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Abstract

■ Individuals differ in their ability to sustain attention. How-
ever, whether differences in sustained attention reflect differ-
ences in processes related to attentional control and working
memory or long-term memory (LTM) remains underexplored.
In Experiment 1, we conducted an online study (n = 136)
measuring participants’ sustained attention, attention control
and working memory, and LTM. We measured sustained atten-
tion with an audiovisual continuous performance task in
which participants responded to images while inhibiting
responses to infrequent targets; attention control and working
memory with flanker, change localization, and Simon tasks;
and LTM with recognition and source memory tests. Factor
analyses revealed that sustained attention formed a distinct
factor from attention control and working memory and LTM.

Individual differences in the Sustained attention factor
robustly predicted individual differences in LTM and, to a
lesser extent, attention control and working memory. In
Experiment 2, to test how neural signatures of sustained atten-
tion related to attention control and working memory and
LTM, we analyzed fMRI functional connectivity patterns col-
lected as 20 participants performed the audiovisual continuous
performance task. A pretrained connectome-based model of
sustained attention predicted participants’ performance on
out-of-scanner LTM tasks, but not attention control and work-
ing memory tasks. Together, these results suggest that individ-
ual differences in sustained attention, although correlated with
attention control and working memory, are more closely
related to LTM. ■

INTRODUCTION

“Everyone knows what attention is.” Over a century ago,
William James (1890) described the concept of attention
in The Principles of Psychology. He defined attention as
the ability to concentrate on targets and effectively inhibit
distractors, which he saw as essential for higher-level
processes such as memory and learning ( James, 1890).
Importantly, James also emphasized that voluntary atten-
tion could not be sustained for “more than a few seconds
at a time.” Instead, he saw the goal of sustaining attention
as successively bringing relevant items back into mind.
Mirroring these descriptions of attention by James
(1890), contemporary research divides visual attention
into multiple subcomponents including sustained atten-
tion (SA) and attentional control (Rosenberg & Chun,
2020; Chun, Golomb, & Turk-Browne, 2011).
One line of attentional research has focused on partici-

pants’ ability to focus on task goals throughout a longer
timeframe or sustain attention (Esterman & Rothlein,
2019). SA fluctuates across various time scales (Rosenberg,
2026; Rosenberg et al., 2020) and is typically measured
with continuous performance tasks (CPTs), in which
participants are instructed to respond to frequent targets
and inhibit response to infrequent nontargets (Rosenberg,
Noonan, DeGutis, & Esterman, 2013; Robertson, Manly,

Andrade, Baddeley, & Yiend, 1997). In assessing SA, errors
in responding to infrequent nontargets are considered
lapses in attention, whereas greater variability in RTs is
indicative of lower attentional states (Chidharom, Krieg,
& Bonnefond, 2021; Esterman, Noonan, Rosenberg, &
DeGutis, 2013; Rosenberg et al., 2013).

In studying another aspect of attention, attentional
control, researchers have primarily focused on how indi-
viduals prioritize task-relevant information, effectively
attending to targets and filtering out distractors
(Burgoyne, Tsukahara, Mashburn, Pak, & Engle, 2023).
Tasks measuring attentional control abilities often require
participants to resolve conflicting cognitive and motor
demands (Draheim, Pak, Draheim, & Engle, 2022) or
detect targets amidst multiple distractors (Martin et al.,
2021). Researchers have argued that this ability impacts
complex cognitive task performance (Burgoyne & Engle,
2020). The ability to control attention is closely related
to the function of working memory, a short-term memory
store that deals with the maintenance of targets and the
filtering of distractors (Vogel, McCollough, & Machizawa,
2005). Suggesting that these two processes share common
neural mechanisms, a multivariate classifier trained on
fMRI data to predict attentional selection can also decode
working memory content (Zhou, Curtis, Sreenivasan, &
Fougnie, 2022). Crucially, individual differences in
working memory capacity have been shown to predict
performance on attentional control tasks, including the1University of Chicago, 2Yale University
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antisaccade task, Stroop task, and flanker task (Meier &
Kane, 2017; Unsworth, Fukuda, Awh, & Vogel, 2014;
Colom, Abad, Quiroga, Shih, & Flores-Mendoza, 2008;
Schweizer & Moosbrugger, 2004; Kane, Bleckley, Conway,
& Engle, 2001). Given the strong correlations among these
measures, we combined them into a single attentional
control and workingmemory factor for our analyses, while
still reporting correlations for each individual working
memory and attentional control task.

Because SA is often studied separately from attentional
control and working memory, an open question is how
they are related to each other. One possibility is that vari-
ance in SA and attentional control is highly overlapping.
Supporting this perspective, one study measured perfor-
mance on multiple attention tasks, including complex
working memory and attentional control tasks, and found
evidence for a general attention factor, although it did not
test SA (Huang, Mo, & Li, 2012). In addition, individual
differences in both SA (Corriveau, Ke, Terashima, Kondo,
& Rosenberg, 2025) and attentional control (Zhao &
Vogel, 2025a, 2025b) predict long-termmemory (LTM) dif-
ferences, suggesting that both forms of attention play sig-
nificant roles in the formation and maintenance of LTM.
Although behavioral evidence suggested that these two
attentional processes may share overlapping variance,
fewer neural studies have explored the relationship
between SA and attentional control.

However, emerging neuroimaging research has begun
to suggest that common functional brain networks may
support multiple forms of attention. A growing body of
work uses individual differences in patterns of fMRI func-
tional brain connectivity—coordinated activity between
spatially distinct brain regions—to predict individual dif-
ferences in task performance and behavior (Shen et al.,
2017; Finn et al., 2015). To construct the model, whole-
brain fMRI data were grouped into nodes, and the func-
tional connections between these nodes were used to
train and predict cognitive abilities. This work has
revealed, for example, that functional connectivity pat-
terns reliably predict abilities such as SA in novel individ-
uals and data sets (Rosenberg, Finn, et al., 2016). The same
model that predicts individual differences in SA task
performance also predicted overall performance on the
attention network task, which assesses alerting, orienting,
and executive control (Rosenberg, Hsu, Scheinost, Todd
Constable, & Chun, 2018). Furthermore, a similar
connectome-based model trained to predict performance
on a sustained attentional task (i.e., CPT) predicted perfor-
mance on attentional control and working memory tasks
(Avery et al., 2020).

An alternative perspective is that SA and attentional con-
trol, although related, are distinct types of attention. Spe-
cifically, SA affects the monitoring of ongoing cognitive
processes, whereas attentional control is more closely
related to task switching and working memory capacity
(Chun et al., 2011). Empirical evidence supporting this
claim has shown that lapses in attention, measured

through in a psychometric vigilance task requiring partic-
ipants to respond to changes in color on the screen for 5–
10 min, SA to cues, and whole-report working memory
tasks, form a distinct factor from attentional control
measured with Stroop and visual search tasks (Unsworth,
Robison, & Miller, 2021). Crucially, a two-factor model
with distinct attentional control and lapse factors outper-
formed a one-factor attention model, suggesting that a
separate lapse factor would fit the empirical data better
than combining both forms of attention into one factor.
However, whether attentional control and SA play similar
roles in affecting visual LTM differences remained
unresolved.
Our primary goal was to characterize individual differ-

ences in SA, attention control and working memory, and
LTM. First, with an online sample (n = 136), we asked
whether and how individual differences in SA reflected dif-
ferences in attentional control and working memory. We
next tested whether SA explained unique variance in LTM
differences even when accounting for attentional control
differences, given that SA (Corriveau et al., 2025) and
attention control and working memory (Zhao & Vogel,
2025a) predict incidental and intentional LTM, respec-
tively. Second, using fMRI data from a distinct sample of
20 individuals, we tested whether a validated connectome-
based model of SA predicted out-of-scanner SA, attention
control and working memory, and LTM performance long
after participants were scanned (0.5–1.5 years). Collec-
tively, this work fills the gap in understanding how SA,
both behaviorally (Experiment 1) and neurally (Experi-
ment 2), is related to attentional control, workingmemory,
and LTM.

EXPERIMENT 1 (BEHAVIORAL)

In Experiment 1, we aimed to examine relationships
between SA, attention control, working memory, and
LTM. Some studies have proposed that attentional perfor-
mance might be explained by a single underlying factor
(i.e., Huang et al., 2012), whereas other research indicated
that SA and attentional control may be distinct constructs
(i.e., Unsworth et al., 2021). With an online sample (n =
136), we are able to dissect the latent psychological factors
underlying performance on seven attention and memory
tasks through both exploratory and confirmatory factor
analyses. The sample size was estimated based on a
medium effect size (Zhao & Vogel, 2025b; r = .3) from
prior research, with power = 0.9 (estimated n = 113).

Methods

SA Task

In Experiment 1, data were collected from an online plat-
form (Prolific). We recruited participants who were living
in the United States and 18–35 years old, with normal or
corrected-to-normal vision, no color blindness, no
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ongoing psychological and neurological disorder, and 90%
or above approval rate for previous studies. One hundred
fifty participants were recruited, and 136 participants per-
formed numerically above chance for all tasks (inclusion
criteria used in Burgoyne et al., 2023; Zhao, Vogel, &
Awh, 2023; mean age = 28.57 years). Study procedures
were approved by the University of Chicago institutional
review board, and participants were compensated ($15/hr)
for their participation.
During the SA task phase of the study, participants com-

pleted a 10-min audiovisual CPT (avCPT; Corriveau et al.,
2025; see Figure 1G). Throughout the avCPT, trial-unique
images and sounds were presented simultaneously, with
images displayed for 1 sec each and sounds lasting 1 sec
with a 200-msec intertrial interval to distinguish individual
sounds. Each task run included 500 trials, with images of
indoor and outdoor scenes sourced from the SUN image
database (Xiao, Hays, Ehinger, Oliva, & Torralba, 2010)
and sound stimuli consisting of natural and manmade
sounds cropped to 1 sec fromonline databases. Full details
on stimulus curation are provided in Corriveau et al.
(2025). Participants were instructed to press a button for
frequent stimuli (90%) from the task-relevantmodality and
to withhold a response for infrequent stimuli (10%). The
nonrelevant modality stimuli were to be ignored. All
participants in Experiment 1 were assigned to the visual
condition, responding to images and ignoring sounds.
The frequent stimulus category was counterbalanced
across participants (i.e., indoor vs. outdoor). Correct
responses for frequent trials required a button press
before the onset of a new stimulus (within 1200 msec of
trial start). Performance during the avCPT was calculated
as sensitivity (d0), as well as RT consistency (reciprocal of
the variation of RTs, 1/(variance RT/mean RT)).

Visual and auditory memory task for avCPT stimuli.
After the avCPT, participants underwent recognition
memory test ing for the st imul i presented (see
Figure 1G). Recognition for stimuli in the task-relevant
modality (images in Experiment 1) was assessed first,
followed by recognition for stimuli in the task-irrelevant
modality (sounds). Each memory task, for both task-
relevant and task-irrelevant stimuli, consisted of 150 trials
(75 old and 75 new). In each task, memory stimuli
included 25 old stimuli from the frequent category, 25
old stimuli from the infrequent category, 25 stimuli that
had been paired with the infrequent category of the oppo-
site modality (always from the frequent category of the
modality being tested), and 75 category-matched foil
stimuli. Participants reported their confidence in their rec-
ognition memory on a scale from 1 to 4 (1 = definitely
new, 2 = maybe new, 3 = maybe old, 4 = definitely
old). The memory task was self-paced, ending each trial
after a memory judgment was made. However, to prevent
participants from pausing and resuming after an extended
period, memory trials timed out if no response was made
within 20 sec. Timed-out trials were excluded from

analyses. Images remained on the screen until a memory
judgment was made. Sounds were presented at the trial’s
onset, and participants were able to replay sounds asmany
times as needed before making a memory judgment.

Attention Control Tasks

Flanker square. The flanker square task was adapted
from the flanker task (Burgoyne et al., 2023; see
Figure 1C). In each trial, participants were presented with
a target stimulus and two possible response options, both
consisting of sets of five arrows arranged horizontally (e.g.,
< < > < <). Participants were instructed to choose the
response option where the middle arrow aligned in direc-
tionwith the outer arrows of the target stimulus. For exam-
ple, if the target stimulus displayed arrows pointing left
and right (e.g., < < > < <), participants were to select
the response option with a central arrow pointing left
(e.g., > > < > >). Thus, the task required participants
to focus on the outer arrows of the target stimulus and
the central arrow of the response options, while ignoring
the central arrow of the target stimulus and the outer
arrows of the response options. Each participant com-
pleted 30 sec of practice followed by a 90-sec test phase.
The flanker square score was calculated as the difference
between the number of correct and incorrect responses.
Higher scores in flanker square corresponded to better
attentional control abilities.

Simon square. The Simon square task was adapted from
the Simon task (Burgoyne et al., 2023; see Figure 1D). In
each trial, participants were presented with a target stim-
ulus, an arrow, and two response options: the words
“RIGHT” and “LEFT.” Participants were instructed to select
the response option that matched the direction indicated
by the arrow. For example, if the arrow pointed to the left,
participants would choose the response option with the
word “LEFT.” The target stimulus and response options
could appear on either side of the screen with equal prob-
ability. Therefore, participants needed to focus on the
direction of the arrow while interpreting the response
options’ meaning, ignoring the screen’s side where the
stimuli appeared. Each participant completed 30 sec of
practice followed by a 90-sec test phase. The Simon square
score was calculated as the difference between the num-
ber of correct and incorrect responses. Higher scores in
the Simon square task corresponded to better attentional
control abilities.

Working Memory Tasks

Change localization. The change localization task was
derived from the color change localization task utilized
in previous studies (Zhao et al., 2022; see Figure 1A). In
each trial, six colored squares were presented simulta-
neously for 250 msec, followed by a blank retention inter-
val of 1000 msec. Subsequently, the same six squares
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reappeared in their original positions, with one color
altered to a hue not previously presented in that trial. Each
square was numbered from 1 to 6, and participants were
instructed to press the corresponding key to identify the

square that had changed color. The spatial arrangement of
the six numbers was randomized across trials. Our behav-
ioral measure of interest was accuracy in the change local-
ization task.

Figure 1. Working memory, attentional control, LTM, and SA tasks used in Experiment 1. (A) Schema of the change localization task (adapted from
Zhao, Vogel, & Awh, 2023). (B) Schema of the filtering change localization task (adapted from Zhao & Vogel, 2025a). (C) Schema of the flanker
square task (adapted from Burgoyne et al., 2023). (D) Schema of the Simon square task (adapted from Burgoyne et al., 2023). (E) A sample of the
source memory paradigm (adapted from Zhao & Vogel, 2025a). (F) A sample of the recognition memory paradigm (adapted from Zhao & Vogel,
2025a). (G) A sample of the avCPT task with visual stimuli as the relevant stimuli (adapted from Corriveau, Yoo, Kwon, Chun, & Rosenberg, 2023).
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Filtering change localization. The filtering change local-
ization task was adapted from the filtering change detection
task (Martin et al., 2021; Luck & Vogel, 1997; see Figure 1B).
In each trial, a word, either “RED” or “BLUE,” indicating the
color of the items to be attended to (the selection instruc-
tion) was presented for 200 msec, followed by a 100-msec
interval. Subsequently, 10 barswere displayed for 250msec,
with half of them in the designated color, creating a set size
5 condition. After a 900-msec delay, only the bars in the
attended color reappeared. During the test phase, one of
the bars changed its orientation compared to the encoding
phase. Participants were required to identify which one of
the five bars had changed its orientation. This filtering local-
ization phase was composed of 60 trials. Our behavioral
measure of interest was the accuracy in the filtering change
localization task.

LTM Tasks

Recognition memory task (behavioral) data acquisition.
In the study phase, participants were presented with 100
images of real-world objects (see Figure 1E). The average
picture size was approximately 4.6° × 4.6° of visual angle,
assuming a viewing distance of 80 cm from the screen.
Each image was centered on the screen during both the
study and test phases.
Each trial in the study phase began with a 250-msec fix-

ation cross, followed by the display of an image at the
center of the screen for 3000 msec. In the test phase, par-
ticipants were presented with 100 pairs of images, one on
the left side of the screen and the other on the right side.
Each pair consisted of one image from the study phase and
one novel image. Participants performed a two-alternative
forced-choice task to identify which image had been pre-
sented during the study phase.
Each test phase trial began with a 250-msec fixation

cross, followed by the presentation of the test images until
the participant made a button press to indicate their old
versus new response and confidence level. Participants
used the number keys on a keyboard to indicate their

confidence and which image was previously studied: the
number keys 1 and 2 for the left-side image with high
and low confidence, respectively, and the number keys 9
and 8 for the right-side image with high and low confi-
dence, respectively. The stimuli were sourced from a pre-
viously published set of real-world objects (Brady, Konkle,
Alvarez, &Oliva, 2008). Our behavioral measure of interest
was the accuracy in the recognition memory task.

Source memory task (behavioral) data acquisition.
During the study phase, participants were presented with
30 images of real-world objects, each averaging approxi-
mately 4.6° × 4.6° of visual angle, assuming a viewing dis-
tance of 80 cm from the screen (Zhao & Vogel, 2025a,
2025b; see Figure 1F).

Each trial in the study phase began with a 500-msec fixa-
tion cross, followed by the display of an image at the center
of the screen for 2000 msec. Participants were instructed to
memorize both the visual appearance and the spatial loca-
tion of each image. In the test phase, participants were pre-
sented with the same 30 images, one at a time, and were
asked to press W/E/S/D to indicate which quadrant the
image was originally located in (W for upper left, E for
upper right, S for lower left, and D for lower right).

Each test phase trial began with a 500-msec fixation
cross, followed by the presentation of the test image at
the center of the screen until the participant made a button
press to record their sourcememory response. The stimuli
were drawn from a previously published set of real-world
objects (Brady et al., 2008). Our behavioral measure of
interest was the accuracy in the source memory task.

Results

Individual Differences in SA Predict Attentional Control,
Working Memory, and LTM Measures

We first investigated if individual differences in SA were
related to attentional control, working memory, and LTM
(see Table 1 for descriptive statistics). Our first metric of
SA was avCPT d0. A higher d0 suggested that participants

Table 1. Descriptive Statistics of All Task Performance Measures Used in Experiment 1

Task Mean SD Skewness Kurtosis

Simon square accuracy (# correct − # incorrect) 38.82 17.56 −0.89 0.34

Flanker square accuracy (# correct − # incorrect) 19.79 14.75 0.01 −0.72

Change localization accuracy 0.50 0.15 −0.59 0.15

Filtering localization accuracy 0.47 0.15 −0.01 −0.34

Source memory accuracy 0.53 0.19 0.08 −0.51

Recognition memory accuracy 0.74 0.18 −1.22 2.72

Visual memory in CPT accuracy 0.67 0.11 −1.18 1.38

d0 CPT 2.75 0.85 −1.20 1.70

RT consistency (SD/mean) 4.17 1.08 0.01 0.02
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were more likely to correctly respond to frequent targets
and inhibit their responses when infrequent-category
images were shown on screen. We found that participants
with higher levels of SA (i.e., a higher d0) also showed bet-
ter performance in attentional control (Simon square:
r(134) = .42; flanker square: r(134) = .34), working mem-
ory (change localization: r(134) = .39; filter change local-
ization: r(134) = .29; ps < .01), and LTM (recognition
memory: r(134) = .42; source memory: r(134) = .48;
incidental visual recognition memory of CPT: r(134) =
.32; ps < .01) tasks (Figure 2).

Researchers have also quantified SA in terms of the
fluctuations of RT during the task. The higher the variance
of the RTs across a session, the more attention lapses par-
ticipants tend to experience (Chidharom et al., 2021;
Esterman et al., 2013). Therefore, higher standardized
RT variances suggested lower SA levels. With standardized
RT variance as our measure of SA, we found that partici-
pants with higher RT consistency (i.e., lower RT variability)
showed better performance in attentional control and
working memory tasks (Simon square: r(134) = .48;
flanker square: r(134) = .32; change localization: r(134) =
.35; filter change localization: r(134) = .28; ps < .01) as
well as LTM tasks (recognition memory: r(134) = .34;
source memory: r(134) = .41; incidental visual recogni-
tion memory of CPT: r(134) = .28; ps < .01; see Figure 2).

Exploratory Factor Analysis Suggested That a Three-
Factor Model Best Explains Performance on Attention
and Memory Tasks

The task battery included four distinct families of cognitive
measures: SA, attention control, workingmemory, and LTM.
To investigate how these measures clustered together, we
first conducted an exploratory factor analysis on the data.
Our task performance metrics were standardized (i.e.,
z scored across participants) to ensure comparability
across variables. Then, we used the Kaiser criterion, in
combination with scree plots, to determine our optimal
number of factors. We found that the first three eigen-
values were larger than or equal to 1 (eigenvalues of 4.5, 1.1
and 1.0, respectively). Therefore, we concluded that a three-
factor model best fit our task structure (18.85%, 18.82%, and
14.17% variance explained, respectively; 51.85% explained
with all three factors). With the model specification, principal
axis factoring was used for factor extraction, and an oblique
promax rotationwas applied to allow for correlations between
factors. Finally, factor loadings were examined, with loadings
greater than .30 deemed significant for interpreting the factors
(Tavakol & Wetzel, 2020; see Supplemental Figure S1).
In our exploratory factor analysis,d0 and RT consistency in

the avCPT loaded significantly onto Factor 2, suggesting that
the factor reflected SA abilities. In addition, LTM measures,

Figure 2. Spearman correlation
matrix of individual differences
in attentional control and
working memory, LTM, and
vSA tasks. The red squares
highlighted the correlations
between tasks within the same
hypothesized construct
(attention control and working
memory, LTM, and SA,
respectively), which were
supposed to be higher than
with other tasks.
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source and recognitionmemory, loaded positively onto Fac-
tor 1. The visual memory test for stimuli used in the avCPT
and working memory tasks also loaded positively on Factor
1. These findings suggested that Factor 1 was likely a visual
memory factor. Finally, Simon Square, flanker square,
change localization, and filtering localization all positively
loaded onto Factor 3, indicating that this factor reflected
attentional control and working memory abilities (attention
control andworkingmemory). The auditorymemory test for
task-irrelevant stimuli used in the CPT did not significantly
load onto the LTM factor. Therefore, incidental auditory rec-
ognition memory performance was excluded from further
model buildings with confirmatory factor analysis.

Confirmatory Factor Analysis Model Comparison
Supported the Validity of the Three-Factor Model

In our exploratory factor analysis, a three-factor model was
preferred, and we assumed that the three factors reflected
SA, Attentional control and workingmemory, and LTM. To
confirm that the statistical model fit with our theoretical
prediction, we performed a confirmatory factor analysis
on our data.

The first model we proposed was a three-factor model,
with SA, Attentional control and working memory, and
LTM as separate factors (Figure 3A). In this model, Simon
square, flanker square, change localization, and filtering

Figure 3. Confirmatory factor
analysis results. The model
structures of all our potential
two- and three-factor models.
The best fitting model was
highlighted in the purple box
(A), in which attention control
and working memory, LTM, and
SA tasks loaded separately onto
three distinct factors. The
model fits for all four models
were displayed in Table 1.
ACWM = attention control and
working memory; WM =
working memory.
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change localization loaded onto the Attention control and
workingmemory factor. Furthermore, sourcememory, recog-
nition memory, and avCPT visual memory were loaded onto
the LTM factor. Finally, avCPT RT consistency and d0 were
loaded onto the SA factor. The model achieved a satisfactory
fit, with a comparative fit index (CFI; higher=better) of 0.94,
a Tucker–Lewis Index (TLI; higher=better) of 0.91, and root
mean square error of approximation (RMSEA; lower =
better) of 0.093. Therefore, our findings suggested that SA
formed a distinct factor from attentional control and LTM.

In addition to the three-factormodel that convergedwith
our exploratory factor analysis, we also examined two 2-
factor models that resembled the predictions of the unitary
attention model. For model comparison, because EFA sug-
gested that three-factor solutions fit our data the best, we
focused on two- and three-factor models of CFA. The first
metric we used here was the RMSEA measure: The lower
the mean square error was, the better the model. Because
most of our candidate models were simple, prior research
suggested that RMSEA may suggest poor fit even when the
model actually fits the data well for simple models (Kenny,
Kaniskan, & McCoach, 2015; Hu & Bentler, 1999). There-
fore, we introduced two additional fit indices, CFI and
TLI, which are more reliable in the context of simpler
models. Both values range from 0 to 1, and higher values
indicate better fit of the model to empirical data. First, we
proposed a two-factormodel that combined SA, attentional
control, and working memory into one attention factor,
with the second factor as LTM (Figure 3B). The model
achieved reasonable fit (CFI = 0.85, TLI = 0.79, and
RMSEA = 0.144; Table 1). In addition, we also proposed a
two-factor model that allowed SA and LTM tasks to be our
first factor, with attentional control and working memory
(attention control and working memory) tasks forming a
distinct second factor (Figure 3C). This model achieved a
similarly reasonable fit (CFI = 0.86, TLI = 0.80, and RMSEA
= 0.138), slightly better than the two-factor unitary atten-
tion model, suggesting that SA may be closer to LTM tasks
than attentional control tasks. Crucially, both of the two-
factor models fit worse than the three-factor model.

Finally, we proposed an alternative three-factor model,
with an attention factor (Simon square, flanker square, d0 in
CPT and RT consistency), a working memory factor (change
localization and filtering localization), and an LTM factor
(source memory and recognition memory). This model

achieved a similarly reasonable fit (CFI = 0.93, TLI = 0.89,
and RMSEA = 0.102; Figure 3D), better than the two-factor
models but slightly worse than the three-factor model with
SA, attentional control/working memory, and LTM. There-
fore, our findings endorsed SA as a separate factor from
attentional control and LTM (model fits shown in Table 2).
Under the three-factor model, we proposed that the two

square tasks andworkingmemory tasks loaded on anAtten-
tional control and working memory factor, LTM tasks
loaded on an LTM factor, and d0 and RT consistency in
avCPT loaded on an SA factor. The confirmatory factor anal-
ysis loadings were all significant with our proposed frame-
work (loadings ≥ .59; Figure 4A). Moreover, the covariance
values between our three factors were all significant, sug-
gesting that attentional control and working memory,
LTM, and SA were related to each other on the construct
level (Figure 4B). To further validate our findings, we also
tried to fit a four-factor model, with separate attentional
control, working memory, LTM, and SA factors. We found
that all four factors were related to each other on the con-
struct level, replicating our findings with the three-factor
model combining attentional control and working memory
together (see Supplemental Figure S2).

Individual Differences in SA Predicted LTM More
Robustly than Working Memory and
Attentional Control

With our three-factor model, we next tested whether SA
was more robustly related to attentional control and
working memory or LTM. We first calculated composite
scores separately for SA, attention control and working
memory, and LTM. To account for potential error vari-
ances not captured by the confirmatory factor analysis
covariance matrix, we performed a correlational analysis
relating the three factors. Results suggested that attention
control and working memory and LTM were significantly
correlated, r(134) = .51, ps < .01 (Figure 5A). More
crucially, SA differences significantly predicted differences
in attention control and working memory, r(134) = .45,
ps < .01 (Figure 5B), and LTM, r(134) = .73, ps < .01
(Figure 5C). In comparing the two correlation coeffi-
cients, we found that LTM predicted SA more robustly
than attention control and working memory measures
predicting SA, z(134) = 4.48, p < .01.

Table 2. Goodness of Fit for Confirmatory Factor Analysis Models

Model χ2 CFI TLI RMSEA Number of Factors

Model 1 (SA, AC + WM, LTM) 51.74 0.94 0.91 0.093 3

Model 2 (Attention [SA + AC + WM], Memory [LTM]) 98.45 0.85 0.79 0.144 2

Model 3 (SA + LTM, AC + WM) 93.10 0.86 0.80 0.138 2

Model 4 (Attention [SA + AC], WM, LTM) 57.63 0.93 0.89 0.103 3

A lower χ2 and RMSEA, and a higher CFI and TLI suggested a better model fit. Model 1 achieved the lowest χ2 and RMSEA, and a highest CFI and TLI.
Therefore, Model 1 (SA, attention control and working memory, LTM) (highlighted in bold) was selected as the best model among the 4 possible
CFA models.
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To account for general cognitive abilities (e.g., task dif-
ficulty) that could influence all three factors, we conducted
a partial correlation analysis among SA, attention control,
working memory, and LTM performance. In addition, all
measures were z scored before factor analysis, helping
to minimize the impact of individual task difficulty. We
found that despite the significantly shared variance
between each two out of the three constructs (Figure 6D),
LTM predicted SA more robustly than attention control
and working memory predicted SA, z(134) = 5.17, p <
.01. Therefore, our result converged with the confirmatory
factor analysis model comparison (Model 3) in that SA was
more closely related to LTM abilities than attentional con-
trol or working memory abilities.

Summary of Experiment 1

In Experiment 1, we investigated the relationship between
SA, attentional control, working memory, and LTM.
Exploratory and confirmatory factor analyses revealed that

a three-factor structure—comprising SA, attentional con-
trol plus working memory, and LTM—best fit the data
compared with alternative models. Once this structure
was established, we found that although the aggregate
scores for all three factors were correlated, SA showed a
stronger relationship with LTM than with attentional con-
trol and working memory. To account for the influence of
general cognitive abilities, we conducted a partial regres-
sion analysis. The results confirmed that SA was more
strongly associated with LTM than attentional control
and working memory. Overall, these findings suggest that
SA and LTM are more closely related than SA and atten-
tional control and working memory, indicating the pres-
ence of distinct types of attention involved in cognitive
tasks.

EXPERIMENT 2 (fMRI)

In Experiment 2, we sought to conceptually extend our
findings from Experiment 1, where SA was a stronger

Figure 4. Confirmatory factor analysis results. (A) The CFA model fit with Attention control and working memory, LTM, and SA factors. The loadings
were all significantly positive, indicating a good model fit for our Model 1. (B) The covariance loadings between Attention control and working
memory, LTM, and SA factors. The three factors were positively loaded onto each other. (C) Distribution of RMSEA values across all possible models.
Model 1 demonstrated the best fit (red vertical line), exhibiting the lowest RMSEA among them.
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predictor of LTM than attentional control and working
memory. To do so, we tested if neural markers of SA pre-
dicted behavioral measures of attention control and work-
ing memory and LTM. We aimed to generalize our results
in Experiment 1 even when the LTM and attention control
and working memory tasks were administered 0.5–1.5
years after the SA fMRI scanning session. Furthermore,
we were interested in if neural markers of SA, calculated
with fMRI connectivity, resembled the behavioral findings
that robustly predicted LTM.

Methods

Participants

In Experiment 2, data were collected at the MRI Research
Center at the University of Chicago. Participants (n = 60)
took part in at least one session of a two-session
fMRI study, with sessions 10.90 days apart on average
(SD = 9.61). During each session, participants completed
a 10-min avCPT (Corriveau et al., 2025), performed an
annotated rest task, and watched or listened to narratives.

Only avCPT data are analyzed here. Study procedureswere
approved by the relevant University of Chicago institu-
tional review board, and participants were compensated
for their participation.

SA Task (fMRI) Data Acquisition

fMRI data were collected on a 3-T Philips Ingenia scanner
at the MRI Research Center at the University of Chicago.
Functional images were collected with a 32-channel head
coil (repetition time/echo time= 1000/28 msec, flip angle =
62°, whole-brain coverage = 27 slices of 3-mm thickness,
in-plane resolution = 2.5 × 2.5 mm2, matrix size = 80 ×
80, field of view = 202 × 202 mm2, and MultiBand SENSE
factor 3). Structural images were acquired using a high-
resolution T1-weightedmagnetization prepared rapid gra-
dient echo sequence (1.000-mm3 resolution; Corriveau
et al., 2025). The avCPT task was the same as in Experi-
ment 1, with the exception that images were presented
for the full trial duration, 1.2 sec, with no intertrial interval.
Performance during the avCPT was calculated as sensitiv-
ity (d0).

Figure 5. Visual LTM predicted SA more robustly than attentional control and working memory abilities. (A) Attentional control and working
memory differences predicted LTM differences. (B) Attentional control and working memory differences predicted SA differences. (C) LTM
differences predicted SA differences. (D) Partial regression between attention control and working memory, LTM, and SA. LTM and SA shared
significantly larger variance than attention control and working memory as well as SA.
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fMRI preprocessing and functional connectivity calcu-
lation. Three volumes were discarded at the beginning
of each scan. The fMRI data were preprocessed using a
consistent pipeline in AFNI (Corriveau et al., 2025). Pre-
processing steps included discarding initial repetition
times as specified, aligning the functional images to
Montreal Neurological Institute space, and regressing
out nuisance covariates. These covariates included a
24-parameter headmotion model (six motion parameters,
their temporal derivatives, and squared terms), mean sig-
nals from participant-specific white matter and ventricle
masks, and the global mean signal. Volumes were censored
if the derivative ofmotionparameters exceeded 0.25mmor
if more than 10% of the brain was classified as outliers.
Functional network nodes were defined with a whole-

brain brain atlas designed to maximize the similarity of
voxel-wise time series within each node (Shen, Tokoglu,
Papademetris, & Constable, 2013). For each participant,
a time course was generated for each node by averaging
the preprocessed time series of all constituent voxels
within a node. Pairwise Pearson correlation coefficients
were computed between the time courses of all node
pairs, and these were Fisher-normalized to produce
268 × 268 symmetric correlation matrices, reflecting each
participant’s task-based functional connectivity profile.

SA connectome-based predictive model. The SA
connectome-based predictivemodel (saCPM)was defined

to predict individual differences in CPT sensitivity (d0)
using a data-driven approach, CPM, in previous work
(Rosenberg, Finn, et al., 2016). The saCPM includes two
sets of functional connections: one associated with better
attention (757 connections) and one with worse attention
(630 connections), spanning cortical, subcortical, and cer-
ebellar regions. High-attention connections linked the
motor cortex, occipital lobes, and cerebellum, whereas
low-attention connections were found within the tempo-
ral lobe, cerebellum, and between temporal and parietal
regions.

To apply the saCPM to new individuals, we calculated
each participant’s saCPM score by subtracting mean con-
nectivity in the low-attention network from that in the
high-attention network. This score was then transformed
into a predicted d0 (a behavioral index of SA sensitivity)
using the original model’s coefficient and intercept. Pre-
diction accuracy was assessed by correlating participants’
actual task performance with their predicted d0 scores,
which are linearly related and thus yield identical correla-
tions in new samples. In Experiment 2, we expected that
predicted d0 scores would correlate with SA task perfor-
mance, consistent with prior applications of the model to
over 2600 individuals across 15 independent data sets
(Corriveauetal., 2023;Chamberlain&Rosenberg,2022;Kardan,
Stier, et al., 2022; Fountain-Zaragoza, Samimy, Rosenberg,
& Prakash, 2019; Jangraw et al., 2018; Rosenberg et al.,
2018, 2020; Rosenberg, Finn, et al., 2016; Rosenberg,

Figure 6. Connectome-predicted SA predicted recognition memory more robustly than attentional control and working memory. (A) The
correlation between behaviorally and neurally predicted SA (column) and offline behavioral measures of attention control and working memory as
well as LTM (row). (B) Recognition memory and saCPM-predicted SA were significantly correlated. (C) Working memory and saCPM-predicted SA
were not significantly correlated. (D) Attentional control and saCPM-predicted SA were not significantly correlated.
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Zhang, et al., 2016), including the larger version of this
sample (Corriveau et al., 2025). This robust prior validation
supports the adequacy of our sample size and motivates
further testing of saCPM’s sensitivity to individual differ-
ences in LTM, attentional control, and working memory.

Justification of sample size. Despite the relatively small
sample size in Experiment 2, several factors support the
robustness of our findings. First, the relationship between
the strength of the predefined saCPM and accuracy on the
CPT was originally established in the full fMRI sample (n=
60; Corriveau et al., 2025). The current analysis focuses on
a subset of this sample (n = 20), as only a portion of the
original participants completed the additional online
working memory and LTM tasks. Second, the saCPM used
in our study has been validated across multiple indepen-
dent data sets comprising over 2600 participants (e.g.
Corriveau et al., 2023; Chamberlain & Rosenberg, 2022;
Kardan, Stier, et al., 2022; Fountain-Zaragoza et al., 2019;
Jangraw et al., 2018; Rosenberg et al., 2018, 2020; Rosenberg,
Finn, et al., 2016), reinforcing confidence in its reliability
and supporting the interpretability of our results evenwith
a smaller participant pool in this experiment.

Recognition Memory, Attention Control, and Working
Memory Tasks

In Experiment 2, the recognition memory, attention con-
trol, and working memory tasks were the same as the one
used in Experiment 1. We recontacted the participants
0.5–1.5 years after the fMRI scan sessions in which they
performed the avCPT. Twenty out of 60 participants per-
formed the recognition memory, attention control, and
working memory tasks online (mean age = 21.66 years,
14 women and six men). Although the gap between the
fMRI session and the online cognitive tasks was because
of logistical constraints, this separation serves as a
strength. Specifically, the observed relationships between
brain connectivity and cognitive performance are less
likely to be influenced by transient factors such as time
of day, fatigue, or daily fluctuations. Instead, the delayed
testing increases the likelihood that our results reflect
more stable, trait-like individual differences in SA, working
memory, and LTM. Study procedures were approved by
the relevant University of Chicago institutional review
board, and participants were compensated ($20/hr) for
their participation.

Results

Behavioral and CPM-Predicted SA Coherently Predict
LTM but Not Attention Control and Working
Memory Measures

SA (i.e., avCPT) performance during the scan session pre-
dicted performance on a recognition memory task col-
lected 0.5–1.5 years later, r(18) = .51, p = .02 (Figure 6A),

supporting our findings in Experiment 1 that SA is
closely related to LTM. In contrast, SA performance
measured in the MRI session did not predict later
change localization, r(18) = .40, p= .08; filtering local-
ization, r(18) = .17, p= .46; flanker square, r(18) = .42,
p = .07; or Simon square, r(18) = .43, p = .06, tasks
(Figure 6A). Fisher z comparison revealed that CPT per-
formance was not significantly more correlated with rec-
ognition memory performance than with attentional
control, (z(19) = 0.29, p = .19, or working memory,
z(19) = 1.02, p = .08, performance.
We next asked if a neural signature of SA, the saCPM,

measured during the fMRI session predicted subsequent
LTM and attentional control and working memory perfor-
mance. Prior work has demonstrated that the saCPM suc-
cessfully generalizes to predict SA (avCPT performance) in
the current data set (Corriveau et al., 2023). In our subsam-
ple of 20 fMRI participants who also completed the online
behavioral tasks, saCPM-predicted SA correlated with
observed sustained attentional performance (d0), r(18) =
.47, p= .03.We confirmed that the saCPMwas not related
to mean frame-to-frame head motion in this sample,
r(18) = −.04, p = .85.
We further investigated whether saCPM-predicted SA

correlated with observed measures of attentional control,
working memory, and recognition memory. If SA and
attentional control rely on shared attentional resources
in task performance, we would anticipate that saCPM pre-
dictions would be more predictive of attentional control
and working memory than LTM performance. Mirroring
our findings in Experiment 1, saCPM predictions were cor-
related with recognition memory, r(18) = .57, p < .01,
αBonf = .01 (Figure 6B), but not attentional control,
r(18) = .28, p = .23 (Figure 6D), or working memory,
r(18) = .15, p= .54 (Figure 6C), performance. Moreover,
the correlation between saCPM predictions and recogni-
tion memory performance was significantly higher than
the correlation between saCPM predictions and atten-
tional control, z(19) = 1.46, p = .036, or working mem-
ory, z(19) = 1.67, p = .02, with a Fisher z comparison of
correlation strength test. A partial correlation analysis con-
firmed that saCPM predictions predicted recognition
memory, r(18) = .49, p= .03, but not attentional control,
r(18) = .36, p= .13, or workingmemory, r(18) = .15, p=
.54, after the time between the fMRI and online session
was regressed out. Therefore, fMRI-predicted SA is more
closely related to recognition memory than to attentional
control and working memory.

fMRI CPM-predicted and Behaviorally Measured SA
Showed Similar Correlation Structure with Offline
Cognitive Tasks

Finally, we tested if CPM-predicted SA resembled behav-
ioral SA within our sample. Therefore, we examined if
fMRI-predicted and behaviorally measured SA measures
shared similar covariance with attentional control,
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working memory, and recognition memory tasks. We cal-
culated the Spearman correlation between the behavioral
and CPM-predicted SA measures and all five cognitive
tasks used in our behavioral session (change localization
and filtering change localization for working memory,
flanker square and Simon square for attentional control,
and recognition memory task). The five correlations were
similarly ranked between behavioral and fMRI SA mea-
sures (Figure 6A). To quantify the strength of rank corre-
lation, we found that the Spearman correlation between
the five correlation coefficients using behavioral SA and
those using fMRI SA was .84. Thus, fMRI-predicted SA
showed similar ranks in its predictive power to cognitive
tasks when compared with behaviorally measured SA. This
suggests that the brain measures of SA (i.e., CPM predic-
tions) are specifically capturing aspects of SA, as evidenced
by their similar patterns of correlations with out-of-
scanner task performance. In conclusion, we conceptually
extended our findings in Experiment 1 that SA is more
closely related to LTM than to attentional control and
working memory.

DISCUSSION

Here, we first established that SA—although correlated
with attentional control, working memory, and LTM
ability—forms a distinct psychological factor with a
well-powered sample in Experiment 1. Contrary to an intu-
itive hypothesis that components of attention are more
similar to each other than they are to components ofmem-
ory, aggregated scores in SA tasks were more predictive of
LTM scores than attentional control and working memory
scores. To test if our hypotheses could be generalized to
neural patterns, we collected attentional control, working
memory, and LTM measures 0.5–1.5 years after an inde-
pendent sample of participants performed an SA task
during fMRI. Mirroring findings from Experiment 1, pre-
dictions of a validated connectome-based neuromarker
of SA correlated more strongly with LTM than attentional
control and working memory measures. Therefore, we
concluded that SA was likely a separate, although not nec-
essarily independent, factor from attention control, work-
ing memory, and LTM. Moreover, SA differences, both
behaviorally and neurally, were more predictive of LTM
performance than attentional control and working mem-
ory task performance.
Our results suggest that attentional control and SA are

separable components of attention. In particular, we pro-
pose that a separate SA factor, alongside an LTM factor and
an attentional control/working memory factor, best
explains the underlying factor structure of attention. The
identification of the SA factor supports previous claims
that attentional lapses account for distinct variance from
attentional control and working memory (Unsworth et al.,
2021). However, one significant difference between our
studies is that the original lapse factor contained

attentional lapses from a whole-report working memory
task (Adam, Vogel, & Awh, 2017). Because previous
research has shown that low-working-memory-capacity
participants tend to experience more lapses (Adam,
Mance, Fukuda, & Vogel, 2015), the attentional lapse fac-
tor in Unsworth et al. (2021) contains more working mem-
ory components than the factor made up of our avCPT
measures. Moreover, the whole-report task measured an
attentional lapse by capturing trials that had one or fewer
items correct. Because each trial required responses to six
items in a visual array, the sampling rate for lapses was far
more sparse than CPTs used in our experiments. There-
fore, future research is needed to test if continuous
response tasks that capture lapse at a faster speed, as well
as whole-report tasks that measure lapses with working
memory arrays over a longer timescale, require the same
sustained attentional resources. In addition, more mea-
sures of SA measured with other paradigms are needed
in future studies to make a more generalized SA factor.

Our neural model of SA did not predict offline atten-
tional control or working memory performance as
robustly as it did LTM measures. This finding extends pre-
vious research, which shows that brain connectome
models trained with working memory abilities have signif-
icant but limited shared edges with models trained for SA
abilities (Kardan, Stier, et al., 2022; Avery et al., 2020). Inter-
estingly, the neural connectivity representations between
working memory and fluid intelligence were significantly
more similar than those with SA (Avery et al., 2020). Our
findings suggest that LTM networks may share greater var-
iance with SA than with attentional control or working
memory. This result aligns with previous evidence indicat-
ing that SA influences LTM encoding (Wakeland-Hart, Cao,
deBettencourt, Bainbridge, & Rosenberg, 2022; deBetten-
court, Williams, Vogel, & Awh, 2021; deBettencourt, Nor-
man, & Turk-Browne, 2018). We speculate that the robust
predictive relationship between SA and LTM performance
in our task may stem from a bidirectional interaction
between these constructs. When SA is high, LTM encoding
improves (Corriveau et al., 2023; Decker, Duncan, & Finn,
2023; Wakeland-Hart et al., 2022; deBettencourt et al., 2018).
Conversely, participants with better LTM performance
may be better able to maintain goal-relevant information
(i.e., Hu et al., 2024), which is critical for SA tasks. Further
research is required to clarify the precise roles that SA
plays in shaping LTM and vice versa.

One possible explanation for the link between SA and
LTM is that SA plays a role in LTM encoding (Chun &
Turk-Browne, 2007). Behavioral research has shown that
information tends to be better remembered if it was pre-
sented in a better SA state during encoding (Corriveau
et al., 2023, 2025; Decker et al., 2023; Wakeland-Hart et al.,
2022; deBettencourt et al., 2018). Building on this, EEG
studies have found that when participants were asked
to remember items and recall their spatial locations,
trials that coincided with low SA at encoding were associ-
ated with poorer LTM performance (deBettencourt
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et al., 2021) or after an attentional lapse (Smallwood,
Riby, Heim, & Davies, 2006). Another line of evidence
using EEG and pupillometry has shown that attentional
lapses at retrieval are associated with reduced memory
performance (Madore & Wagner, 2022; Madore et al.,
2020). Thus, fluctuations in SA may influence both the
encoding and retrieval of episodic memories (Schwartz,
Yang, Xue, & Wagner, 2025) and even free recall of verbal
materials (Jangraw et al., 2018). Collectively, this body of
evidence suggests a close relationship between SA and
LTM, which aligns with the findings from our study. Future
research is needed to disentangle the distinct encoding
and retrieval processes underlying working memory and
LTM, which may account for their differing relationships
with SA.

A limitation of this work is the size of the fMRI sample in
Experiment 2, which is small for individual difference stud-
ies. Although the results align with prior work relating
connectome-based models of attention to individual dif-
ferences in reading recall ( Jangraw et al., 2018) and
within-subject differences in narrative event memory
(Song, Finn, & Rosenberg, 2021), future studies with
larger samples are needed to replicate the association
between individual differences in neural signatures of SA
and LTM. Interestingly, work relating connectome-based
models of SA and working memory to recognition
memory performance in 9- to 11-year-olds found that
the working memory CPM—but not saCPM—predicted
recognition memory (Kardan, Kaplan, et al., 2022). One
caveat is that the recognition memory task used stimuli
that had been encoded during the working memory task,
raising the possibility that the observed relationship was
stimulus- and task-specific within this data set. Future stud-
ies that include SA, working memory, and LTM tasks within
the same scanning session will facilitate direct comparison
of predictive model features and generalizability across
cognitive domains.

In conclusion, we demonstrated that SA, although cor-
related with attentional control, working memory, and
LTM, constitutes a distinct psychological factor. Contrary
to the intuitive hypothesis that attentional components
are more related to each other than to memory compo-
nents, SA was more predictive of LTM than either atten-
tional control or working memory. These findings were
conceptually extended in a follow-up study using fMRI,
where both behavioral and neural markers of SA corre-
lated with LTM but not attentional control or working
memory performance. Thus, SA appears to be a distinct
factor that more robustly predicts LTM performance than
attentional control and working memory. More broadly,
our findings challenge conventional models that empha-
size the unity of attentional processes and instead high-
light the unique role of SA in the formation, maintenance,
or even retrieval of LTM. These insights open new direc-
tions for research on cognitive training, educational inter-
ventions, and the neurobiological basis of SA’s role in
shaping memory outcomes.
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