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Behavioral research has yielded conflicting results regarding the architecture of short-term memory (STM).
Whereas a consensus has emerged that within STM a single chunk within the focus of attention (FA) has a
privileged status, it is unclear whether further distinctions exist. One proposal is that outside of FA, memory is
all of one sort with a continuous progression from STM to long-termmemory (LTM). On the other hand, sharp
performance drop-offs when STM is loadedwith more than 4±1 items suggest distinctions between STM and
LTM. We use functional magnetic resonance imaging (fMRI) to adjudicate between these theories. A neural
triple dissociation provided evidence for a 3-state model of memory. Critically, prefrontal cortex was
selectively enhanced to retrieval from activated portions of LTM whereas the hippocampus was associated
with retrieval of items within putative 4±1 capacity limits. We hypothesize that the associative properties of
the hippocampus serve to inter-relate information actively maintained in STM which not only promotes
strong STM, but also lays the foundations for subsequent LTM. By contrast, information not actively
maintained in mind requires top-down retrieval processes mediated by the prefrontal cortex. These data
provide key insights into the architecture of STM and its relationship to LTM.
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Introduction

The ability to hold information online in an active state is central to
much of cognition including problem solving, reading comprehen-
sion, and the formation of memories. Indeed, the capacity of online
storage is predictive of a variety of higher order cognitive functions
(Carpenter et al., 1990; Daneman and Carpenter, 1980; Daneman and
Merikle, 1996). Despite the clear importance of the short-term storage
system, fundamental questions regarding its architecture remain.

Since Baddeley (1986), the system that affords onlinemaintenance
of information and the processes that act upon that information have
collectively been considered working memory. The storage aspect of
working memory, or short-term memory (STM), has been thought to
consist of separate buffers for different modalities of information. The
information within such buffers has been thought of as one sort; that
is, although individual items within a buffer may vary in activation
strength, the qualitative state in which they are held is thought to be
fundamentally similar.

More recent work, however, has demonstrated that short-term
storage is not all of one sort. In particular, research has shown that a
single chunk of information in STM has privileged access (Garavan,
1998; McElree, 2006; McElree and Dosher, 1989; Oberauer, 2002).
This privileged chunk has been termed the focus of attention1 (FA) in
STM. A series of behavioral studies has shown that the FA is accessed
unusually quickly and that decisions regarding the information in the
FA can be made immediately compared to other information in STM,
which requires retrieval processes that take time. Recently, we have
demonstrated a neural signature for the access of information in the
FA consisting of functional connections between posterior parietal
cortex and inferior temporal cortex (Nee and Jonides, 2008).

Outside of the FA, whether information within STM is homoge-
neous or not is subject to debate (Fig. 1). On the one hand, results from
studies involving speeded decisions suggest that access to informa-
tion outside of the FA follows a continuous pattern suggesting a
homogeneous status of information with varying activation strengths
(McElree, 2006; McElree and Dosher, 1989). On the other hand,
direct access containing an additional 2 to 4 items, both distinct
ory. Hence, the focus of attention in the Cowan (2001) 2-state

to the focus of attention plus the region of direct access in the
tate model with no distinction between these two states. Here, we
of Oberauer (2002).



Fig. 1. Competing models of short-term memory. Left: The 2-state model of short-term
memory consisting of a single chunk in the focus of attention with other information in
short-term memory consisting of activated long-term memories with varying
activation strengths. Right: The 3-state model of short-term memory where a region
of direct access is thought to exist as an intermediary state between the focus of
attention and activated long-term memory. In this account, the focus of attention+the
region of direct access is hypothesized to have a capacity of 4±1 items.
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several investigations have demonstrated sharp performance dis-
continuities whenmore than 4±1 items are loaded into STM (Cowan,
2001). Hence, by one account, STM is of 2-states consisting of the FA
and other information that is assumed to be activated long-term
memories (aLTM). By another, STM is of 3-states consisting of the FA,
3 or so other items in a region of direct access (DA), with other
information in aLTM (Jonides et al., 2008; Oberauer, 2002). Thus far,
no consensus has emerged based upon behavioral data. Imaging data
may provide key insights into this issue, but to our knowledge, no
experiment has successfully distinguished 2- and 3-state models of
STM.2

It is important to note the distinction between “state” and “store”.
It is becoming increasingly evident that shared neural substrates are
involved in perception, short-term storage, and long-term storage
(Jonides et al., 2005; Nee et al., 2008; Postle, 2006). Hence, different
states of memory may nevertheless involve the same regions of
memory storage. Storage, on the other hand, may vary fundamentally
by stimulus-type (e.g. objects versus words). Of interest for present
purposes are memory states.

The present study used functional magnetic resonance imaging
(fMRI) to explore the architecture of STM. We employed a simple
item-recognition paradigm with rapid presentation similar to behav-
ioral paradigms that have been used to explore the rate of access of
information in STM (Fig. 2; McElree, 2006; McElree and Dosher,
1989). On each trial, six words were presented rapidly followed
closely by a recognition probe. According to both 2- and 3-state
models, the most recently presented item should be held in the FA. By
the 2-state model of memory, the rest of the items should consist of
aLTM, whereas the 3-state model would predict a discontinuity
behaviorally and neurally when subjects are probed with early list
items outside of the putative 4±1 capacity limit. Hence, our paradigm
afforded the ability to examine whether a selective neural signature
can be associated with retrieval of information in the FA, the putative
DA, and the aLTM. As in our previous research, we expected to find a
selective neural signature of FA-access in posterior parietal and
2 At the time of writing, we were made aware of a recent study that did not find
evidence for a 3-state model of memory and concluded that memory is composed of 2-
states (Oztekin et al., 2010). The present study used a larger sample and region of
interest analyses to ensure that lack of evidence supporting a 3-state model, which
requires a triple dissociation, would not be due to insufficient power.
inferior temporal cortex. However, the critical test was whether the
DA and aLTM would dissociate. If a 2-state model is correct, then
linear patterns of retrieval would be expected when comparing the
FA, putative DA, and aLTM. By contrast, a 3-state model would predict
a double dissociation of neural regions responding to DA- and aLTM-
retrieval. In previous research we and others have demonstrated that
retrieval of information outside of FA recruits left lateral prefrontal
cortex (LPFC) and regions in the medial temporal lobe (Nee and
Jonides, 2008; Oztekin et al., 2009b). Hence, how these regions
respond to retrieval from DA and aLTM may be particularly
informative.
Materials and methods

Participants

We report data from 25 right-handed adults (14 female; ages 18–
28; mean=20.9 years old). They received $20/h as well as a bonus for
fast and accurate performance. An additional four subjects were
recruited, but technical errors made their data unusable.
Materials and procedure

Subjects performed an item-recognition task in which they were
sequentially presented six items followed by a test probe (Fig. 2). The
task was modeled after paradigms that have been used to examine
different memory states of STM (McElree, 2006; McElree and Dosher,
1989; Nee and Jonides, 2008; Oztekin et al., 2009b). Subjects
responded via keypress whether the test probe was a member of
the memory set or not. Each trial began with a red fixation cross
presented for 0.5 s to alert the subject to the start of the trial.
Thereafter, 6 words were sequentially presented for 0.5 s each,
followed by a mask presented for 0.3 s. A test probe was presented
for 0.7 s that matched one of the memory items 50% of the time. All
serial positions were probed equally. The inter-trial interval (ITI) was
jittered between 3.5 and 6.5 s. Memory items were presented in
uppercase and the test probe was presented in lowercase to minimize
visual matching strategies. Words were drawn randomly without
replacement from a set of 171 four-letter nouns, and the list was re-
randomized after it was exhausted. Subjects performed 6 runs of 48
trials each. The day before scanning, subjects were given 2 runs of 48
trials to learn the task, and an additional run was given the day of
scanning prior to entering the scanner.

Critically, rapid presentation of the memory set and the brief delay
minimized the use of rehearsal and chunking strategies in accordance
with previous work (Nee and Jonides, 2008; Oztekin et al., 2010;
2009b). As in previous research, themost recently presented itemwas
assumed to reside in FA (McElree, 2006; Nee and Jonides, 2008;
Oztekin et al., 2010; 2009b). Items outside of the FA were assumed to
show decreasing memory strength with increasing distance from the
end of the list (decreasing recency). The 6-item memory set afforded
the ability to contrast items putatively in DA against items putatively
in aLTM, with the assumption that DA would reflect serial position
(sp) −2 and sp −3 items. As indicated by the behavioral data and
consistent with previous work, aLTM appeared to consist of sp −4
and sp −5 items. The sp −6 item (i.e. the first item presented) was
excluded in neural analyses due to ambiguity surrounding the
primacy effect, as described in more detail below.

Prior to scanning, subjects performed the operation span (OSPAN)
task as a measure of working memory capacity. In the OSPAN task,
subjects solve math problems while maintaining a set of letters in
mind (Unsworth et al., 2005). Capacity was measured by the number
of letters subjects could successfully hold in mind while completing
the math problems.



Fig. 2. Experimental protocol. On each trial subjects committed six rapidly presented words to memory and responded to a recognition probe after a very brief delay. The most
recently presented item (serial position (sp)−1 was assumed to reside in the focus of attention. By the 3-state model of memory, sp−2 and−3 items would presumably reside in
the region of direct access, which would be distinct from early list items.
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Image acquisition and preprocessing

Images were acquired on a GE Signa 3-T scanner equipped with a
standard quadrature head coil. Head movement was minimized using
foam padding and a cloth restraint strapped across participants'
foreheads.

Functional T2*-weighted images were acquired using a spiral
sequence with 40 contiguous slices with 3.44×3.44×3 mm voxels
(repetition time, or TR=2000 ms; echo time, or TE=30 ms; flip
angle=90°; field of view, or FOV=22 mm2). A T1-weighted
gradient-echo anatomical overlay was acquired using the same FOV
and slices (TR=250 ms, TE=5.7 ms, flip angle=90°). Additionally, a
124-slice high-resolution T1-weighted anatomical image was collect-
ed using spoiled-gradient-recalled acquisition (SPGR) in steady-state
imaging (TR=9 ms, TE=1.8 ms, flip angle=15°, FOV=25–26 mm2,
slice thickness=1.2 mm).

Functional data were spike-corrected to reduce the impact of
artifacts using AFNI's 3dDespike (http://afni.nimh.nih.gov/afni). Sub-
sequent processing and analyseswere done using SPM5 (http://www.
fil.ion.ucl.ac.uk/spm/). Functional images were corrected for differ-
ences in slice timing using sinc-interpolation (Oppenheim et al.,
1999) and head movement using a least-squares approach and a 6
parameter rigid body spatial transformation. Structural data were co-
registered to the functional data and segmented into gray and white-
matter probability maps (Ashburner and Friston, 1997). These
segmented images were used to calculate spatial normalization
parameters to the MNI template, which were subsequently applied
to the functional data. Eight-mm full-width/half-maximum isotropic
Gaussian smoothing was applied to all functional images prior to
analysis using SPM5. All analyses included a temporal high-pass filter
(128 s), and each image was scaled to have a global mean intensity of
100.

Image analysis

Analyses were conducted using the general linear model imple-
mented in SPM5. Predictors were locked to the onset of the
recognition probe and convolved with a canonical hemodynamic
response function (HRF) provided by SPM5. Accuracy of the HRF was
confirmed in follow-up analyses using finite impulse response (FIR)
models within regions of interest (ROIs). Separate regressors were
calculated for probes matching the FA (sp−1), DA (sp's−2 and−3),
and aLTM (sp's −4 and −5). This partition of memory states was
based upon patterns demonstrated in the group-averaged behavioral
data. Separate analyses using groupings tailored to putative capacity
limits defined on a subject-by-subject basis provided confirmatory
results. Error trials, negative probes, and probes matching the −6
back items were modeled separately. For subjects demonstrating
greater than 3 mm of motion across a session or greater than 0.5 mm
of motion between TRs, 24 motion regressors were included to
capture linear, quadratic, differential, and squared differential residual
motion variance (Lund et al., 2005).

Parameter estimates for retrieval from FA, DA, and aLTM for each
subject were submitted to a second-level one-way ANOVA. This
analysis was thresholded at pb0.05 corrected for multiple compar-
isons using False-Discovery rate (FDR) with a 10-contiguous voxel-
extent criterion. Significant clusters revealed by the ANOVA were
subsequently tested using paired t-tests to determine the nature of
condition differences.

Follow-up analyses were performed on left LPFC and the
hippocampus in that these regions were critical ROIs for this study.
Anatomical ROIs were created using the WFU Pick Atlas implemented
in SPM5 (Maldjian et al., 2003). For left LPFC, the ROI included pars
triangularis and pars opercularis of the left inferior frontal gyrus since
this region was a major focus of activation in previous research (Nee
and Jonides, 2008). The hippocampal ROI included the hippocampi
bilaterally. Within each anatomical ROI, voxels demonstrating task-
sensitivity were examined. Task-sensitive voxels were identified as
those voxels showing greater activation for the average of all
conditions of interest (FA, DA, and aLTM) compared to baseline at
pb0.05 uncorrected. Parameter estimates for each condition were
then extracted from these ROIs and submitted to a region (left LPFC,
hippocampus) × state (FA, DA, aLTM) ANOVA and paired t-tests.

Brain–behavior correlations were computed within the ROIs
described above. Correlations were thresholded at pb0.05 corrected
for multiple comparisons using cluster extent according to simula-
tions obtained via AFNI's AlphaSim (http://afni.nimh.nih.gov/afni).
Although all correlations are valid statistically, measures of effect size
are not reported to avoid interpretation of potentially inflated effect
sizes that occur as a result of thresholding (Yarkoni and Braver, 2010).
Scatter plots are included for the purpose of visual confirmation that
correlations were not unduly driven by outliers. All correlations were
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re-tested using robust regression to reduce the impact of outliers to
provide further assurance that the correlations were not driven by
outliers.

Brain–brain correlations were computed across all voxels in the
ROIs described above. Contrastswere created to isolatememory states
of interest while avoiding common terms as much as possible. aLTM-
related left LPFC activation was assessed using the contrast of aLTM–

DA. DA-related hippocampal activation was assessed using the
contrast of DA–FA. Notably, since DA activation is common to both
contrasts a correlation could be the result of a left LPFC-hippocampal
correlation on DA trials alone. However, such a correlation did not
exist (r=0.04) and hence could not drive the results. Correlations
were checked using robust regression to ensure that they were not
driven by outlying values.

Results

Behavioral results

We began by examining behavioral results as a function of serial
position. Accuracy was high overall (mean 89.9% correct) and varied
as a function of serial position (F(5,120)=10.68, pb0.001; Fig. 3A).
Sequential pair-wise comparisons revealed a sharp drop-off between
serial position (sp)−3 and sp−4 (mean 6.3%, t(24)=2.25, pb0.05),
but no other sequential pair-wise comparison was significant (all t
Fig. 3. Behavioral results. A) Accuracy data as a function of serial position. A clear drop-
off in performance was observed between serial position (sp) −3 and −4 consistent
with 3-state models that posit a capacity of 4±1 items. B) Capacity as measured by the
operation span (OSPAN) task correlated with accuracy to early list items (sp −6 to
−4), but not late list items (sp −3 to −1). This is consistent with the proposal that
drop-offs in performance for early list items were due to capacity limitations.
C) Reaction time data as a function of serial position. A pronounced recency effect
was observed for sp −1 consistent with the idea that this item resides in the focus of
attention and has privileged access.
(24)b1.6, pN0.1). Hence, whereas accuracy demonstrated a gradual
decline with serial position, this decline was especially precipitous
between sp−3 and−4. Highlighting this performance discontinuity,
a sigmoidal model of the data provided a much stronger fit than a
simple linear model (adjusted R2=0.998 for sigmoidal, adjusted
R2=0.909 for linear). Such a performance discontinuity is consistent
with previous reports demonstrating sharp declines when memory
load reaches 4±1 items (Cowan, 2001). To confirm this consistency,
we correlated accuracy with working memory capacity as measured
by the OSPAN task. Accuracy to early list items (sp's −6 to −4)
correlated positively with OSPAN (r=0.45, pb0.05), but not late list
items (sp's−3 to−1, r=−0.16, pN0.4; Fig. 3B). This result confirms
that drop-offs in performance are due to capacity limitations and that
subjects with greater capacities show reduced drop-offs.

Reaction time (RT) data were analyzed on correct trials only. RT
varied as a function of serial position (F(5,120)=23.21, pb0.001;
Fig. 3C). In accordance with previous reports (Nee and Jonides, 2008),
there were both recency (sp −1bsp −2, mean difference 40.6 ms, t
(24)=4.0, pb0.001) and primacy effects (sp −6bsp −5, mean
difference 19.2 ms, t(24)=2.20, pb0.05) in RT. The pronounced
recency effect is consistent with the idea that the most recently
presented item resides in the FA and has privileged access (Garavan,
1998; McElree, 2006; McElree and Dosher, 1989; Oberauer, 2002).
OSPAN was unrelated to RT (correlation between OSPAN and each sp,
all rb0.25).

Based on the observed behavioral patterns and the extant
literature, we grouped the serial positions into 3 separate hypothe-
sized states: the FA was assigned to sp −1, the DA was assigned to sp
−2 and −3, and the aLTM was assigned to sp −4 and −5. The
accuracy and RT data produced conflicting patterns regarding sp −6
with a notable primacy effect in RT. It is possible that due to
heightened distinctiveness the first item was encoded into DA,
although by the accuracy data it is clear that this was not always
the case. Due to this ambiguity sp −6 was left out of memory state
groupings. We note in passing that including sp −6 with aLTM does
not qualitatively change behavioral and neural results. Also of note,
analyses that tailored memory states to individual capacities
produced similar results to those reported here (see Supplemental
Information).

Neural results

A one-way ANOVA revealed several regions showing differences as
a function of memory state retrieval (Fig. 4; Table 1). Regions varying
as a function of memory state included medial and lateral prefrontal
cortex, medial and lateral posterior parietal cortex, and medial and
lateral temporal cortex. Differences were most prominent in the left
hemisphere, consistent with the verbal nature of the task.

Follow-up analyses revealed regions selective to retrieval from
particular memory states, as well as regions that varied linearly with
recency. Each region revealed by the whole-brain ANOVA was
subjected to paired t-tests to understand the nature of the memory
state differences. FA-selective regions (FANDA=aLTM) included
left posterior parietal cortex, left inferior temporal cortex, and
left posterior superior temporal gyrus. The right hippocampus
demonstrated a DA-selective pattern (DANFA=aLTM). The left
inferior frontal gyrus demonstrated an aLTM-selective pattern
(aLTMNDA=FA). Taken together these regions demonstrated a triple
dissociation, with different regions selective to retrieval from different
memory states.

Regions demonstrating decreased activation with decreasing
recency (FANDANaLTM) included the precuneus, posterior cingulate,
and anterior medial frontal cortex. These patterns are consistent with
the involvement of these regions in the “default network” (Gusnard
and Raichle, 2001). The anterior cingulate, inferior frontal sulcus, and
insula demonstrated increased activation with decreasing recency



Fig. 4. Regions demonstrating an effect of memory state. Red: regions showing greater activation for retrieval of the focus of attention (FA) compared to the region of direct access
(DA) and the activation portion of long-term memory (aLTM). Activations included posterior parietal cortex and inferior temporal cortex replicating previous research (Nee and
Jonides, 2008). Green: regions showing greater activation for retrieval of DA compared to FA and aLTM. These activations included the right hippocampus. Blue: regions showing
greater activation for retrieval of aLTM compared to FA and DA. These activations included left lateral prefrontal cortex. This triple dissociation is consistent with 3-state models of
memory.
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(aLTMNDANFA) consistent with their prominence in task-positive or
cognitive control situations (Fox et al., 2005).

To further examine the dissociation between DA-related hippocam-
pal activation and aLTM-related left LPFC activation, we performed ROI
analyses on task-sensitive voxels within anatomically defined regions
(see Methods; Fig. 5). These unbiased ROIs allowed us further
anatomical precision and the ability to confirm the robustness of the
whole-brain patterns. A two-way ANOVA revealed a significant region
(left LPFC, hippocampus) ×memory state (FA, DA, aLTM) interaction (F
(2,48)=10.22, pb0.001). In accordancewith thewhole-brain analyses,
Table 1
Regions demonstrating a main effect of memory state at pb0.05 corrected by False-
Discovery Rate with 10 contiguous voxels or more. Follow-up paired t-tests on each
region revealed by the ANOVA revealed the nature of the state differences. x, y, and z
denote peaks in MNI space. FA, focus of attention; DA, region of direct access; aLTM,
activated portion of long-term memory.

x y z Extent F Z Region

Focus of attention selective (FANDA=aLTM)
−56 −64 38 513 15.33 4.54 Left inferior parietal lobule
−50 −60 24 19 10.07 3.64 Left post superior temporal gyrus
−60 −30 −22 24 9.86 3.59 Left inferior temporal gyrus

Region of direct access selective (DANFA=aLTM)
18 −28 −12 18 11.4 3.89 Right hippocampus

Activated long-term memory selective (aLTMNFA=DA)
−44 16 14 20 9.99 3.62 Left inferior frontal gyrus

“Default” (FANDANaLTM)
−4 62 28 193 14.34 4.39 Anterior superior frontal gyrus
−2 −64 44 185 14.31 4.38 Precuneus/posterior cingulate
−14 −78 44 41 12.27 4.05 Precuneus/superior parietal lobule
−22 −4 −16 64 11.97 3.99 Left amygdala
−68 −22 −12 10 11.36 3.88 Left middle temporal gyrus

“Task-positive/cognitive control” (aLTMNDANFA)
−38 0 30 263 21.94 5.39 Left inferior frontal sulcus
−2 14 50 224 18.23 4.94 Dorsal anteror cingulate/pre-SMA
−10 32 24 44 11.49 3.91 Left anterior cingulate
10 24 40 15 10.43 3.71 Right dorsal anterior cingulate
−42 −42 20 14 9.68 3.55 Left posterior insula

Other (aLTM=DANFA)
10 −2 26 42 13.19 4.2 Right caudate

Other (FA=DANaLTM)
22 0 −14 10 10.22 3.66 Right amygdala
−56 −2 −2 19 9.7 3.56 Left ant superior temporal gyrus
left LPFC demonstrated greater activation for retrieval of aLTM
compared to FA (t(24)=2.97, pb0.01) and DA (t(24)=4.70,
pb0.001). The hippocampus demonstrated greater activation to DA
than FA (t(24)=2.29, pb0.05) and aLTM (t(24)=2.89, pb0.01).

Brain–behavior correlations

To examine the relationship between neural activation and
behavior, we performed correlations within ROIs in left LPFC and
the hippocampus. First, we examined whether capacity as measured
by OSPAN was predictive of neural activation. A positive correlation
between OSPAN and activation in left LPFC was found, indicating that
increased left LPFC activation was related to increased working
memory capacity. This correlation was not specific to retrieval from
any one memory state, but was related generally to retrieval over-
and-above baseline (Fig. 6). Next, we examined whether aLTM-
specific activation (aLTM–DA) in left LPFC was associated with
behavioral indices of aLTM retrieval. aLTM retrieval was measured
behaviorally as RT to probes testing aLTM partialing out RT to DA
probes (i.e. the residual after regressing aLTM RT on DA RT). High
scores on this measure indicate increased slowing (i.e. worse
performance) for aLTM-retrieval. Left LPFC activation was negatively
related to this behavioral metric indicating that increased left LPFC
activation was associated with better performance. Within our
hippocampal ROI, we did not find correlations between hippocampal
activation and behavior. This may have been due to the smaller extent
of the hippocampal ROI. An expanded ROI including the entire right
hippocampus anatomically revealed a significant positive correlation
between DA-related activation (DA–FA) and OSPAN (pb0.05 cluster
corrected). However, this region did not show a univariate difference
between memory states, so this result should be taken with caution.
All reported correlations were significant using robust regression to
reduce the impact of outliers (all pb0.05).

Brain–brain correlations

To explore the relationship between left LPFC and the hippocam-
pus, we correlated aLTM-related left LPFC activation (aLTM–DA) with
DA-related hippocampal activation (DA–FA; seeMethods). On the one
hand, the hippocampus and left LPFC may be inversely related. If the
hippocampus and left LPFC support competing forms of retrieval, then
subjects who rely to a greater degree on hippocampally-mediated
retrieval may show less left LPFC-mediated retrieval and vice versa.
On the other hand, previous research has demonstrated that with
increasing retrieval demands, left LPFC and the hippocampus show
enhanced functional connectivity suggesting complementary roles



Fig. 5. Parameter estimates from anatomical/functional regions of interest. Colored regions are task-sensitive voxels within anatomical regions of interest in the left lateral prefrontal
cortex and hippocampus that were interrogated. The left lateral prefrontal cortex showed greater activation for retrieval of activated long-term memory (aLTM) compared to the
focus of attention (FA) and the region of direct access (DA). By contrast, the hippocampus showed greater activation for DA compared to FA and aLTM. These data demonstrated a
double dissociation between retrieval activations underlying DA and aLTM as predicted by 3-state models of memory. Error bars represent standard error of the mean.
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during retrieval (Nee and Jonides, 2008; Nee et al., 2007). Consistent
with the latter proposal, aLTM-related left LPFC activation and DA-
related hippocampal activation were positively correlated (r=0.43,
pb0.05; also pb0.05 after robust regression). Notably, this was not
due to within-state correlations (i.e. the hippocampus and left LPFC
were not correlated in response to DA probes, r=0.04). Hence,
subjects who showed strong DA-related hippocampal activation
showed strong aLTM-related left LPFC activation (Fig. 7).
Fig. 6. Brain-behavioral correlations. The left lateral prefrontal cortex (LPFC) correlated w
correlation was found across all probe types and demonstrated that increased frontal activa
was found between aLTM-related activation in left LPFC (aLTM–DA) and the reaction time (R
related activation in left LPFC was related to faster decisions for information in aLTM. Over
Discussion

Our results demonstrate a neural triple dissociation contrasting
retrieval processes acting upon different memory states in STM.
Accessing information in FA recruits posterior parietal and inferior
temporal cortex, replicating previous research (Nee and Jonides,
2008). Also replicating previous research, retrieval of information
outside of FA recruits left LPFC and the medial temporal lobe (Nee and
ith working memory capacity as measured by the operation span (OSPAN) task. This
tion was related to higher working memory capacity (red). A more specific correlation
T) to probes involving aLTM (aLTM RT partially out DA RT; blue). That is, greater aLTM-
lapping voxels for these correlations are depicted in purple.



Fig. 7. Brain–brain correlations. Subjects that demonstrated strong DA-related
activation in the hippocampus (DA–FA) also demonstrated strong aLTM-related
activation in left LPFC (aLTM–DA). These correlations were not driven by within-
state correlations (i.e. activation in the hippocampus to DA probes was unrelated to
activation in the left LPFC to DA probes; r=0.04). This pattern suggests that the left
LPFC and hippocampus play complementary roles.
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Jonides, 2008; Oztekin et al., 2009b). We find that activations in left
LPFC and hippocampus are dissociable with left LPFC preferentially
associated with retrieval acting upon aLTM, and the hippocampus
preferentially associated with retrieval acting upon DA. This dissoci-
ation is difficult to reconcile with 2-state models of memory (McElree,
2006) and is consistent with 3-state models of memory (Jonides et al.,
2008; Oberauer, 2002).
Retrieval of activated long-term memories

We found that retrieval of aLTM was associated with increased
activation in left LPFC. This activation was centered in Brodmann Area
45 in pars triangularis. Much research has demonstrated that this
same region is involved during retrieval when subjects resolve
proactive interference (see Jonides and Nee, 2006 for a review). Left
LPFC activation increases when subjects resolve proactive interfer-
ence (Jonides et al., 1998), is absent in older adults who demonstrate
increased proactive interference (Jonides et al., 2000), and lesions to
this region cause severe and selective performance deficits when
resolving proactive interference (Thompson-Schill et al., 2002). We
and others have hypothesized that the role of left LPFC during
retrieval is to associate information with its appropriate episodic
context (Badre and Wagner, 2005; Jonides and Nee, 2006). Such a
process is especially important when information is familiar yet its
originating context is unclear. We suggest that information in aLTM is
just the sort of information that requires this process. Information in
aLTM is thought to be the source of proactive interference (Oberauer,
2001) and here we demonstrate that left LPFC is also recruited when
proactive interference is minimal.3 This suggests a common role of left
LPFC during retrieval from aLTM either to reject intruding information
as irrelevant or to confirm familiar information as relevant using
controlled recollection processes (Badre and Wagner, 2005; Feredoes
and Postle, 2010; Oztekin et al., 2009a) or post-retrieval feature
selection (Badre et al., 2005).

An alternative possibility is that left LPFC activation reflects
retrieval difficulty/effort. That is, left LPFC activation may subserve a
general memory search function that scales with the difficulty/effort
of the search. However, this account would predict greater activation
for retrieval from DA compared to FA, which we did not find.
Moreover, research using the recent probes task has demonstrated
that repeated presentations of positive probes (recent positives) leads
to improved performance relative to items that were not recently
repeated (non-recent positives). Despite this improved performance,
3 Notably, although item-specific proactive interference is minimal there is most
certainly a buildup of general proactive interference due to repeated trials of verbal
information. Resolution of general proactive interference has also been shown to be
mediated by left LPFC (Postle and Brush, 2004) and such general proactive
interference may be partly responsible for the main effect of left LPFC activation
across all memory states in addition to the selective increase for retrieval from aLTM.
left LPFC shows greater activation for recent positives relative to non-
recent positives, a finding that contradicts retrieval difficulty/effort
accounts (Badre and Wagner, 2005; Nee et al., 2007). Instead,
repeated presentations relate an item to a recent episode presumably
held in aLTM (i.e. the previous trial) in addition to the current episode
held in DA (i.e. the current trial). We theorize that such associations
trigger a search of aLTM in addition to a search of DA thereby
recruiting left LPFC for the former.

We demonstrated that activation in left LPFC is associated with
good working memory capacity generally. These positive correlations
between left LPFC activation and OSPAN were found by contrasting
retrieval with baseline. Unlike contrasts that compare retrieval from
different memory states, contrasts against baseline are somewhat
underspecified and likely contain contributions from encoding and
maintenance. So, it is possible that encoding/maintenance processes
were the driving force of these general correlations. Braver and
colleagues have shown that subjects with high general fluid
intelligence (gF) recruit left LPFC proactively during the encoding
and maintenance of information (Braver et al., 2007). Moreover, gF is
related to working memory capacity (Carpenter et al., 1990). Hence,
the positive correlation between left LPFC activation and OSPAN
across all probe types may reflect encoding and maintenance
processes that do not differ between conditions, but that are
enhanced in high capacity subjects. Over-and-above this general
correlation with capacity, we also demonstrated a specific correlation
between left LPFC activation and aLTM-retrieval. In both the general
and specific case, greater left LPFC activation was associated with
better performance. Taken together, our results suggest that left LPFC
is an important determinant of working memory capacity and
performance above of typical 4±1 capacity limits.

Although our data can only speak to retrieval operations acting
upon aLTM, it is also important to understand the processes that
underlie aLTM maintenance. Recent work has demonstrated that
information outside of focal attention may not represented by neural
activation (Lewis-Peacock et al., 2010). In this intriguing study, a
pattern classifier was trained to identify neural representations of
semantic, phonological, and visual information. Subjects were then
given 2 sorts of information (e.g. phonological and visual) and told to
rid their minds of one of the sorts of information while retaining the
other (e.g. remember phonological and forget visual). Whereas
patterns of the retained information continued to be present during
maintenance, patterns of the discarded information dropped to
baseline. When a cue told subjects to switch their focus of attention
to the previously discarded information, the original pattern of
activation was reinstantiated. Hence, the discarded information was
still accessible, presumably in aLTM. Moreover, this suggests that
aLTM is not represented by active neuronal firing and instead may be
related to rapid synaptic changes that create representations that can
be quickly reinstated, but are otherwise dormant (Jonides et al.,
2008). Our data suggest that reinstatement of dormant patterns may
involve top-down processes driven by left LPFC.

Retrieval of the region of direct access

Interestingly, retrieval of information in DA was associated with
activation in the hippocampus. This result is potentially surprising in
light of a large corpus of data associating the hippocampus with LTM
(e.g. Eichenbaum et al., 2007). A priori, one might have expected the
hippocampus to be associated preferentially with retrieval from aLTM.
However, a growing body of research is demonstrating the impor-
tance of the hippocampus in STM, especially when information is
novel or requires the maintenance of associations (Nee et al., 2008;
Ranganath and Blumenfeld, 2005). Moreover, hippocampal activation
while information is stored in STM predicts better subsequent LTM
recognition (Ranganath et al., 2005). Finally, a recent study using a
similar paradigm demonstrated hippocampal results consistent with
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those reported here (Oztekin et al., 2010). Hence, it is becoming
increasingly clear that the hippocampus serves a role for both STM
and LTM. We hypothesize, as others have, that this role is to create
associations amongst items of information (Cohen et al., 1999; Diana
et al., 2007; Konkel and Cohen, 2009).

Whywould the associative nature of the hippocampus be selective
to retrieval from DA? DA affords the online maintenance of a limited
set of items in a highly active state. We hypothesize that this state
makes the representations in DA amenable to associative processes
since synchronous firing drives neural associations (Hebb, 1949).
These associative processes not only strengthen STM, but also lay the
traces for subsequent LTM. These associations may be unique to DA.
aLTM is not actively maintained by neuronal firing (Lewis-Peacock
et al., 2010) making it difficult to associate with active material. FA
consists of a single chunk potentially isolating it from associative
processes. This isolation could be realized neurally by different
oscillatory patterns for FA and DA. That is, if FA and DA are distinguished
by different frequencies of firing, asynchrony between these states may
separate FA fromDA and preclude associations between them. Although
speculative, this account provides a potential avenue for future research
investigating maintenance of FA and DA by different oscillatory states.

PFC–hippocampal relationship

We demonstrated that subjects who showed high aLTM-related
PFC activation also showed high DA-related hippocampal activation.
This is consistent with previous work that shows that both regions are
co-active during retrieval (Nee and Jonides, 2008; Oztekin et al.,
2009a,b) and that these regions show enhanced connectivity as
retrieval becomes more difficult (Nee and Jonides, 2008; Nee et al.,
2007). Hence, both regions appear to work together to facilitate good
STM performance underlying complementary, but dissociable roles.

Retrieval of the focus of attention

As in previous research, we found activations in posterior parietal
and inferior temporal cortex associated with decisions regarding
information in FA (Nee and Jonides, 2008). As before, activation in
inferior temporal cortex was anterior to traditional representational
cortices that would include the visual word form area (Cohen et al.,
2000) and insteadmay relate to semantic/conceptual elaboration that
is afforded by information in the focused state. Posterior parietal
activation through its interconnections with inferior temporal cortices
may provide top-down attentional processes that support this
elaboration. Notably, these parietal activations were lateral to the
intra-parietal sulcus region that has been shown to track capacity
(Todd and Marois, 2004; Xu and Chun, 2006), in accordance with
previous data (Nee and Jonides, 2008). The left posterior superior
temporal gyrus also demonstrated selective FA-related enhancement,
consistent with the role of this region in STM for particularly short
retention intervals (Buchsbaum et al., 2010).

Alternative accounts posit no distinction between FA and DA,
suggesting instead a 2-state model with a 4±1 capacity-limited state
dissociable from LTM (Cowan, 2001). By this account, differences in
STM may be a function of probabilistic encoding into STM with the
likelihood of encoding an item into STM being a function of attention.
For instance, the last item of a list may have a very high likelihood to
be encoded into STM providing higher performance estimates when
averaged across trials. This account suggests that performance
measures (i.e. accuracy and RT) should provide an assay of encoding
probabilities. Since our data demonstrated sharp discontinuities
between DA and aLTM, FA-sensitive regions would be expected to
show greater activation to DA than aLTM according to this model.
However, inferior temporal cortex, posterior parietal cortex, and the
posterior superior temporal gyrus all demonstrated activation
patterns that did not differentiate DA and aLTM while showing
heightened activation for retrieval from FA. A lack of a graded pattern
in these regions contradicts models that do not posit a distinct FA.

Conclusion

Our results are consistent with a 3-state model of memory. Notably,
we use the term “state” rather than “store”. This terminology highlights a
distinction in how the information is represented rather than where.
Although information within verbal STM may all be stored in the same
regions of cortex, we have highlighted distinctions regarding themanner
of its storage by showing that retrieval operations acting upon stored
information can be triply dissociated. These dissociations highlight the
sorts of processes best suited to act upon the stored information. We
hypothesize that associative processesmediated by the hippocampus are
best suited for information in DA. Attentional and elaborative processes
underlie the FA and episodic contextual retrieval is associated with
information in aLTM.
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