gyrus 9 34 38 38 6.24
6 R cerebellum, anterior 26 −64 −28 4.96
7 L lateral occipital cortex, inferior 18 −28 −88 4 5.47
8 R precentral gyrus 44/6 54 6 12 5.52
9 R lateral occipital cortex,

superior
18 28 −84 2 5.45

10 R insula/frontal operculum 13 38 18 6 5.45
11 R lateral occipital cortex,

superior
19 30 −72 28 4.98

12 R lateral occipital cortex, inferior 18 38 −82 −8 5.02
13 L thalamus −16 −4 0 4.25
14 R white matter, adjacent to

supramarginal
24 −28 30 4.53

15 L posterior cingulate cortex 23 −4 −28 26 4.34

OSPANNArithmetic. ZN4.0, p=0.05. Here we present the results of the whole brain
voxel-wise analysis for the OSPANNArithmetic contrast.
ing parts of the post-central and supramarginal gyri was found to be
significant (Table 4). The apparent ceiling effect with regards to
number of correct responses (87%) may partly explain why few
cortical regions were found to be positively and negatively correlated
with the encoding, maintenance, and possible displacement of items
to WM under the ROI analysis.
Regions correlated with correct letter serial recall.

Cluster
size

Region Brodmann
area

Coordinates
in MNI, mm

Z-
score

x y z

Whole brain
Positively correlated
49 L paracingulate/anterior

cingulate cortex
32 −2 54 6 3.16

45 L middle temporal gyrus −52 −46 −8 4.28
38 R occipital pole 17 12 −92 −6 4.21
27 R DLPFC 9 2 60 12 4.16
24 R inferior frontal gyrus,

pars opercularis
44 60 14 18 4.09

Negatively correlated
102 L superior parietal lobule 5 −22 −44 60 3.21
94 R precentral gyrus 6 20 −18 62 4.18
84 R lateral occipital cortex/cuneal

cortex
7/19 14 −82 42 4.18

64 L parietal operculum cortex 40 −54 −38 22 4.19
58 R post-central gyrus 3 34 −34 66 3.11
50 L angular gyrus 39 −40 −60 18 4.27
31 L superior parietal lobule/lateral

occipital cortex
7 34 −58 62 4.05

25 L superior frontal gyrus,
premotor cortex

6 −16 −6 74 3.05

ROI analysis
Positively correlated
112 Bilateral paracingulate 10 0 54 6 3.45

R paracingulate 10 −2 50 4 2.27
L frontal pole 9 2 58 10 2.92

Negatively correlated
106 R post–central gyrus/spl 5/7 32 −38 70 2.30

Regions from the OSPANNArithmetic contrast positively and negatively correlated with
correct letter responses. Top half is from the whole brain, uncorrected voxel threshold
analysis, pb0.005, cluster threshold≥20. The bottom half is the ROI analysis performed
using the regions detected in the whole brain analysis; cluster thresholded at ZN2.3;
pb0.05.
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Discussion

In this study, we used fMRI in conjunction with a CWMS task, the
OSPAN, and a task resembling TNWM tasks, equation verification. Our
aims were to 1) examine how brain activity differs between CWMS
and TNWM tasks; 2); determine whether the hippocampus, typically
associated with the retrieval and formation of LTMs, is significantly
more active during the encoding and maintenance phase of a CWMS
task than during a TNWM task; and 3) explore how activity during
OSPAN encoding and maintenance may be correlated with later
correct and incorrect recall.

LTM access during CWMS tasks is supported by the embedded
processes (Cowan, 1988, 1999) and active maintenance (Unsworth
and Engle, 2007b) models of WM and the limited capacity of the focus
of attention (Cowan, 2001). For example, during the OSPAN task
participantsmay be forced to access LTM in order to store and retrieve
to-be-remembered letters (task relevant), as they are also asked to
perform equation verification (task irrelevant) while trying to serially
encode the to-be-remembered letters. That is to say, equation
verification is a complex process which, when combined with the
increasing list length, will likely occupy the limited capacity of the
focus of attention. As such, the to-be-remembered letter sequence
may be displaced from the focus of attention and stored in LTM.
Consequently, this memory trace likely resides in an activated state
(above threshold) and, depending on the individual's level of overall
attentional control, can be retrieved back into the focus as needed
(Oberauer, 2002).

Recently, neuroimaging studies have begun to show hippocampal
activity during TNWM tasks. Typically, this activity has been shown to
increase along with load. Unsworth and Engle (2007a) indicate that
simple WM span tasks, such as TNWM tasks, may access LTM as long
as a supra-span load is presented; a supra-span load would cause
some items to be displaced from the focus, possibly into LTM. Even
though there is strong evidence supporting the latter, we have chosen
to examine the possible access of LTM associated regions during a
CWMS task because these tasks require an added degree of executive
control not required for the performance of simple WM span tasks,
they have been shown to exhibit a higher level of ecological validity
than typical WM tasks, and because the neuroimaging literature on
popular CWMS tasks is scarce and deserves further exploration.

Shared cortical resources between CWMS and TNWM tasks in this study

Cortical areas of activation during the OSPAN and Arithmetic
conditions were similar (Fig. 3), with the OSPAN exhibiting more
robust activation in regions common to both tasks. This similar
pattern would be expected given both tasks require the verification of
a complex equation, a cognitively demanding task; it also consistent
with the dual task literature which states that dual tasks will have
similar but more intense and dispersed regions of activity (Adcock et
al., 2000; Bunge et al., 2000). Cortical regions seen to be active in both
conditions and commonly associated with WM are DLPFC (BA 9 and
46), inferior frontal gyrus (IFG; BA 44), middle frontal gyrus (MFG; BA
6 and 9), precuneus cortex (BA 7), SPL (BA 7), IPL (BA 39 and 40), and
ACC (BA 24/32). Additionally, one of the largest clusters of activation
for both tasks encompassed the SMA and precentral gyrus.

DLPFC has typically been associated with overall executive
functioning (Wager and Smith, 2003), but more recent evidence
suggests that it is specifically involved in focusing attention on task
relevant info in LTM (Abe et al., 2007). It is also reported to be
involved in information source-monitoring (Wood et al., 2008). Kong
et al. (2005) indicated that complex arithmetic procedures are
supported by bilateral MFG and ACC activation. It has also been
suggested that the ACC may play a greater role in executive
functioning than the DLPFC (Kaneda and Osaka, 2008). Common to
both tasks in our paradigm is that participants must be aware of
present task demands and must retrieve the appropriate response-set
from LTM. Both tasks also require sub-vocal rehearsal; one of the
largest clusters of activation during both tasks encompassed the SMA
and precentral gyrus, areas believed to be responsible for verbal
production and which may also contribute to executive functioning
(Koelsch et al., 2009; Ridderinkhof et al., 2004).

Parietal regions are reported to be active during a number of
different cognitive processes. A reviewof the precuneus byCavanna and
Trimble (2006) indicated that this region is involved in a diverse array of
highly integrated functions, consistent with its role as an associative
region and its high level of cortico-cortical connectivity. Wager and
Smith (2003) indicate that BA7 is themost significantly activated region
during the executive processes of updating, ordering, andmanipulation.
During equation verification, which involved two arithmetic calcula-
tions in our paradigm, these processes were necessary as participants
decided how to approach the equations, manipulated the calculations
within the equations, and updated portions of the equation with the
proper solutions. Fehr et al. (2007) have also reported precuneus
activation during both simple and complex arithmetic tasks, further
supporting the idea that the precuneus is highly responsible for
updating and manipulating information.

IPL activation during these two tasks likely relates to a few
functions specifically associated with the IPL. Firstly, the supramar-
ginal gyrus contributes to reading regardless of task demands
(Stoeckel et al., 2009). Arithmetic computation is a verbally based
skill and should therefore have elicited activation in regions
associated with reading since the equations were visually presented.
Secondly, activity in the IPL is thought to increase as responses are
made under uncertainty (Vickery and Jiang, 2009), possibly indicating
it may additionally contribute to the error monitoring/checking roles
typically assigned to the ACC and other frontal regions. During both
tasks, participants had a limited amount of time, 4 s, to respond to a
complex arithmetic equation. Therefore, it is likely that under various
instances they were unsure of their responses by the time they were
required to respond, at times resulting in incorrect responses. Lastly,
the IPL, specifically the angular gyrus, is recruited during arithmetic
fact retrieval (Dehaene and Cohen, 1997; Wood et al., 2008). Another
possibility for IPL activation is that it forms part of the structural core
of the human brain (Hagmann et al., 2008). Therefore it likely serves a
facilitative, associative role during complex cognitive operations such
as the ones performed in these tasks.

Differences in cortical activation between CWMS and TNWM tasks

We contrasted the OSPAN and Arithmetic blocks to examine how
encoding, maintenance, and the possible storage and retrieval of
information to and from LTM manifest neurally during a CWMS task
as compared to a TNWM task. The contrast revealed that, as
expected, differences in neural recruitment between CWMS and
equation verification were significant (Fig. 5). However, both tasks
appear to recruit the same, or similar, cortical regions since
differences were mainly evident in regions common to both tasks.
This supports the idea that WM processes, regardless of their
complexity, stem from a common network (e.g., Anurova et al.,
2003; Cabeza and Nyberg, 2000; Linden, 2007). It is also possible
that some of the regions within this network may assume further
roles, e.g., aiding in the storage and retrieval of items to and from
LTM as task complexity and interference increase.

During the OSPAN participants require a higher degree of
executive control in order to switch between serial encoding and
the additional processing task of equation verification, while also
keeping track of an increasing number of task relevant items in WM.
Participants also assumedWM loads for the to-be-remembered items
that surpassed the average limit of WM capacity, currently thought to
average around four items (Cowan, 2001). Under these conditions, it
is evident that participants would benefit from increased WM
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capacity. The DLPFC is thought to boost visuospatial WM capacity
through top-down excitation of intraparietal sulcal circuits (Edin et
al., 2009). This function of the DLPFC is thought not to be limited to
visuospatial WM and likely occurs for a variety of cognitive functions.
DLPFC activity has also been shown to be predictive of LTM formation
through the binding of related items residing inWM (Blumenfeld and
Ranganth, 2006). Bunge et al. (2001) found that DLPFC activity in the
MFG, among other regions typically associated with WM, was
significantly correlated with resolving task interference. More recent
studies (e.g., Blumenfeld and Ranganath, 2007) have demonstrated
that even more critical to the resolution of interference is the VLPFC.
VLPFC is thought to aid in the controlled selection of items, and
similarly, is thought to aid the formation of LTMs through controlled
selection. These functions are critical during the OSPAN as the
formation of proper LTMs becomes more crucial as set sizes increase.

In the previous section we outlined the possible role of parietal
regions during both the OSPAN and Arithmetic tasks. We indicated
that parietal regions are mainly involved in updating and manipulat-
ing the information currently in the focus of attention. A review by
Koenigs et al. (2009) indicated that the SPL in particular may be
responsible for these operations. The increased involvement of the
SPL during CWMS provides further evidence for this role of SPL, as
participants must update and possibly manipulate the retrieved to-
be-remembered letter sets as more letters are presented. Successful
updating will rely on the accuracy of the order in which the letters are
kept in WM and retrieved from LTM. If participants make a
discrepancy judgment and believe the ordering of the retrieved
items is incorrect, the SPL may be recruited to rearrange the set based
on an alternative representation.

Hippocampal recruitment in CWMS and TNWM tasks

We were particularly interested in the involvement of the
hippocampus during CWMS, since the hippocampus has been
traditionally associated with the formation and retrieval of long
term memories (e.g., Davachi et al., 2006; Eichenbaum et al., 2007).
Recent WM neuroimaging studies haves indicated the involvement of
the hippocampus during WM encoding, maintenance and, retrieval
(e.g., Axmacher et al., 2009a, 2009b; Fletcher et al., 2003; Öztekin et
al., 2009; Schon et al., 2009). Using intracranial EEG, Axmacher et al.
(2007) demonstrated reduced hippocampus/MTL gamma power
during maintenance of a single item, but increased power during
maintenance of multiple items; fMRI data concurred with their
intracranial EEG recordings. Later, Axmacher et al. (2009a, 2009b)
also found MTL activation under low load visual WM conditions.
However, one must take into account that even under “low load”
conditions, complex visual stimuli, such as the faces used in the latter
study, likely incur a high WM/attentional load due to the numerous
features present in such stimuli. Öztekin et al., 2009 used an item
recognition and judgment of recency task to show that the
hippocampus, along with DLPFC and IFG, collectively support WM
retrieval. Additionally, their data support the distinction between
items maintained within and outside of the focus of attention, and
argue that the mechanisms responsible for these distinctions are
closely intertwined.

On the contrary, Zarahn et al. (2005) have argued that hippocam-
pus activity is independent of WM load, or functioning, for familiar
stimuli. They have argued this point based on a hippocampal activity
pattern that follows an inverted-U in relation to WM load. However,
an inverted-U shape is often shown for different regions of the brain in
relation to WM load and is considered a standard aspect of proper
WM functioning. For example, the inverted-U characteristic of brain
function in relation to WM load is thought to be shifted in
schizophrenia and is believed to explain their relatively poorer
performance on measures of WM (e.g., Callicott et al., 2003). In a
different vain, Meyer-Lindenberg et al. (2005) argue that hippocam-
pal formation activity is negatively correlated to that of DLPFC as WM
load increases and therefore conclude that hippocampal formation
activity is not necessary for WM. Additionally, they show that
hippocampal formation activity deficiency in WM performance in
schizophrenia patients may in part be due to functional decoupling
between the hippocampus and DLFPC as WM load increases. Critical
to the interpretation of these results is the fact that a 2-back n-back
task was used rather than a CWMS task. Even though the n-back task
is designed as a cognitively demanding task requiring high levels of
attentional control and the updating of mental representations, it may
more accurately represent an individual's immediate memory
capacity rather than their WM capacity (Conway et al., 2005).

For our study, hippocampal voxel-wise ROI analysis indicated
posterior bilateral hippocampal activity during the OSPAN. We also
found similar bilateral hippocampal activity during the Arithmetic
task. These findings indicate that Arithmetic and CWMS tasks both
recruit the hippocampus for WM performance and at first glance
suggest that hippocampus may be recruited for immediate memory
functioning. However, studies of hippocampectomized patients have
either shown no deficits, or deficits only at supra-span levels, on
simple WM span tasks (e.g., Milner, 1972; Owen et al., 1996).
Therefore, it is possible that some arithmetic operations recruit
additional processes not required during sub-span simpleWM span or
TNWM tasks. There are indications that during more complex
arithmetic problems, such as the large number multiplication or
division problems found in our study, back up strategies are used to
retrieve solutions to problems that are similar to the ones in question
(Jost et al., 2009; Smith-Chant and LeFevre, 2003). For example, 7×9
can be solved by retrieving the solution to 7×10 and subtracting 7. For
other problems, various back-up strategies may be used to retrieve or
calculate information, and are cycled through while trying to identify
the correct answer. Furthermore, even though it has traditionally
been argued that the hippocampus is not necessary for semantic-fact
retrieval from LTM, such as that required during arithmetic, recent
studies suggest its involvement (e.g., Burianova et al., 2010; Hoscheidt
et al., 2010; Ryan et al., 2008; Whatmough and Chertkow, 2007).
Consequently, hippocampal activity during complex arithmetic
operations may signal a role for the hippocampus as part of a
temporary WM storage buffer for items retrieved from LTM not
currently in the focus of attention. Axmacher et al. (2009a, 2009b)
recently arrived at a similar conclusion and this idea is akin to Cowan's
embedded processes model where items retrieved from LTM not
currently in the focus reside in an activated, easily accessible state
within LTM.

Support for the hypothesis that the hippocampus is involved in the
maintenance of items during a CWMS task to a greater extent than
during a TNWM task came from our OSPANNArithmetic contrast. This
yielded a cluster of significantly greater activation in the right
posterior hippocampus (Fig. 4). Mean peristimulus plots (Fig. 6) for
the hippocampal ROIs indicate an initial bilateral peak after task
onsets, possibly indicating a retrieval of task specific instructional sets,
and a decrease in activity below baseline for the remainder of the
tasks (30 s; 20 TRs). Persitimulus plots for voxels with intensity values
in the upper 10% show above baseline activity levels for bilateral
posterior hippocampi during OSPAN and Arithmetic (Fig. 6), with
significantly greater activation in left posterior hippocampus versus
right (Table 2).

These results indicate that the left hippocampus plays at least an
equivalent or greater role than the right during WM encoding,
maintenance, and updating. The difference between peak activity
occurring in posterior hippocampi and mean activity for the whole
hippocampi suggests a specialization of WM functioning within the
posterior hippocampus. The overall decrease in mean bilateral
hippocampal activation below baseline for both tasks may suggests
possible resting state functions for anterior regions of the hippocam-
pus. Recent studies of the brain's resting state networks have
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implicated the hippocampus as part of some of these networks,
specifically the default mode network (Buckner et al., 2008;
Fransson and Marrelec, 2008; Frings et al., 2009). It is thought that
the hippocampi and surrounding medial temporal structures play a
key role in providing associational and relational information from
memory to aid in mentalizing (Addis and Schacter, 2008; Buckner
et al., 2008.)

Possible direct evidence for the idea that the hippocampus may be
associated with LTM access during WM encoding and maintenance is
seen in persitimulus plots of the left hippocampus during OSPAN
retrieval (time points 21–30). Mean hippocampus signal maintains an
intensity similar to the signal during maintenance and encoding,
while voxels in the upper 10% range decrease for the right
hippocampus, and initially decrease then increase for the left
hippocampus. Therefore, it is plausible that the developing signal
within the hippocampus indicates increasing access to LTM for items
displaced from the focus. Alternatively, this may indicate that the
hippocampus is cycling through items in immediate memory, but the
intact immediate memory performance in hippocampectomized
patients suggests otherwise.

In general, these results provide support for the hippocampus' role in
WMmaintenanceduring a CWMS task above andbeyond that in TNWM
tasks. Given the coupling between hippocampal activity and LTM
functioning, our findings are also suggestive of LTM functioning during
WM maintenance of a complex WM span task. Pattern and intensity
differences between the hippocampus as a whole and posterior regions
suggest a specialization of function, such that posterior regions are
directly involved inWMfunctioning. Lastly, thehippocampusmayact as
part of a temporary storage buffer by helping to hold information
outside of the focus of attention in an activated state.

Further support for the active maintenance and embedded processes
models of WM

The fronto-parietal network is often mentioned in the context of
WM (e.g., Bledowski et al., 2009; Champod and Petrides, 2007; Colom
et al., 2007; Vincent et al., 2008). Regressing the number of correct
letter responses on the OSPANNArithmetic contrast gave us a further
indication of the roles that frontal and parietal regions, along with the
ACC, may play during WM encoding and storage of to-be-remem-
bered items and indicated support for the embedded processes
(Cowan, 1999, 2005) and active maintenance models (Unsworth and
Engle, 2007b) ofWM. Together, thesemodels propose that frontal and
parietal regions are highly interconnected during WM processes and
the effectiveness of their interactions dictates WM capacity limits.
Specifically, they suggest that the PFC is involved in monitoring and
directing the attentional resources required during WM functioning
and that IFG functioning in particular is critical to the retrieval of
information in the face of interference (Jonides and Nee, 2006).
Information storage and processing tasks, however, are not relegated
to PFC regions, but rather information currently in the focus of
attention is stored andmanipulated in parietal regions. Additionally, it
is suggested that the ACC acts a secondary monitor by biasing the
degree of executive control exerted by the IFG.

Our preliminary, exploratory results indicated that activity in
frontal/cingulate regions, including the DLPFC, IFG (pars opercularis),
and the ACC, during WM encoding and maintenance, tended to
positively correlate with number of correct letter identification
responses, and that areas mainly in the parietal lobe, including the
SPL, IPL, cuneal cortex, parietal operculum, and post-central gyrus,
tended to negatively correlate with correct responses. If frontal and
cingulate regions are involved in regulating the influence of
interfering information it is probable they areworking at a heightened
level in individuals who are successfully filtering this information
compared to those who are not. An effective, dual fronto-cingulate
filter would then limit the amount of information entering into the
focus of attention and would help to reduce the information load
parietal regions may have to engage or manipulate, thereby reducing
parietal activation.

A similar view of frontal and parietal interaction was also recently
espousedby Edin et al. (2009). Through a computationalmodel, verified
byanalysis of actual fMRI data, they demonstrated thatDLPFCboosts the
visuospatial WM capacity of parietal regions through increased
functional coupling between the regions. The middle and superior
frontal gyri, which are thought to play a regulatory role in relation to the
DLPFC, also evidenced activation consistent with a boosting function.
Taken together, our findings and those of Edin et al. (2009) support the
embedded processes and active maintenance models of WM. They
indicate that frontal and cingulate regions play a role in attentional
regulation/control, or enhancingWMcapacity in parietal regions, while
parietal regions play a role in storing and manipulating the contents in
the focus of attention. Therefore, an individual's WM capacity can be
said to be limited by the degree of interaction, or coupling, between
frontal/cingulate and parietal regions.

To further constrain our exploratory analysis we performed a
cluster-thresholded ROI analysis on these regions. This analysis
yielded a bilateral cluster overlapping part of the ACC and the frontal
pole was positively correlated with correct recall, while a cluster
overlapping the right post central gyrus and SPL was negatively
correlated with correct recall. Such findings are very promising
because they suggest that an interaction between two of the regions
believed to be most responsible for attentional control (ACC) and
updating, ordering, and manipulation processes (SPL) may be most
linked to the appropriate maintenance of information resulting in
correct recall. The promising nature of our exploratory results warrant
further investigation into the nature of successful encoding and
maintenance during CWMS paradigms.

Conclusion

Our fMRI results demonstrated that as expected, the OSPAN
yielded greater activation than Arithmetic in regions typically
associated with WM. Of greater consequence, the OSPAN recruited
bilateral posterior hippocampi to a greater extent than Arithmetic
while overall hippocampal activation decreased below baseline levels
of activity during performance of both tasks. This suggests posterior
hippocampal specialization during WM performance and further
supplements the evidence presenting the hippocampal formation as
part of the brain's default mode network. A rise in intensity signals
from the left hippocampus during retrieval hint at the idea that LTM
access occurs during encoding and maintenance of items presented in
CWMS tasks. Such evidence calls for more in depth examination of
CWMS tasks through neuroimaging, as they may provide crucial
insight into the role of the hippocampus duringWM functioning. High
resolution neuroimaging studies have already alluded to the idea of
encoding and retrieval specificity between the dentate gyrus, cornu
ammonis regions, and the subiculum (Eldridge et al., 2005; Preston
et al., 2010; Zeineh et al., 2003). Lastly, the linear increase in activity
during the initial blocks of each run also warrants further exploration.
We are not aware of any cognitive or physiological findings that may
explain these trends, but can only speculate that they may be due to
some form of habituation or task detection function exhibited by the
hippocampi.
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