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Studies have identified several brain regions whose activations facilitate attentional deployment via long-term memories. We analyzed
task-based functional connectivity at the network and node-specific level to characterize large-scale communication between brain
regions underlying long-term memory guided attention. We predicted default mode, cognitive control, and dorsal attention subnetworks
would contribute differentially to long-term memory guided attention, such that network-level connectivity would shift based on
attentional demands, requiring contribution of memory-specific nodes within default mode and cognitive control subnetworks. We
expected that these nodes would increase connectivity with one another and with dorsal attention subnetworks during long-term
memory guided attention. Additionally, we hypothesized connectivity between cognitive control and dorsal attention subnetworks
facilitating external attentional demands. Our results identified both network-based and node-specific interactions that facilitate
different components of LTM-guided attention, suggesting a crucial role across the posterior precuneus and restrosplenial cortex, acting
independently from the divisions of default mode and cognitive control subnetworks. We found a gradient of precuneus connectivity,
with dorsal precuneus connecting to cognitive control and dorsal attention regions, and ventral precuneus connecting across all
subnetworks. Additionally, retrosplenial cortex showed increased connectivity across subnetworks. We suggest that connectivity from
dorsal posterior midline regions is critical for the integration of external information with internal memory that facilitates long-term
memory guided attention.
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Introduction

Our attentional capacities are limited, as a very small number
of objects can be attended in a moment (Sears and Pylyshyn,
2000; McMains and Somers, 2004; Cavanaugh and Alvarez,
2006), attention can only be switched a few times per second
(Weichselgartner and Sperling 1987; Koch et al. 2011), and
unattended objects go largely unprocessed (Simons and Chabris,
1999). How can we reconcile these severe limitations of our
attentional system with the high level of real-world performance
that humans exhibit in complex, but familiar settings? For
instance, how does a native New Yorker function so well in the
“blooming, buzzing confusion” of Times Square when there are
so many stimuli present? A growing body of literature suggests
that context-dependent retrieval of long-term memory (LTM)
serves to direct resources of attention to the most relevant
stimuli and locations (Chun and Jiang 1998; Summerfield et al.
2011; Rosen et al. 2015; 2016; 2018). The brain networks that
support LTM and those that support attention are likely in
regular communication; however, standard parcellations largely
emphasize a segregation of LTM and attention networks and
indicate that these networks are anti-correlated (Yeo et al.
2011; Power et al. 2011; Spreng et al. 2013). Long-term memory-
guided attention (LTM-guided attention) has been investigated

in neuroimaging studies, which identify several cortical and
subcortical structures, including intraparietal sulcus, posterior
precuneus, mediodorsal thalamus, and hippocampus that
support these processes (Summerfield et al. 2006; Hutchinson
and Turk-Browne 2012; McDermott et al. 2017; Rosen et al. 2015;
2016; 2018; Chen and Hutchinson 2019; Gilmore et al. 2021).
These findings have created a foundation for understanding
the neural underpinnings of LTM-guided attention, but a greater
understanding of network interactions is needed. Here, we extend
this foundational work by examining both large-scale, network-
level and fine-grained, node-level interactions that support the
process of LTM-guided attention.

An early study analyzing blood-oxygen-level-dependent
(BOLD) signal via functional magnetic resonance imaging (fMRI)
compared LTM-guided attention with stimulus-guided (STIM-
guided) attention, a visual attentional mechanism guided by
the saliency of the external stimulus (Summerfield et al. 2006).
While this study found no cortical differences between these
two modes of attention, results showed greater hippocampal
activation facilitating LTM-guided attention (Summerfield et al.
2006). A similar study conducted more recently by Goldfarb
et al. found comparable results, with hippocampal and striatal
activation contributing to LTM-guided versus STIM-guided
attention (Goldfarb et al. 2016). Work from our lab compared
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LTM-guided attention to STIM-guided attention and to memory
retrieval (LTM-retrieval) separately and identified several cortical
and subcortical regions—posterior precuneus, posterior callosal
sulcus, lateral intraparietal sulcus, caudate head, mediodorsal
thalamus, and cerebellar lobule VI/Crus I, which we suggested
might constitute a Memory-Attention Network (Rosen et al. 2015;
2016; 2018).

Generally, regions identified in these studies fall largely into
three canonical brain networks, the dorsal attention network,
the cognitive control network, and the default mode network
(Yeo et al. 2011). Within these large-scale networks, finer-grain
network parcellations have also been identified, splitting the over-
arching networks into subnetworks (Power et al. 2011; Yeo et al.
2011). Dorsal attention subnetwork A consists of superior parietal
lobe, parietal occipital lobe, and temporo-occipital lobe, while
subnetwork B includes postcentral gyrus and frontal eye fields
(Yeo et al. 2011). These regions are implicated in visuo-spatial
processing and perception and play a role in goal-directed orien-
tation of attention to incoming sensory information (Corbetta and
Shulman 2002). Default mode subnetwork A contains medial tem-
poral lobe, a ventral portion of the posterior precuneus, posterior
callosal sulcus, and medial prefrontal cortex. Subnetwork B is left
lateralized and is considered the language network, composed of
ventral and dorsal prefrontal cortex, while subnetwork C holds
a posterior segment of the inferior parietal lobule, retrosplenial
cortex, and parahippocampal cortex (Yeo et al. 2011). These sub-
networks are highly active at rest and are proposed to facilitate
self-referential thought (Raichle et al. 1996), internal processing
mechanisms, and memory (Raichle and Snyder 2007). Cognitive
control subnetwork A holds the inferior bank of the intraparietal
sulcus, the inferior prefrontal sulcus, and anterior midcingulate.
Subnetwork B is made up of inferior parietal lobe directly adjacent
to default mode C, lateral temporal lobe, and dorsolateral and
ventrolateral prefrontal cortex. Subnetwork C consists of the pos-
terior precuneus and posterior cingulate cortex/callosal sulcus
(Yeo et al. 2011). These regions have been implicated as key nodes
of a Memory Attention Network (Rosen et al. 2015; 2016; 2018) and
of a Parietal Memory Network (Gilmore et al. 2015).

The goal of our study was to investigate the node- and network-
level interactions that support large-scale communication
across brain regions to facilitate LTM-guided attention, a task
that requires communication between internal mnemonic
processing and externally driven attention. As such, we aimed to
characterize functional connectivity between nodes of the dorsal
attention, cognitive control, and default mode subnetworks,
identifying node- to network-level interactions that facilitate
LTM-guided attention, versus STIM-guided attention and LTM-
retrieval control conditions. We hypothesized that network
connectivity would shift based on attentional demands of
the task, with greater reliance on nodes within the default
mode subnetworks supporting internal demands of LTM-guided
attention via increased connectivity with attention-specific nodes
from the dorsal attention and cognitive control subnetworks.
Additionally, we hypothesized greater connectivity between
dorsal attention and cognitive control subnetworks to support
external attentional demands. To investigate our hypothesis, we
utilized fMRI data previously collected from our lab (Rosen et al.
2018) and performed task-based connectivity using a generalized
Psychophysiological Interaction (gPPI) analysis (McLaren et al.
2012). Utilizing a 400-node parcellation atlas (Schaefer et al.
2018) of the 17 canonical resting-state brain networks (Yeo
et al. 2011), we conducted a region of interest (ROI) analysis
between 192 nodes of the dorsal attention (subnetworks A and

B), cognitive control (subnetworks A, B, and C), and default mode
(subnetworks A, B, and C) networks during LTM-guided attention,
STIM-guided attention, and LTM-retrieval. We characterized task-
based connectivity differences between LTM-guided attention
compared to STIM-guided attention to isolate memory recall and
attentional deployment demands of the task. Additionally, we
contrasted LTM-guided attention > LTM-retrieval to isolate the
process of guiding one’s attention based on memory, controlling
for memory recall itself. Our results explicate network- and node-
level characteristics that contribute to attentional mechanisms
enhanced by long-term memory.

Methods
Participants
We re-analyzed a previously collected dataset of 25 right-handed,
healthy fMRI participants (13 male, ages 22–34) with normal or
corrected-to-normal vision (Rosen et al. 2018). The study was
approved by the Institutional Review Board of Boston University
and participants were recruited and enrolled from Boston Uni-
versity and the greater Boston area. Participants gave written
informed consent prior to study participation and completed the
study at two separate sessions (training and test). Due to fatigue
in the scanner, 1 participant was excluded from all analyses,
resulting in 24 participants in the final analysis.

Visual stimuli and experimental paradigm
Experimental sessions were conducted across two consecutive
days, beginning with a training session on Day 1 and an fMRI
scanning session on Day 2. The main experimental condition was
LTM-guided attention, contrasted with two controls: STIM-guided
attention and LTM-retrieval. STIM-guided attention was created
to match the attentional demands of the LTM-guided condi-
tion without components of memory retrieval. LTM-retrieval was
designed to match the mnemonic demands of LTM-guided atten-
tion while controlling for covert visuospatial attention. Addition-
ally, a baseline condition for visual-motor control was included in
the paradigm.

Stimuli consisted of 48 object image categories, each with four
exemplar images (192 total images) divided in half into lists A
and B (see Rosen et al. 2018 for category examples). Half of
the participants (Group A) were presented with List A as target
objects for the experimental conditions, while List B was used
for distractor and visual-motor control images. The other half of
the participants (Group B) were given List B for targets and List A
for distractors/control. For both groups, the target list was further
divided into three lists of eight object categories to be used in the
three experimental conditions (counterbalanced across subjects
within each group).

Day 1 (training): participants completed three separate training
paradigms for stimuli used in the three different experimental
conditions. Training was conducted separately for each condition
with order counterbalanced across participants. Exposure to each
stimulus was matched across conditions to account for familiarity
of stimuli. Training ensured that participants encoded all word-
object (LTM-retrieval) and word-location pairings (LTM-guided
attention) for accurate performance during the scan. Full details
regarding training can be found in greater detail in Rosen et al.
2018.

Day 2 (testing/scanning): the trained tasks were presented
during fMRI scanning in a block design (Fig. 1). At the start of
each block, a cue indicated the upcoming condition (LTM-guided
attention, LTM-retrieval, STIM-guided attention, or visual-motor
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Fig. 1. Participants were trained and later scanned with three separate conditions: A) during STIM-guided attention, a red arrow prompted the
participants to direct their attention and indicate whether the object in the location was a match to the named category, B) in the LTM-retrieval condition,
the double-sided red arrows were uninformative, and participants had to indicate whether the central object was a paired-associate of the category
word by memory, C) for LTM-guided attention, the double-sided arrows were again uninformative, however here participant were instructed to direct
their attention to the paired location of the category word, and indicate whether the paired object was in the correct location. Original figure from Rosen
et al. 2018, Cerebral Cortex.

control). Each scan consisted of eight blocks, containing eight
trials per condition.

Stimulus-guided attention
During the STIM-guided attention task (Fig. 1A), a category word
that had not been previously studied was presented on the screen
(1.85 s) above and below a fixation cross along with an arrow
pointing to one of eight peripheral locations, followed by a blank
screen for 1 s. Participants were instructed to maintain fixation
while covertly guiding their attention to the cued location. Nine
objects (1 at the fixation point and 8 in the periphery locations)
appeared for 150 ms, followed by a 2-s window where participants
were instructed to respond if the object appearing at the cued
location was a match (50% of trials) or non-match to the previ-
ously presented category word.

LTM-retrieval condition
For the LTM-retrieval condition (Fig. 1B), a cue word was pre-
sented on the screen (1.85 s) above and below a fixation cross
alongside an uninformative double-headed arrow, presented to
match visual drive across conditions. The presented cue word was
studied with an associated object during training. Participants
were instructed to retrieve the object associated with the word
from memory during a 1-s blank screen, after which an array
of nine objects appeared for 150 ms. Following this, during a
2-s response window, participants were instructed to indicate
whether the center-screen object was a match (50% of trials) or
non-match.

LTM-guided attention
During the LTM-guided attention condition (Fig. 1C), a cue word
was presented on the screen for 1.85 s above and below a fixation
cross alongside an uninformative double-headed arrow. The cue
word had been associated with a paired location on the screen
during training. The participants were instructed to retrieve the
paired location and direct their attention to that location during
a 1-s delay period, after which an array of nine objects appeared
on the screen for 150 ms. Following this, during a 2-s response
window, participants were instructed to respond as to whether the
object that appeared in the location was a match (50% of trials) or

non-match. On non-match trials, the target appeared at one of
the alternative seven locations to ensure that participants were
not attending to their entire periphery.

Visual-motor control
During the visual-motor control baseline condition, participants
saw the word “passive” above and below a fixation cross. After
a blank screen, nine objects appeared, and the participants were
instructed to randomly press a button. The same nine objects
appeared in different configurations in every control trial.

MR data acquisition
MRI data were collected on a 3 Tesla Siemens TIM Trio MR
scanner located at the Center for Brain Science at Harvard Uni-
versity in Cambridge, MA. Data were acquired using a 32-channel
head coil. Functional data were collected using a T2∗-weighted
echo planar imaging (EPI) sequence with simultaneous multi-
slice (SMS) acquisition using the blipped-CAIPI technique (Set-
sompop et al. 2012) (TR/TE = 2 s/30 ms, flip angle = 80◦, band-
width = 1,596 Hz/px, number of slices = 65, acceleration factor = 3,
voxel size = 2 mm isotropic). Each participant completed between
9 and 12 functional scan runs (191 volumes, 6 min 22 s) during
one scan session, with each run containing eight task blocks,
two of each condition. Structural MRI were collected using high-
resolution T1-weighted multi-planar rapidly acquired gradient
echo (MPRAGE) images (TR/TE = 2.2 s/1.54 ms, flip angle = 7◦,
resolution = 1.0 × 1.0 × 1.3 mm). Seventeen of the participants
completed structural scans at the same facility as their functional
scans, while seven were acquired on an identical scanner and coil
at the Martinos Center for Biomedical Imaging, Massachusetts
General Hospital, Charlestown MA.

MR data preprocessing
MR data were organized using the Brain Imaging Data Structure
(Gorgolewski et al. 2016) and preprocessed using the standard
pipeline available in fMRIPrep v1.4.1, a Nipype v1.2.0-based tool
(Esteban et al. 2019). Preprocessing included skull stripping, brain
surface segmentation and reconstruction, slice timing correction,
motion correction, spatial registration of the functional data to
each subject’s structural T1w scan, and spatial normalization
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Fig. 2. Step by step method of gPPI analysis implemented in Conn toolbox. A) an inflated image of the 400 cortical nodes matched to the Yeo 17-
network atlas (adapted with permission from https://github.com/ThomasYeoLab/CBIG/tree/master/stable_projects/brain_parcellation/Schaefer2018_
LocalGlobal). B) A representation of the psychophysiological index regressors utilized in the gPPI analysis. For each of the three conditions, LTM-guided
attention, STIM-guided attention, and LTM-retrieval, the block design was multiplied by the time-series of each of the 400 nodes separately to create
individual PPI regressors. C) each PPI regressor is used to compute beta values for all possible pairwise comparisons amongst the 400 nodes. D) Beta values
were extracted and sorted using hierarchical clustering available in Conn toolbox. This clustering method groups nodes together based on functional
similarity and anatomical proximity. E) Threshold free cluster enhancement (TFCE) with P < 0.01 is run to correct each node-to-node connectivity pair
for multiple comparisons. F) a node-to-node connectogram is constructed within Conn toolbox that displays clusters of connections between ROIs that
pass TFCE correction.

of the structural and functional data to the MNI template
(MNI152Lin2009cAsym). Several confounding time-series were
calculated based on the framewise displacement (FD), DVARS, and
two region-wise global signals extracted within the cerebrospinal
fluid and white matter. Scans with >3-mm rotation, translation,
or FD were excluded from analyses, resulting in the removal of
one run. More details on fmriprep steps and the packages used
for each are listed in the Supplementary Materials Section 1.

MR data analysis
To compute condition-dependent functional connectivity between
canonical brain networks, we used a general Psychophysiological
Interaction (gPPI) model (McLaren et al. 2012) implemented in
CONN Toolbox (www.nitrc.org/projects/conn; Whitfield-Gabrieli
and Nieto-Castanon 2012; Nieto-Castanon 2020). As a first step,
spatial smoothing (5-mm spherical kernel) was performed before
the denoising process. Outputs from fMRIPrep confounds were
selected as first-level covariates, including six motion parameters
and their first-order derivatives, outlier volumes, CSF, and WM.
Data denoising included these five confounds, the effects of each
condition (LTM-guided attention, memory retrieval, stimulus-
guided attention, fixation period, block cue, and visual-motor
control), linear detrending. Band pass filtering (0.008–0.09 Hz)
was performed after nuisance regression.

The gPPI model consisted of a design matrix with the follow-
ing regressors: (i) the condition regressors formed by convolving
the boxcar function of the condition block with the hemody-
namic response function (HRF), (ii) a BOLD time series regressor

extracted from each node, and (iii) the main regressor of interest,
a PPI value for each condition and node, created via point-by-
point multiplication of the first two regressors (A × B) (Fig. 2A).
We defined nodes using the Schaefer 400 parcellation brain atlas
of the Yeo 17 networks (Schaefer et al. 2018) and employed a node-
to-node connectivity analysis on all 24 subjects using a bivariate
regression with the aforementioned regressors (Fig. 2B). Pairwise
beta values were computed for every possible combination of
node pairings, based on regressing each PPI value against each
node’s time course for each condition. This was followed by
group-level averaging across conditions (STIM-guided attention,
LTM-retrieval, and LTM-guided attention). Beta values represent
changes in functional connectivity between two nodes modulated
by the experimental condition over and above connectivity solely
related to task-activations alone.

Two contrasts were generated (LTM-guided attention > STIM-
guided attention and LTM-guided attention > LTM-retrieval) and
connectivity between nodes of the default mode, cognitive con-
trol, and dorsal attention subnetworks were compared using con-
nectograms generated with CONN Toolbox. Significant clusters
of node-to-node connections were sorted using a fast optimal
leaf ordering technique, which uses hierarchical clustering to sort
each connection into a cluster based on functional similarity
(Bar-Joseph et al. 2001). Clusters were then corrected for multiple
comparisons via Threshold Free Cluster Enhancement (TFCE;
Smith and Nichols 2009) after 1,000 permutations of the data to
compute for each cluster of connections a peak-level family wise
error (FWE)-corrected P-value (P < 0.01).
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Fig. 3. Condition-modulated connectivity between default mode, cognitive control, and dorsal attention network nodes (LTM-guided attention > STIM-
guided attention). A) Significant increases in node-to-node connectivity are shown in red/orange while significant decreases are shown in blue. Darker
colors signify stronger task-modulated connectivity between nodes. Inflated brains beside clusters of nodes offer visualization of the nodes and the Yeo
17-network that they belong to. B) Visualization of node-specific locations and the significant positive connections from all clusters. C) Visualization of
node location and the significant negative connections from all clusters.

Results
Long-term memory-guided attention versus
stimulus-guided attention

We compared task-based functional connectivity during LTM-
guided attention contrasted with STIM-guided attention to
elucidate mechanisms supporting memory-assisted attentional
deployment. Task-based connectivity was computed between
192 nodes from the Schaefer 400 parcellation atlas comprising
8 subnetworks of the default mode, cognitive control, and
dorsal attention networks. We identified 48 nodes, (default mode
A–9, B–2, C–4; cognitive control A–13, B–6, C–6; dorsal attention
A–4, B–4) that displayed significant changes in connectivity
with one another for these contrasts. These nodes and their
connections are displayed as a connectogram in Fig. 3A. Nodes
belonging to each subnetwork are color-coded and numbered
along the diameter of the connectogram. For the names of the
specific nodes that can be mapped onto the connectogram,
see Table 1. From these nodes, we identified 139 significant
connections (p-FWE < 0.01) grouped into 12 main clusters
that were automatically sorted using Bar-Joseph et al’.s opti-
mal leaf ordering algorithm implemented into CONN toolbox
(Bar-Joseph et al. 2001). It is important to note that individual

nodes can belong to more than one cluster, and several nodes
have multiple connections with varying levels of significance.
Clusters of significant increases and decreases in connectivity
are summarized in Supplementary Tables 1A and 1B, respectively,
and detailed below.

Of seven clusters with increases in connectivity, five showed
increased connectivity between posterior default mode subnet-
work with various nodes of the cognitive control and dorsal atten-
tion subnetworks. Specifically, major default mode contributions
stemmed from the posterior precuneus in subnetwork A and
the inferior parietal lobe and retrosplenial cortex in subnetwork
C. Increased connectivity was noted between default mode A
bilateral precuneus and parietal sulcus and prefrontal cortex of
cognitive control A (TFCE > 148.64, P ≤ 0.008). Additionally, the
same precuneus nodes exhibit increases in connectivity with the
superior parietal lobe of dorsal attention A and the precentral
ventral cortex of dorsal attention B (TFCE ≥ 146.26, P ≤ 0.000001).
Bilateral retrosplenial nodes from default mode C also increased
their connectivity with all subnetworks of the cognitive control
network, including lateral prefrontal cortex and inferior parietal
sulcus of cognitive control A (TFCE ≥ 146.36, P ≤ 0.001), and
inferior parietal lobe of cognitive control B (TFCE = 146.36,
P < 0.000001).
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Table 1. Node labels Fig. 3A.

Default mode (DMN), cognitive control (CCN), dorsal attention (DAN)
left hemisphere (LH), right hemisphere (RH)

1. LH precuneus 2—CCN C 25. RH postcentral gyrus 5—DAN B
2. RH precuneus 5—CCN C 26. RH postcentral gyrus 2—DAN B
3. RH inferior parietal sulcus 1—CCN A 27. RH medial prefrontal 6—DMN A
4. RG inferior parietal lobe 4—CCN B 28. RH medial prefrontal 1—DMN A
5. RH superior parietal lobe 4—DAN A 29. RH medial prefrontal 2—DMN A
6. RH inferior parietal sulcus 4—CCN A 30. RH medial prefrontal 4—DMN A
7. RH superior parietal lobe 5—DAN A 31. LH medial prefrontal 3—DMN A
8. RH superior parietal lobe 2—DAN A 32. LH medial prefrontal 1—DMN A
9. RH lateral prefrontal 5—CCN A 33. LH precuneus 3—DMN A
10. RH lateral prefrontal 3—CCN A 34. LH dorsal prefrontal 1—CCN B
11. RH lateral prefrontal 1—CCN A 35. LH temporal lobe 2—CCN B
12. RH medial prefrontal 1—CCN B 36. LH inferior parietal sulcus 4—CCN A
13. LH retrosplenial 3—DMN C 37. LH lateral prefrontal 1—CCN A
14. RH retrosplenial 2—DMN C 38. LH precentral ventral 1—DAN B
15. RH precuneus 1—CCN C 39. LH ventrolateral prefrontal 1—CCN A
16. LH precuneus 1—CCN C 40. LH medial prefrontal 1—CCN B
17. RH precuneus 2—DMN A 41. LH lateral prefrontal 3—CCN A
18. RH precuneus 2—CCN C 42. LH lateral prefrontal 2—CCN A
19. RH inferior parietal lobe 2—DMN C 43. LH inferior parietal sulcus 1—CCN A
20. RH inferior parietal lobe 1—DMN C 44. LH inferior parietal sulcus 3—CCN A
21. LH precuneus 3—CCN C 45. LH inferior parietal lobe 3—CCN B
22. LH precuneus 6—DMN A 46. LH lateral prefrontal 2—DMN B
23. RH postcentral gyrus 1—DAN B 47. LH ventral prefrontal 3—DMN B
24. RH parieto-occipital 1—DAN A 48. LH inferior parietal sulcus 5—CCN A

We also found nodes stemming from the dorsal precuneus
within cognitive control C that exhibited increases in connectivity
primarily within-network, and with the dorsal attention subnet-
works. Specifically, these nodes showed increased connectivity
with the lateral prefrontal cortex of cognitive control A (TFCE
≥ 91.79, P < 0.008), dorsal and medial prefrontal cortex of cognitive
control B (TFCE ≥ 97.97 m P < 0.006), and inferior parietal lobe of
cognitive control B (TFCE ≥ 120.45, P < 0.001). These nodes also
exhibited increased connectivity to the superior parietal lobe
of dorsal attention A and the precentral ventral lobe of dorsal
attention B (TFCE = 148.64, P < 0.000001). Apart from these few
nodes in the superior parietal lobe of subnetwork A and the
precentral ventral cortex of subnetwork B, the dorsal attention
network largely showed decreases in connectivity in this contrast.

Nodes shown as having increased connectivity with one
another are mapped onto an inflated cortical brain in Fig. 3B.
Robust within-network decreases in default mode connectivity
were noted between bilateral precuneus and medial prefrontal
and inferior parietal nodes (TFCE ≥ 93.78, P < 0.008). Notably,
these decreases were also apparent within-subnetwork, as medial
prefrontal nodes and precuneus nodes both fall within default
mode A. Several nodes from the parieto-occipital lobe of dorsal
attention A and the postcentral gyrus of dorsal attention B showed
decreased connectivity with cognitive control subnetworks. From
the parieto-occipital lobe, there was decreased connectivity
with lateral/medial prefrontal and inferior parietal sulcus of
cognitive control A (TFCE ≥ 92.15, P < 0.008), and precuneus nodes
of cognitive control C (TFCE = 145.40, P < 0.00001). Nodes from
postcentral gyrus of dorsal attention B decreased connectivity
with the inferior parietal sulcus of cognitive control A (TFCE
≥ 92.15, P < 0.008) and the precuneus of cognitive control C
(TFCE = 145.40, P < 0.00001). Nodes and connections showing
decreased connectivity are mapped onto an inflated cortical brain
in Fig. 3C.

A group of nine nodes located along the posterior axis of the
precuneus, within default mode A and cognitive control C, exhib-
ited the increased connectivity across cognitive control and dorsal
attention subnetworks. These nodes largely span the ventral por-
tion of the posterior precuneus, just superior to the posterior cin-
gulate cortex, spreading into more dorsal regions and crossing the
border into the Schaefer division of cognitive control C. Along with
retrosplenial cortex, connections including these nodes make up
70% of all significant connectivity results within this contrast,
highlighting the importance of default mode subnetworks, and
the precuneus in differentiating LTM-guided attention from STIM-
guided attention.

Long-term memory-guided attention versus
long-term memory retrieval
We compared task-based functional connectivity during LTM-
guided attention with LTM-retrieval to control for memory recall
and highlight the neural mechanisms facilitating attentional
deployment based on memory. This contrast resulted in 96 nodes
(default mode A–12, B–10, C–6; cognitive control A–19, B–13, C–
8; dorsal attention A–17, B–11) exhibiting significant changes in
connectivity with one another. These nodes and their connections
are displayed as a connectogram in Fig. 4A. Nodes belonging to
each network are color-coded and numbered along the diameter
of the connectogram. For the names of the specific nodes that
can be mapped onto the connectogram, see Table 2. From these
nodes, we identified 399 significant connections, grouped into
38 clusters (p-FWE < 0.01). It is important to note that individual
nodes can belong to more than one cluster, as several nodes
have multiple connections with varying levels of significance.
Clusters of significant increases and decreases in connectivity
are summarized in Supplementary Tables 2A and 2B, respectively,
respectively, with the most prominent connections detailed below.
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Table 2. Node labels Fig. 4A.

Default mode (DMN), cognitive control (CCN), dorsal attention (DAN)
left hemisphere (LH), right hemisphere (RH)

1. RH inferior parietal sulcus 2—CCN A 34. RH frontal eye fields 2—DAN B 65. RH inferior parietal lobe 4—CCN B
2. RH postcentral gyrus 3—DAN B 35. RH frontal eye fields 3—DAN B 66. RH superior parietal lobe 4—DAN A
3. LH inferior parietal sulcus 2—CCN A 36. LH ventrolateral prefrontal—CCN B 67. RH inferior parietal sulcus 1—CCN A
4. LH precuneus 5—DMN A 37. LH inferior parietal lobe 1—CCN B 68. RH superior parietal lobe 2—DAN A
5. LH precuneus 4—DMN A 38. LH inferior parietal lobe 2—CCN B 69. RH superior parietal lobe 5—DAN A
6. RH medial prefrontal 3—DMN A 39. LH temporal lobe 2—CCN B 70. RH inferior parietal lobe 4—CCN A
7. RH medial prefrontal 1—DMN A 40. LH inferior parietal lobe 3—CCN B 71. RH dorsolateral prefrontal 3—CCN B
8. LH medial prefrontal 2—DMN A 41. LH ventrolateral prefrontal 1—CCN A 72. RH lateral prefrontal 2—CCN A
9. LH medial prefrontal 4—DMN A 42. LH medial prefrontal 1—CCN B 73. RH lateral prefrontal 5—CCN A
10. LH medial prefrontal 3—DMN A 43. LH lateral prefrontal 2—CCN A 74. RH lateral prefrontal 1—CCN A
11. LH medial prefrontal 1—DMN A 44. LH lateral prefrontal 3—CCN A 75. RH lateral prefrontal 3—CCN A
12. LH precuneus 3—DMN A 45. LH inferior parietal lobe 1—CCN B 76. RH medial prefrontal 1—CCN B
13. RH precuneus 5—DMN A 46. LH inferior parietal lobe 3—CCN B 77. LH precuneus 2—CCN C
14. RH inferior parietal lobe 1—DMN A 47. LH ventral prefrontal 1—DMN B 78. RH precuneus 5—CCN C
15. LH dorsal prefrontal 1—DMN B 48. LH lateral prefrontal 2—DMN B 79. RH precuneus 2—CCN C
16. LH dorsal prefrontal 4—DMN B 49. LH ventral prefrontal 2—DMN B 80. RH occipitotemporal lobe 1—DAN A
17. LH dorsal prefrontal 2—DMN B 50. LH ventral prefrontal 4—DMN B 81. LH occipitotemporal lobe 2—DAN A
18. RH precuneus 2—DMN A 51. LH dorsal prefrontal 6—DMN B 82. LH parieto-occipital lobe 2—DAN A
19. LH precuneus 3—CCN C 52. LH ventral prefrontal 3—DMN B 83. LH superior parietal lobe 1—DAN A
20. RH precuneus 3—CCN C 53. LH ventral prefrontal 1—DMN B 84. LH superior parietal lobe 3—DAN A
21. RH precuneus 1—CCN C 54. LH temporal lobe 1—CCN A 85. LH superior parietal lobe 6—DAN A
22. LH precuneus 1—CCN C 55. LH inferior parietal sulcus 4—CCN A 86. LH superior parietal lobe 7—DAN A
23. LH retrosplenial 2—DMN C 56. LH inferior parietal sulcus 5–CCN A 87. LH superior parietal lobe 5—DAN A
24. LH retrosplenial 3—DMN C 57. LH occipitotemporal lobe 3—DAN A 88. LH superior parietal lobe 4—DAN A
25. RH retrosplenial 2—DMN C 53. LH postcentral gyrus 2—DAN B 89. LH occipitotemporal lobe 4—DAN A
26. LH inferior parietal lobe 1—DMN C 54. LH postcentral gyrus 3—DAN B 90. LH frontal eye fields 1—DAN B
27. LH dorsal prefrontal 1—CCN B 58. LH lateral prefrontal 1—CCN A 91. LH frontal eye fields 3—DAN B
28. LH postcentral gyrus 7—DAN B 59. LH ventral prefrontal 2—CCN A 92. RH frontal eye fields 1—DAN B
29. RH inferior parietal lobe 2—DMN C 60. LH frontal eye fields 2—DAN B 93. RH superior parietal lobe 6—DAN A
30. RH inferior parietal lobe 1—DMN C 61. RH dorsolateral prefrontal 4—CCN B 94. RH superior parietal lobe 7—DAN A
31. RH precuneus 4—CCN C 62. RH dorsal prefrontal 1—CCN A 95. RH parieto-occipital lobe 3—DAN A
32. RH postcentral gyrus 6—DAN B 63. RH dorsolateral prefrontal 1—CCN B 96. RH superior parietal lobe 1—DAN A
33. RH superior parietal lobe 8—DAN A 64. RH dorsolateral prefrontal 2—CCN B

For a full list of node-to-node connections falling under each
cluster, see Supplementary Table 2.

Widespread, cross-subnetwork increases in connectivity were
noted in this contrast. Specifically, increased dorsal attention con-
nectivity was much more prominent than in LTM-guided > STIM-
guided. From dorsal attention A and B, we noted increased connec-
tivity from the superior parietal lobe and postcentral gyrus with
the precuneus and inferior parietal lobe stemming from cognitive
control C (TFCE ≥ 98.04, P < 0.00008) and the lateral prefrontal
cortex from cognitive control A (TFCE ≥ 120.58, P < 0.001). Addi-
tionally, the superior parietal lobe exhibited increased connectiv-
ity with precuneus nodes within default mode A (TFCE ≥ 107.50,
P ≤ 0.0003). Nodes from frontal eye fields in dorsal attention B
exhibited increased connectivity with lateral prefrontal cortex of
cognitive control A (TFCE = 545.21, P < 0.00001), the precuneus of
cognitive control C (TFCE≥130.52, P < 0.00001), and the inferior
parietal lobe along default mode C (TFCE > 125.18, P < 0.00001).

From default mode C, retrosplenial cortex exhibited increased
connectivity with nodes across the lateral and medial prefrontal
cortex in cognitive control A and B (TFCE≥184.02, P < 0.00001)
and nodes from parieto-occipital cortex in dorsal attention A
(TFCE≥217.17, P < 0.00001). Additionally, nodes extending from
dorsal-ventral prefrontal cortex from default mode B had a
more prominent role in this contrast, increasing connectivity
mainly with the precuneus of cognitive control C (TFCE≥207.52,
P < 0.00001).

A set of nodes along the bilateral inferior parietal lobe and
sulcus at the border of cognitive control A and C and default mode
C accounted for roughly 42% of the connections in this contrast.
These nodes showed increased connectivity across all three
networks, including within-network increases in connectivity.
In addition to the connections discussed above, increased
connectivity was noted from these inferior parietal nodes with
lateral prefrontal cognitive control A (TFCE≥164.15, P < 0.00001),
and lateral and dorsal prefrontal default mode B (TFCE≥416.07,
P < 0.00001). Additionally, they displayed increased connectivity
with retrosplenial cortex of default mode C (TFCE≥130.52,
P < 0.00001) and precuneus of cognitive control C (TFCE≥104.68,
P < 0.00005).

Decreased connectivity was noted mainly between the cogni-
tive control and default mode subnetworks and within-default
mode subnetwork. Specifically, adjacent nodes of the precuneus,
split between the two networks, showed decreased connectivity
with one another (TFCE≥144.92, P ≤ 0.00001). Additionally, nodes
of the prefrontal cortex split between default mode B and cog-
nitive control A and B exhibited decreased connectivity as well
(TFCE = 151.25, P ≤ 0.00001). Decreased within-default mode con-
nectivity was also seen, primarily between the inferior parietal
lobe and retrosplenial cortex of subnetwork C and the medial
prefrontal cortex of subnetwork A (TFCE = 125.95, P < 0.00001).
Nodes and connections that showed decreased connectivity are
mapped onto an inflated brain in Fig. 4C.
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Fig. 4. Condition-modulated connectivity between default mode, cognitive control, and dorsal attention network nodes (LTM-guided attention > LTM-
retrieval). A) Significant increases in node-to-node connectivity are shown in red/orange while significant decreases are shown in blue. Darker colors
signify stronger task-modulated connectivity between nodes. Inflated brains beside clusters of nodes offer visualization of the nodes and the Yeo 17-
network that they belong to. B) Visualization of node-specific locations and the significant positive connections from all clusters. C) Visualization of
node location and the significant negative connections from all clusters.

In this contrast, the additional increased connectivity from
postcentral gyrus, frontal eye fields, and ventral nodes of the
precentral gyrus suggest an increase in dorsal attention network
contribution to attentionally demanding components of the task.

Discussion
We investigated how subnetwork- and node-specific functional
connectivity facilitates LTM-guided attention in the human brain.
Our study identified a specific role for brain regions along the
posterior dorsal midline of the brain contributing to LTM-guided
attention that persists when controlling for other modes of visu-
ally guided attention and memory recall processes. Specifically,
we contrasted LTM-guided attention > STIM-guided attention
to isolate processes around LTM guided deployment of atten-
tion. Here, we noted primary increases in connectivity between
posterior regions of cognitive control and default mode subnet-
works both within- and across-subnetworks of each overarching
network (Fig. 5A), emphasizing the importance for flexible inte-
gration between these posterior nodes in facilitating processes
specific to the memory demands of the task. We further con-
trasted LTM-guided attention > LTM-retrieval to isolate atten-
tional demands of the task and saw an increase in integration of

dorsal attention subnetworks with cognitive control subnetworks
(Fig. 5B). Therefore, we suggest that across-network communica-
tion from dorsal attention regions facilitates the visuo-spatial and
attentional demands of the task.

The posterior precuneus and LTM-guided
attention
Increased connectivity in both contrasts (LTM-guided attention >

STIM-guided attention and LTM-guided attention > LTM-retrieval)
was seen along the dorsal-ventral axis of the posterior precuneus
spanning into both default mode C and cognitive control C. The
strip of the postero-dorsal precuneus identified during LTM-
guided > STIM-guided attention is nearly identical to that of
the region we found in our previous analysis, identified as part
of the cognitive control network (Rosen et al. 2018). Here, we
were also able to isolate the portion of the precuneus that falls
within the default mode network. This allows for a comprehensive
view of activity along the posterior axis of the precuneus that
forms a functional gradient beginning above the border of the
cognitive control network and traveling ventrally into default
mode network. Previous research has found increased functional
connectivity between the precuneus and cognitive control brain
regions during attentionally demanding tasks (Leech et al. 2012;
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Fig. 5. Conceptual figure illustrating main network interactions resulting from each of the contrasts. Networks are color coded based on the Yeo 17
colors shown in Figs 3 and 4. Prominent nodes of the contrast are denoted by larger dots on the brain. Significant but less recurring nodes are denoted
by smaller dots. Solid lines indicate increased connectivity between two nodes for a) LTM-guided > STIM-guided attention, and B) LTM-guided attention >

LTM-retrieval. dotted lines indicate decreased connectivity between two nodes for C) LTM-guided > STIM-guided attention, and D) LTM-guided attention
> LTM-retrieval. notably, LTM-guided > STIM-guided attention seems to employ connectivity from posterior nodes of the memory-attention network,
while LTM-guided attention > LTM-retrieval highlights a role for brain regions involved in visuospatial and external processing.

Utevsky et al. 2014; Li et al. 2019; Lyu et al. 2021). One such
study found that reward-based task-performance resulted in
increased functional connectivity between the precuneus to
left frontal and parietal brain regions within cognitive control
network, which decreased during resting-state, as the precuneus
integrated back within the default mode network (Utevsky et al.
2014). Our results suggest a similar finding within a distinct sub-
region of the precuneus, as the posterior precuneus of default
mode C decreases within-network connectivity to medial and
lateral prefrontal default mode A and B during the task (Fig. 5C).
Additionally, these nodes are less involved in our LTM-guided
> LTM-retrieval contrast, and the noted decreased connectivity
within-subnetwork no longer persists (Fig. 5D), suggesting that
their primary role lies in memory recall. As both contrasts show
increased connectivity stemming from the precuneus of cognitive
control C, this suggests a critical role of this brain region in long-
term memory (LTM-guided > STIM-guided attention), and more
specifically in the process of guiding attention based on memory
(LTM-guided attention > LTM-retrieval).

The precuneus is a multi-faceted brain region with subdivi-
sions that serve as functionally distinct hubs and is suggested to
be a core region of parietal memory networks (Ritchey et al. 2015;
Gilmore et al. 2015, 2021; Inhoff and Ranganath 2017;

McDermott et al. 2017; Rosen et al. 2018). In a navigational
fMRI study where objects appeared in both consistent and non-
consistent locations throughout trajectories, the precuneus was
activated
during the consistent object-location condition, supporting
object-location memory formation in the parietal cortex (Brodt
et al. 2016). Given its implied role in both internally- and
externally guided processes, recent work has attempted to
functionally subdivide the precuneus. A large-scale analysis
of structural, resting-state, and task data found that dorsal
and ventral portions of the precuneus operate in causal loops,
interpreting external information based on a continuously
updated internal model (Lyu et al. 2021). Additionally, they found
greater task-based connectivity from the ventral precuneus to
brain regions implicated in internal processing (i.e. episodic
memory), and greater connectivity from dorsal precuneus to
brain regions implicated in cognitive control (Lyu et al. 2021). The
precuneus nodes in our results closely align with the divisions
identified by Lyu et al., highlighting its role in the internal
processing necessary for long-term memory recall.

By combined resting-state functional connectivity analyses
from non-human and human primates, Marguilies et al.
identified four precuneus subdivisions based on their preferential
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connections (Margulies et al. 2009). The precuneus nodes we
identify here largely fall into two of the sub-divisions reported by
Margulies et al.: the “limbic” and “cognitive” divisions (2009). The
Margulies et al. limbic subdivision has connections with brain
regions involved in self-referential processing. This subdivision
encompasses the most ventral nodes of our precuneus finding,
immediately superior to the posterior cingulate, connecting to the
lateral prefrontal cortex. The Margulies et al. cognitive subdivision
is differentiated based on connections with frontoparietal brain
regions implicated in cognitive control and aligns with our
postero-dorsal precuneus nodes within cognitive control C.
Considering these distinct subdivisions, our results provide
further evidence that the posterior precuneus forms a gradient of
connectivity from dorsal nodes of the cognitive control network
to ventral nodes of the default mode network. We suggest this
gradient plays a key role in LTM-guided attention by integrating
internal mechanisms of memory with the external processing
of incoming visual information necessary for deployment of
attention.

Dorsal attention subnetworks facilitate
attentional demands
Our previous results identified several brain regions spanning
both the cognitive control and the dorsal attention networks
facilitating various aspects of LTM- and STIM-guided attention
(Rosen et al. 2015; 2016; 2018). In our LTM-guided attention >

STIM-guided attention contrast, we note decreased connectivity
from postcentral gyrus and superior parietal lobe of the dorsal
attention subnetworks A and B with subnetworks across default
mode and cognitive control. However, when contrasting LTM-
guided attention > LTM-retrieval, we see a prominent role for
dorsal attention subnetworks in facilitating attentional demands
of the task. The dorsal attention network has been implicated
primarily in tasks involving externally directed attention, activat-
ing based on goals of the task and the saliency of the stimulus
(Corbetta and Shulman 2002). While brain regions from dorsal
attention subnetworks play a minimal role in the long-term mem-
ory component of LTM-guided attention, isolating the mecha-
nisms whereby attention is deployed results in an increase of
dorsal attention node connectivity. Precentral ventral and parieto-
occipital nodes from subnetwork A and postcentral gyrus and
frontal eye field nodes from subnetwork B showed increased
connectivity across subnetworks of the cognitive control network
and the default mode network. Our results suggest that contribu-
tions from these subnetworks are specifically important for the
direction of attention from memory.

Posterior parietal cortex as a relay between
internal and external demands
In both contrasts, and most prominently in the LTM-guided >

LTM-retrieval contrast, we noted several increases in connectivity
from a group of nodes that border the bilateral inferior parietal
lobes and sulci along both the cognitive control and default mode
networks. Additionally, retrosplenial cortex from default mode
C increased connectivity across all canonical brain networks.
Combined with our posterior precuneus findings, we suggest
a role whereby these posterior midline brain regions facilitate
attention towards external spatial locations based on the retrieval
of an internal memory representation. This suggestion is in line
with anatomical studies of the macaque brain have shown exten-
sive projections between memory-relevant regions of the medial
temporal lobes and the posterior parietal cortex, specifically
the retrosplenial cortex which is crucial for episodic memory

(Kobayashi and Amaral 2003; 2007), as well as a resting-state
connectivity study proposing that the retrosplenial cortex acts
as a memory gateway, facilitating communication from the
medial temporal lobes to the neocortex, specifically posterior
cortical regions of the default mode network (Kobayashi and
Amaral 2003; 2007). Additionally, a recent meta-analysis of
neuroimaging studies of the retrosplenial cortex identified
functional subdivisions whereby anterior regions are associated
with episodic memory and posterior regions associated with scene
detection and navigational processes (Chrastil et al. 2018). Further,
a review of this region (Alexander et al. 2022) aligns well with
our suggestion that this and other posterior brain regions (i.e.
precuneus) contribute to the balance between external attention
and internal memory representation.

Memory-attention network and LTM-guided
attention
Our previous research highlighted cognitive control and dorsal
attention network contributions to LTM-guided attention. Specif-
ically, activation in posterior precuneus, posterior callosal sulcus,
and lateral intraparietal sulcus was found to be stronger during
LTM-guided attention than STIM-guided attention (Rosen et al.
2016; 2018). We highlighted these regions in conjunction with a
set of bilateral subcortical regions as components of a Memory-
Attention Network (Rosen et al. 2018). Our current results empha-
size the role of two of these parietal regions, specifically the
posterior precuneus of cognitive control C, and lateral intra-
parietal area of cognitive control A and C, in increasing cross-
network connectivity to facilitate LTM-guided attention. Contrary
to our previous findings, in the present analysis we do not find
any significant contributions from the posterior callosal sulcus.
Previous work from our lab suggests that within the cognitive
control network, the posterior callosal sulcus is relatively isolated.
Resting-state functional connectivity demonstrated that posterior
callosal sulcus is primarily linked to the cognitive control network
via connectivity with the lateral parietal sulcus and the posterior
precuneus. Results showed very little connectivity with the pre-
frontal regions of the cognitive control network (Rosen et al. 2016;
Supplemental Fig. 2a). In conjunction with the current findings,
we suggest that this region might play less of a dominant role,
connecting primarily to the to the posterior precuneus, which
connects broadly across subnetworks.

Previously, our investigation into default mode-specific regions
found no main effects with respect to neural activation during
different conditions, with many default mode regions decreas-
ing activation during LTM-guided attention (Rosen et al. 2016).
The higher resolution and node-specificity of the current anal-
ysis allowed us to examine condition-dependent functional con-
nectivity within subnetworks of the default mode network at a
finer scale. Here, we also see a selection of nodes from default
mode C more ventrally within the posterior precuneus, extending
as far down as retrosplenial cortex, contributing to LTM-guided
attention by increasing their connectivity across cognitive control
subnetworks in the prefrontal cortex and inferior parietal lobe.
Importantly, in our previous results, when contrasting LTM-guided
attention > STIM-guided attention, we did observe activation that
fills the full boundaries of the posterior precuneus and extends
more ventrally into the retrosplenial cortex, aligning with the
nodes identified in the present study (Fig. 2A of Rosen et al. 2018).

Additionally, the inferior parietal lobe on the lateral surface
holds nodes belonging to default mode C, which are adjacent
to nodes of cognitive control B and the inferior parietal sulcus
of cognitive control C. These nodes showed widespread changes
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in connectivity across subnetworks, primarily in the LTM-guided
attention > LTM-retrieval contrast, suggesting that these regions
may primarily contribute to the deployment of attention neces-
sary for LTM-guided attention. The fine-grained resolution of the
present analysis helps define the roles of neighboring cognitive
control and default mode subregions. These findings emphasize
a role for our previously proposed Memory-Attention Network
(Rosen et al. 2018), which falls within the canonical cognitive
control network, and further expands this network to include
adjacent nodes from the default network, including the posterior
precuneus, lateral inferior parietal lobe, and retrosplenial cortex.
These results suggest that nodes from the cognitive control and
default mode networks work in concert to support memory- and
attention-dynamics relevant for LTM-guided attention and there-
fore may also contribute to our previously proposed Memory-
Attention Network (Rosen et al. 2018).

Conclusions
The present study identifies network-based and node-specific
interactions that facilitate different components of LTM-guided
attention. We propose that individual nodes of the posterior pre-
cuneus facilitate the process of attending to a visual object based
on long-term memory. Specifically, task-based connectivity from
postero-dorsal and postero-ventral precuneus to nodes within
the cognitive control and dorsal attention systems appears to be
critical for directing visuo-spatial attention based on memory. We
find that the nodes along the ventral region of the precuneus
functionally connect to brain regions involved in internal pro-
cessing, while nodes in the dorsal portion increases functional
connectivity to regions involved in cognitive control. Given the
decoupling of the posterior precuneus with the rest of the default
mode network when controlling for attention and mnemonic
demands, respectively, we suggest that this subdivision is impor-
tant for the integration of external, attentionally driven infor-
mation with internal, self-referential processes. Additionally, we
propose that other posterior parietal brain regions support both
internally relevant and externally attentive demands specific for
this process. For example, the retrosplenial cortex appears to play
a role in memory-relevant processes while the inferior parietal
lobes appear to facilitate attentional demands. These findings
are in line with literature that supports functionally distinct
subnetworks within the canonical resting-state networks that
fractionate based on task demands. Additionally, we find evi-
dence that parietal regions of default mode and cognitive control
subnetworks work in conjunction to facilitate memory-specific
demands. We also found that connectivity between cognitive
control and dorsal attention subnetwork underlies the attentional
demands required of LTM-guided attention. This study builds off
previous work, demonstrating that in addition to differences in
functional recruitment, these three networks and their subnet-
works exhibit task-related fluctuations in functional connectivity
to support LTM-guided attention.
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