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The objective of this study was to examine the functional connectivity of brain regions active during cued and
uncued recognition memory to test the idea that distinct networks would underlie these memory processes,
as predicted by the attention-to-memory (AtoM) hypothesis. The AtoM hypothesis suggests that dorsal pari-

etal cortex (DPC) allocates effortful top-down attention to memory retrieval during cued retrieval, whereas
Keywords: h . . .
Episodic retrieval ventral parlletal cort_ex (\{PC) mediates spo.ntaneogs bottom-up capture of attention by memory during
MRI uncued retrieval. To identify networks associated with these two processes, we conducted a functional con-
nectivity analysis of a left DPC and a left VPC region, both identified by a previous analysis of task-related re-
gional activations. We hypothesized that the two parietal regions would be functionally connected with
distinct neural networks, reflecting their engagement in the differential mnemonic processes. We found
two spatially dissociated networks that overlapped only in the precuneus. During cued trials, DPC was func-
tionally connected with dorsal attention areas, including the superior parietal lobules, right precuneus, and
premotor cortex, as well as relevant memory areas, such as the left hippocampus and the middle frontal
gyri. During uncued trials, VPC was functionally connected with ventral attention areas, including the
supramarginal gyrus, cuneus, and right fusiform gyrus, as well as the parahippocampal gyrus. In addition, ac-
tivity in the DPC network was associated with faster response times for cued retrieval. This is the first study to
show a dissociation of the functional connectivity of posterior parietal regions during episodic memory re-
trieval, characterized by a top-down AtoM network involving DPC and a bottom-up AtoM network involving
VPC.
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Introduction

Recent functional neuroimaging (fMRI) studies (for reviews see
Cabeza et al., 2008; Ciaramelli et al., 2008; Vilberg and Rugg, 2008;
Wagner et al, 2005) have shown that posterior parietal cortex
(PPC), especially in the left hemisphere, is among the brain regions
that most consistently show retrieval success effects, i.e., higher activ-
ity for correctly recognized items than for correctly rejected items
(but see Cabeza et al., 2012, for exception to rejections). Because
PPC had not been conventionally associated with memory, these find-
ings were surprising, but suggested that PPC, nevertheless, may have
an important role in episodic memory retrieval. In this paper, we
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follow up on these initial observations by conducting a functional
connectivity analysis to determine the inter-related network of struc-
tures associated with top-down and bottom-up attentional processes
in the parietal cortex during memory retrieval.

It is well known that PPC supports attentional processes (e.g., Posner
and Petersen, 1990). Dorsal parietal cortex (DPC) mediates top-down
attention, which enables selection of stimuli based on internal goals,
whereas ventral parietal cortex (VPC) mediates bottom-up attention,
which enables detection of relevant stimuli (Corbetta and Shulman,
2002; Marois et al., 2000). One example of this dissociation is that
DPC was maximally engaged during the cue period, when participants
searched for a target, whereas VPC was exclusively engaged during tar-
get detection (Corbetta et al., 2000). This work has led some to suggest
that PPC might provide “attentional support” to memory retrieval as
well (Cabeza, 2008; Ciaramelli et al., 2008; Wagner et al,, 2005). One
proposal is the attention-to-memory (AtoM) hypothesis (Cabeza
et al.,, 2008; Ciaramelli et al., 2008), according to which DPC and VPC
play differential roles during episodic memory retrieval, reflecting
their functional diversity in the attentional domain. DPC would mediate
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the allocation of attentional resources to memory retrieval, which
would be needed when the retrieval conditions demand reliance upon
controlled operations, such as memory search and monitoring
(top-down AtoM). VPC, on the other hand, would be associated with
the bottom-up capture of attention by retrieved memories, which
would be maximal when memory contents are retrieved spontaneously
and with high confidence (bottom-up AtoM).

Empirical support for the AtoM hypothesis has been provided by
functional neuroimaging studies of recognition memory in which
left DPC (intraparietal sulcus) is consistently active when the need
for top-down AtoM is supposedly maximal, e.g., for difficult memory
decisions and for memories retrieved with low confidence (Ciaramelli
et al., 2008; Vilberg and Rugg, 2008). Other support comes from work
showing that left VPC (supramarginal gyrus and angular gyrus) is con-
sistently active when the attentional capture by memory contents is
supposedly maximal, i.e. for vividly recollected memories, and for
memories retrieved with high confidence (Ciaramelli et al., 2008;
Vilberg and Rugg, 2008). Consistent with this finding is the neuropsy-
chological evidence that patients with lesions affecting mainly VPC
have problems detecting memory contents spontaneously, but can ac-
cess them if probed appropriately (Berryhill et al., 2007; Ciaramelli et
al., 2010a,b), and may show reduced levels of recollection (Davidson
et al,, 2008; Drowos et al.,, 2010; see also Simons et al., 2010).

In a recent fMRI study, Ciaramelli and colleagues have shown a dis-
sociation between top-down and bottom-up AtoM in PPC within the
same paradigm (Ciaramelli et al,, 2010a,b). In a recognition memory
paradigm, participants studied word pairs and later classified single
words as studied or new while being scanned. To-be-recognized
words could be “cued” by an old word, a new word, or a meaningless
stimulus (No-cue condition). Most old-word cues preceded the word
with which they were paired at study (Intact condition), facilitating rec-
ognition. Appearance of an old-word cue, therefore, encouraged partic-
ipants to search for its original associate in order to anticipate the
upcoming memory target, requiring top-down AtoM. On the other
hand, when there was no cue, recognition of the memory target crucial-
ly depended on detection of bottom-up signals originating from the
memory probe, engaging bottom-up AtoM. The results showed that
the left intraparietal sulcus of DPC was engaged when participants
searched for/anticipated memory targets upon presentation of relevant
memory cues, and predicted the ensuing behavioral advantage
(Ciaramelli et al., 2010a,b), consistent with a role in top-down AtoM
(see also Kuhl et al,, 2007; Wheeler et al., 2006). In contrast, the left an-
gular gyrus of VPC predicted efficacy and speed of target detection in
non-cued trials, consistent with a role in bottom-up AtoM (Ciaramelli
et al, 2010a,b). In an accompanying lesion study, Ciaramelli et al.
(2010a,b) found that damage to DPC and VPC impaired performance
differentially on the top-down and bottom-up aspects of the task, re-
spectively. Importantly, Cabeza and colleagues have shown that DPC
and VPC regions involved in top-down and bottom-up AtoM may over-
lap with regions mediating top-down and bottom-up attention to envi-
ronmental stimuli (Cabeza et al., 2011).

Although the results of the aforementioned studies reflect regional
activations of brain areas that are involved in top-down and
bottom-up AtoM, they do not provide direct evidence as to whether dis-
tinct brain networks are engaged during AtoM. Highly complex cogni-
tive processes, such as attention or episodic memory retrieval, would
presumably not be localized to discrete brain regions, such as DPC and
VPC, but rather would be mediated by the interaction among a number
of functionally related neural areas. Recent studies, indeed, have shown
that DPC and VPC are embedded in two independent, yet interacting,
groups of brain regions that constitute two fundamental attention sys-
tems: the dorsal frontoparietal system, supporting top-down attention,
and the ventral frontoparietal system, supporting bottom-up attention
(Corbetta and Shulman, 2002; Corbetta et al., 2008). Regions within
the dorsal and ventral frontoparietal systems are connected functional-
ly during attention tasks (Corbetta and Shulman, 2002), as well as at

rest (Fox et al., 2006). Many researchers have argued that it is the activ-
ity of distributed neural networks and the interactions among anatom-
ically connected brain regions that directly yield cognitive functions
(e.g., Bressler and Menon, 2010; Friston, 1997; McIntosh, 1998, 2000).
Thus, what is important in determining the neural underpinning of a
cognitive function is to understand covarying activity within a network,
i.e., the correlations between activity in a brain area thought to be im-
portant for the function, and activity of other brain areas with which
it is connected.

Because measurements of mean neural activity changes across tasks
in a specific brain area, or areas, provide no direct evidence of relevant
interregional functional interactions that occur (e.g., Grady et al.,
1998; MclIntosh et al., 1994), a common approach to quantifying such
interactions is to assess the degree of functional connectivity among
brain regions. Functional connectivity is the degree to which activity
in a specific region correlates or covaries with activity in other areas
across the whole brain, and is one way to define a network (Friston,
1994; Friston et al., 1993; Horwitz et al., 1984). To statistically study
complex neural interactions between different brain structures, the
analytical methods must provide a means to quantifying the relation
between brain regions, rather than focusing on mean activity differ-
ences. Multivariate approaches, such as the partial least squares (PLS)
approach to image analysis, enable investigation of functional connec-
tivity of neural regions by calculating the covariance between the activ-
ity within selected seed voxels and all other brain voxels across the
experimental conditions (McIntosh & Gonzalez-Lima, 1994; McIntosh
etal., 1996). We used this approach to address three goals: (i) to expand
on the previous findings of task-related regional activations (Ciaramelli
et al., 2010a,b) by examining the functional connectivity of left DPC and
left VPC during cued and uncued recognition memory retrieval to iden-
tify the neural networks that mediate top-down and bottom-up AtoM;
(ii) to determine whether these two networks were distinct from one
another by assessing their spatial overlap (i.e., whether they have any
brain regions in common); and (iii) to investigate how regions media-
ting top-down or bottom-up AtoM interact with the MTL to support
cued and uncued recognition memory performance. To map the net-
works, we used seed voxel PLS analysis (Della-Maggiore et al., 2000;
McIntosh, 1999; MclIntosh et al., 1997; Schreurs et al., 1997), in which
we determined whole-brain patterns of activity that correlated with
DPC and VPC, two seed regions localized in the previous study
(Ciaramelli et al., 2010a,b). Delineating the neural networks associated
with cued (top-down) and uncued (bottom-up) recognition memory
would allow us to verify whether the systems mediating top-down
and bottom-up attention to external and internal contents extend
from PPC regions to dorsal and ventral frontal regions, respectively; to
verify the degree to which top-down and bottom-up AtoM systems
overlap; and to reveal how these systems interact with the MTL to sup-
port different paths to remembering.

Methods
Participants

Fourteen right-handed, healthy young participants (mean age =
26 years; age range = 20-33 years, 10 females) took part in the study.
All participants were native English speakers. They signed an informed
consent that was approved by the ethics committee of the Rotman Re-
search Institute at Baycrest.

Stimuli

Four hundred and eighty words (mean frequency =36.6, SD=
34.9), between 4 and 8 letters long, were selected from the Kucera
and Francis (1967) pool and randomly assigned to the experimental
runs. In each run, 70% of the words formed the study pairs, whereas
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the remaining 30% of the words served as distracters or non-studied
cues in the test phase.

Procedure

The experiment consisted of 8 runs, each divided into a study
phase and a cued-recognition phase. During the study phase, partici-
pants viewed 21 word pairs for 3 s and were instructed to form a sen-
tence that included both words of each pair. The cued-recognition
memory phase followed immediately after the study phase. First, a
cue stimulus was presented for 1900 ms. The cue stimulus could be a
studied word, a new word, or a meaningless stimulus (i.e., @@@@).
After a 100-ms delay, a target word appeared for 500 ms. The target
word could be a studied word or a new word. Participants were
instructed to maintain attention in the middle of the screen, where
the cue stimulus appeared, wait for the appearance of the target word,
and then decide, as quickly and as accurately as possible, whether the
target word was old or new. It was emphasized to subjects that they
had to respond to the episodic status of the target word only, although
consideration of the cue stimulus could be beneficial to performance.
Subjects responded by pressing one of two keys, located on an
MRI-compatible response pad, with their right (dominant) hand,
according to whether they judged the target word to be old or new.
An inter-trial-interval (ITI) ranging from 0-4 s was interspersed across
test trials to “jitter” the onset times of trials and allow for event-related
fMRI analyses.

The nature of the cue and the target determined 7 types of trial. A
detailed description of all experimental conditions is reported else-
where (see Ciaramelli et al., 2010a,b). In the current study, we focused
on 3 experimental conditions. In the Intact condition (6 trials per run),
the cue was a previously studied word, and the target was a word pre-
viously paired with the cue word. In the No-Old condition (6 trials per
run), the cue was a meaningless stimulus (@@@@) and the target was
a previously studied word. In the No-New condition (3 trials per run),
the cue was a meaningless stimulus (@@@@) and the target was a
new word (Fig. 1).

We expected that, in the Intact condition, upon presentation of a
studied word as the cue, participants would search for its original as-
sociate in order to anticipate the upcoming target. Retrieving that cue
word A was studied with word B, indeed, would make it relatively easy
to decide that B is a studied word, in case it is presented as the target
stimulus. In contrast, no search activity should be triggered by meaning-
less cues. Thus, whereas comparing the neural networks implicated in
the No-Old condition and in the No-New condition would reveal the
basic system supporting bottom-up recognition memory when no cue
is provided, comparing the neural networks implicated in the Intact
condition and the No-Old condition would reveal the system specifi-
cally recruited during cued (top-down) recognition memory.

fMRI data acquisition

Anatomical and functional images were acquired at Baycrest Hos-
pital using a 3 T Siemens Magnetom Trio scanner with a matrix
12-channel head coil. Anatomical images were acquired using a
T1-weighted 3D MP-RAGE sequence (160 oblique axial slices, TR=
2's, TE=2.63 s, FOV=25.6 cm, voxel size=1 mm?>, acquisition ma-
trix =256 x 256). Brain activation was assessed using the blood oxy-
genation level-dependent (BOLD) effect (Ogawa et al., 1990) with
optimal contrast. Functional images were obtained using a whole
head T2*-weighted echo-planar image (EPI) sequence (28 oblique
axial slices with interleaved acquisition, TR=2 s, TE=30 ms, flip
angle =70° FOV =20 cm, voxel size=3.1x3.1x5 mm, acquisition
matrix =64 x 64). Physiological data (heart and respiration rates)
were acquired during the scanning session.

fMRI data preprocessing

Only fMRI data collected at retrieval were analyzed for the purpose
of the current study. The initial five time points from each image volume
were removed from analyses to allow for the brain magnetization to
stabilize. Images were reconstructed and motion-corrected utilizing
the Analysis of Functional Neuroimages (AFNI; Cox, 1996). The peak
range of head motion did not exceed 1 mm across all participants. The
time-series data were further corrected for cardiac and respiratory pa-
rameters. To enable group comparisons, each brain scan was spatially
normalized, i.e., scaled and warped to match a standard template (the
Montreal Neurological Institute [MNI] spiral template) utilizing Statisti-
cal Parametric Mapping (SPM5) software. The warping of the brain sur-
face was achieved via a linear transformation with sinc interpolation
(ie., a signal resampling method designed to minimize aliasing in the
signal). Lastly, the images were smoothed with a 6 mm Gaussian filter,
which, acting as a low pass filter, makes the data less noisy by reducing
the images' high-frequency components. The voxel size, after prepro-
cessing, was 2x2x2 mm.

Seed voxel PLS analysis

Based on the findings of regional activations underlying top-down
and bottom-up AtoM (Ciaramelli et al., 2010a,b), we conducted a seed
voxel analysis (Schreurs et al., 1997) in which two seed voxels (i.e.,
the left DPC [—36 — 56 48] and the left VPC [ —44 — 66 28]) were se-
lected to examine task-related functional connectivity (i.e., the degree
of nonzero correlation between brain regions). The seed activity was
contrasted across task conditions and participants by partial least
squares (PLS) analysis, delineating a pattern of functional connectivity
between the seed voxels and the rest of the brain. Seed PLS is a multi-
variate statistical method utilized in the investigation of the relation
of activity in a selected brain region or regions (i.e., a seed voxel) and ac-
tivity in the rest of the brain across the task conditions (Della-Maggiore
et al, 2000; McIntosh, 1999; McIntosh et al, 1997; Schreurs et al.,
1997). In other words, seed PLS analysis examines functional connectiv-
ity across experimental conditions or during rest (Grigg and Grady,
2010a,b). The selection of the seed voxel(s) can be either data-driven
(i.e, determined by previous analyses of the data) or hypothesis-driven
(i.e., determined by theoretical assumptions), or both. In our study, the
selection of the seed voxels was data-driven (see Ciaramelli et al.,
2010a,b). To delineate the top-down attention-to-memory network,
we correlated activity in the left DPC with activity in the rest of the
brain in the Intact and No Old conditions. To delineate the bottom-up
attention-to-memory network, we correlated activity in the left VPC
and the rest of the brain in the No Old and No New conditions. We includ-
ed in the analyses only those trials for which participants made a correct
response.

The analytical procedure for seed PLS was threefold: firstly, the
BOLD values from the two seeds were extracted (i.e., from the peak
voxels identified in the previous study) for each memory event of in-
terest, across 8 timepoints from the onset of the trial. The activity for
each seed was averaged across the peak and adjacent timepoints,
and then this average measure of seed activity was correlated with
activity in all other brain voxels, across the participants, within
each condition. Secondly, these correlations were combined into a
matrix and decomposed with singular value decomposition (SVD),
resulting in a set of latent variables (LVs; i.e., mutually orthogonal
variables). Each LV consists of a singular image (i.e., “brain LV,” or
the pattern of brain regions that covary in activity with the seed
voxel), a singular profile (i.e., “seed LV,” or the pattern of covariance
of the seed voxel and the rest of the brain across the experimental
conditions), and a singular value (i.e.,, the amount of covariance
accounted for by each LV). Finally, the significance for each LV was
determined by a permutation test (McIntosh et al., 1996), which in-
volves a random reordering of the data matrix and calculation of a
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Fig. 1. Task layout. A) During the study phase, participants studied word pairs. During the test phase (in the scanner), participants underwent a cued-recognition task. B) 3 types of test
trials. Intact: the cue was a previously studied word and the target was a word previously paired with the cue word; No Old: the cue was a meaningless stimulus and the target was a
previously studied word; No New: the cue was a meaningless stimulus and the target was a new word.

new set of LVs for each reordering. The singular value of each newly
permuted LV is compared to the singular value of the original LV,
yielding a probability of the number of occurrences that the permut-
ed values exceed the original value. Five hundred permutations were
conducted. For each TR, a “brain score” was calculated for each par-
ticipant, providing an index of how strongly that participant shows
the particular pattern of brain activity identified for that TR. The
brain scores can be used to examine differences in brain activity
across conditions, because greater activity in brain areas with posi-
tive (or negative) weights on a latent variable will yield positive
(or negative) mean scores for a given condition. We calculated the
correlation between the brain scores from each significant LV and the
seed BOLD values to assess the relation between the whole-brain pat-
tern and activity in the two reference regions. The reliability of the
weights (or saliences) for the brain voxels was assessed by a bootstrap
estimation of the standard errors (Efron and Tibshirani, 1985), random-
ly resampling participants, with replacement, and computing the stan-
dard error of the saliences after 100 bootstrap samples. Peak voxels
with a salience/SE ratio > 3.3 were considered to be reliable, as this ap-
proximates p<0.001 (Sampson et al., 1989).

Behavioral PLS analysis and assessment of network overlap
In addition to the functional connectivity analysis, we assessed

(i) whether activity in the delineated functional networks was corre-
lated with behavioral performance in the tasks, and (ii) whether parts

of the two networks spatially overlapped (i.e., brain regions that show
functional connectivity with both the left DPC and left VPC).

To assess the relation of behavioral performance on the task and
activity in the functional networks, we conducted behavioral PLS
analysis in which we correlated a) activity in the left DPC and the
rest of the brain with reaction times of the participants in the Intact
and No Old conditions, and b) activity in the left VPC and the rest of
the brain with reaction times of the participants in the No Old and
No New conditions.

To assess the spatial overlap of the two networks, for each time
point, we created a conjunction map by multiplying the thresholded
voxel BSR maps of the two connectivity analyses. In this way we
could identify any brain areas that were robustly correlated both
with DPC and VPC.

Results
Functional connections with left DPC

The statistically significant latent variable yielded by this seed PLS
analysis accounted for 63% of covariance in the data (p<0.001), delin-
eating a group of brain regions whose activity correlated with the left
DPC during cued recognition decisions, but not during uncued decisions
(see Fig. 2). The left DPC was functionally connected with the superior
parietal lobules, right precuneus, premotor cortex, dorsolateral and
dorsomedial frontal gyri, middle temporal gyri, inferior frontal gyri,
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Fig. 2. Seed PLS results: functional connections with left DPC. (a) A pattern of correlated activity at 6-8 s after the trial onset. (b) Correlations between activity in left DPC and scores
representing activity in the regions seen in (a) during Intact and No Old conditions. Error bars are 95% confidence intervals for the correlations calculated from the bootstrap procedure.

left lateral occipital gyrus, the pulvinar nucleus of the left thalamus, and
the left hippocampus (see Table 1 for a summary).

Functional connections with left VPC

The statistically significant latent variable yielded by this seed PLS
analysis accounted for 57% of covariance in the data (p<0.001), delin-
eating a group of brain regions whose activity was positively correlat-
ed with the left VPC during direct (uncued) recognition memory
decisions, but not during presentation of new words (see Fig. 3). Ac-
tivity in the left VPC positively correlated with the inferior parietal
lobules (specifically the supramarginal gyri), bilateral precuneus, bi-
lateral insula, a number of frontal, temporal, and occipital areas, as
well as the dorsomedial nucleus of the right thalamus. During the
No-New trials, the left VPC was not correlated with this functional
network, but rather with the right middle occipital gyrus and left pos-
terior cingulate gyrus (see Table 2 for a summary). In addition, activ-
ity in these two regions was negatively correlated with activity in the
VPC network seen during uncued recognition.

Behavioral PLS analysis

Activation in the top-down functional network correlated negative-
ly with reaction times in the Intact and No Old conditions (p<0.001),

Table 1
Functional connections with L DPC.
Region Hem BA MNI coordinates Ratio
X y z
Superior parietal lobule R 7 32 —72 48 18.13
L —36 —60 52 18.14
Precuneus R 7 20 —68 36 38.36
Premotor cortex R 6 44 -8 48 11.14
L —48 —4 48 13.73
Inferior frontal gyrus R 47 36 24 —4 7.55
L —44 20 —4 8.31
Dorsomedial PFC L 8 —4 20 44 13.11
Dorsolateral PFC R 9/46 44 28 28 13.67
Lateral occipital gyrus L 18/19 —40 —76 —4 941
Hippocampus L —36 —16 —12 7.41
Middle temporal gyrus R 21 64 —44 —4 18.52
L —60 —52 0 8.36
Thalamus (pulvinar) L —20 —28 4 16.48

Abbreviations: Hem = hemisphere; BA = Brodmann's Area; R = right; L= left; Ratio =
salience/SE ratio from the bootstrap analysis; x coordinate = right/left; y coordinate =
anterior/posterior; z coordinate = superior/inferior; PFC = prefrontal cortex.

accounting for 49% of covariance in the data (see Fig. 4). This finding in-
dicates stronger activation of the top-down network in response to
faster recognition performance, suggesting that increased activity in
this network may be due to anticipation or goal-directed attention.
Only in the Intact condition was activity in this network positively cor-
related with activity in DPC, which emphasizes the interaction of this
posterior parietal area with the top-down network during cue-related
activity. Finally, we did not find a significant correlation between activ-
ity in the bottom-up network and performance in the No New or No Old
conditions.

Spatial overlap between networks

To address whether there are any spatial commonalities between
the two functional networks, we created, for each TR, a conjunction
map of their spatial overlap. These conjunction maps showed a gener-
al lack of spatial overlap of the networks across most TRs, with re-
gions functionally related to DPC lying generally more dorsally than
regions functionally related to VPC (see Figs. 2 and 3). The only ex-
ception to the general segregation of the two networks was in the
right precuneus (Brodmann area 7) whose sustained activity was ev-
ident in both functional networks (see Fig. 5).

Discussion

The purpose of this study was to examine the functional connectivity
of the left DPC and VPC, two posterior parietal areas that play an impor-
tant role in attention (Corbetta et al,, 2000, 2002; Kincade et al., 2005)
and episodic memory retrieval (Cabeza, 2008; Ciaramelli et al., 2008;
Wagner et al., 2005) under retrieval conditions that are more weighted
towards top-down AtoM (cued recognition) or bottom-up AtoM (uncued
recognition). Our findings provide further evidence supporting the AtoM
hypothesis, and extend current knowledge in two ways. Firstly, we
showed evidence for a functional dissociation of two brain networks
that support top-down and bottom-up AtoM during cued and
uncued episodic memory retrieval. There was a large-scale network
functionally connected with the left VPC that was engaged during
recognition memory when no cue was provided (i.e., bottom-up
AtoM), and a network of brain regions functionally connected with
the left DPC during cued retrieval (i.e., top-down AtoM). The two
networks were, for the most part, spatially independent, overlapping
only in the posterior precuneus. The second novel finding from this
study is that activity only in the DPC network, not in the VPC net-
work, was associated with response speed, in that faster reaction
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Fig. 3. Seed PLS results: functional connections with left VPC. (a) A pattern of correlated activity at 6-8 s after the trial onset. (b) Correlations between activity in left VPC and scores
representing activity in the regions seen in (a) during No Old and No New conditions. Error bars are 95% confidence intervals for the correlations calculated from the bootstrap procedure.

times for cued recognition memory decisions were associated with
greater activity in this functional network.

Bottom-up AtoM network

Several regions in the VPC, including the left angular gyrus and
the supramarginal gyrus bilaterally were engaged when recognizing
memory contents in the absence of cues. VPC is consistently involved
in recognition memory studies, showing more activity for studied
stimuli that are correctly recognized compared to new stimuli that
are correctly rejected (see for reviews, Ciaramelli et al., 2008; Kim
et al.,, 2009; Spaniol et al., 2009). According to the AtoM hypothesis,
VPC mediates bottom-up attention to salient memory contents re-
trieved by the MTL (Cabeza et al., 2008; Ciaramelli et al., 2008). We
found that during uncued recognition memory decisions, VPC was func-
tionally connected with the left parahippocampal gyrus, a region that
plays a prominent role in single-item recognition (Yonelinas et al.,
2005). This finding is consistent with the AtoM hypothesis that, upon
retrieval of memory contents via the MTL, VPC promotes a switch in

Table 2
Functional connections with L VPC.
Region Hem BA  MNI coordinates Ratio
X y z
Positive correlations
Inferior parietal lobule/SMG R 40 60 —36 44 5.44
L —56 —40 36 6.66
Precuneus R 7 24 —68 52 8.26
L —-12 —-76 40 9.44
Insula R 13 40 8 4 943
L —40 12 —4 11.10
Supplementary motor area R 6 4 —8 52 9.37
Inferior frontal gyrus R 45 48 16 16 7.13
Precentral gyrus L 4 —36 —28 64 10.95
Postcentral gyrus R 3 64 —16 32 8.79
L —64 —20 16 8.63
Anterior cingulate gyrus L 24 -8 —4 44 10.06
Fusiform gyrus R 37 52 —52 —16 547
Cuneus R 18 20 —96 12 9.19
L —20 —92 8 5.18
Thalamus (dorsomedial) R 12 —20 8 7.63
Parahippocampal gyrus L 36 —28 —28 —16 7.99
Negative correlations
Posterior cingulate gyrus L 31 —4 —60 28 —9.36
Middle occipital gyrus R 19 40 —68 4 —1279

Abbreviations: Hem = hemisphere; BA = Brodmann's Area; R = right; L = left; Ratio =
salience/SE ratio from the bootstrap analysis; x coordinate = right/left; y coordinate =
anterior/posterior; z coordinate = superior/inferior; SMG = supramarginal gyrus.

attention toward the incoming memory, just as this region mediates
stimulus-driven reorienting of attention to external percepts. In line
with this hypothesis, a recent study found that overlapping VPC regions
mediated detection of memories and percepts (Cabeza et al., 2011). In
addition to the parahippocampal gyrus and VPC, the uncued recognition
memory network involved the right inferior frontal gyrus (BA 45). The
inferior frontal gyrus is a crucial node of the ventral frontoparietal
attentional system (Corbetta and Shulman, 2002), and is consistently
recruited, along with VPC, during detection of low-frequency events, in-
dependently of modality and response demands, and in association
with stimulus-driven reorienting of attention (Corbetta and Shulman,
2002). The fact that this region was functionally connected with VPC
and parahippocampal gyrus during detection of memory contents rein-
forces the AtoM hypothesis that similar attentional mechanisms may
mediate detection of external and internal (memory) information.

Moreover, VPC was functionally connected with the insula, senso-
rimotor regions in both hemispheres, right posterior fusiform gyrus,
and left anterior cingulate gyrus, all of which have been identified
in numerous studies as participating in the ventral frontoparietal at-
tention network (Corbetta et al., 2000, 2002; Kincade et al., 2005).
Additional nodes of the bottom-up AtoM network were the cuneus
and dorsal medial nucleus of the thalamus. The cuneus is an impor-
tant region of the ventral visual stream, enabling basic visual process-
ing, as well as visual and spatial attention (Goldstone, 1995; Vanni et
al., 2001). The dorsal medial nucleus of the thalamus receives direct
input from the parahippocampal gyrus, conveying the information
further via reciprocal connections with supplementary motor, parie-
tal, and prefrontal cortices (Tanaka, 1976; Vogt and Pandaya, 1987).
These connections and the known effects of injury to this brain region
suggest its critical role in attention and active memory retrieval (Li
et al., 2004; Taber et al., 2004). The functional connections with all
of these regions and the VPC suggests that there is substantial overlap
between the ventral network involved in bottom-up attention to
stimuli in the environment and the bottom-up AtoM network that
mediates attention to retrieved memories, supporting the idea that
similar mechanisms are involved.

In addition to the positive correlations between the ventral
frontoparietal regions and VPC, the connectivity analysis also identi-
fied a right middle occipital region and one in left posterior cingulate
cortex (PCC), whose activity negatively correlated with the left VPC
during uncued memory decisions. This specific region of the middle
occipital gyrus corresponds to the dorsal V3 area of the dorsal visual
pathway, implicated in spatial visual performance, motion, and visual
control of saccadic movement (Goodale and Milner, 1992; Lyon and
Kaas, 2002). The posterior cingulate has been pinpointed as a critical
node of the default network (Shulman et al, 1997), but also is
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Fig. 4. Seed/behavior PLS results: (a) A pattern of correlated activity at 6-8 s after the trial onset. (b) Correlations between activity in left DPC, scores representing activity in the
regions seen in (a), and reaction times during Intact and No Old conditions. Error bars are 95% confidence intervals for the correlations calculated from the bootstrap procedure.

involved in episodic memory retrieval (Cabeza and Nyberg, 2000),
and cued spatial orientation (Small et al., 2003). Based on the con-
verging functional evidence and PCC's afferent connections with the
hippocampus (Maddock, 1999), it is believed that the primary role
of PCC is top-down evaluation of sensory events, spatial orientation,
and memory (Vogt et al., 2005). Both the right middle occipital
gyrus and left PCC therefore may subserve top-down, cued processes,
which would explain why their activity correlated negatively with
the left VPC and the bottom-up AtoM network.

Top-down AtoM Network

When recognition memories are cued, the neural network mediat-
ing recognition decisions changes markedly, recruiting mostly dorsal
brain regions. We have previously shown that cued recognition deci-
sions engage the left intraparietal sulcus of DPC (Ciaramelli et al.,
2010a,b). According to the AtoM hypothesis, DPC is implicated in
the top-down allocation of attention to strategic memory operations,
such as memory search. In our task, upon presentation of a studied

Fig. 5. Network overlay. Spatial overlap of the two functional networks at the precuneus.

word as a cue, participants presumably started searching for the
word that was associated with it at study. Recognition memory deci-
sions were indeed more accurate and faster if subjects could antici-
pate the memory probe based on mnemonic expectations (Intact
condition). Here we show an entire network of brain regions func-
tionally connected with DPC during cued memory retrieval whose ac-
tivity predicted efficient use of cues for recognition.

Several DPC regions, including the left intraparietal sulcus, bilateral
superior parietal lobe, and precuneus were engaged while searching
for and/or anticipating memory contents based on associative cues. Ad-
ditionally, the DPC was functionally connected with the left hippocam-
pus during cued recognition. The left hippocampus is active during
retrieval of declarative memories that are recollected and during rela-
tional memory tasks (Burianova and Grady, 2007; Cabeza et al., 2004;
Davachi and Wagner, 2002; Eldridge et al., 2000; Prince et al., 2005)
and there is evidence that it is more involved in associative than item
memory retrieval (Giovanello et al., 2004). The functional connection
that we found between the DPC and left hippocampus during cued rec-
ognition memory supports the hypothesis that the left DPC initiates a
search for the original associate of cue words, biasing activity in the hip-
pocampus in accordance with retrieval goals (see also Cabeza et al.,
2011).

Other brain regions functionally connected with DPC included the
pulvinar nucleus of the thalamus, bilateral middle temporal gyrus,
right dorsolateral and left dorsomedial prefrontal cortices. The pulvinar
mediates visual attention processes (Grieve et al., 2000; Shipp, 2004;
Smith et al,, 2009) and is considered the gateway structure that funnels
top-down biases from the posterior parietal regions to the visual cortex
(Petersen et al., 1987; Shipp, 2004). The middle temporal gyri subserve
memory retrieval of semantic representations (e.g., Martin and Chao,
2001) and are directly connected to the inferior frontal gyri via the
temporo-frontal pathway, which is important in retrieval, monitoring,
and manipulation of semantic representations (Levine et al., 1999), pro-
cesses essential to associative memory recognition. Numerous studies
have demonstrated the fundamental role of the right dorsolateral pre-
frontal cortex in remembering associations between items, organizing
memory strategies, and controlling memory retrieval (Blumenfeld and
Ranganath, 2006; Kirchhoff et al, 2000; Murray and Ranganath,
2007). Moreover, the dorsomedial prefrontal cortex mediates intro-
spective processes (Andrews-Hanna et al., 2010; Gusnard et al., 2001;
Lane et al., 1997) and attention to internally cued activity (Gusnard et
al,, 2001).

The fact that the dorsal prefrontal cortex was recruited along with
DPC for cued recognition memory decisions suggests that a dorsal
frontoparietal neural network mediates top-down AtoM, just as a
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dorsal frontoparietal network mediates top-down attention to exter-
nal stimuli. We note, however, that the dorsal prefrontal regions in-
volved in AtoM do not fully overlap with prefrontal regions
classically involved in top-down attention to percepts, which include
the frontal eye fields (Corbetta and Shulman, 2002). This evidence
may suggest that although the dorsal prefrontal cortex subserves a
general top-down control function, different subregions may be in-
volved in different cognitive domains, processing specific types of in-
formation (e.g., top-down control of attention vs. top-down control
of memory; see Cabeza, 2008; Miller and Cohen, 2001; Shimamura,
2000; Vincent et al., 2008).

Finally, in addition to dorsal PFC, cued recognition memory also en-
gaged the inferior frontal gyrus bilaterally (BA 47). This region is not
commonly activated while processing cues in tasks requiring spatial at-
tention (Corbetta and Shulman, 2002). We attribute this finding to the
specific nature of our task, which relied on associative memory. In the
memory domain, activity in ventrolateral PFC has been linked with se-
lection of task-relevant memories among distractors (Badre and
Wagner, 2007). This process was arguably necessary in our task to
guide memory search to the retrieval of the original associates of rele-
vant cues (Kuhl et al., 2007), but less crucial in perceptual-attentional
tasks where cue-target relations are not ambiguous.

Importantly, our findings show that the two networks implicated
during non-cued and cued recognition memory are, for the most part,
spatially independent. Thus, a change in the requirements of a recogni-
tion memory task, making recognition memory relatively more weight-
ed towards bottom-up AtoM or top-down AtoM determines qualitative
differences in the neural networks mediating recognition memory.
These results provide further evidence supporting the AtoM hypothesis,
showing a functional dissociation in the posterior parietal cortex during
episodic memory retrieval. The two neural networks overlapped only in
the right (posterior) precuneus. The posterior precuneus is pervasively
implicated in episodic memory retrieval, and activity in this brain re-
gion is strongly associated with successful retrieval of remembered ep-
isodes and imagery (Cavanna and Trimble, 2006). These processes, at
the very core of episodic memory, are arguably shared between our
two memory conditions.

Finally, the analysis of how behavioral performance on the memory
tasks relates to activity in the two delineated networks yielded novel
findings. On the one hand, activity in VPC and the bottom-up AtoM net-
work did not correlate with reaction times, suggesting that bottom-up
attention capture may be relatively automatic and response times to
the target may depend on this automatic response rather than the de-
gree of activity in the bottom-up AtoM network. On the other hand, ac-
tivity in DPC and the top-down AtoM network correlated significantly
with reaction times, i.e., the network was engaged more during faster
responses, suggesting that goal-directed attention begins prior to target
presentation and that the degree of attention, reflected in the top-down
AtoM network, would influence response times.

Beyond revealing a whole-brain network of inter-related regions
supporting cued and uncued memory decisions, the present functional
connectivity analysis extends findings from the previous regional acti-
vation analysis (Ciaramelli et al., 2010a,b), showing multiple nodes for
top-down and bottom-up AtoM within PPC. First of all, whereas the pre-
vious study had evinced only left lateralized activations, the present
findings reveal bilateral activations in both DPC and VPC. In addition
to the left intraparietal sulcus, top-down AtoM was associated with ac-
tivity in the right superior parietal lobe, consistent with evidence that
patients with both right and left DPC lesions may show reduced
top-down AtoM (Ciaramelli et al., 2010a,b). Moreover, in addition to
the left angular gyrus, bottom-up AtoM was associated with activity in
the supramarginal gyrus bilaterally. These findings deserve attention,
considering that one important critique of the AtoM model is that acti-
vations associated with episodic memory retrieval do not completely
coincide with those on orienting of attention. Indeed, the former are
more frequently lateralized to the left, the latter to the right. Moreover,

different subregions of PPC appear mainly involved in one process or
the other: Episodic memory retrieval is more frequently associated
with activity in the angular gyrus, whereas activations during attention
(re)orienting tend to be localized in anterior VPC regions, including the
supramarginal gyrus (Hutchinson et al., 2009; see also Sestieri et al.,
2010). The present findings provide support for the AtoM model, show-
ing that brain networks for episodic memory retrieval and orienting of
attention do in fact have strong commonalities. However, we concur
with other authors that fully understanding the role of PPC during epi-
sodic retrieval will require elucidating the contribution of different sub-
regions. One view posits that the angular gyrus is critical for episodic
retrieval, while putatively attention-to-memory functions are ascribed
to the supramargiral gyrus (Hutchinson et al., 2009; Uncapher, 2011;
Uncapher et al,, 2010). For example, the angular gyrus may act as an
output buffer (Vilberg and Rugg, 2008), or a convergence/integration
zone (Shimamura, 2011) for recovered mnemonic features. The AtoM
model would posit instead that different VPC subregions may mediate
different cognitive components of orienting attention to memory, or
alternatively, process information in different domains all of which
are related to an overarching common function (see Cabeza et al.,
2012). In our previous study (Ciaramelli et al., 2010a,b), patients with
left, but not right, VPC lesions showed bottom-up AtoM deficits. Nota-
bly, left-lesioned patients had lesions centered on the angular gyrus,
whereas right-lesioned patients had more anterior lesions around the
supramarginal gyrus, which does not allow one to determine whether
left VPC in general, or the angular gyrus in particular, is crucial for me-
diating the capture of attention by memory contents. Further neuropsy-
chological studies, therefore, are needed to articulate the functional
relationship between left and right, anterior and posterior PPC during
episodic retrieval.

To conclude, we have shown two largely independent neural net-
works for cued and uncued recognition memory decisions, extending
the regional activation findings reported by Ciaramelli et al. (2010a,b).
Consistent with the AtoM model, non-cued recognition memory mainly
recruited a network associated with bottom-up Atol, including VPC,
ventral PFC, and parahippocampal gyrus, whereas cued recognition
memory recruited a network associated with top-down AtoM, with
nodes in DPC, dorsal PFC, and hippocampus. These findings extend
our previous study in a very significant way, as it is not the case that
functional connectivity simply recapitulates task-related differences.
Indeed, earlier work has shown that functional connectivity of a given
region may be similar across tasks despite marked differences in
mean activity levels of this region across tasks (e.g., Grigg and Grady,
2010a), so it is not a given that functional connectivity patterns will dif-
fer across tasks in the same way that mean activity does. The fact that
we find both task-related differences in DPC vs. VPC (Ciaramelli et al.,
2010a,b) and that these regions are part of networks that also show dif-
ferences in functional connectivity across tasks lend stronger support to
the AtoM hypothesis than either result alone.
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