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Abstract Executive function is a cognitive domain
that typically declines in non-pathological aging.
Two cognitive control networks that are vulnerable
to aging—the cingulo-opercular (CON) and fronto-
parietal control (FPCN) networks—play a role in
various aspects of executive functioning. However, it
is unclear how communication within these networks
at rest relates to executive function subcomponents
in older adults. This study examines the associations
between CON and FPCN connectivity and execu-
tive function performance in 274 older adults across
working memory, inhibition, and set-shifting tasks.
Average CON connectivity was associated with better
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working memory, inhibition, and set-shifting perfor-
mance, while average FPCN connectivity was asso-
ciated solely with working memory. CON region of
interest analyses revealed significant connections with
classical hub regions (i.e., anterior cingulate and ante-
rior insula) for each task, language regions for verbal
working memory, right hemisphere dominance for
inhibitory control, and widespread network connec-
tions for set-shifting. FPCN region of interest analy-
ses revealed largely right hemisphere fronto-parietal
connections important for working memory and a
few temporal lobe connections for set-shifting. These
findings characterize differential brain-behavior
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relationships between cognitive control networks and
executive function in aging. Future research should
target these networks for intervention to potentially
attenuate executive function decline in older adults.

Keywords Imaging - Resting-state networks -
Cognitive aging - Executive function

Introduction

With a growing proportion of adults ages 65 and
older, there is a need to mitigate the future health,
societal, and economic impact of age-related cogni-
tive decline. One of the cognitive domains typically
vulnerable to age-related decline is executive func-
tion [1-3]. Executive function is a loosely defined
umbrella term that refers to a set of processes respon-
sible for control and execution of goal-directed
behavior. Three core executive functions are com-
monly delineated in the literature: working memory,
inhibition, and cognitive flexibility (i.e., set-shifting)
[4-6]. In brief, working memory refers to temporarily
holding and manipulating a limited capacity of infor-
mation. Cognitive inhibition involves suppressing
automatic, goal-irrelevant information or impulses.
Lastly, set-shifting refers to the ability to shift atten-
tion between one task and another. These basic skills
work in tandem to promote higher-order abilities like
organization, decision-making, and problem-solving
[7-9]. Furthermore, these functions are necessary
for older adults’ continued successful performance
of day-to-day activities like mentally re-organizing
a to-do list, ignoring distractions while driving, and
alternating between tasks at work or in the home.
Executive function performance in older adults is
associated with the integrity of brain structure and
function. For example, left dorsolateral prefrontal
cortex surface area and blood-oxygen-level-depend-
ent (BOLD) signal independently correlate with
working memory performance in older adults [10].
Poorer set-shifting and inhibition performance have
been associated with greater white matter hyperin-
tensity load in frontal brain regions (bilateral superior
frontal and right medial orbitofrontal; right supe-
rior frontal, respectively) [11]. Furthermore, degree
of efficient communication between brain regions
(i.e., structural and functional connectivity) has pre-
dicted both longitudinal changes and cross-sectional
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differences in older adults’ performance on executive
function tasks [12, 13].

Two regional systems that have been identified as
particularly important for executive function are the
cingulo-opercular (CON) and fronto-parietal control
networks (FPCN) [14, 15]. The CON (also referred to
as the salience [16] or ventral attention network [17])
and the FPCN are commonly referred to as “cognitive
control” networks, a term often used interchangeably
with executive function in the literature [4]. Dosen-
bach and colleagues (2008) proposed a dual-network
hypothesis, suggesting that the CON and FPCN are
functionally distinct in their cognitive control pro-
cesses. The CON is involved in detecting salient
stimuli, maintaining task rules, and monitoring per-
formance [15, 18-20], while the FPCN is involved in
directing attention and adaptively adjusting to feed-
back on a trial-to-trial basis [16, 18, 21].

Resting-state functional magnetic resonance imag-
ing (rs-fMRI) studies have shown that the functional
connectivity of these cognitive control networks at
rest (i.e., “task-negative” state) is disrupted in older
adults and throughout Alzheimer’s disease progres-
sion [22-29]. However, it is unclear how these age-
related alterations in network connectivity relate to
executive function performance in older adults. Pre-
vious findings assessing the relationship between net-
work connectivity and cognition in older adults have
varied, potentially due to differences in task selection
and network classification [30]. The inherently broad
definition of “executive function” has frequently led
to inconsistent operationalization (i.e., individual
tasks versus creation of composite scores), impacting
interpretability of the findings. For example, in older
adults, CON connectivity at rest has been related to
performance on individual tasks of inhibition [12,
31, 32], set-shifting [12], and a total score on a bat-
tery assessing a variety of frontal lobe functions [33].
In contrast, Shaw and colleagues (2015) showed
that in older adults, only FPCN connectivity and
not CON related to an executive function composite
score derived from multiple tasks of fluency, work-
ing memory, inhibition, and set-shifting [34]. FPCN
connectivity has also been related to performance
on a design fluency task [32] and a working memory
composite [23]. To our knowledge, no study to date
has explored the relationships between both the CON
and FPCN and subcomponent processes of execu-
tive function in older adults on the exact same tasks.
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Comprehensive characterization of these networks’
involvement in executive function, a domain vulner-
able to aging and critical for daily functioning, would
further our understanding of brain-behavior relation-
ships in non-pathological aging and reveal potential
targets for intervention (i.e., transcranial direct cur-
rent stimulation (tDCS).

Consistent with prior literature, in the current
study we divided executive function into three sub-
components: working memory, inhibition, and cogni-
tive flexibility/set-shifting [4, 5]. Neuropsychological
tests reflected each executive function subcomponent:
Digit Span Backwards and Letter Number Sequenc-
ing for working memory, Stroop Color-Word trial
for inhibition, and Trail Making Test Part B for set-
shifting. First, we aimed to investigate the relation-
ship between average within-network connectivity
and each executive function measure for both the
CON and FPCN. Based on our previous findings
demonstrating a relationship between average CON
connectivity and performance on a task of inhibi-
tion (NIH Toolbox Flanker) and set-shifting (NIH
Toolbox Dimensional Change Card Sort) [12, 35],
we hypothesized that greater average CON connec-
tivity would be associated with better performance
on the corresponding neuropsychological measures:
Stroop Color-Word trial and Trail Making Test Part
B. Since the dorsolateral prefrontal cortex is a major
hub in the FPCN [36] and largely involved in working
memory [10, 37], we hypothesized that greater aver-
age FPCN connectivity would specifically be asso-
ciated with better performance on Digit Span Back-
wards and Letter Number Sequencing. Second, we
evaluated the patterns of regional connections within
the networks associated with executive function per-
formance via region of interest (ROI-ROI) analyses.
Identifying the specific connections and key regions
that underlie executive functions in older adults may
provide targets for interventions to improve cognition,
daily functioning, and quality of life.

Methods
Participants
Data were collected at baseline from participants

recruited for the Augmenting Cognitive Training
in Older Adults (ACT, RO1AG054077) study [38].

Our sample included 274 healthy older adults rang-
ing from 65 to 88 years old (mean age=71.7+5.1;
177 females; mean education=16.3+2.4, education
range=12 to 21 years; 87.3% Caucasian; Table 1).
The cases were recruited at the University of Florida
(n=175) and at the University of Arizona (n=99).
Inclusion and exclusion criteria for the study were
detailed in Woods and colleagues (2018). In brief,
participants were between the ages of 65 and 89, had
no history of major psychiatric illness, no history of
brain or head injury resulting in loss of conscious-
ness greater than 20 min, and no formal diagnosis
or evidence of mild cognitive impairment, demen-
tia, or neurological brain disease. The Uniform Data
Set (UDS) of the National Alzheimer’s Coordinat-
ing Center (NACC) was used to screen for individu-
als with possible mild cognitive impairment (MCI)
or dementia [39]. Possible MCI was defined by 1.5
standard deviations below the mean in any of the fol-
lowing domains: general cognition, memory, visu-
ospatial, executive functioning/working memory, or
language. All participants were right-handed and had
no contraindications for magnetic resonance imaging
(MRI) scanning. Prior to beginning all study proce-
dures, participants signed a consent form approved by
the Institutional Review Boards at the University of
Florida and at the University of Arizona.

Measures

Participants completed a battery of cognitive assess-
ments, questionnaires, and an MRI scan. In this study,

Table 1 Sample demographics and executive functioning per-
formance

Demographics (n=274) Mean (SD); n; %

Age 71.7 (5.1)
Sex (number of females) 177
Education 16.3 (2.4)
Race (% Caucasian) 87.3%
Ethnicity (% Hispanic or Latino) 6.6%
Executive functioning Mean (SD)
Digit Span Backwards (n=260) 8.9 (2.2)
Letter Number Sequencing (n=265) 19.3 (2.7)
Stroop Color-Word (n=261) 34.9 (7.9)
TMT-B (n=264) 81.5(30.3)

Executive functioning data presented are raw scores for the
samples in primary analyses. TMT-B, Trail Making Test Part B
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neuropsychological measures were chosen to reflect
three domains of executive functioning: working
memory, inhibition, and set-shifting.

Working memory — The Digit Span Backwards
subtest of the Wechsler Adult Intelligence Scale—
fourth edition (WAIS-IV) was one of the measures
administered to assess working memory [40]. In this
task, participants hear a sequence of numbers and
are asked to repeat the sequence in backwards order,
increasing in length with each correct trial (e.g.,
“1-2-3"=%3-2-17).

A more challenging measure of working memory,
the Letter Number Sequencing subtest of the WAIS-
IV was also administered [41, 42]. This task involved
hearing a series of numbers and letters and required
participants to sequence the numbers first from lowest
to highest, then the letters in alphabetical order (e.g.,
“1-B-7-D”=“1-7-B-D). The outcome variable for
both measures was total number of correct trials.

Inhibition — The Stroop Color-Word trial was used
to assess inhibition [43]. In this task, color words
(e.g., “red,” “green,” “blue”) are printed in an incon-
gruent colored ink (that is, in a color different from
the color name). Participants are asked to name the
color of ink in which the word is printed, ignoring the
actual word. The outcome variable is the number of
correct trials read in 45 s.

Set-shifting — The Trail Making Test from the
NACC battery consists of two parts [39, 44]. The
Trail Making Test Part B (TMT-B) was adminis-
tered to assess set-shifting. Here, circles containing
numbers (1-13) and letters (A-L) are presented in
an array on a sheet of paper. Participants are asked
to connect dots by alternating number and letter
sequencing as fast as they can (i.e., 1-A-2-B). The
outcome variable is the amount of time it takes for a
participant to complete 13 sequences correctly.

Imaging acquisition

Resting-state functional magnetic resonance imag-
ing (rs-fMRI) data were collected using a 3-Tesla
Siemens Magnetom Prisma scanner with a 64-chan-
nel head coil at the University of Florida and using
a 3-Tesla Siemens Magnetom Skyra scanner with
a 32-channel head coil at the University of Ari-
zona. Scanner type was included as a covariate in
our statistical analyses to control for potential dif-
ferences in the quality and acquisition of MRI data.
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Both study sites followed the same scanning pro-
cedures and used identical sequences. Participant
head motion was constrained by foam padding, and
participants were provided with earplugs to reduce
adverse effects of scanner noise. For acquiring rest-
ing-state data, participants were asked to rest for
6 min while keeping their eyes open, directed toward
a fixation cross, as a blood-oxygen-level-dependent
(BOLD) scan was acquired with an echo-planar func-
tional protocol (number of volumes= 120, repetition
time [TR]=3000 ms, echo time [TE]=30 ms; flip
angle=70°, 3.0x3.0x3.0 mm> voxels; 44 slices,
field of view (FOV)=240%x240 mm). To assist
the normalization of the resting-state functional
images in the preprocessing stage, high-resolution
T1-weighted 3D magnetization prepared rapid acqui-
sition gradient echo (MPRAGE) images were col-
lected (TR=1800 ms; TE=2.26 ms; 1.0x1.0.1x0
mm® voxels; 176 slices; FOV=256%256 mm;
FA =8°; time=3 min and 3 s).

Resting-state fMRI preprocessing and analyses

Structural and functional images were preprocessed
and analyzed using the MATLAB R2019b based
functional connectivity toolbox (“CONN toolbox”
version 18b) and SPM 12 [45, 46]. We utilized a
preprocessing pipeline which included functional
realignment and unwarping, functional centering
of the image to (0, 0, 0) coordinates, slice-timing
correction, structural centering to (0, 0, 0,) coordi-
nates, structural segmentation and normalization to
MNI space, functional normalization to MNI space,
and spatial smoothing with a smoothing kernel of
8 mm FWHM. During preprocessing, CONN tool-
box implements an anatomical, component-based,
noise correction strategy (aCompCor) for spatial
and temporal processing to remove physiological
noise factors from the data [47]. The implementa-
tion of aCompCor combined with the quantifica-
tion of participant motion and the identification of
outlier scans through the Artifact Rejection Tool-
box (www.nitrc.org/projects/artifact_detect) allows
for better interpretation of functional connectivity
results [46-48]. The Artifact Rejection Toolbox
(ART) was set to the 97th percentile setting with
the mean global-signal deviation threshold set at
z==+5 and the participant-motion threshold set
at 0.9 mm to flag outlier acquisitions. Consistent
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with previous resting-state literature, we excluded
participants with <4 min of data after scrubbing
flagged outlier volumes [49-53]. Applying lin-
ear regression of potential confounding effects in
BOLD signal and using temporal band-pass filter-
ing (0.008-0.09 Hz), data were denoised to exclude
signal frequencies outside of the range of expected
BOLD signals (such as low-frequency scanner
drift), minimize participant motion, extract white
matter and cerebral spinal fluid noise components,
and control for within-participant realignment and
scrubbing covariates [47, 49, 50].

For the rs-fMRI analyses, we used a publicly
available network parcellation of the brain [54]
defined by Yeo et al. (2011) that has been com-
monly used in the resting-state literature [12, 13,
21, 22, 55-57]. Regions within CON and FPCN
were specified as ROIs for average network connec-
tivity analyses and ROI-ROI functional connectiv-
ity analyses (Fig. 1; Table 2). The connectivity val-
ues are Fisher z-transformed bivariate correlations
between brain regions’ BOLD time series that quan-
tify associations in activation at rest.

Frontoparietal
Control

Cingulo-Opercular

Fig. 1 FPCN and CON in older adults. Visualization of the
regions of interest in the FPCN and CON [54] in our sample of
healthy older adults [12] from A anterior and B superior views

Table 2 Network regions of interest labels

Network Region of interest label

CON
L parietal operculum
L temporal occipital
L frontal operculum insula
L lateral prefrontal cortex
L medial/anterior cingulate
R temporal occipital parietal
R precentral
R frontal operculum insula
R ventral prefrontal cortex
R lateral prefrontal cortex
R medial/anterior cingulate
FPCN
L parietal
L temporal
L dorsal prefrontal cortex
L lateral prefrontal cortex
L orbital frontal cortex
L ventral prefrontal cortex
L precuneus
L cingulate
L medial posterior prefrontal cortex
R parietal
R temporal
R ventral prefrontal cortex
R lateral prefrontal cortex
R precuneus
R cingulate
R medial posterior prefrontal cortex

This table presents the names for each region of interest in the
CON and FPCN networks defined by Yeo et al. (2011). The
Yeo regions named “medial” correspond with the anterior
cingulate, which is included in the table to provide further
specification of the region’s location. CON, cingulo-opercular
network; FPCN, frontoparietal control network; L, left hemi-
sphere; R, right hemisphere

Average network connectivity and executive
functioning

Average within-network connectivity was calculated
by computing the mean of the pairwise correlations
between the specified Yeo et al. (2011) ROIs that
comprise the CON and FPCN. Multiple linear regres-
sions were conducted in SPSS version 25 with the
executive function measures as the outcome variables
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(Digit Span Backwards, Letter Number Sequencing,
Stroop Color-Word, and TMT-B) and average connec-
tivity values as the predictor of interest, controlling
for age, sex, education, and scanner. For each out-
come, the regression model was run twice: one model
analyzing average within-CON connectivity and the
other examining average within-FPCN connectivity.

Secondary analyses: ROI-ROI connectivity and
executive functioning

We used the CONN Toolbox to investigate the asso-
ciations between regional connectivity strength
(ROI-ROI) within the CON and FPCN with execu-
tive function performance. We constructed all the
aforementioned models including covariates directly
within the CONN Toolbox. For each model, regions
were restricted to those in the specified network (e.g.,
significant connections defined only between CON
regions and their relationship with Stroop perfor-
mance). Results were analyzed using a false discov-
ery rate correction (FDR) with a significance level set
at p<0.05 to consider the total number of pairwise
correlations run for each model. Only ROI-ROI con-
nections surviving FDR correction were considered.

Results
Sample

Of the 274 participants, we excluded five participants
with <4 min of data after scrubbing and two partici-
pants as imaging outliers due to extreme network con-
nectivity values (z-score beyond+3). Furthermore,
one participant was missing data on TMT-B, two on
Letter Number Sequencing, six on Digit Span Back-
wards, and six on Stroop Color-Word. These cases
were dropped from the sample via list-wise deletion.
After analyzing the measures’ distributions, three
individuals were removed as neuropsychological per-
formance outliers (z-score beyond +3; one for Digit
Span Backwards and two for TMT-B), resulting in the
following sample sizes: Letter Number Sequencing
n=265, TMT-B n=264, Stroop Color-Word n=261,
and Digit Span Backwards n=260. The distribution
of scores on TMT-B was positively skewed; therefore,
we performed a log,, transformation. Demographic
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and raw neuropsychological performance data are
summarized in Table 1.

Average network connectivity and executive
functioning

We first examined the relationship between average
network connectivity and executive function per-
formance. Multiple linear regressions revealed that
greater average connectivity within the CON was
associated with better performance across all execu-
tive functioning subcomponents (working memory,
inhibition, and set-shifting): Digit Span Backwards
(R*=0.14, p=026, p<0.001), Letter Number
Sequencing (R2=0.16, p=0.23, p<0.001), Stroop
Color-Word (R*=0.20, p=0.24, p<0.001), and
TMT-B (R*=0.17, f=—0.26, p<0.001; Table 3).
Of note, for TMT-B, longer time to complete the
task corresponds with worse performance. As such,
negative beta values suggest that stronger connectiv-
ity is related to faster completion times (i.e., better
performance). Additionally, greater average connec-
tivity within the FPCN was significantly associated
with better performance on working memory meas-
ures: Digit Span Backwards (R2:0.12, $=0.22,
p<0.001) and Letter Number Sequencing (R*=0.14,
p=0.18, p=0.002; Table 3). The association between
the FPCN and TMT-B performance was at the tradi-
tional cut-off for significance (R*=0.13, f=—0.12,
p=0.05), and the association between the FPCN
and Stroop Color-Word was not statistically signifi-
cant (R2=0.16, £=0.10, p=0.09). Across both CON
and FPCN models, older age was significantly asso-
ciated with worse performance on Letter Number
Sequencing, Stroop Color-Word, and TMT-B but not
with Digit Span Backwards. Lastly, more years of
education was significantly associated better perfor-
mance across all measures in both CON and FPCN
models. Sex and scanner covariates did not predict
performance.

ROI-ROI connectivity and executive function

We next analyzed patterns of regional connectivity
within the networks associated with executive func-
tion performance, controlling for age, sex, education,
and scanner. Statistical information regarding the sig-
nificant network connections is provided in Tables 4
and 5 and Figs. 2 and 3. In brief, for CON, there were
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Table 3 Average network connectivity and executive functioning performance

Digit Span Backwards Letter Number Sequencing  Stroop Color-Word TMT-B
CON Model
R-squared 0.14™ 0.16"™ 0.20" 0.17"
Average CON 0.26™ 0.23™ 0.24™ -0.26™"
Age -0.07 -0.17" —0.24™ 0.24™
Education 0.24" 0.24™ 0.19" -0.13"
Sex 0.02 0.00 0.11 —-0.06
Scanner —0.05 —0.05 0.09 -0.03
FPCN Model
R-squared 0.12" 0.14™ 0.16™" 0.13"™
Average FPCN 0.22"" 0.18" 0.10 -0.12
Age -0.10 —0.20"" —0.29" 0.28"
Education 23" 0.23" 0.19" -0.12"
Sex 0.01 —-0.01 0.10 —-0.06
Scanner 0.03 -0.3 0.11 —-0.05

The values in the table corresponding with each predictor are standardized Beta coefficients. The metric for Trail Making Test part
B (TMT-B) is time in seconds it takes to complete the task (log transformed due to skewness). Longer time equates to worse per-
formance. Average CON, average connectivity values within the cingulo-opercular network; Average FPCN, average connectivity

values within the frontoparietal control network
 p<.001; #* p<.01; * p<.05

significant relationships between 15 connections
and Digit Span Backwards, 10 connections and Let-
ter Number Sequencing, 16 connections and Stroop
Color-Word, and 21 connections and TMT-B perfor-
mance. For FPCN, there were significant relation-
ships between 10 connections and Digit Span Back-
wards, 3 connections and Letter Number Sequencing,
2 connections and TMT-B performance, and no con-
nections survived FDR correction for Stroop Color-
Word. Table 6 provides the number of nodes each
significant region is connected to that related to exec-
utive functioning performance.

Discussion

Executive function declines seen in non-pathological
aging are associated with age-related changes in brain
structure and function [10-13]. Using a brain network
approach in a large sample of older adults, the cur-
rent study identified patterns of resting-state func-
tional connectivity within two cognitive control net-
works important for working memory, inhibition, and
set-shifting performance. These findings (1) provide
insight into differential brain-behavior relationships
with cognitive control networks vulnerable to aging,

(2) characterize patterns in non-pathological aging
that can be used to compare with neurodegenerative
disease progression, and (3) reveal potential target
networks for intervention to potentially improve exec-
utive functioning performance in older adults.

CON connectivity and executive function

The CON is a cognitive control network important
for the detection of salient information and involved
in the stable maintenance of a strategy throughout
the duration of a task [15, 16, 18, 58]. The anterior
insula (AI) and the anterior cingulate cortex (ACC,
which corresponds to the Yeo “medial” regions) are
two major hub regions in the CON. It is thought that
the AI first identifies salient events from internal
and external stimuli and then signals other large-
scale networks to act upon the event (i.e., activat-
ing the FPCN and deactivating the default mode
network) [58-61]. These “transient control signals”
generated by the Al are then sustained by the ACC
throughout the duration of a response. In cogni-
tively intact older adults, studies have shown that
age-related alterations to ACC functioning (i.e.,
hypometabolism and reduced activation) are related
to poorer executive function performance [62—64].
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Table 4 Working memory ROI-ROI connectivity analyses

Beta T(x) value P (FDR)
Digit Span Backwards
CON Seed Regions T(254)
L medial/anterior cingulate — R ventral prefrontal cortex 0.04 3.96 .001
L medial/anterior cingulate — R frontal operculum insula 0.02 2.66 .042
R frontal operculum insula — L lateral prefrontal cortex 0.03 4.12 <.001
R frontal operculum insula — R temporal occipital parietal 0.02 2.85 .024
R frontal operculum insula — R medial/anterior cingulate 0.02 2.50 .032
L parietal operculum — R temporal occipital parietal 0.04 3.06 .019
L parietal operculum — L lateral prefrontal cortex 0.02 2.79 .019
L parietal operculum — R medial/anterior cingulate 0.02 2.77 .019
L parietal operculum — R ventral prefrontal cortex 0.02 2.56 .027
R temporal occipital parietal — R medial/anterior cingulate 0.02 2.82 .017
R temporal occipital parietal — L lateral prefrontal cortex 0.02 2.53 .029
R temporal occipital parietal — L medial/anterior cingulate 0.02 243 .032
R temporal occipital parietal — R ventral prefrontal cortex 0.02 2.24 .043
R medial/anterior cingulate — R ventral prefrontal cortex 0.03 3.95 .001
L lateral prefrontal cortex — L frontal operculum insula 0.02 3.37 .004
FPCN Seed Regions T(254)
R parietal — R medial posterior prefrontal cortex 0.03 3.55 .007
R parietal — R lateral prefrontal cortex 0.03 3.32 .008
R parietal — L precuneus 0.02 2.62 .043
R parietal — L cingulate 0.02 2.53 .043
R parietal — L medial posterior prefrontal cortex 0.02 2.46 .043
R lateral prefrontal cortex — L parietal 0.02 2.82 .039
R lateral prefrontal cortex — L precuneus 0.02 2.67 .039
R lateral prefrontal cortex — R medial posterior prefrontal cortex 0.02 2.51 .039
R lateral prefrontal cortex — R ventral prefrontal cortex 0.02 2.50 .039
L lateral prefrontal cortex — L parietal 0.03 3.59 .006
Letter Number Sequencing
CON Seed Regions T(259)
R medial/anterior cingulate — R frontal operculum insula 0.03 3.38 .008
R medial/anterior cingulate — R temporal occipital parietal 0.02 3.08 .012
R medial/anterior cingulate — L parietal operculum 0.02 2.78 .017
R medial/anterior cingulate — L temporal occipital 0.02 2.72 .017
R medial/anterior cingulate — R ventral prefrontal cortex 0.01 2.53 .022
R medial/anterior cingulate — R lateral prefrontal cortex 0.02 2.50 .022
R temporal occipital parietal — R frontal operculum insula 0.02 3.57 .004
R frontal operculum insula — L medial/anterior cingulate 0.02 2.99 .010
R frontal operculum insula — L parietal operculum 0.02 2.39 .043
L medial/anterior cingulate — L temporal occipital 0.02 2.95 .018
FPCN Seed Regions T(259) -
R medial posterior prefrontal cortex — R ventral prefrontal cortex 0.02 2.98 .047
R lateral prefrontal cortex — R parietal 0.02 3.08 .034
R precuneus — R ventral prefrontal cortex 0.01 2.97 .048

Only significant ROI-ROI pairs related to executive functioning performance are depicted in this table. The beta values are unstandardized and rep-
resent the slope of the regression line between executive functioning scores and connectivity values (Fisher’s z-transformed correlations). FDR, false
discovery rate seta p<.05
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Table.S ' Inhibition and Beta T(x) value P (FDR)

set-shifting ROI-ROI

connectivity analyses Stroop Color-Word
CON Seed Regions T(255)
R ventral prefrontal cortex — R lateral prefrontal cortex 0.01 4.87 <.001
R ventral prefrontal cortex — L lateral prefrontal cortex 0.01 4.32 <.001
R ventral prefrontal cortex — R medial/anterior cingulate 0.01 3.49 .002
R ventral prefrontal cortex — L temporal occipital 0.01 2.71 .016
R ventral prefrontal cortex — L medial/anterior cingulate 0.01 2.63 .018
R medial/anterior cingulate — R frontal operculum insula 0.01 3.27 .006
R medial/anterior cingulate — R temporal occipital parietal 0.01 3.10 .007
R medial/anterior cingulate — R lateral prefrontal cortex 0.01 2.53 .030
R medial/anterior cingulate — L parietal operculum <0.01 2.30 .044
R frontal operculum insula — R temporal occipital parietal 0.01 3.04 .013
R frontal operculum insula — R precentral 0.01 2.54 .033
R frontal operculum insula — L. medial/anterior cingulate 0.01 2.46 .033
R frontal operculum insula — L lateral prefrontal cortex 0.01 2.35 .033
R frontal operculum insula — R lateral prefrontal cortex 0.01 2.34 .033
R frontal operculum insula — L parietal operculum 0.01 2.28 .033
R frontal operculum insula — L temporal occipital <0.01 2.15 .041
No Significant FPCN Seed Regions
Trail Making Test B
CON Seed Regions T(260)
L frontal operculum insula — R temporal occipital parietal -0.39 —-3.68 .003
L frontal operculum insula — L medial/anterior cingulate -0.33 -3.01 .008
L frontal operculum insula — R precentral —-0.28 -3.01 .008
L frontal operculum insula — L lateral prefrontal cortex -0.31 —-2.98 .008
L frontal operculum insula — L parietal operculum -0.31 -2.83 .009
L frontal operculum insula — R ventral prefrontal cortex -0.22 -2.71 011
L frontal operculum insula — R medial/anterior cingulate —-0.32 —-2.68 011
L frontal operculum insula — R frontal operculum insula -0.25 —-2.32 .026
R temporal occipital parietal — R frontal operculum insula —-0.44 —3.86 .001
R temporal occipital parietal — R ventral prefrontal cortex -0.31 -2.92 .013
R temporal occipital parietal — R medial/anterior cingulate —0.30 -2.61 .024
R temporal occipital parietal — L parietal operculum —-0.47 —-2.36 .038
L parietal operculum — R ventral prefrontal cortex —-0.36 —-3.64 .003
L parietal operculum — R frontal operculum insula —-0.32 —2.86 .017

Only significant ROI-ROI R frontal operculum insula — R medial/anterior cingulate —-0.36 -2.71 024

pairs .relgted to executive R frontal operculum insula — R precentral -0.27 -2.51 .032

functioning performance . . . .

are depicted in this R frontal operculum insula — L. medial/anterior cingulate —-0.28 —-2.24 .043

table. The beta values L medial/anterior cingulate — R ventral prefrontal cortex -0.37 -2.70 .037

are unstandardized and R ventral prefrontal cortex — R medial/anterior cingulate -0.33 —3.46 .003

represgnt th'e slope of the R ventral prefrontal cortex — L lateral prefrontal cortex —-0.22 —2.46 .021

regression line between

executive functioning scores R ventral prefrontal cortex — R lateral prefrontal cortex —-0.24 —245 .021

and connectivity values FPCN Seed Regions T(260)

(Fisher’s z-transformed L dorsal prefrontal cortex — L temporal -0.31 -3.07 .036

correlations). FDR, false L temporal — R temporal —030 -276 045

discovery rate set a p <.05
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Working Memory and Network Connectivity
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Fig. 2 ROI-ROI analyses for working memory measures. Sig-
nificant ROI-ROI connections related to working memory per-
formance controlling for age, sex, education, and scanner. Each
panel provides an overall network map in the top left corner
and a connectome ring that depicts the significant connections
related to performance on each measure. The color bar repre-
sents the range of the T-statistic for each model. Warmer colors

Given the broad involvement of the CON in cogni-
tive control and its vulnerability to aging processes,
it is not surprising that in the present study, the
integrity of this network at rest in older adults was
important for executive functioning across all three
domains: working memory, inhibition, and set-
shifting. Previous studies have identified associa-
tions between specific regions within the CON and
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indicate positive relationships while cooler colors indicate
negative relationships with task performance. An analysis level
FDR correction of p<0.05 was used. Abbreviations: R, right
hemisphere; L, left hemisphere; FPCN, frontoparietal control
network; CON, cingulo-opercular network; PFC, prefrontal
cortex; MedPost, medial posterior; FrOperlns, frontal opercu-
lum insula; TempOccPar, temporal occipital parietal

executive function performance [65-69]. However,
these findings expand upon the literature by reveal-
ing that overall network connectivity and several,
specific ROI-ROI connections within the CON are
important for executive function within a large sam-
ple of healthy older adults.
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Set-Shifting and Network Connectivity

A Trail Making Test B and FPCN B

IR 54

-3.07 M 3.07

Fig. 3 ROI-ROI analyses for inhibition and set-shifting meas-
ures. Significant ROI-ROI connections related to set-shifting
and inhibition performance controlling for age, sex, education,
and scanner. Each panel provides an overall network map in
the top left corner and a connectome ring that depicts the sig-
nificant connections related to performance on each measure.
The color bar represents the range of the T-statistic for each
model. Warmer colors indicate positive relationships while
cooler colors indicate negative relationships with task perfor-

CON and working memory

In this study, the CON ROI-to-ROI analyses revealed
several overlapping connections, particularly with
medial/cingulate regions, that were associated with
both Digit Span Backwards and Letter Number
Sequencing performance (i.e., right medial/anterior
cingulate to right frontal operculum insula, right
temporal occipital parietal, left parietal operculum,
and right ventral prefrontal cortex; left medial/ante-
rior cingulate to right frontal operculum insula). The
ACC’s involvement in working memory has been
observed in both task-based [70-72] and resting-
state imaging studies [69, 73]. Specifically, in mod-
els of working memory, the ACC has been referred
to as the “attention controller” that evaluates the
need for greater allocation of resources based on task
demand [71, 74-76]. Otsuka and colleagues (2006)
[64] showed that compared to younger adults, older
adults also show reduced ACC activation during a
verbal working memory task likely related to age-
related deterioration of the cognitive control process.
Our findings support this notion and suggest that an
increased medial/anterior cingulate connection within
the CON at rest is important for performing challeng-
ing working memory tasks in an aging population.

Trail Making Test B and CON c

AN

Inhibition and Network Connectivity

Stroop Color-Word and CON

-3.86 I 3.86 -4.87HT M 4.87

mance. The metric for Trail Making Test B is time in seconds
it takes to complete the task. Longer time equates to worse
performance; therefore, negative correlations (blue) indicate
stronger connectivity is related to better performance. An anal-
ysis level FDR correction of p <0.05 was used. Abbreviations:
R, right hemisphere; L, left hemisphere; FPCN, frontoparietal
control network; CON, cingulo-opercular network; PFC, pre-
frontal cortex; ParOper, parietal operculum; FrOperlns, frontal
operculum insula; TempOccPar, temporal occipital parietal

Notably, in our sample of older adults, Digit Span
Backwards performance was also associated with sev-
eral fronto-parietal connections with greater involve-
ment of left hemisphere language regions (i.e., left
parietal operculum and left frontal operculum insula).
The left inferior parietal lobe and the left frontal
operculum (containing Broca’s area) are both compo-
nents of the phonological loop for working memory,
critical for storing and rehearsing verbal informa-
tion, respectively [77-79]. A functional MRI study
in younger adults revealed that the Broca’s area is
additionally recruited for Digit Span Backwards com-
pared to Digit Span Forward, potentially reflecting
the task’s greater demand on phonological processing
[80]. A few studies have also demonstrated structural
relationships between these language regions and ver-
bal working memory performance [69, 81]. To our
knowledge, we are the first to identify an association
between the resting-state functional connectivity of
these language regions within the CON and a verbal
working memory task in older adults.

CON and inhibition

The ACC and anterior insula are also impor-
tant regions for detecting and resolving “response
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Table 6 Number of connections per region

Network Region of interest Digit Span Back- Letter Number Stroop Color-  Trail Mak-
wards Sequencing Word ing Test
Part B

CON

L parietal operculum 4 2 2 4

L temporal occipital 0 2 2 0

L frontal operculum insula 1 0 0 8

L lateral prefrontal cortex 4 0 2 2

L medial/anterior cingulate 3 2 2 3

R temporal occipital parietal 6 2 2 5

R precentral 0 0 1 2

R frontal operculum insula 4 4 8 6

R ventral prefrontal cortex 4 1 5 7

R lateral prefrontal cortex 0 1 3 1

R medial/anterior cingulate 4 6 5 4
FPCN

L parietal 2 0 0 0

L temporal 0 0 0 2

L dorsal prefrontal cortex 0 0 0 1

L lateral prefrontal cortex 1 0 0 0

L precuneus 2 0 0 0

L cingulate 1 0 0 0

L medial posterior prefrontal cortex 1 0 0 0

R parietal 5 1 0 0

R temporal 0 0 0 1

R ventral prefrontal cortex 1 2 0 0

R lateral prefrontal cortex 5 1 0 0

R precuneus 0 1 0 0

R medial posterior prefrontal cortex 2 1 0 0

This table presents the number of nodes a region was connected to that significantly related to task performance. Regions that were
not a part of significant pairs for any of four tasks were excluded from the table. CON, cingulo-opercular network; FPCN, frontopari-

etal control network; L, left hemisphere; R, right hemisphere

conflict” (i.e., implementing cognitive inhibition).
Response conflict occurs when there is a simultane-
ous neural activation for competing, incompatible
responses [67, 68]. Several task-based imaging stud-
ies have identified ACC and Al activation during inhi-
bition tasks like the Stroop, Go/No-Go, and Flanker
[65, 65, 82]. In a resting-state functional connectivity
analysis, Ducheck and colleagues (2014) identified a
relationship between average CON connectivity and
Stroop errors in a sample of older adults [31]. Simi-
larly, in our previous study with older adults [12], we
demonstrated that greater average CON connectivity
was related to better performance on the NIH Tool-
box Flanker task. In the present study, we were able to
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replicate these relationships with average CON con-
nectivity and cognitive inhibition and expand upon
the findings by analyzing the patterns of regional con-
nectivity underlying this association.

The ROI-ROI analyses revealed significant con-
nections within the CON important for Stroop
Color-Word performance including 8 connections to
the right frontal operculum insula, 7 connections to
medial/anterior cingulate regions (5 right hemisphere,
2 left hemisphere), 5 connections to the right ventral
prefrontal cortex, and 5 connections to the lateral pre-
frontal cortex (3 right hemisphere, 2 left hemisphere).
In addition to the ACC and Al, neuroimaging stud-
ies have also identified the importance of frontal
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regions for inhibition including the inferior frontal
gyrus (IFG), middle frontal gyrus (MFG), and pre-
central gyrus [83-86]. Notably, our findings demon-
strate extensive involvement of the right frontal oper-
culum insula (partially analogous to right IFG) with
the absence of connections to the left frontal opercu-
lum insula. This pattern is consistent with the right
hemispheric dominance of inhibitory control seen in
the literature [87-92]; however, our findings add to
the literature by demonstrating this right hemispheric
pattern in the resting-state modality for inhibitory
control in an aging population.

CON and set-shifting

The current findings are also in support of previous
research demonstrating that communication within
the CON is important for set-shifting. Previous work
from our group demonstrated higher average CON
connectivity is associated with better performance in
the NIH Toolbox Dimensional Change Card Sort task
[12]. Task-based TMT-B imaging studies in healthy
adults show involvement of CON regions during task
performance, such as left inferior frontal gyrus, left
angular gyrus, and left superior temporal gyrus [93,
94]. Talwar and colleagues were also able to show
age-related activation in CON areas including the
right insula, superior temporal gyri, and medial pre-
frontal cortices when performing TMT-B [93]. In
relation to ROI-ROI findings, the left frontal oper-
culum insula is widely connected to bilateral regions
within the CON with 8 connections. Previous lesion
studies in stroke patients have also identified the
importance of the left insula in set-shifting tasks [95,
96]). Moreover, our functional results expand upon
structural findings that indicate thinner cortex in tem-
poral/sylvian fissure regions and insula is associated
with poorer TMT-B performance in aging adults [97],
possibly due to the language component of this task
[94, 98]. When considering our other CON findings
of ACC involvement in working memory and inhibi-
tion, the strong insular component in set-shifting may
suggest that overall CON connectivity is important
in executive function in aging, but hubs within CON
may be playing differential roles given the specific
task.

Other connections associated with TMT-B per-
formance include right superior/posterior tempo-
ral regions (5 connections), right ventral prefrontal

cortex (7 connections), right insula (6 connections),
and left parietal operculum (4 connections). In a
younger population, left frontal and temporal areas
are typically more involved than right hemisphere
regions in TMT-B task performance [94]. However,
in our sample, bilateral and widespread connections
appear important, which is in line with theories of
aging suggesting reduced lateral asymmetry and dedi-
fferentiation in aging [99, 100]. These findings also
expand upon previous task-based research and show
that higher connectivity of these regions at rest is also
important for better performance in an aged popula-
tion [93].

FPCN connectivity and executive function

The FPCN is a cognitive control network important
for goal-directed attention and adapting to feed-
back [16, 18, 21, 34]. The dorsolateral prefrontal
cortex (dLPFC) is a hub brain region in the FPCN;
thus, working memory processes have been shown
to uniquely relate to FPCN connectivity [101, 102].
Connectivity within the FPCN and the anticorrelation
between the FPCN and other networks reduces with
older age [23, 103]. Findings from this study expand
upon the role of the FPCN by demonstrating that
in cognitively healthy older adults, overall within-
network FPCN connectivity relates to better perfor-
mance on working memory tasks. Additionally, ROI-
ROI analyses revealed specific connections important
for working memory and identified two FPCN con-
nections related to set-shifting performance.

FPCN and working memory

ROI-ROI analyses within the FPCN revealed that
multiple frontal-parietal connections, predomi-
nantly within the right hemisphere, related to better
Digit Span Backwards performance. ROI-ROI con-
nections with the greatest magnitude of association
were the right medial posterior and bilateral lateral
prefrontal cortices with parietal seed regions. The
pattern of frontal-parietal connections was even
more apparent in Letter Number Sequencing per-
formance, as one of the strongest ROI-ROI connec-
tions related to task performance was a right lateral
prefrontal cortex to the right parietal seed. Parietal
involvement in working memory tasks is well stud-
ied and is related to spatial and mental manipulation
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of both auditory and verbal stimuli as well as capac-
ity limitations [104—107]. However, the frontal-pari-
etal connection in working memory performance
may interact with age. Nyberg and colleagues found
that high-performing young adults had more acti-
vation in parietal areas as a function of working
memory load, whereas high-performing older adults
had more activation in frontal areas [108]. Edin and
colleagues (2009) suggest that the frontal-parietal
connection is important in aging when the dLPFC
is recruited to “boost” working memory capacity in
the parietal cortex, and thus needed for high-level
working memory performance [109]. In aging, the
ability to relocate neural resources from posterior
to frontal areas in response to increased cognitive
demands appears important in maintaining task per-
formance [108, 109]. Although other connections
were certainly important in Digit Span Backwards
(i.e., right parietal to left precuneus and cingulate
cortex, right lateral prefrontal cortex to left precu-
neus and right medial posterior prefrontal cortex)
and Letter Number Sequencing performance (i.e.,
right ventral prefrontal cortex to right medial poster
prefrontal cortex and right precuneus), the substan-
tial frontal-parietal involvement in our sample sup-
ports the notion that recruitment of the prefrontal
cortex is important to “boost” or support parietal
involvement in working memory in aging.

Within the FPCN, fronto-parietal connections
appear to favor the right hemisphere, particularly in
Letter Number Sequencing. Prior research assess-
ing the volumetric and functional connectivity cor-
relates of working memory shows a preference for
right hemisphere areas involved in the phonological
loop, which is likely recruited when performing ver-
bal working memory tasks such as Digit Span Back-
wards and Letter Number Sequencing [69]. Previ-
ous research also suggests that older adults recruit
right frontal areas more than younger adults when
performing mental manipulation tasks [110, 111].
This functional shift is also supported by structural
connectivity findings in aging, showing reduced left
hemisphere white matter pathways emerging from
the prefrontal cortex when compared to the right
hemisphere [112]. Future research should explore
the interaction of the integrity of white matter path-
ways with the fronto-parietal connection and work-
ing memory performance in an aging cohort.
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FPCN and set-shifting

While the association between average FPCN con-
nectivity and set-shifting performance was at the
traditional cut-off for statistical significance, ROI-
ROI analyses revealed two connections within the
FPCN important for task performance, higher con-
nectivity of the left temporal region with left dorsal
prefrontal cortex and with right temporal regions
associated with faster TMT-B performance. Tempo-
ral lobe connectivity is not traditionally associated
with set-shifting tasks in aging but rather the dorso-
lateral and medial prefrontal cortices [94, 113, 114].
In fact, prior research has shown that compared to
younger adults, older adults recruit prefrontal corti-
ces more when completing set-shifting tasks, simi-
lar to changes observed in working memory [115].
However, structural studies show the integrity of the
white matter connections between prefrontal cortices
and temporal regions (along the superior longitudi-
nal fasciculus) is important in set-shifting in healthy
aging, as is cortical thickness in temporal regions
[97, 116]. The recruitment of temporal regions in set-
shifting tasks may be due to the memory demand of
recalling numbers and letters, as a frontal to medial
temporal functional connection is apparent during
executive function performance in aging [93, 117].
Furthermore, Oosterman and colleagues found that
in an aging population, medial temporal lobe atrophy
was the best predictor of Trail Making Test B per-
formance, which suggests that the hippocampus may
play a role in executive functions as we age [117].
Despite our temporal regions of interest being lateral
rather than medial, our findings do support the notion
of broad temporal or hippocampal association areas
and prefrontal-temporal involvement in set-shifting
performance in an aging population.

Another important finding was stronger bilateral
temporal connection related to better TMT-B per-
formance. To our knowledge, our study is the first to
show a bilateral temporal lobe connection in set-shift-
ing performance in an aging population. Typically,
the left temporal lobe is recruited more in TMT-B,
possibly due to a language component of the task
when reciting the alphabet [94, 98]. However, Perry
and colleagues (2009) found that the integrity of the
corpus callosum strongly mediates TMT-B perfor-
mance [116]. It is possible that older adults who have
higher integrity of the corpus callosum are better able
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to recruit right-sided temporal areas to help in task
performance. Further research is needed to better
understand the bilateral temporal role in set-shifting
in aging.

CON vs. FPCN: inhibition and set-shifting

Our findings demonstrate that at rest, the functional
integrity of the CON plays a more prominent role for
inhibition and set-shifting performance compared to
the FPCN in older adults. In task-based imaging stud-
ies, the dLPFC individually and in conjunction with
the ACC has been related to performance in both
domains [68, 94, 113, 114, 118-121]. Kondo and
colleagues (2004) demonstrated that closer coopera-
tion between the ACC and dLPFC is strongly related
to attention shifting during a working memory task
[121]. During conflict monitoring, signals from the
ACC lead to the recruitment of additional support
from the dLPFC on subsequent performance [68,
120]. These findings are consistent with the net-
work model that suggests the CON is responsible
for modulating large-scale network activity (e.g.,
increasing FPCN activity) via signals from the ACC
and the insular cortex [58-61]. Our findings sug-
gest that perhaps at rest, the integrity of communica-
tion within the CON as its own unique network but
also as a mechanism for recruiting other networks is
more important for inhibition and set-shifting perfor-
mance in older adults than the communication at rest
between FPCN regions typically recruited for the exe-
cution of those tasks. However, future research would
be needed to explore the dynamics between resting-
state network integrity and network activation during
executive functioning tasks in older adults to potenti-
ate these claims.

Limitations and future directions

While the present study provides novel insight
regarding cognitive control network connectivity
and executive function in non-pathological aging,
the results should be interpreted in the context of
the following limitations. First, our sample consists
largely of highly educated, White Non-Hispanic
individuals, which greatly limits the generaliz-
ability of these findings to Black, Asian American
and Pacific Islander, Indigenous, and Hispanic or
Latinx populations. Consistent with the overall

trends in the USA, over time, the aging population
has become increasingly more racially and ethni-
cally diverse. According to the current population
estimates [122], the fastest-growing racial or eth-
nic group in the USA is individuals who are two or
more races followed by Asian then Hispanic popu-
lations. It is imperative that as a field, we continue
to address and dismantle the established research
participation barriers that disproportionately bur-
den individuals from minoritized populations to
prioritize more inclusive aging research [123].

Furthermore, this study was a cross-sectional
design and only included older adults that did not
show evidence of mild cognitive impairment or
dementia defined by UDS performance [38, 39].
Future work should analyze these relationships longi-
tudinally to explore how they might predict cognitive
trajectories or alter in response to disease progres-
sion (e.g., Alzheimer’s disease). Additionally, there
are several methods for analyzing executive function
and resting-state network connectivity. In the present
study, we chose traditional neuropsychological meas-
ures that correspond to the subdomains of executive
function commonly delineated in the literature [4, 5].
We also conducted ROI-ROI analyses to constrain
our analyses to connectivity patterns within well-
defined resting-state networks that are vulnerable to
aging [22-24, 54]. Others should attempt to replicate
these patterns using a variety of executive functioning
measures and connectivity analyses (e.g., voxel-wise
approaches, graph theory, independent component
analysis). Furthermore, future research should expand
upon these findings by investigating how age-related
disruptions in connectivity between the CON and
FPCN relate to deficits in cognitive performance in
older adults. Finally, there are promising studies that
demonstrate the ability to increase resting-state con-
nectivity synchrony between fronto-parietal regions
via transcranial direct current stimulation [124, 125].
Future work should explore modulating network con-
nectivity as an intervention to potentially improve
cognitive functioning and stave off decline in older
adults.

Conclusion

This is the first study to investigate resting-state net-
work connectivity within the CON and the FPCN
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underlying each domain of executive function in a
sample of healthy older adults. Older adults with
greater average CON connectivity performed bet-
ter on working memory, inhibition, and set-shifting
tasks. Regional analyses further characterized con-
nectivity patterns by revealing consistent involvement
of CON hub regions (e.g., ACC/medial regions and
Al/frontal operculum insula) across tasks, language
regions for Digit Span Backwards, right hemisphere
dominance for inhibition, and insular and widespread
bilateral involvement for set-shifting. In contrast,
older adults with greater average FPCN connectiv-
ity only performed better on working memory tasks.
Regional analyses revealed right hemisphere fronto-
parietal involvement for working memory and also
temporal connections for set-shifting. Collectively,
these results provide a greater understanding of the
relationships between cognitive control network con-
nectivity and executive function in older adults. Fur-
thermore, these findings may inform and lead to more
focused interventions targeting altered brain networks
in the context of non-pathological aging.
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