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Abstract

Long-term memory (LTM) helps to efficiently direct and deploy the scarce resources of the attentional system; however, the
neural substrates that support LTM-guidance of visual attention are not well understood. Here, we present results from fMRI
experiments that demonstrate that cortical and subcortical regions of a network defined by resting-state functional connectivity
are selectively recruited for LTM-guided attention, relative to a similarly demanding stimulus-guided attention paradigm that
lacks memory retrieval and relative to a memory retrieval paradigm that lacks covert deployment of attention. Memory-guided
visuospatial attention recruited posterior callosal sulcus, posterior precuneus, and lateral intraparietal sulcus bilaterally.
Additionally, 3 subcortical regions defined by intrinsic functional connectivity were recruited: the caudate head, mediodorsal
thalamus, and cerebellar lobule VI/Crus I. Although the broad resting-state network to which these nodes belong has been
referred to as a cognitive control network, the posterior cortical regions activated in the present study are not typically identified
with supporting standard cognitive control tasks. We propose that these regions form a Memory-Attention Network that is
recruited for processes that integrate mnemonic and stimulus-based representations to guide attention. These findings may
have important implications for understanding the mechanisms by which memory retrieval influences attentional deployment.

Key words: cingulate, functional MRI, lateral IPS, posterior precuneus

Introduction

Human attentional and short-term memory capacity is extremely
limited while real-world human visual performance is remarkably
robust, especially in familiar environments. This apparent discrep-
ancy between superior visual performance and limited attentional
capacity can be reconciled by taking into account the role of long-
term memory (LTM), which can guide attention to the most rele-
vant information in an environment (Chun 2000; Summerfield
et al. 2006; Hutchinson et al. 2014; Rosen et al. 2014, 2015a, 2015b).
A rich literature has highlighted the behavioral advantage of mem-
ory in guiding attention (Chun and Jiang 1998, 2003; Henderson and
Hollingworth 1999; Moores et al. 2003; Hollingworth 2004, 2005;

Olivers 2011); however, the neural mechanisms underlying this
cooperation is a more recent topic of investigation (Hutchinson and
Turk-Browne 2012; Dixon et al. 2014; Goldfarb et al. 2016).

Prior investigations agree that memory-guided visuospatial
attention (relative to baseline control measurements) recruits the
dorsal attention network; however, it does not appear that this
network is recruited more strongly relative to an equally demand-
ing stimulus-guided visuospatial task (Summerfield et al. 2006;
Stokes et al. 2012; Rosen et al. 2015a). Therefore, the unique contri-
butions of memory-guidance of attention likely are processed
elsewhere in the brain. One previous study (Summerfield et al.
2006) directly contrasted memory-guided and stimulus-guided
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attention and found that the left hippocampus was recruited for
memory-guided attention. Importantly, this study did not observe
any cortical activation differences between LTM-guided and
stimulus-guided attention.

Recent work from our laboratory examined LTM-guidance of
visuospatial attention using a change-detection paradigm with
natural scenes in which subjects learned the location of changes
in the scene images and later used this LTM to guide their atten-
tion. We compared subjects’ ability in detecting scene changes
when relying on LTM to guide visuospatial attention to their
ability in detecting changes when an explicit visuospatial cue
guided their attention (Rosen et al. 2015a). We found that the
cognitive control network (CCN), as defined by resting-state
functional connectivity (Yeo et al. 2011), was recruited for LTM-
guided attention compared to stimulus-guided attention. In par-
ticular, the posterior portion of the CCN, including the posterior
precuneus (PrC-p), posterior callosal sulcus (CaS-p), and lateral
intraparietal sulcus (latIPS), were most strongly recruited. This
was the first study to show distinct recruitment of these cortical
regions for LTM-guided spatial attention. However, in that study,
LTM-guided attention and LTM retrieval, per se, could not be dis-
entangled from one another.

Recently, it has been proposed that these 3 regions in the
left hemisphere make up a Parietal Memory Network (PMN),
which is characterized by deactivation during encoding of
novel items and increasing activation with increasing familiar-
ity (encoding-retrieval flip) (Gilmore et al. 2015). We propose an
alternative (but not mutually exclusive) hypothesis, the
Memory-Attention Network hypothesis, which posits that the 3
bilateral cortical regions form a Memory-Attention Network
that is most strongly recruited to integrate information from
mnemonic and external sources.

To examine these issues, we designed a novel target detec-
tion task with a “LTM-guided attention condition”, a “stimulus-
guided attention condition” in which the visuospatial atten-
tional demands were matched, and “LTM retrieval condition”
in which the memory retrieval demands were matched.
Because our prior findings differed from those of an earlier
study (Summerfield et al. 2006), our first goal was to seek to
replicate the findings of our previous study (Rosen et al. 2015a).
This earlier study demonstrated that 3 regions of the posterior
CCN, the posterior precuneus (PrC-p), posterior callosal sulcus
(CaS-p), and lateral intraparietal sulcus (latIPS), are recruited
more strongly for LTM-guided attention than for stimulus-
guided attention.

The second goal was to determine if activation of the poste-
rior CCN is specific to LTM-guided attention or whether it is
more general to memory retrieval. A similar pattern of greater
recruitment during LTM retrieval compared to stimulus-guided
attention would suggest that these regions are recruited for
LTM retrieval in general. If however, these regions are specific
to LTM-guided attention, we should not see stronger recruit-
ment of these regions during LTM retrieval compared to
stimulus-guided attention. Importantly, for assessing compati-
bility of our results with the Memory-Attention Network
hypothesis and the Parietal Memory Network hypothesis, all
stimuli in all conditions were matched on familiarity.

A third goal of our study was to examine subcortical contri-
butions to LTM-guided visual attention. Recent functional par-
cellations of subcortical structures including the cerebellum,
striatum, and thalamus (Buckner et al. 2011; Choi et al. 2012,
and Randy Buckner and Thomas Yeo, personal communication)
allowed us to investigate the whole brain contributions to LTM-
guided attention (Goldfarb et al. 2016).

Our present findings demonstrate that latIPS, PrC-p, and
CaS-p, along with the CCN portions of the cerebellum, thala-
mus, and striatum, are recruited for processes that support the
integration of information from memory and the external
environment.

Methods
Participants

Twenty-five healthy human participants (13 male) with normal
or corrected-to-normal vision were recruited from Boston
University and the greater Boston community. All participants
were compensated and gave written informed consent to par-
ticipate in the study, which was approved by the Institutional
Review Board of Boston University. All participants were right
handed, between the ages of 22 and 34, and participated in 2
sessions (training and test) across 2 days. One female partici-
pant was excluded from all analyses due to persistent sleepi-
ness during the scan session and below-chance performance.

Visual Stimuli and Experimental Paradigm

Experiments were conducted over 2 sessions on consecutive
days, with the training session on Day 1 and the fMRI scanning
session on Day 2. The primary conditions of interest were the
LTM-guided attention condition and 2 contrasting experimental
conditions: a stimulus-guided attention condition and an LTM
retrieval condition. The stimulus-guided attention condition
was designed to be well matched with the LTM-guided atten-
tion condition in its attentional demands, but place minimal
demands on memory retrieval. Conversely, the LTM retrieval
condition was designed to be well matched with the LTM-
guided attention condition in its mnemonic demands but place
minimal demands on covert visuospatial attention. A visual-
motor control was also included as a baseline for the region of
interest analyses. In studies of memory-attention interactions
in vision, it is unlikely that the control conditions will
completely devoid all aspects of either LTM retrieval or visuo-
spatial attention; nevertheless, each aspect is clearly much less
prevalent in the relevant control condition than in the LTM-
guided attention condition.

Stimuli: 48 object image categories (e.g., lamps, phones, tro-
phies) were used in this experiment. Each object category con-
tained 4 exemplars (i.e., 4 pictures of different trophies) for a
total of 192 images. This list of object categories was divided
into List A and List B each containing 24 object categories. Half
of the subjects (Group A) were presented with objects from List
A as target objects for the experimental conditions and objects
from List B as distractor images and images for the visual-
motor control condition. The other half of subjects (Group B)
was presented with List B as targets, and List A as distractors
and for visual-motor control. For each group (Group A or Group
B) the list of target categories was further divided into 3 lists of
8 object categories to be used in 1 of the 3 experimental condi-
tions (LTM-guided attention, stimulus-guided attention, and
LTM retrieval). Assignment of each of these lists of 8 object cat-
egories was counterbalanced across subjects within the group.

Day 1: 3 separate training paradigms were conducted for
each subject for stimuli that were used in the 3 different experi-
mental conditions, an LTM-guided spatial attention condition,
an LTM retrieval condition, and a stimulus-guided attention
condition. Training was conducted separately for each condi-
tion and the order of study was counterbalanced across sub-
jects. Within each condition, subjects studied all 4 exemplars of
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each of the 8 stimuli categories in a random order. Each exem-
plar was studied 4 times. Exposure to stimuli was matched
across all study conditions because previous work has shown
familiarity impacts which brain regions are recruited for mem-
ory (Schon et al. 2008, 2013) and to allow us to test the Parietal
Memory Network (Gilmore et al. 2015) and Memory-Attention
Network hypotheses.

LTM-Guided Attention Training

In the first (“instructional”) phase of training, subjects were pre-
sented with Word A above and below fixation and with a red
arrow pointing to 1 of 8 peripheral locations and a picture of
Object A at the cued location (e.g., the word “lamp” appeared
with picture of a lamp). In a second (“probe”) phase of training,
subjects were presented with only Word A (and no explicit
directional cue) followed by a blank screen. After a brief delay
Object A appeared at the studied location. No responses were
taken during this study phase, but subjects were instructed
that during the delay they should try to anticipate where the
image would appear. Subjects studied 8 word-location pairings
with 1 object presented at a time. The 8 possible peripheral
locations were equally distributed around circle centered at fix-
ation, and positioned off of the canonical (up-down-left-right)
axes in order to reduce verbalization of position information
and encourage spatial encoding. Subjects viewed each image
exemplar twice per training phase for total of 4 viewings of
each object.

LTM Retrieval Training

Subjects studied a set of 8 arbitrary category associations. In
each pairing 1 category was presented as a word and the other
was presented as images, with 4 exemplars per category. Word
categories and image categories were chosen from distinctly
different lists. We had a large number of image categories from
which to select and all distractor and control condition images
were drawn for categories not used for target images in any
condition for that subject. In the first (“instructional”) phase of
training, subjects viewed Word B above and below fixation (e.g.,
“hourglass”) with Object C presented (e.g., picture of a tele-
phone) at fixation. The category pairings (e.g., hourglass-tele-
phone) were arbitrary, but consistent in that the object images
were exemplars of shared category (telephone). In the second
(“probe”) phase of training subjects were presented with only
Word B followed by a blank screen. After a brief delay the
paired object would appear at the center of the screen. No
responses were taken during this study phase, but subjects
were instructed that during the delay they should try to antici-
pate which object would appear. Subjects studied 8 word-object
paired associations. Subjects viewed each image exemplar
twice per training phase for a total of 4 viewings of each object.

Explicit Memory Test

At the end of training on Day 1, we tested that subjects had
encoded all word-location and word-object pairings. Subjects
were asked to perform an explicit memory test in which they
used a mouse cursor to drag object images onto their associ-
ated location (LTM-guided attention) or word (LTM retrieval).
All subjects were 100% accurate on the LTM retrieval explicit
test. 22 out of 24 subjects were 100% accurate on the LTM-
guided attention task. The 2 subjects who did not perform per-
fectly were retrained on a shortened version of LTM-guided
attention training and retested. After 1 round of retraining,
they reached 100% accuracy as well.

Memory-Attention Network Rosen etal. | 2937

Stimulus-Guided Attention, Visual-Motor Control and Distractor
Images Training

In order to equate stimulus familiarity across all conditions,
subjects also studied images that would be used in the visuo-
spatial attention condition (8 objects with 4 exemplars each, for
a total of 32 objects), in the visual-motor control condition (9
additional exemplars taken from the distractor categories) and
as distractors. Each stimulus appeared on screen for 1s (same
duration as the LTM-guided attention and LTM retrieval train-
ing) and were asked to make a judgment about each object
(e.g., “Will it fit in a shoebox?”). Subjects saw each stimulus
exemplar 4 times.

Day 2: The tasks were presented during fMRI scanning in a
blocked design. At the beginning of each block, a cue indicated
to the subject which task to perform (stimulus-guided atten-
tion, LTM retrieval, LTM-guided attention, or visual-motor con-
trol). Each block contained 8 trials.

Stimulus-Guided Attention Condition

A category word that had not been studied (i.e., not associated
with an object or location) was presented on the screen (1.85s)
above and below a fixation cross along with an arrow pointing
to 1 of the 8 locations (Fig. 1A), followed by a blank screen for
1s. Subjects were instructed to use the direction of the arrow to
covertly guide their attention to the cued location to determine
if the object that appeared at that location was a match or a
non-match to the category word (i.e., if the word “telephone”
appeared, subjects should try to detect a picture of a telephone
at the cued location). On 50% of trials the object appeared at
the cued location, and on 50% of trials it appeared at a different
peripheral location. After the 1s blank period, 9 objects (8
equally spaced in the periphery and 1 at fixation) flashed up on
the screen for 150ms, and then participants gave their
response within a 2's window.

LTM Retrieval Condition

A word that had been studied with an associated object was
presented on the screen (1.85s) above and below a fixation
cross along with an uninformative and task-irrelevant double-
headed arrow (Fig. 1B). This uninformative arrow was pre-
sented to match the visual drive across conditions. Subjects
were asked to retrieve the object associated with the word and
then respond whether the object that appeared at the center of
the screen was a match (50% of trials) or a non-match. After a
blank screen for 1s, an array of 9 objects appeared on the
screen 150 ms, followed by a 2 s response window.

LTM-Guided Attention Condition

A word that had been studied with an associated location was
presented on the screen (1.85s) above and below a fixation
cross along with an uninformative double-headed arrow
(Fig. 1C). Subjects were instructed to retrieve the associated
location and deploy their attention covertly to that location.
They then responded whether the object that appeared at that
location was a match (50% of trials) or a non-match to the
word. On non-match trials, the target appeared at 1 of the other
7 peripheral locations to ensure that subjects were not diffusely
attending to the entire periphery, but rather were attending to
only 1 location. After a blank screen for 1s, and an array of 9
objects appeared on the screen 150ms, followed by a 2s
response window.
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Figure 1. Task paradigms for (A) Stimulus-guided attention, (B) LTM retrieval, (C) LTM-guided attention. On each trial subjects were first cued with a category word
above and below fixation and were then asked to detect the presence/absence of an image exemplar in a briefly presented probe array. Additionally, a red arrow was
placed at fixation. (A) In the stimulus-guided attention condition, the red cue arrow indicated the location in the image array where the subjects were asked to report
the presence or absence of an image exemplar of the named category. (B) In the LTM retrieval condition, subjects were asked to retrieve from LTM the paired-
associate category matched to the cue word and report whether the central image was an exemplar of the paired-associate category; the red double-headed cue
arrow was irrelevant in this condition as subjects always directed attention to the central location. (C) In the LTM-guided attention condition, subjects were asked to
retrieve the location paired with the category word and report whether or not an image exemplar of the named category appeared at that location. Red arrows were

uninformative in the LTM-guided attention condition.

Visual-Motor Control Condition

In the visual-motor control or baseline condition, subjects saw
the word “passive” above and below fixation. After a blank, 9
objects appeared and subjects made a random button press.
The same 9 object images (taken from the distractor categories)
appeared in different configurations (among the 9 positions) for
every visual-motor control trial.

Eye Tracking

Subjects were instructed to maintain fixation throughout the
scans. Eye position was monitored using an EyeLink 1000 (SR
Research, Mississiauga, Ontario, Canada) eye tracker that cap-
tured eye gaze location through the mirror while subjects were
in the scanner. Calibration was performed before every other
run using a 3 x 3 grid of equally spaced points on the screen. A
square region of interest (3.5° x 3.5° of visual angle) was defined
around the central fixation point. The number of saccades out-
side of the fixation region of interest was tallied.

MR Data Acquisition

Magnetic resonance imaging (MRI) data were acquired using a 3
Tesla Siemens TIM Trio MR imager located at the Center for
Brain Science at Harvard University in Cambridge, MA. All data
were acquired using a 32-channel head coil. T2*-weighted func-
tional echo planar images (EPI) were acquired using a slice-
accelerated EPI sequence that permits simultaneous multi-slice
acquisitions using the blipped-CAIPI technique (Setsompop
et al. 2012). Sixty-nine slices were acquired with a slice acceler-
ation factor of 3, at an angle parallel to a line between the AC-
PC (oblique axial) using AutoAlign Scout. Images were acquired
at a nominal 2 mm isotropic spatial resolution (matrix size =
108 x 108 x 69). About 6/8 partial-fourier acquisition was
employed to keep TE at a feasible value (TE/TR/flip-angle/band-
width = 30 ms/2s/80 deg/1596 Hz/px). Each participant partici-
pated in 9-12 functional scans (each 191 TRs; 6min 22s
duration) in 1 scan session with each run containing 8 blocks, 2

of each type (LTM-guided attention, LTM retrieval, Stimulus-
guided attention, and visual-motor control). Functional data
were aligned with high-res T1-weighted images.

MR Data Analysis

Functional data were aligned with high-resolution (1.0 x 1.0 x
1.3mm) T1-weighted images. For 17 participants the high-
resolution structural images were acquired at the same facility;
for 7 participants they were acquired on an identical scanner
and coil at the Martinos Center for Biomedical Imaging at
Massachusetts General Hospital in Charlestown, MA. These
high-resolution structural images were used to create a com-
puterized reconstruction of each cerebral cortical hemisphere
(Fischl et al. 1999).

Functional MRI data were preprocessed using FreeSurfer
5.3.0 (Charlestown, MA, Fischl 2012). First, slice time correction
was performed to account for the multi-slice acquisition, fol-
lowed by motion correction, intensity normalization, and spa-
tial smoothing (3mm FWHM). Single participant fMRI data
were then registered to an average cortical surface space
(Freesurfer “fsaverage” brain) using surface spherical registra-
tion (Greve and Fischl 2009). BO field maps were not collected
with functional scans and therefore corrections for BO distor-
tions could not be made; this could reduce the accuracy of co-
registration between functional data and structural data used
to model the cortical surface, but is unlikely to bias the findings
of this within-subject analysis.

Surface-based cortical analyses were performed separately
in each hemisphere on the average cortical surface, while data
for volume-based analyses used for subcortical structures were
registered to an average 3D brain. For both volume and surface-
based analyses, data were analyzed for each voxel or vertex,
respectively, using a general linear model (GLM) with each con-
dition as a predictor (i.e.,, 1 for LTM-guided, stimulus-guided
attention, LTM retrieval, visual-motor control), separately for
each run. Singular value decomposition reduced the 6 motion
correction vectors to 3 eigenvectors which were included as
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nuisance regressors in the model. The blood-oxygen-level
dependent (BOLD) signal was modeled as a linear, time-
invariant system with y response function assumed for each
condition with a delay & = 2.25 and a delay time constant t =
1.25 (Boynton et al. 1996). An estimated response was generated
by convolving the response function with the block length (i.e.,
the time in each condition) and minimizing the residual error
(FS-FAST, Cortech). For cortical analyses, random effects group
analyses were performed using surface-based averaging techni-
ques (Fischl et al. 1999). For volume-based analyses random
effects group analyses were performed after registration to an
average 3D brain and a subcortical mask was applied. A t-test
was performed for each vertex or voxel to compare differences
in activation between conditions. The significance of these acti-
vation differences is displayed on the fsaverage brain (Fig. 2A
and B).

To correct for multiple comparisons, we employed FS-FAST
to perform Monte Carlo simulations of smoothed white noise
to establish cluster-wise thresholds for the population maps
(Forman et al. 1995). This nonparametric procedure protects
against inflated false positives that are often seen in fMRI
analyses (Eklund et al. 2016). The Monte Carlo simulation gen-
erated random volumes of normally distributed values that
were then smoothed by a 6 mm smoothing kernel. Clusters
were defined as areas of contiguous vertices or voxels for sur-
face and volume analyses, respectively, with significance val-
ues below a threshold of P < 0.01 followed by cluster
thresholding at a corrected a of P < 0.05. Surface results are pre-
sented in Table 1 and volume results are presented in Table 2.

Memory-Attention Network Rosenetal. | 2939

Cortical ROIs

Three bilateral cortical ROIs were defined from the Yeo and col-
leagues (2011) 7-network parcellation definition of the CCN. Our
previous study showed that 3 regions within the CCN, including
lateral intraparietal sulcus (latIPS), posterior callosal sulcus
(CaS-p) and posterior precuneus (PrC-p) were more strongly
activated during LTM-guided attention than stimulus-guided
attention (Rosen et al. 2015a). Each region was mapped from a
pre-defined label on the Freesurfer “fsaverage” brain onto the
appropriate cortical hemisphere of each participant to define
each ROI Percent signal change was calculated using the
regressor beta weights for each condition (LTM-guided visuo-
spatial attention, LTM retrieval, and stimulus-guided attention,
visual-motor control), with the visual-motor control acting as
our baseline condition and averaged across blocks and runs
within each of the 3 cortical ROIs per hemisphere for each indi-
vidual subject (Fig. 2C).

Subcortical ROIs

Three subcortical regions, striatum, cerebellum, and thalamus,
were investigated using parcellations from the same group
(Buckner et al. 2011; Choi et al. 2012, and personal communica-
tion with Randy Buckner and Thomas Yeo). These parcellations
were defined using resting-state functional connectivity. For a
given structure (e.g., striatum, Choi et al. 2012), each voxel was
assigned in a winner-take-all fashion to 1 of the 7 networks
defined by Yeo and colleagues (2011) based on the strength of
its connectivity to the cortical networks. Analysis is presented
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Figure 2. Group-averaged cortical task activation maps. Posterior-lateral and medial views of right and left hemispheres are displayed for 2 task contrasts, LTM-
guided attention vs. Stimulus-guided attention (A) and LTM retrieval vs. Stimulus-guided attention (B). ROI overlays were defined by Yeo et al. 2011 from resting-state
functional connectivity. (C) displays percent signal change contrast for all 3 task conditions vs. the visual-motor control condition. LTM-guided attention yields stron-
ger bilateral activation than Stimulus-guided attention or LTM retrieval conditions in 3 previously identified cortical cognitive control regions, posterior precuneus
(PrC-p), posterior callosal sulcus (CaS-p) and lateral intraparietal sulcus (latIPS). * indicates P < 0.05, Holm-Bonferroni corrected.
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Table 1 Significant areas of cortical activation in the task contrasts

Anatomical Region Hemisphere X y Size (mm?) t-value
LTM-Guided > Stimulus-Guided Attention
Posterior Precuneus/Retrosplenial Cortex LH -13.6 —67.4 39.6 1590.01 7.886
RH 6.9 —65.2 40.9 1278.48 7.908
Mid-Cingulate LH -7.9 -224 293 389.93 6.869
RH 8.4 -36.1 27.9 365.23 7.140
Dorsolateral PFC LH -38.5 44.5 1.4 886.94 5.993
RH 38.8 47.6 6.5 1053.39 6.212
LH -40.8 19.5 315 146.80 3.883
RH 44.6 27.0 27.8 676.11 4.188
LH -30.3 111 49.3 528.70 4.373
RH 22.7 13.6 41.9 390.09 3.766
Lateral IPS/SMG LH -53.7 —40.6 43.0 1825.02 5.159
RH 35.5 -68.1 42.4 1519.16 5.101
Anterior Insula/Lateral OFC LH -26.6 235 -8.2 451.75 5.573
RH 32.6 16.9 11 257.68 4.505
Middle Temporal Gyrus LH -55.1 —42.7 -9.9 221.62 3.973
RH 55.0 —46.0 -3.7 255.76 4.263
Dorsal Anterior Cingulate LH -8.9 11.8 42.8 327.99 4.270
RH 7.7 235 393 218.84 4.251
RH 12.2 20.5 26.9 128.99 3.461
Stimulus-Guided > LTM-Guided Attention
Lateral Occipital LH —-44.1 -70.3 -1.4 1115.68 6.585
RH 41.4 —67.3 -0.9 873.47 6.055
RH 37.4 -81.1 438 230.43 5.538
Superior Parietal Lobule RH 24.6 -74.6 28.3 117.22 3.454
LTM Retrieval > Stimulus-Guided Attention
Pars triangularis LH -39.1 25.9 4.4 969.97 6.758
Occipital pole LH -22.0 -96.0 0.9 623.82 6.439
RH 23.1 -95.5 4.9 177.19 4.315
Posterior Insula LH -36.1 -14.5 44 182.47 4.821
Angular Gyrus LH —44.5 -55.4 40.4 293.90 4.789
Cuneus LH —4.8 -80.4 23.8 627.85 4.432
RH 6.9 -78.8 20.1 721.06 5.444
Supramarginal Gyrus LH -39.8 -22.3 20.2 268.72 4.324
Postcentral Sulcus RH 21.9 -39.1 56.1 130.96 3.875
Postcentral Gyrus LH -21.7 -34.3 54.9 219.00 3.741
RH 15.7 -29.0 61.5 152.30 3.571
Lateral Orbitofrontal Cortex LH -29.9 36.0 -8.1 154.78 3.608
Stimulus-Guided Attention > LTM Retrieval
Superior Precentral sulcus LH -20.7 -1.9 44.9 856.83 8.669
RH 26.4 -6.8 42.3 1886.39 6.269
Intraparietal Sulcus/Lateral Occipital Cortex LH -28.8 -71.3 18.9 6018.21 8.193
RH 15.9 -58.3 57.4 5738.27 8.004
Fusiform Gyrus LH —28.7 -75.6 -3.8 285.63 5.685
Retrosplenial Cortex LH -16.7 -57.8 23.9 148.26 5.302
RH 20.0 -54.3 22.8 353.08 7.361
LTM-Guided Attention > LTM Retrieval
1atIPS/IPS/PrC-p/Retrosplenial Cortex LH -10.8 -67.8 48.9 5576.52 8.438
LH -16.0 -58.1 25.1 464.00 6.932
RH 17.4 -57.1 27.2 7774.63 9.701
Superior Precentral Sulcus Dorsolateral PFC LH -20.4 -0.7 45.2 1276.67 7.608
RH 33.8 9.8 50.9 4898.01 7.276
Anterior Insula/Lateral OFC LH -30.1 19.3 —4.2 299.22 6.678
RH 30.1 21.8 -0.8 432.03 7.354
Inferior Precentral Sulcus LH —48.7 41 26.2 329.81 4.926
Fusiform Gyrus LH —28.7 74.8 4.4 579.17 4.265
Mid-Cingulate/Posterior Callosal Sulcus LH -5.1 —42.4 18.4 206.77 3.978
RH 8.2 —44.2 16.2 368.70 6.455
Dorsal Anterior Cingulate RH 8.0 259 37.8 762.54 5.936
Middle Temporal Gyrus RH 51.9 -52.3 -1.2 614.78 6.278

(Continued)
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Anatomical Region Hemisphere X y z Size (mm?) t-value
LTM Retrieval > LTM-Guided Attention
Supramarginal Gyrus LH —48.0 -26.1 19.6 528.92 6.807
RH 47.0 -23.2 20.4 205.84 4.276
Cuneus LH -7.3 -84.4 323 567.60 5.628
RH 6.5 -81.5 30.2 693.77 5.144
Pars Triangularis LH -37.4 28.0 24 337.05 5.363
Postcentral Sulcus LH -25.8 -41.9 56.2 232.06 4.544
RH 20.4 -37.9 56.0 222.00 6.309
Medial Orbitofrontal Cortex LH -7.9 54.4 -10.2 161.80 4.650
Posterior Insula LH -34.6 -16.3 -4.6 229.31 4.322
dMPFC RH 9.2 -33 48.3 131.16 5.771
Postcentral Gyrus LH —20.6 -27.6 64.2 331.11 3.458
RH 20.5 -28.4 55.9 467.66 5.162
Occipital Pole LH -21.3 -95.7 6.5 254.54 4.166
RH 255 -95.0 3.0 261.25 4.654
Superior Temporal Sulcus LH —46.6 -34.1 -0.4 148.87 3.749

Table 2 Significant areas of subcortical activation in thalamus, cere-
bellum, and striatum in the task contrasts

Anatomical Region X y z Size (mm® t-value

LTM-Guided > STIM-Guided Attention

Right Cerebellum 26 -69 =25 1520 5.558

Right Thalamus/Striatum 8 -7 11 5104 5.044

Left Striatum/Thalamus -16 -5 9 5240 4.410

Left Cerebellum -30 -55 -35 2264 4.794
-6 -77 =31 864 3.124

STIM-Guided > LTM-Guided Attention

None

LTM Retrieval > STIM-Guided Attention

Left Caudate -20 27 1 896.0 4.851

STIM-Guided Attention > LTM Retrieval

Left Cerebellum -4 -75 -19 15488 6.553

Right Cerebellum 20 -35 -47 2128 4.302

Right Thalamus 16 -29 9 1600 6.000

LTM-Guided Attention > LTM Retrieval

Left Thalamus -16 -29 11 7648 7.126

Right Thalamus 12 -23 13 14400 6.453

Left Cerebellum -18 -73 -27 39216 7.025

LTM Retrieval > LTM-Guided Attention

None

for the subcortical ROIs that were assigned to the CCN; these
ROIs include the central head of the caudate, cerebellar lobule
VI/Crus 1, and mediodorsal thalamus, respectively.

Results
Behavioral Results

Subjects performed all tasks with high accuracy (>94% on all
conditions). The 2 guided attention tasks were designed to be
equally demanding. There was no significant difference in
accuracy between the LTM-guided attention (Mean = 94.0% +
1.23) and stimulus-guided attention conditions (Mean = 95.0 +
0.62; t(23) = 1.02, P = 0.32). Although subjects were not
instructed to respond as rapidly as possible, we did observe a
modest difference in response time between the stimulus-guided
condition and the LTM-guided conditions (Meanstim-guided = 898 +
46 ms, Mean; v cuided = 921 + 42ms, P = 0.03) and a significant

difference between response time for the LTM retrieval condition
(Meany v retrieval = 826 + 42ms) and the other conditions (P’s <
0.0001). For this reason, in the subsequent fMRI analysis, RT was
included as a separate nuisance regressor by trial. The length of
our trials (5s) was sufficient to examine time-on-task effects
(Grinband et al. 2008; Yarkoni et al. 2009). The use of trial-based
RT regressors and block-based condition regressors addresses
orthogonality concerns that can plague RT regression (Mumford
et al. 2015). The LTM retrieval task, which was intended to match
memory retrieval demands of the LTM-guided attention condition,
but not to match attentional task demands, had higher accuracy
(Mean = 97.19% + 0.48) than either guided attention condition (all
P <0.01).

Eye Movements

Participants were instructed to maintain central fixation
throughout the experiment during fMRI scanning. Eye position
was monitored via video camera for all subjects and eye move-
ments in excess of 2° of visual angle were recorded. Overall,
participants maintained fixation on 90.8% of trials (Stimulus-
guided: 91.2%, LTM-guided: 91.7%; LTM Retrieval: 92.6%; Visual-
Motor Control: 87.5%). A 1-way ANOVA revealed no effect of
condition amongst the 3 task conditions (F(1,21) = 0.437, P = 0.516)
or amongst all 4 conditions including the visual-motor control
(F(1,21) = 1.509, P = 0.233; eye movement statistics are lower-bound
corrected because Mauchly’s test for sphericity was not met).

Cortical ROI Analysis

Based on the findings of our prior fMRI study (Rosen et al.
2015a) of LTM-guided attention using a change-detection para-
digm with real-world scenes, we approached this study with 3
a priori selected regions of interest per hemisphere: “posterior
precuneus” (PrC-p), lateral IPS (latIPS), “and posterior callosal
sulcus/mid-cingulate” (CaS-p) (Fig. 2). The ROIs used in our
analysis were defined from a prior resting-state functional con-
nectivity analysis of cortical networks performed in 500 human
subjects (Yeo et al. 2011; 7-Network, CCN). The results replicate,
using a new paradigm, our prior finding that each of these 3
parietal lobe regions is significantly more activated in the LTM-
guided attention condition than in the stimulus-guided atten-
tion condition. The group-average of the contrast between
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LTM-guided attention and stimulus-guided attention produced
activation patterns that were well captured by the Yeo resting-
state ROIs (Fig. 2A). Activation was restricted to the posterior 2/
3rds of the Yeo CaS-p ROI in each hemisphere and did not
extend beyond the ROIs. The activation pattern was nearly a
perfect fit to the Yeo latIPS ROI in the left hemisphere; this pat-
tern was largely mirrored in the right hemisphere, with some-
what sparser activation. Activation completely filled the
crescent-shaped Yeo PrC-p ROI in each hemisphere, extending
into the inferior portion of the parieto-occipital sulcus.

In contrast, the LTM retrieval condition compared with the
same contrast condition (stimulus-guided attention) yielded no
group-level activation in 5 of the 6 ROIs and only a modest spot of
activation in the sixth ROI, LH latIPS (Fig. 2B). This result was con-
firmed by ROI analysis (Fig. 2C). A 2-way (Hemisphere x Condition)
ANOVA was performed in each ROL There was a significant main
effect of Hemisphere in latIPS (F(1,23) = 18.864, P < 0.0001), but not
in the PrC-p or CaS-p: (PrC-p: F(1,23) = 2.091, P = 0.162; CaS-p: F
(1,23) = 0.025, P = 0.877). All 3 regions showed a significant main
effect of Condition (PrC-p: F(2,46) = 41.656, P < 0.0001; CaS-p: F
(2,46) = 12.203, P < 0.0001; latIPS: F(2,46) = 20.947, P < 0.0001). Each
ROI also showed a significant Condition x Hemisphere interaction
(PrC-p: F(2,46) = 7.522, P = 0.001; CaS-p: F(2,46) = 3.915, P = 0.027,
latIPS: F(2,46) = 13.304, P < 0.0001). The hemispheric asymmetry in
1atIPS is largely driven by the LTM retrieval condition, which exhi-
bits activation in LH but deactivation in RH. Post-hoc t-tests
revealed that in each hemisphere, all 3 ROIs (PrC-p, CaS-p, latIPS)
showed the greatest activation during LTM-guided attention com-
pared to both STIM-guided attention and LTM retrieval (all P <
0.05, Holm-Bonferroni corrected, Fig. 2C).

Additionally, as in our previous study (Rosen et al. 2015a), we
examined these results using MNI coordinates from 1 alternative
cortical network parcellation (Power et al. 2011; Supplementary
Materials, Supplementary Table 1) and ROIs from another alterna-
tive cortical parcellation (17 Network from Yeo et al. 2011,
Supplementary Materials, Supplementary Table 2, Supplementary
Fig. 1). All findings were replicated for the 3 ROIs in both alternate
frameworks. In our analysis of the Yeo-17 we also examined the
angular gyrus ROI (maroon) that abuts the lateral IPS regions.
Although this region exhibited greater activation in the LTM-
guided attention condition than the other 2 conditions, LTM-
guided attention (vs. baseline) did not differ from zero
(Supplementary Table 2) and therefore reflects a difference in
deactivation rather than activation. Together, these findings dem-
onstrate that these 3 parietal regions, posterior precuneus (PrC-p),
lateral IPS (latIPS), and posterior callosal sulcus/mid-cingulate
(CaS-p), are recruited more strongly during tasks that involve the
integration of mnemonic and attentional processes as compared
to memory or attention alone.

We examined activation contrasts across the rest of the cor-
tex using a surface-based cluster analysis (see Table 1, Fig. 2,
and Supplementary Figs 1 and 2). Not surprisingly, the cluster
analysis confirmed that the 3 a priori parietal ROIs, lateral IPS,
posterior precuneus and posterior callosal sulcus/mid-cingulate
were more strongly activated in the LTM-guided attention con-
dition than in both of the other conditions (stimulus-guided
attention and LTM retrieval). In addition, significant clusters of
activation were observed in bilateral anterior insula and right
dorsal anterior cingulate for the contrasts of LTM-guided atten-
tion versus each task condition and versus the control condi-
tion; these regions are well-established as fronto-opercular
cognitive control or “salience network” regions (Dosenbach et al.
2007; Seeley et al. 2007; Power et al. 2011; Yeo et al. 2011; Power
and Petersen 2013) that are recruited across a very broad range

of cognitive tasks. Significant clusters were observed in right
middle temporal gyrus and right dorsolateral PFC in the 2 task
contrasts (LTM-guided > Stimulus-guided; LTM-guided > LTM-
retrieval), but these observations reflected deactivation during
the stimulus-guided and LTM retrieval conditions rather than
activation (vs. control) for LTM-guided attention. We confirmed
these findings with ROIs from the Yeo 7-network (see
Supplementary Table 3). The dorsal attention network regions of
the intraparietal sulcus and superior precentral sulcus (Frontal
Eye Fields) were strongly activated by both the LTM-guided
attention and stimulus-guided attention conditions, relative to
the LTM retrieval condition; however, the 2 attention conditions
exhibited little difference in these regions. The lateral occipital
cortex was strongly activated by the stimulus-guided attention
condition, relative to the other 2 conditions (Table 1).

The LTM retrieval condition exhibited greater activation
than the 2 attention tasks in left pars triangularis, left posterior
insula, and left supramarginal gyrus perhaps reflecting verbal/
semantic retrieval processes in the LTM retrieval condition.
Greater LTM retrieval activation was observed in bilateral post-
central gyrus and right postcentral sulcus. Curiously, the LTM
retrieval condition exhibited greater activation than the 2
covert attention conditions in 2 occipital lobe regions. Greater
occipital pole activation is consistent with greater spatial atten-
tion directed to the fovea in the LTM retrieval condition
(Somers et al. 1999). Activation in bilateral cuneus was not
present in the LTM retrieval versus control contrast, and thus
the activation observed in the other contrasts likely reflects a
negative bold effect for the covert attention conditions that has
been observed with peripheral visual stimuli and covert atten-
tion (Tootell et al. 1998; Shmuel et al. 2002).

Subcortical Results

In order to examine subcortical contributions to LTM-guided
attention, we performed both volume-based cluster analyses
(Table 2) and ROI analyses (Fig. 3). Both the contrast of LTM-
guided compared to stimulus-guided attention and LTM-guided
attention compared to LTM retrieval revealed activation span-
ning the mediodorsal nucleus of the thalamus and the head of
the caudate bilaterally, as well as a large bilateral swath of acti-
vation in the cerebellum, including bilateral VI lobule of the
cerebellum, extending into Crus I (Fig. 3). The contrast of
stimulus-guided attention compared to LTM retrieval revealed
bilateral activation within the posterior thalamus and bilater-
ally within the cerebellum. The reverse contrast revealed a
small cluster of activation within the left striatum.

The striatum, cerebellum, and thalamus (Buckner et al. 2011;
Choi et al. 2012) have been parcellated using functional connec-
tivity with the cortical networks defined in (Yeo et al. 2011).
Since our cortical areas of interest were well-localized by regions
in Yeo’s CCN, we hypothesized that the striatum, cerebellum
and thalamus parcels associated with the cortical CCN would
also exhibit selective activation for the LTM-guided attention
condition relative to both of the other conditions. We performed
ROI analyses within the CCN portion of each of these structures.
These results demonstrate that the subcortical ROI definitions,
which were defined via resting-state functional connectivity
with cortical networks, share task activation properties with the
cortical networks. A 1-way ANOVA was conducted for each
structure within the CCN using the 3 behavioral conditions as
factors. A main effect of condition was found in all 3 structures
(all P < 0.05, corrected). Post-hoc t-tests revealed that in all 3
structures, the CCN was significantly more strongly recruited for

20z Areniga4 g0 uo 1sanb Aq 621 ¥S0¥/SE62/8/82/21011E/1001892/W09 dno dlwapeoe//:sdjy wolj papeojumoq



A Thalamus

.

B Cerebellum

X

C Striatum

@ &

Memory-Attention Network Rosenetal. | 2943

Cognitive Control Network

0.1

0.05

-0.05

-0.1

Percent Signal Change
o

0.1

0.05

-0.05

-0.1
0.1

0.05

Percent Signal Change
o

-0.05

Percent Signal Change

STIM-Guided Attention
LTM Retrieval
~0.1 LTM-Guided Attention

Figure 3. Group-averaged subcortical activation within CCN subregions. CCN subdivisions of (A) Thalamus, (B) Cerebellum, and (C) Striatum were more strongly acti-
vated by LTM-guided attention than by stimulus-guided attention or LTM retrieval conditions. Subcortical ROIs (black outlines) were previously defined in a group
analysis performed by the Buckner lab ((Buckner et al. 2011; Choi et al. 2012) and personal communication with Buckner and Yeo) based on resting-state functional
connectivity with the cortical CCN. Left plots depict the contrast of LTM-guided attention > Stimulus-guided attention. Note that thalamic activation and caudate

activation abut in the axial slices of (A) and (C).

LTM-guided attention than for both LTM retrieval and stimulus-
guided attention (all P < 0.05, corrected, Fig. 3). Taken together,
these findings highlight the important contribution of subcortical
CCN structures to LTM-guided attention.

In addition, we examined activation within hippocampus
head and tail, but evidence fell short of supporting a role for
either the head or the tail of either hemisphere of the hippocam-
pus in memory-guided attention. No contrasts showed significant
activation relative to baseline. None of the t-tests between any
pair of conditions in any of the 4 ROIs were significant after cor-
recting for multiple comparisons (See Supplementary Table 4).

Discussion

We investigated the neural mechanisms underlying the coop-
eration of LTM and attention and observed greater activation in
3 bilateral parietal cortical areas, lateral intraparietal sulcus
(latIPS), posterior precuneus (PrC-p), and posterior callosal

sulcus (CaS-p), for LTM-guided visuospatial attention than for
either LTM retrieval (without covert visual attention) or
stimulus-guided attention (without LTM retrieval). These obser-
vations replicate our prior work (Rosen et al. 2015a) on LTM-
guided attention (vs. stimulus-guided attention) and extend
this to the contrast with LTM retrieval. Importantly, the stimuli
used across all conditions were counterbalanced across sub-
jects and each subject had equal amounts of prior exposure to
the stimuli for each condition. Prior resting-state functional
connectivity analyses have demonstrated that these 3 parietal
cortical regions form a network (Power et al. 2011; Yeo et al.
2011; Doucet et al. 2012; Shirer et al. 2012; Rosen et al. 2015a).
Within frontal cortex, both LTM-guided attention contrasts
exhibited greater activation within bilateral anterior insula and
right dorsal anterior cingulate. The role of these areas deserves
further investigation; however, since it is well-established that
these “salience network” regions support cognitive control
across a very broad range of tasks (Dosenbach et al. 2007,
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Seeley et al. 2007), we do not suggest that these regions play a
role specific to memory-guided attention. In addition, these
LTM-guided attention results were also observed in 3
subcortical ROIs, the head of the caudate nucleus in dorsal stri-
atum, lobule VI/Crus I of cerebellum, and the mediodorsal
nucleus of the thalamus, defined by resting-state functional
connectivity with the CCN in cortex (Buckner et al. 2011; Choi
et al. 2012; R. Buckner & T. Yeo, pers comm). Based on our task
findings and prior results, we conclude that these 3 bilateral
parietal cortical regions and 3 bilateral subcortical regions serve
to integrate information retrieved from LTM to support the
effective deployment of attention. Therefore, we hypothesize
that these regions may form a Memory-Attention Network
(MAN). Future studies using targeted connectivity analyses
should be conducted in order to determine the nature and
dynamics of this proposed network and other regions exhibit-
ing similar task-evoked effects.

A recent review paper has proposed that 3 left hemisphere
cortical regions—posterior inferior parietal lobule/dorsal angu-
lar gyrus, precuneus, and mid-cingulate cortex—form a
“Parietal Memory Network” (PMN) that supports LTM retrieval
and suggested that these regions are initially deactivated dur-
ing encoding and show increasing activation as an item
becomes more familiar with repeated study (Gilmore et al.
2015). Resting-state functional connectivity analyses (Doucet
et al. 2012; Power et al. 2011; Rosen et al. 2015a; Shirer et al.
2012; Yeo et al. 2011) confirm that these 3 regions correspond to
the cortical regions identified here as latIPS, PrC-p, and CaS-p,
respectively. The Memory-Attention Network hypothesis and
the Parietal Memory Network hypothesis both emphasize a key
role for LTM retrieval, but differ in that the MAN hypothesis
also emphasizes integration with attentional control leading to
greater activation. The PMN hypothesis suggests attention can
have either positive or negative effects on activation in these
regions, with enhanced activation for presentation of highly
familiar items and stronger deactivation for highly novel items
and middling effects for moderately familiar or moderately
novel stimuli (Gilmore et al. 2015). Since stimulus familiarity is
equivalent across our 3 task conditions, this PMN hypothesis
does not account for the present findings. The current findings
demonstrated greater activation in these 3 cortical areas for
LTM-guided attention than for LTM retrieval and thus support
the MAN hypothesis. Another distinction is that task-based
fMRI evidence only supports the Parietal Memory Network
hypothesis for the left hemisphere, not for the right hemi-
sphere (Nelson et al. 2010, 2013; Gilmore et al. 2015). However,
recent studies have also suggested bilateral memory-related
recruitment in the PrC-p and latIPS regions of the proposed
PMN (Brodt et al. 2016; Chen et al. 2017; McDermott et al. 2017).
Our results support the Memory-Attention Network hypothesis
for all 3 regions (PrC-p, latIPS, and CaS-p) for both hemispheres,
as well as for 3 subcortical structures. A closer look at our data
(see Fig. 2C, Supplementary Table 5) reveals that the LTM-
retrieval condition does in fact activate all 3 cortical ROIs in the
left hemisphere relative to the sensory-motor baseline; how-
ever, in the right hemisphere this contrast produced no activa-
tion in PrC-p and latIPS. Thus, the left laterality of LTM-
retrieval effects in our data mirror the data marshaled to sup-
port the PMN hypothesis (Nelson et al. 2013; Gilmore et al.
2015) as well as similar left parietal retrieval effects observed in
prior studies (Wagner et al. 2005; Cabeza 2008; Nelson et al.
2010; Sestieri et al. 2010; Hutchinson et al. 2014). That is, our
findings are consistent with both a LH PMN and a bilateral
MAN.

Our data also indicate that the visuospatial attention condi-
tion, without explicit long-memory retrieval demands, acti-
vates LH PrC-p and bilateral CaS-p, but not the other areas,
relative to the sensory-motor baseline (see Fig. 2C,
Supplementary Table 5). Given the efficacy of both visuospatial
attention and LTM retrieval in activating some of these cortical
regions, can the stronger activation we observed here for LTM-
guided attention be explained as simply the summed activation
to 2 independent component processes, memory retrieval and
attentional deployment? Our results in bilateral CaS-p, left PrC-
p, and left latIPS are not inconsistent with this suggestion;
however, our findings in right PrC-p, right latIPS, and the
subcortical structures do not support this interpretation and
thus imply that activation in these regions reflects additional
processing that reflects integration of LTM information into
attentional mechanisms.

Broadly speaking, LTM-guidance of visuospatial attention
must be considered a form of cognitive control. Indeed, the
ROIs used in our analysis were originally attributed as compo-
nents of a large-scale CCN, as defined by resting-state func-
tional connectivity (Yeo et al. 2011). On the other hand, these 3
parietal lobe regions are not included in most functional defini-
tions of CCNs (Cole and Schneider 2007; Braver 2012; Sestieri
et al. 2014; but see Dosenbach et al. 2007). This omission may
reflect a bias toward assigning cognitive control functions pri-
marily to the frontal lobes. It is also possible that, because
latIPS, PrC-p, and CaS-p each lie adjacent to prominent “task-
negative” or “default mode network” regions (Fox et al. 2005),
these anatomically thin regions were obscured by their neigh-
bors in previous studies. However, we suggest that the critical
distinction may be that these parietal areas are preferentially
recruited for a specific form of cognitive control, LTM-guidance
of attention. Our current and prior results (Rosen et al. 2015a)
demonstrate this for 2 different LTM-guided visuospatial atten-
tion paradigms; other forms of LTM-guided attention (e.g.,
LTM-guided object- or feature-based attention) warrant deeper
investigation.

We extended our previous findings by including analysis of
3 subcortical structures, striatum, cerebellum and thalamus.
Our cortical ROIs were originally defined as nodes of a CCN
identified in a cortical parcellation based on resting-state func-
tional connectivity (Yeo et al. 2011). Similarly, we examined
ROIs defined as the CCN subregions of striatum, cerebellum,
and thalamus from parcellations based on resting-state con-
nectivity with the cortical networks from Yeo and colleagues
(Buckner et al. 2011; Choi et al. 2012). These ROIs include bilat-
eral head of the caudate, bilateral lobule VI/Crus I of the cere-
bellum, and bilateral mediodorsal thalamus, respectively. Each
of these ROIs exhibited significantly greater activation for the
LTM-guided attention condition than for LTM retrieval or
stimulus-guided attention conditions. Our suggestion that the
Memory-Attention Network includes striatal, cerebellar, and
thalamic subregions is consistent with prior investigations of
these subcortical subdivisions in humans and non-human pri-
mates. Recent neuroimaging work indicates a key role for stria-
tum in the guidance of visuospatial attention by stimulus-
response associations (Goldfarb et al. 2016), and primate stud-
ies have demonstrated that neurons in anterior caudate repre-
sent stimulus value and guide visuospatial attention (Kim and
Hikosaka 2013; Yanike and Ferrera 2014). Human neuroimaging
studies have revealed cerebellar recruitment for working mem-
ory and other cognitive tasks that is independent of motor
responses (Chen and Desmond 2005; Stoodley et al. 2012;
Brissenden et al., 2016) and cerebellar lobule VI/Crus I
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specifically has been activated in some working memory tasks
(Chen and Desmond 2005; Stoodley et al. 2012; Peterburs et al.
2015). Mediodorsal thalamus has been implicated in spatial
working memory in monkeys (Funahashi 2013) and lesions of
mediodorsal thalamus have been reported to result in spatial
memory loss (Isseroff et al. 1982) and recollection deficiencies
(Zoppelt et al. 2003).

A prior study of LTM-guided visuospatial attention reported
differential recruitment of left hippocampus relative to a
stimulus-guided condition (Summerfield et al. 2006).
Importantly, this study did not observe any cortical activation
differences between LTM-guided and stimulus-guided atten-
tion. However, it is possible that volume-based group averaging
techniques obscured cortical differences between these 2 atten-
tional states. A follow-up study from the same laboratory
(Stokes et al. 2012) reported left hippocampal activation during
the cueing phase of LTM-guided attention, but deactivation
during the target search phase. Here, as in our prior fMRI study
that employed a different task paradigm (Rosen et al. 2015a),
we failed to observe differential activation for LTM-guided
attention relative to stimulus-guided attention within either
the head or tail of the hippocampus in either hemisphere.
However, our results were obtained in a block-design format,
which combines cue and target phase responses and thus are
not inconsistent with the findings of Stokes et al. (2012).
Moreover, since it is well-established that there are multiple
memory systems (Squire 1992) and multiple attention networks
in the brain (Corbetta and Shulman 2002; Michalka et al. 2015),
there may be multiple forms of memory-attention interactions
(Hutchinson and Turk-Browne 2012; Patai et al. 2012; Goldfarb
et al. 2016). A recent study has contrasted visuospatial atten-
tion guided by non-declarative, probabilistic stimulus-response
associations with visuospatial attention guided by implicit con-
textual cueing and observed a dissociation between striatal and
hippocampal contributions to the 2 forms of memory-guided
attention (Goldfarb et al. 2016). In the present work, memory
retrieval may have dominated more than in either of those
paradigms, which may account for the differences in the pat-
tern of activations observed.

Although our findings support a putative Memory-Attention
Network, this hypothesis requires further investigation on mul-
tiple points. While the 6 regions lie within a broad CCN as
defined by resting-state functional connectivity and thus in
that sense belong to the same network, it is not yet apparent
that these regions form a subnetwork dedicated only to
memory-attention interactions. Some of these regions are sig-
nificantly recruited by memory alone in previous studies
(Nelson et al. 2013; Chen et al. 2017; McDermott et al. 2017) and
in the present study for both memory and attention alone com-
pared to baseline. Therefore, these regions may be most
strongly recruited to support memory-attention interactions,
but not exclusively the interactions. Efforts to demonstrate
finer scale resting-state networks are equivocal on this point.
For example, in the 17 network of the Yeo-Buckner parcellation
and in the Power parcellation, while PrC-p and CaS-p form a
tight subnetwork, lateral IPS is typically assigned to a different
subnetwork. A closer analysis indicates that lateral IPS exhibits
strong functional connectivity multiple CCN regions. Thus, lat-
eral IPS may serve as a network hub that is recruited under
strong memory-attention demands, but may not primarily
belong to a memory-attention network. Alternatively, since
prior work demonstrates that lateral IPS contains multiple
functional subdivisions that differ on their roles in memory
retrieval processes (Hutchinson et al. 2014), there might be a
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sub-region within lateral IPS that is largely exclusive to
memory-attention interactions while other subregions partici-
pate in other cognitive control subnetworks. Similar concerns
could be raised regarding whether the identified subcortical
regions are primarily members of a memory-attention network
or serve a broader range of cognitive control functions.

Taken together, these findings provide evidence that the
cooperation between LTM and attention is supported by a net-
work spanning cortical, cerebellar, thalamic and striatal
regions. This Memory-Attention Network can be identified by
resting-state functional connectivity as a subnetwork of a
broader CCN (Buckner et al. 2011; Yeo et al. 2011; Choi et al.
2012). It remains possible that some regions, perhaps the poste-
rior callosal sulcus region, simply support LTM retrieval and
visuospatial attention as independent functions, while true
integration of LTM retrieval and visuospatial attention depends
on only a subset of the hypothesized Memory-Attention
Network. Future investigations will be required to determine
the specific mechanistic roles of each of these 6 brain regions.
Furthermore, the issue of what, if any, specific contributions
MAN regions make to working memory needs further
investigation.
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