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on the Double Decision task, although this has never 
been explored. This study aimed to assess the asso-
ciation of within-network connectivity of the default 
mode network, dorsal attention network, frontopari-
etal control network, and cingulo-opercular network 
with Double Decision task performance, and sub-
components of this task in a sample of 267 healthy 
older adults. Multiple linear regressions showed that 
connectivity of the cingulo-opercular network is asso-
ciated with visual speed-of-processing and divided 
attention subcomponents of the Double Decision 
task. Cingulo-opercular network and frontoparietal 

Abstract  Speed-of-processing abilities decline with 
age yet are important in performing instrumental 
activities of daily living. The useful field of view, or 
Double Decision task, assesses speed-of-processing 
and divided attention. Performance on this task is 
related to attention, executive functioning, and visual 
processing abilities in older adults, and poorer perfor-
mance predicts more motor vehicle accidents in the 
elderly. Cognitive training in this task reduces risk 
of dementia. Structural and functional neural cor-
relates of this task suggest that higher-order resting 
state networks may be associated with performance 
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control network connectivity is associated with Dou-
ble Decision task performance. Stronger connectivity 
is related to better performance in all cases. These 
findings confirm the unique role of the cingulo-
opercular network in visual attention and sustained 
divided attention. Frontoparietal control network 
connectivity, in addition to cingulo-opercular net-
work connectivity, is related to Double Decision task 
performance, a task implicated in reduced dementia 
risk. Future research should explore the role these 
higher-order networks play in reduced dementia risk 
after cognitive intervention using the Double Deci-
sion task.

Keywords  Healthy aging · Attention · Functional 
magnetic resonance imaging · Resting state 
networks · Speed-of-processing

Introduction

The cognitive trajectory of healthy aging has been 
well observed and documented to reveal a proto-
typical pattern of cognitive decline [1–3]. Speed-
of-processing abilities are particularly vulnerable to 
age-related cognitive decline and may underlie cogni-
tive performance in other domains sensitive to aging 
such as working memory and reasoning [4–7]. These 
cognitive processes are necessary to maintain instru-
mental activities of daily living in aging [8, 9]. There-
fore, it is important to accurately measure speed-of-
processing abilities in aging. The useful field of view 
(UFOV) task is comprised of hierarchical subtests 
assessing an individual’s ability to quickly process 
visual information while also using divided and selec-
tive attention [10–12]. Ultimately, the task asks an 
individual to correctly discriminate between 2 objects 
in the center of the visual field, while also attend-
ing to the correct location of a target object among 
distractor objects in the periphery. Task difficulty is 
manipulated by shortening presentation times of stim-
uli and increasing the number of distractors. Perfor-
mance on the UFOV test in aging is related to perfor-
mance in attention, executive functioning, memory, 
and visual processing [12]. Importantly, performance 
on the UFOV test is also predictive of the number of 
motor vehicle accidents in older adults, and UFOV 
performance on subtests 2 and 3 has been related to 

timed and untimed tasks of daily living in older adults 
[10, 13, 14].

The UFOV test was adapted and made commer-
cially available by POSIT Science Brain HQ (www.​
brain​hq.​com), titled the Double Decision task. The 
Double Decision task is a redesigned and commer-
cialized version of the UFOV test that incorporates 
crucial elements of the classic UFOV test into one 
assessment. Therefore, performance on the Dou-
ble Decision task directly measures UFOV test 
performance. UFOV performance will henceforth 
be referred to as “Double Decision” performance, 
including when referencing previous literature where 
“UFOV” term was used.

Given the Double Decision task’s robust relation-
ship with cognitive domains in aging and daily func-
tional abilities, it has served as a prime target for cog-
nitive interventions aimed at altering the trajectory of 
cognitive decline. The Advanced Cognitive Training 
for Independent and Vital Elderly (ACTIVE) study 
was one of the first of its kind to investigate the lon-
gitudinal efficacy of 6  weeks of cognitive training 
intervention in a large (n = 2,832) sample of older 
adults [15, 16]. Pivotal findings from this interven-
tion trial showed that Double Decision task training 
was associated with improved speed-of-processing 
and reduced risk of dementia at a 10-year follow-up 
[16, 17]. Additional findings from the ACTIVE inter-
vention study revealed reduced medical expenditures 
for individuals who underwent speed-of-processing 
training at 1- and 5-year follow-up and better physical 
functioning at 5-year follow-up [18, 19]. Despite clear 
evidence of cognitive and functional abilities associ-
ated with Double Decision task performance, neural 
correlates of Double Decision task performance have 
not been well studied.

A recent study exploring structural neural corre-
lates of Double Decision task performance found that 
in a sample of older adults, poorer Double Decision 
task performance was associated with reduced corti-
cal thickness in multiple cortical areas, including the 
posterior frontal lobe, right temporal lobe, and supe-
rior and inferior parietal gyri [20]. Another study 
exploring structural brain correlates found cortical 
thickness in dorsolateral prefrontal cortex, intrapa-
rietal sulcus, precuneus, and inferior parietal lobes 
to be related to Double Decision task performance 
[21]. Only one study has explored resting state func-
tional connectivity associated with Double Decision 
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training, and found increased connectivity of brain 
areas associated with executive functioning and vis-
ual processing after training [22]. These structural 
and functional correlates of Double Decision task 
performance and training overlap with functional 
brain networks related to aging.

Yeo and colleagues [23] described 7 distinct cer-
ebral resting state networks (RSNs), or anatomically 
distinct brain regions with correlated fluctuations of 
blood-oxygen-level-dependent (BOLD) functional 
magnetic resonance imaging (fMRI) signal when at 
rest. From these networks, the default mode network 
(DMN), dorsal attention network (DAN), frontopari-
etal control network (FPCN), and cingulo-opercular 
network (CON) have been termed “high-order” RSNs 
due to their association with advanced cognitive pro-
cesses and are linked to cognitive changes in aging 
[24, 25]. The DMN is involved in self-referential 
processing and episodic memory retrieval and has 
garnered much attention in aging research due to 
the reliable connectivity changes in pathological and 
non-pathological aging and diminished cognitive 
functioning [26–29]. The FPCN, CON, and DAN are 
also related to higher-order cognitive functions such 
as mediating attention and correlation between other 
networks, and have also been shown to decline with 
age [25, 30, 31]. For example, Grady and colleagues 
[30] found reduced FPCN between-network connec-
tivity in older age and stronger FPCN between-net-
work connectivity relating to better memory perfor-
mance, regardless of age. This suggests that FPCN 
connectivity may be indicative of cognitive control 
needed in memory formation. Additionally, findings 
from Hausman and colleagues [25] demonstrated that 
stronger CON connectivity is related to better NIH 
Toolbox fluid cognition scores, specifically episodic 
memory, attention, and executive function tasks in an 
aging population.

Structural and functional neural correlates of Dou-
ble Decision performance overlap with brain regions 
involved in these RSNs. For example, cortical thin-
ning of brain areas in FPCN (dorsolateral prefrontal 
cortex), DAN (intraparietal sulcus), and DMN (pre-
cuneus and inferior parietal lobes) is associated with 
Double Decision task performance [21]. Moreover, 
resting state functional connectivity increased in 
brain areas that comprise the CON (between the ante-
rior insula and anterior cingulate cortex) and FPCN 

(between the dorsal lateral prefrontal cortex and 
somatosensory cortex) after Double Decision train-
ing [22]. These findings suggest that RSN connec-
tivity may be associated with Double Decision task 
performance and that this association may be specific 
to certain higher-order RSNs, although no study has 
explored RSN connectivity associated with Double 
Decision task performance. Studying the association 
of Double Decision task performance with higher-
order RSNs may reveal RSNs key to reducing risk of 
dementia, subsequently illuminating neural targets to 
augment cognitive interventions (i.e., through non-
invasive brain stimulation). Additionally, it is impera-
tive in furthering our understanding of RSNs involved 
in crucial cognitive functions of healthy aging.

The Double Decision task fundamentally requires 
visual perceptual abilities and divided attention. 
Recent research suggests that connectivity of the 
CON is indicative of visual processing speed abili-
ties and its connectivity may predict visual process-
ing gains after an alertness training in healthy older 
adults [32, 33]. Divided attention abilities may play 
a role in episodic memory encoding performance in 
older adults, and may predict amount of falls later in 
life [34, 35]. Divided attention performance has not 
been well characterized in higher-order RSNs in a 
healthy aging human population, although task-based 
functional MRI and rodent studies show recruitment 
of the prefrontal cortex and thalamus [36, 37].

These processes are fundamental components that 
may contribute to the efficacy of the Double Decision 
task. By exploring the association of higher-order 
RSN connectivity in speeded visual perception and 
Divided Attention tasks alone, we may better under-
stand if the connectivity of one central RSN is crucial 
across these cognitive processes, or if the integra-
tion of these two components into one task (Double 
Decision task) elicits a unique pattern of association 
within higher-order resting state networks. These 
findings may also suggest specific RSN connectivity 
that is important in reduced dementia risk.

We therefore assessed the relationship of speeded 
visual perception, divided attention, and the Double 
Decision task performance in four higher-order RSNs 
(DMN, FPCN, CON, and DAN) in a large sample of 
healthy older adults. We predicted that visual per-
ception and divided attention fundamental tasks will 
have a targeted association with CON, as this RSN is 
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involved in attention and alertness [38, 39]. Then, due 
to Double Decision’s complexity and combination of 
visual perception and divided attention, we predicted 
that additional RSNs involved in decision-making 
and cognitive control would be recruited (FPCN and 
DAN), consistent with areas of increased functional 
connectivity after Double Decision training [22]. 
Additionally, we hypothesized that Double Decision 
task performance would not be associated with the 
DMN connectivity, despite DMN connectivity being 
associated with progression to Alzheimer’s demen-
tia [40]. While functional connectivity of brain areas 
included in the DMN increased after Double Deci-
sion training, we hypothesize that Double Decision 
performance at a baseline timepoint would not associ-
ate with DMN connectivity due to the DMN being a 
“task-negative” network [22].

Materials and methods

Participants

Participants in this study were part of an ongoing 
National Institute on Aging-funded Phase III double-
blinded randomized clinical trial, Augmenting Cogni-
tive Training (ACT; (NCT028511) [41]. Participants 
were recruited at the University of Florida and the 
University of Arizona via local research registries, 
community outreach, community agencies, newspa-
per advertisements, public service announcements, 
mailings, and posted flyers. Eligible participants 
needed to be right-handed and within the age range 
of 65–89; have no history of neurological disorders 
(including brain/head injury and dementia), major 
psychiatric illnesses, or formal diagnosis of cognitive 
impairment; and needed to have no contraindications 
to MRI. More details regarding inclusion/exclusion 
criteria may be found in Woods et al. [41]. Cognitive 
status was screened by performance on a comprehen-
sive neuropsychological battery. Participants were 
not eligible if they performed 1.5 standard devia-
tions below normative scores on the National Alz-
heimer’s Coordinating Center (NACC) Uniform Data 
Set (UDS-III) in any cognitive domain of general 
cognition, memory, visuospatial functioning, execu-
tive functioning/working memory, or language [42]. 
All participants provided written informed consent 
approved by the Institutional Review Boards at the 

University of Arizona and the University of Florida 
and research was carried out in accordance with insti-
tutional guidelines and the Declaration of Helsinki. 
Double Decision task performance and functional 
magnetic resonance imaging (fMRI) were performed 
within 60 days of each other.

POSIT science BRAIN HQ outcome measures

The Hawk Eye task, Divided Attention task, and 
Double Decision task were administered as part of 
a larger computerized POSIT Science BRAIN HQ 
assessment module. All tasks were administered 
at moderate difficulty. The outcome variable used 
will be the log10 transformed averaged presentation 
time of correct trials for the Hawk Eye (visual per-
ception task) and Double Decision tasks, and log2 
transformed averaged presentation time of correct 
trials for the Divided Attention task. Outcome vari-
ables are log transformed for normality. Presentation 
times of stimuli adapt based on the accuracy of the 
participant’s previous answer, with an intended accu-
racy criterion of 80%. Accurate answers result in 
faster stimuli presentation times on the next trial, so 
smaller overall outcome scores reflect faster presen-
tation times. The adaptation of stimuli presentation 
time is on a log scale. Therefore, at slower presenta-
tion times, the adaptive time increment is longer, and 
at faster presentation times, the adaptive time incre-
ment is shorter. The Divided Attention stimuli pres-
entation adaptation is on a log2 scale, and Hawk Eye 
and Double Decision stimuli presentation adaptation 
is on a log10 scale. Therefore, the Divided Attention 
task has shorter overall time adaptation increments. 
Differences in time increments of stimuli presenta-
tion across tasks depend on the nature of the task. 
Response times of participants are not part of out-
come measures, as reaction time is not of interest.

Hawk eye task (visual perception)

The participant is shown a screen as seen in Fig.  1, 
panel A, for varying amounts of time. A group of 
birds with varying spacing will appear in the periph-
ery on the screen. After the stimuli in the periphery 
disappear, the participant is asked to identify where 
a target hawk was located on the screen among dis-
tractor birds. In Fig.  1, panel A, the target hawk is 
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identified as having a different wing and head color, 
and different tail shape. There are 25 total trials.

Divided attention task

The participant is shown a screen as seen in Fig.  1, 
panel B, for varying amounts of time. Figures vary by 

shape, fill, and color. The participant is asked to press 
the left key if the figures match on color, and press 
the right key if the figures do not match on color. 
There are 60 total trials.

Double decision task

The participant is shown a screen as seen in Fig.  1, 
panel C, for varying amounts of time. After the target 
objects in the screen disappear, participants are asked 
to correctly identify which object was presented 
in the center of the screen (truck or van) while also 
correctly locating a simultaneously presented target 
object in the periphery among distractors (Route 66 
sign). There are 25 total trials.

Image acquisition

Participants underwent a 60-min MRI scan with 
structural (including T1 image) and echo-planar 
functional imaging. Resting state fMRI data were 
collected via a 3-Tesla Siemens Magnetom Prisma 
scanner with a 64-channel head coil at the Center 
for Cognitive Aging and Memory at the Univer-
sity of Florida, and a 3-Tesla Siemens Magnetom 
Skyra scanner with a 32-channel head coil at the 
University of Arizona. Both study sites used iden-
tical scanning procedures and sequences, includ-
ing reducing head motion through the use of foam 
padding and the use of earplugs to reduce scan-
ner noise. During the 6-min resting state functional 
image acquisition, participants were asked to rest 
with their eyes open while looking at a fixation 
cross. The sequence protocol is as follows: number 
of volumes = 120, repetition time (TR) = 3,000  ms, 
echo time (TE) = 30  ms, flip angle = 70°, voxel 
size = 3.0 × 3.0 × 3.0  mm, 44 slices, field of view 
(FOV) = 240 × 240  mm. For normalization, a 3-min 
T1-weighted 3D magnetization-prepared rapid gra-
dient echo image was collected. The sequence pro-
tocol is as follows: TR = 1,800  ms, TE = 2.26  ms, 
flip angle = 8°, voxel size = 1.0 × 1.0 × 1.0 mm3, 176 
slices; FOV = 256 × 256 mm.

Image pre‑processing and resting state network 
extraction

Functional images were pre-processed and analyzed 
through a MATLAB R2019b functional connectivity 

Fig. 1   POSIT Science Brain HQ assessment still photos. 
Reproduced and  adapted from POSIT Brain HQ, used with 
permission. Panel A = Hawk Eye, panel B = Divided Attention, 
panel C = Double Decision
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toolbox “CONN Toolbox,” version 18b (www.​nitrc.​
org/​proje​cts/​conn, RRID: SCR_009550) and SPM 
12 [43, 44]. The default CONN pre-processing pipe-
line was applied and is as follows: functional realign-
ment, slice-timing correction, segmentation and nor-
malization, and smoothing using a Gaussian kernel of 
8-mm full width half maximum (FWHM). Movement 
outlier scans were identified through global blood-
oxygen-level-dependent (BOLD) signal and subject 
motion via the Artifact Rejection Toolbox (ART). 
Framewise displacements of 0.9  mm or more, or 
BOLD signal change of ± 5 standard deviations, were 
flagged as outliers.

In addition to the core pre-processing steps, the 
CONN Toolbox applies a default denoising pipeline. 
Noise factors are estimated from BOLD signal and 
removed from each voxel using ordinary least squares 
regression. This pipeline implements an anatomical 
component-based correction procedure (aCompCor) 
that identifies five different noise components from 
white matter and cerebrospinal spaces [45]. Addi-
tionally, subject motion parameters (12 noise compo-
nents; 3 translations, 3 rotations, and their first-order 
derivatives) and scrubbing (removal of scans identi-
fied through the outlier identification step in pre-pro-
cessing) steps are implemented [46, 47]. A temporal 
band pass filter was applied to remove frequencies 
below 0.008 Hz or above 0.09 Hz to isolate slow fre-
quency fluctuations and reducing frequencies due to 
psychological factors, head motion, or random noise.

Quality control plots for each individual were 
manually assessed, which displays a comparison of 
the distribution of functional connectivity between 
randomly selected pairs of voxels before and after 
denoising. Scrubbing, outlier identification through 
the ART tool, and motion parameters were included 
as covariates when deriving RSN connectivity values.

Publicly available parcellations of regions of inter-
est (ROIs) comprising resting state networks were 
utilized [23]. Within-network functional connectivity 
of the DMN, DAN, FPCN, and CON was extracted 
via the CONN Toolbox by calculating the Fisher 
z-transformed bivariate correlations between ROI-
ROI BOLD time-series within each RSN. The CONN 
Toolbox then computes average within-network con-
nectivity by calculating the mean of pairwise correla-
tions of every possible ROI-ROI combination in each 
RSN. This results in one variable taken as a proxy of 
mean within-network connectivity for a specific RSN. 

Figure  2 displays the centroid point of each ROI 
included in each RSN [25].

Participants were excluded from analyses if invalid 
scans due to motion resulted in less than 4 min of use-
able resting state data, or resulted in less than 80 usea-
ble volumes [48–50]. Participants were also excluded 
if their resulting RSN connectivity was determined to 
be an outlier (> + 3 Z-score). Out of 283 participants 
recruited, 9 were excluded from this analysis due to 
use of an improper imaging head coil, 5 participants 
were excluded due to excessive in scanner movement, 
and 2 participants were excluded due to outlier rest-
ing state network variables. This resulted in a final 
sample of 267 cognitively healthy older adults (mean 
age = 71.68, standard deviation = 513; Table  1) from 
the University of Florida (UF; n = 170) and the Uni-
versity of Arizona (UA; n = 97) used for analysis.

Statistical analysis

Demographic and POSIT assessment data were man-
aged using REDCap electronic data capture tools 
hosted at the University of Florida [51, 52]. All anal-
yses were performed on SPSS version 25. UF and 
UA demographic factors were compared and then 
combined. To assess the relationship of the Hawk 
Eye task, Divided Attention task, and Double Deci-
sion task performance with DMN, DAN, FPCN, and 
CON, multiple independent linear regressions were 
performed. Hawk Eye task, Divided Attention task, 
and Double Decision task performance was predicted 
from mean within-network connectivity of specified 
RSNs, controlling for scanner, sex, age, and educa-
tion, resulting in 4 linear regressions per cognitive 
task. Assumptions of all linear regressions (i.e., nor-
mality of residuals) were confirmed.

Results

Table 2 displays complete output of RSN results con-
trolling for covariates, and Fig. 3 displays scatterplots 
of regression output for each RSN.

Hawk Eye task

Within-network connectivity of CON predicted Hawk 
Eye performance, in that faster performance associ-
ated with greater connectivity (β =  − 0.138, p < 0.05). 
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DAN, DMN, or FPCN connectivity did not signifi-
cantly associate with Hawk Eye task performance. 
Age also predicted Hawk Eye performance in all RSN 
regressions, in that older age resulted in slower per-
formance (p < 0.001). Sex, education, or scanner did 
not significantly associate with Hawk Eye perfor-
mance. RSN results are visually depicted in Fig.  3, 
panel A.

Divided attention task

Within-network connectivity of CON predicted 
Divided Attention task performance, in that faster 
performance associated with greater connectivity 
(β =  − 0.125, p < 0.05). DAN, DMN, or FPCN con-
nectivity did not significantly associate with Divided 
Attention task performance. Age also predicted 

Fig. 2   Visualization of ROI-ROI connections. A Anterior, B superior, C right hemisphere. Color depicts distinct networks [25]

Table 1   Sample demographics

M mean; SD standard deviation, Ma male, F female, MoCA Montreal Cognitive Assessment

University of Florida (n = 170) University of Arizona (n = 97) Combined (n = 267)

Age M (SD), range 71.71 (5.55), 65–88 71.66 (4.45), 65–84 71.68 (5.13), 65–88
Education M (SD), range 16.19 (2.6), 12–21 16.34 (2.07), 12–20 16.24 (2.42), 12–21
Sex (Ma:F) 63:107 29:68 92:175
MoCA M (SD), range 26.64 (1.91), 21–30 26.92 (1.86), 22–30 26.74 (1.89), 21–30
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Divided Attention performance in all RSN regres-
sions, in that older age resulted in slower perfor-
mance (p < 0.001). Sex, education, or scanner did not 
significantly associate with Hawk Eye performance. 
RSN results are visually depicted in Fig. 3, panel B.

Double decision task

Within-network connectivity of the CON predicted 
Double Decision task performance, in that faster 
performance associated with greater connectivity 
(β =  − 0.121, p < 0.05). Within-network FPCN con-
nectivity also predicted Double Decision task perfor-
mance in the same direction and at almost identical 
magnitude (β =  − 0.122, p < 0.05). DMN nor DAN 
connectivity significantly predicted Double Deci-
sion task performance. Age and sex predicted Dou-
ble Decision performance in all RSN regressions 
(p < 0.001; p < 0.05, respectively), in that older age 
and female sex associated with slower Double Deci-
sion performance. Higher education significantly 
associated with faster Double Decision performance 
(p < 0.05) only with CON in the regression model, 
and was trending when in FPCN, DMN, and DAN 
regression models. Scanner did not significantly 

associate with Double Decision performance. RSN 
results are visually depicted in Fig. 3, panels C and D.

Discussion

Performance on the Double Decision task, which 
targets speed-of-processing and divided attention, 
is related to amount of motor vehicle accidents and 
ability to perform activities of daily living in older 
adults [13, 53, 54]. Additionally, training in the Dou-
ble Decision task successfully improves speed-of-
processing and physical functioning, and reduces risk 
of dementia and medical expenditures in older adults 
over a span of 5–10 years [15–19]. Despite this task’s 
clear importance in altering the trajectory of cogni-
tive decline and improving functional abilities in 
older adults, few studies have assessed the neural cor-
relates associated with this task. Moreover, no study 
has assessed the relationship between Double Deci-
sion task performance and higher-order RSNs that are 
involved in dementia risk and executive performance 
in aging [24–27, 30, 31]. This study is the first to 
investigate the association of four higher-order rest-
ing state networks (FPCN, CON, DAN, and DMN) 
with Double Decision task performance in a sample 
of healthy older adults, as well as tasks assessing 
fundamental components that comprise the Double 
Decision task (visual processing (Hawk Eye task) and 
Divided Attention task).

Higher‑order resting state networks in visual speed 
processing and divided attention

Tasks targeting fundamental components of the Dou-
ble Decision task (speeded visual processing and 
divided attention) associated with within-network 
connectivity of the CON. Better performance on the 
Hawk Eye task, targeting speeded visual process-
ing, was related to stronger CON connectivity. Cen-
tral brain regions that comprise the CON include 
the anterior insula and the anterior cortex [23, 55]. 
Connectivity of the CON is thus related to sustained 
alertness and speed of stimulus detection [38, 39]. 
Ruiz-Rizzo and colleagues [33] identified the connec-
tivity of a central hub within the CON to be related 
to visual speed processing performance in aging. Our 
findings confirm the role CON connectivity plays in 

Table 2   Relationship of POSIT assessment performance and 
higher-order resting state network connectivity

* Note. DMN default mode network; DAN dorsal attention net-
work; FPCN frontoparietal control network; CON cingulo-
opercular network; β standardized beta; * = p < 0.05

Task β t (df = 266) p value

Hawk Eye
  DMN  − 0.063  − 1.043 0.298
  DAN 0.035 0.575 0.566
  FPCN  − 0.047  − 0.784 0.434
  CON  − 0.138  − 2.239 0.026*

Divided Attention
  DMN  − 0.054  − 0.873 0.383
  DAN  − 0.001  − 0.019 0.985
  FPCN  − 0.047  − 0.763 0.446
  CON  − 0.125  − 1.994 0.047*

Double Decision
  DMN  − 0.066  − 1.123 0.263
  DAN  − 0.069  − 1.188 0.236
  FPCN  − 0.122  − 2.122 0.035*
  CON  − 0.121  − 2.042 0.044*
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sustained attention and visual speed processing in an 
older adult population.

CON connectivity was also related to Divided 
Attention task performance, although with relatively 
weaker association compared to the Hawk Eye task. 
The Divided Attention task does require sustained 
alertness, but also requires suppression of irrelevant 
task information (i.e., identical figure shape or fill). 
The insula, another key brain area included in the 
CON, may act as a central hub to filter and identify 
salient stimuli [55, 56]. Indeed, increased connectiv-
ity of key areas in the CON (anterior cingulate cortex, 
anterior insula, and frontal operculum) has been asso-
ciated with identification of target auditory stimuli 
among distractors [21, 57], confirming CON’s role in 
performance monitoring, irrelevant stimuli suppres-
sion, and adaptive control. Taken together, these find-
ings are consistent with the role of CON as a network 

involved in sustained alertness and selective attention, 
while also adding to the body of literature showing 
CON’s involvement in episodic memory and execu-
tive function in healthy aging [25, 57].

A unique component of the Hawk Eye and Divided 
Attention task is speeded stimulus presentation. 
This suggests that CON may also play a role in the 
speeded component of visual and sustained attention 
in a healthy aging population. This is important, as 
speed-of-processing has a unique association with 
age-related decline in cognitive functions and activi-
ties of daily living [54, 58].

DAN and FPCN are considered “task-positive” 
networks, meaning they play a role in attentionally 
demanding and externally oriented tasks [39, 59]. 
However, neither of these networks appeared to be 
associated with performance on Hawk Eye (visual 
speed) or Divided Attention tasks in our healthy aged 

Fig. 3   Regressions of cingulo-opercular (CON) and frontopa-
rietal control (FPCN) network connectivity and POSIT meas-
ures with 95% confidence intervals (n = 267 for all panels). 
Colors match network color scheme in Fig.  2. A Hawk Eye 
and CON; B Divided Attention and CON; C Double Decision 
and CON; D Double Decision and FPCN; r2 reflects variance 

explained from the partial correlation between resting-state 
network connectivity and POSIT assessment performance; 
β = standardized beta; x-axis = residuals of resting state net-
work connectivity controlling for scanner, sex, education, and 
age; y-axis = log transformed POSIT performance
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sample. While the independent function of the CON 
is sometimes challenging to isolate due to its co-
activation with FPCN and DAN, the sustained atten-
tion required for the Hawk Eye and Divided Atten-
tion tasks may be highlighting the unique role of the 
CON. Sadaghiani and D’Esposito [39] demonstrated 
that the CON was only involved in intrinsically main-
tained tonic alertness and suppression of irrelevant 
stimuli, while DAN and FPCN are uniquely impor-
tant in phasic alertness, on an event-by-event basis. 
Therefore, the sustained attention and stimuli sup-
pression required to perform Hawk Eye and Divided 
Attention tasks may elicit a distinct association with 
CON connectivity, although this hypothesis was not 
statistically tested in this study. The lack of associa-
tion between these tasks and the DMN is congruent 
with the current understanding of the DMN as an 
internally focused network that is suppressed during 
externally oriented tasks [60].

Higher‑order resting state networks in double 
decision

When fundamental components are combined into 
one task, FPCN connectivity becomes important in 
task performance in addition to CON connectivity. 
As hypothesized, both FPCN and CON connectivity 
were significantly associated with Double Decision 
task performance, in that faster performance related 
to higher connectivity of these networks. This is the 
first study that has explored the role of higher-order 
resting state networks in the Double Decision task in 
a sample of healthy older adults. These findings align 
with a recent study assessing brain area connectivity 
changes after Double Decision training in older adults 
[22], who found that after training, there was an 
increase in connectivity among brain areas involved 
in FPCN and CON. Our findings expand upon the 
information on brain region connectivity in the Dou-
ble Decision task, and suggest that specific brain net-
works are involved.

Our findings also contribute to a larger body of 
research exploring neural correlates of the Dou-
ble Decision task. Cortical thickness in areas of the 
FPCN was related to subtests 1, 2, and 3 of Double 
Decision performance [20, 21], suggesting that in 
addition to structural correlates, FPCN connectiv-
ity also plays an important role in Double Decision 
task performance. Connectivity of the dorsolateral 

prefrontal cortex with the intraparietal sulcus (central 
nodes in the FPCN) is implicated in cognitive status 
of older adults, and frontoparietal functional discon-
nection occurs in mild cognitive impairment [61]. 
Thus, networks involved in Double Decision task per-
formance are also involved in higher-level decision-
making, executive functioning, and overall cognitive 
status.

The literature regarding the neural correlates of 
the Double Decision task and CON is inconsistent. 
Schmidt and colleagues [21] did not find the cortical 
thickness of CON brain regions to be associated with 
Double Decision task performance, but a more recent 
study showed that cortical thickness in key areas of 
CON does relate to better Double Decision task per-
formance [20]. Our findings imply that CON plays 
at least a functional role in Double Decision task 
performance. The data used for this study and Kraft 
et al.’s [20] study were drawn from the same central 
database. It may be the case that our sample of older 
adults is starting to experience some cognitive decline 
and therefore is recruiting additional brain areas to 
functionally compensate for structural deteriora-
tion to maintain task performance. Previous research 
has shown that structurally atrophic brain areas will 
attempt to increase connectivity among themselves 
to preserve function in an attempt to compensate for 
structural damage, particularly in frontal brain areas 
[62].

DAN and DMN connectivity were not associated 
with Double Decision task performance, contrary to 
our hypothesis that DAN would play an important 
role. This is surprising, given DAN’s role in visual 
distractor suppression, orienting visual attention, and 
diminished connectivity with aging [63–65]. How-
ever, previous research shows higher DAN connectiv-
ity was observed only when attending to one target, 
rather than two simultaneous targets as in the Dou-
ble Decision task [65]. The lack of DAN association 
suggests that the Double Decision task may tap into 
attention processes exclusively targeting sustained 
attention and sustained divided attention that may be 
dissociable from targeted attention processes involv-
ing the DAN.

Despite the implication of DMN connectivity in 
Alzheimer’s dementia risk, and Double Decision 
training reducing dementia risk, DMN connectivity 
was not related to Double Decision task performance. 
DMN is typically regarded as a “task-negative” 
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network; therefore, it was not expected that Dou-
ble Decision task performance would associate with 
DMN connectivity. However, these findings do sug-
gest that the integrity of the FPCN may be playing 
a role in dementia risk reduction. In addition to its 
role in divided attention, FPCN is also involved in 
DMN and DAN network modulation and anticorrela-
tion and has been shown to selectively engage with 
DAN during externally oriented tasks while simulta-
neously disengaging with DMN, and vice versa [66]. 
This results in an anticorrelation between DMN and 
DAN that is important in efficient cognitive function-
ing, and also tends to decline with aging [31, 67, 68]. 
Furthermore, recent work from Ewers and colleagues 
[69] has shown that the segregation, or the balance of 
between-network to within-network connectivity, is 
important in resilience of cognitive decline in indi-
viduals with Alzheimer’s disease. Given these find-
ings, future work should focus on FPCN’s role in cog-
nitive trajectory after cognitive training in the Double 
Decision task.

Limitations and future directions

Our study is not without limitations and important 
considerations in generalizing conclusions. First and 
foremost, the racial/ethnical distribution of the cur-
rent sample is predominantly Caucasian (88%) with 
an average education level reflecting a bachelor’s 
degree. Therefore, findings from this study are not 
entirely generalizable to Black/African American, 
Hispanic, or Asian American individuals. For exam-
ple, previous research suggests patterns of resting 
state connectivity differ among racial/ethnic groups 
of non-Hispanic White, non-Hispanic Black, and His-
panic older adults [70], and there is increasing evi-
dence that experiencing chronic, life-long discrimina-
tion impacts patterns of brain functional connectivity 
[71, 72]. The United States Census reported only 
32.1% of Americans had obtained a bachelors’ degree 
or higher in the years 2015–2019 (https://​www.​
census.​gov/​quick​facts/​fact/​table/​US/​AGE13​5219#​
AGE13​5219). Therefore, our sample predominantly 
reflects an exclusive portion of the American popula-
tion that may have higher levels of cognitive reserve, 
another factor known to alter cognitive functioning 
and resting state network patterns [68, 73]. Future 
studies need to assess the relationship of higher-order 

RSN connectivity with speed-of-processing tasks and 
tasks of divided attention in a population that is more 
reflective of US demographic distributions and also in 
populations that are most at risk for dementia [74].

Training in the Double Decision task results in 
reduced dementia risk; however, this study did not 
assess longitudinal change of RSN connectivity. 
Findings from this study contribute to the under-
standing of the role of CON and FPCN in attention, 
speeded visual processing, and divided attention in 
healthy aging at one timepoint. To understand the 
role these RSNs play in dementia risk and mainte-
nance of cognitive and functional status, future stud-
ies could focus on RSN connectivity change after 
training in the Double Decision task. Key brain areas 
of the FPCN and CON include prefrontal cortices, 
which are prime targets for non-invasive brain stim-
ulation (i.e., transcranial direct current stimulation; 
tDCS). As tDCS has been shown to improve cogni-
tive abilities in older adults, future studies could also 
explore the ability of tDCS to alter or increase FPCN 
and CON connectivity after Double Decision training 
[75]. Given FPCN’s role in inter-network modulation, 
and the importance of network segregation in cogni-
tive functioning, future research should also study 
the association of these tasks with between-network 
connectivity. Exploring between-network connec-
tivity could more comprehensively address the role 
these resting state networks may play in task perfor-
mance. Lastly, individuals included in these analyses 
were cognitively healthy. Extending these analyses to 
include individuals with mild cognitive impairment 
could greatly benefit our understanding of higher-
order RSNs in aging and cognition.

Conclusions

Findings from this study contribute to the grow-
ing body of literature aimed at assessing the role of 
higher-order resting state networks and crucial cog-
nitive functions in aging. Connectivity of the CON 
is related to speeded visual processing and divided 
attention in a healthy aging population. FPCN con-
nectivity, in addition to CON connectivity, is related 
to a task of combined speeded visual processing and 
divided attention, which is implicated in reduced 
dementia risk. This points to the importance of the 
FPCN in complex tasks of attention, and highlights 
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future directions focused on FPCN connectivity and 
altered trajectory of cognitive decline.
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