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Abstract Limited research exists on the association
between resting-state functional network connectiv-
ity in the brain and learning and memory processes
in advanced age. This study examined within-network
connectivity of cingulo-opercular (CON), frontopa-
rietal control (FPCN), and default mode (DMN)
networks, and verbal and visuospatial learning and
memory in older adults. Across domains, we hypoth-
esized that greater CON and FPCN connectivity
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would associate with better learning, and greater
DMN connectivity would associate with better mem-
ory. A total of 330 healthy older adults (age range =
65-89) underwent resting-state fMRI and completed
the Hopkins Verbal Learning Test-Revised (HVLT-
R) and Brief Visuospatial Memory Test—Revised
(BVMT-R) in a randomized clinical trial. Total and
delayed recall scores were assessed from baseline
data, and a learning ratio calculation was applied to
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participants’ scores. Average CON, FPCN, and DMN
connectivity values were obtained with CONN Tool-
box. Hierarchical regressions controlled for sex, race,
ethnicity, years of education, and scanner site, as this
was a multi-site study. Greater within-network CON
connectivity was associated with better verbal learn-
ing (HVLT-R Total Recall, Learning Ratio), visuos-
patial learning (BVMT-R Total Recall), and visuos-
patial memory (BVMT-R Delayed Recall). Greater
FPCN connectivity was associated with better visu-
ospatial learning (BVMT-R Learning Ratio) but did
not survive multiple comparison correction. DMN
connectivity was not associated with these measures
of learning and memory. CON may make small but
unique contributions to learning and memory across
domains, making it a valuable target in future longi-
tudinal studies and interventions to attenuate memory
decline. Further research is necessary to understand
the role of FPCN in learning and memory.

Keywords Resting-state networks - Functional
magnetic resonance imaging - Healthy aging -
Learning - Memory

Introduction

A significant shift in global age demographics is
expected by the year 2050, by which time the percent-
age of individuals 65 years of age and older is pro-
jected to rise by 6% (~480 million people) [1]. Over
time, the growing aging population will create health-
care and economic strain, with more older adults
developing Alzheimer’s disease and related dementias
(ADRDs) concurrently with limited governmental
and caregiver resources. In both ADRD and healthy
adult samples, age-related changes in learning and
memory are of particular relevance to study. Regard-
less of cognitive health status, the ability to learn and
retain information by encoding and retrieving new
memories declines significantly with age. Conse-
quently, such learning and memory impairments can
interfere with the aging population’s capacity to inde-
pendently perform activities of daily living, thus add-
ing to the overall medical and financial burden [2-5].

Previous research suggests that aging is linked to
declines in verbal and visuospatial learning and mem-
ory performance, with a few studies demonstrating
steeper age-related decline in visuospatial memory
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than verbal memory [6—10]. Nonetheless, it is gen-
erally accepted that verbal and visuospatial learn-
ing and memory performance decline at comparable
rates. Such findings also extend to pre-clinical and
ADRD samples [11-13]. These age-related declines
are essential to examine, as they interfere with overall
cognitive functioning in older adults and may serve as
a pathway for further cognitive impairment or demen-
tia [14-16].

In this paper, the concept of learning is opera-
tionalized as (a) the total number of stimuli recalled
over repeated trials (i.e., total recall), and/or (b) a
calculated Learning Ratio (see the “Methods” sec-
tion). Memory is operationalized as the total num-
ber of stimuli recalled after a delay period (i.e.,
delayed recall) [17, 18]. The Hopkins Verbal Learn-
ing Test-Revised (HVLT-R) and Brief Visuospatial
Memory Test-Revised (BVMT-R) are neuropsy-
chological tests that measure verbal and visuospa-
tial learning and memory, respectively. Research
exploring the relationship between age and perfor-
mance on both tests showed mixed results. Regard-
ing the HVLT-R, some studies of healthy older adults
reported that increasing age is associated with worse
total and delayed recall performance [19-23]. How-
ever, one study reported that advanced age does not
significantly impact total and delayed recall scores,
possibly because of inadequate demographic norm
adjustment [24]. With the BVMT-R, researchers con-
sistently found that older age is associated with worse
total and delayed recall in large international samples
[19, 20, 24-26].

Modern-day neuroimaging techniques serve to
deepen our understanding of neurological changes
associated with normal aging. Resting-state func-
tional magnetic resonance imaging (rs-fMRI) serves
as a measure of functional connectivity within and
between brain networks. Functional connectivity from
rs-fMRI is measured by evaluating the synchronicity
of blood-oxygen-level-dependent (BOLD) fluctua-
tions in remote, but functionally related brain regions
while participants lie at rest. These resting-state net-
works are assumed to map the functional arrange-
ment of brain networks, and greater within-network
connectivity typically implies better network integ-
rity [27-30]. While numerous resting-state networks
have been discovered, those found to be active dur-
ing higher-order cognitive processes, such as the cin-
gulo-opercular network (CON), frontoparietal control
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network (FPCN), default mode network (DMN), and
dorsal attention network (DAN), are often studied in
the aging population. These networks, also known
as higher-order resting-state networks, are important
to study, given that their integrity generally declines
with age, and such declines are associated with
impaired learning and memory performance [27, 28,
31-36].

Considered “cognitive control networks,” CON
and FPCN are involved in various aspects of the
learning process. Specifically, CON may be necessary
for detection of task-relevant information and mainte-
nance of task rules, and FPCN may be important for
goal-directed attention and adaptive feedback control
[37-44]. Additionally, DMN has been extensively
studied for over two decades, with findings suggest-
ing that DMN assists with consolidation, storage, and
retrieval of episodic memories [27, 31, 45—47]. Cur-
rently, the roles of higher-order resting-state networks
such as CON, FPCN, and DMN in verbal and visu-
ospatial learning and memory performance remain
unclear, particularly in older adults. One recent study
of healthy older adults found that greater within-net-
work CON connectivity was associated with better
performance on the NIH Toolbox Picture Sequence
Memory task, a measure of nonverbal episodic mem-
ory [48]. In healthy older adults, greater within-net-
work CON and FPCN connectivity have also been
linked to higher scores on complex verbal working
memory tasks, such as the Digit Span Backwards and
WAIS-IV Letter-Number Sequencing tests [28, 49].
Several studies on older adults indicate that greater
within-network DMN functional connectivity is asso-
ciated with better verbal learning and memory perfor-
mance [33, 36, 46]. More specifically, in one study,
greater within-network DMN functional connectiv-
ity was associated with better delayed recall, but not
immediate recall, on the Auditory Verbal Learning
Test [46]. Less is known about how within-network
DMN functional connectivity relates to visuospatial
memory. Studies suggest that DAN functional con-
nectivity declines more slowly with age, relative to
other networks [35, 47]. Additionally, although DAN
is important for visual distractor suppression and ori-
entation of visual attention, it has not been found to
directly impact verbal or visuospatial learning and
memory performance [28, 33, 35, 45, 47, 48, 50].
Hence, in the analyses that follow, DAN was not
included as a functional network of interest.

To our knowledge, no studies have specifically
investigated the role of higher-order resting-state net-
works on verbal and visuospatial learning and mem-
ory in a large sample of older adults. The primary
aim of this analysis was to determine whether within-
network resting-state functional connectivity of CON,
FPCN, or DMN contributes to verbal and visuospa-
tial learning and memory functioning in later life.
We hypothesized that greater within-network CON
and FPCN functional connectivity would be asso-
ciated with better verbal and visuospatial learning,
as reflected in higher HVLT-R and BVMT-R Total
Recall scores and Learning Ratio (see the “Methods”
section). We also predicted that greater within-net-
work DMN functional connectivity would be associ-
ated with better verbal and visuospatial memory, as
reflected in higher HVLT-R and BVMT-R Delayed
Recall scores. Our objective was to help bridge the
gap between functional connectivity of higher-order
resting-state networks and performance in verbal
and visuospatial learning and memory in the aging
population.

Methods
Participants

Baseline data were collected for participants in the
Augmenting Cognitive Training in Older Adults
(ACT; RO1AG054077) study. ACT is a phase III,
double-blind, randomized, sham-controlled clinical
trial funded by the National Institute on Aging. Our
sample comprised 330 healthy older adults, 65 to 89
years old. ACT participants were recruited across two
sites: the University of Florida and the University of
Arizona (Table 1).

Complete inclusion and exclusion criteria were
outlined in the seminal discussion paper for the ACT
study [51]. To summarize, eligible participants were
right-handed older adults, 65 to 89 years old. Par-
ticipants did not report a clinical history or current
diagnosis of any neurological disorders (e.g., demen-
tia, traumatic brain injury); major psychiatric disor-
ders (e.g., schizophrenia); or chronic illnesses (e.g.,
cancer). Individuals did not have any medical con-
traindications to transcranial direct current stimula-
tion and MRI (e.g., medication, implants). Addition-
ally, all participants who scored at least 1.5 standard
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Table 1 Sample demographics and covariates

University of Florida (n = 222)

Combined
(n=330)

University of Arizona
(n=108)

Age M (SD), range

Sex (male:female), % female

Race (White:non-White), % White

Ethnicity (Hispanic:non-Hispanic), %
Hispanic

71.70 (5.54), 65-89
87:135, 60.8%
196:26, 88.3%
5:217,2.3%

Years of education M (SD), range 16.27 (2.53), 11-22

71.48 (4.32), 65-84 71.63 (5.17), 65-89

32:76, 70.4% 119:211, 63.9%
94:14, 87.0% 290:40, 87.9%
16:92, 14.8% 21:309, 6.4%

16.36 (2.08), 12-20 16.30 (2.39), 11-22

M mean, SD standard deviation

deviations below the mean in at least one cognitive
domain based on the age, sex, and education norma-
tive data from the National Alzheimer’s Coordinating
Center Uniform Data Set, Version 3 (NACC UDS3),
were excluded prior to randomization, because of
potential evidence of mild cognitive impairment [52].
All eligible participants provided written informed
consent that was approved by the Institutional Review
Boards at the University of Florida and the University
of Arizona.

A final dataset of 330 subjects was selected from
the original dataset of 384 participants; 54 were
excluded for the following reasons: Thirty-eight had
missing resting-state functional connectivity data;
9 were scanned at baseline with a 20-channel coil
instead of a 32- or 64-channel coil at the Universi-
ties of Arizona and Florida, respectively; and 6 had
more than 40 of 120 (i.e., 1/3) invalid rs-fMRI scan
volumes, indicating a high level of in-scanner motion.
One case was removed due to being an outlier CON
functional connectivity value (greater or less than 3
times the interquartile range).

Measures
Hopkins Verbal Learning Test—Revised

The HVLT-R is a brief word list-learning, recall,
and recognition task designed to measure ver-
bal learning and memory abilities in both cogni-
tively healthy and cognitively impaired adults [53].
Although originally normed on a disproportion-
ately White sample and correcting only for age,
more recent research has shown much promise in
expanding norm correction to other highly relevant
demographic variables, such as gender identity,
ethnic and racial identity, years of education, and
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non-English speakers [19-21, 23, 24, 54]. Addi-
tionally, the HVLT-R has demonstrated good to
high sensitivity, specificity, construct validity, reli-
ability, and dementia classification accuracy across
a variety of populations and its six alternate forms
[55-58].

At baseline, participants were randomized to
receive forms 1, 2, or 3 of the HVLT-R. Each form
began with a similar learning trial. Participants lis-
tened to a trained researcher read a list of 12 words,
one word every 2 s. Words on each HVLT-R form
are organized into three semantic categories (four
words per category). Once all 12 words were vocal-
ized, participants were asked to freely recall as
many words as possible. The same list-learning/
free recall sequence was repeated for an addi-
tional two trials. The HVLT-R Total Recall score
was calculated by summing the number of correct
words recalled across all three learning trials (pos-
sible score range = 0 to 36). Participants were not
informed that they would be required to recall these
words at a later time. A delay period of 20 to 25 min
followed the third learning trial and consisted of
only nonverbal tasks to prevent verbal interference
(i.e., trials A and B and paper-and-pencil self-report
questionnaires). After the delay period, participants
were asked to freely recall as many words from the
list as possible, without experimenter repetition.
The HVLT-R Delayed Recall score was calculated
by summing the number of words correctly recalled
after the delay period (possible score range = 0 to
12). The HVLT-R Learning Ratio was calculated
for each participant based on the following formula:
Trial f;_?ff??l LScore 159, 60]. That is, learning ratio
is the p%porctﬂ)en of a participant’s learned informa-
tion across trials to their remaining learning capac-
ity after the first trial.
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Brief Visuospatial Memory Test—Revised

The BVMT-R combines visual and spatial learn-
ing and memory by asking participants to learn six
unique designs presented in an array (i.e., the visual
component), as well as each design’s particular loca-
tion on the stimulus page (i.e., the spatial component)
[61]. Similar to the HVLT-R, the BVMT-R was ini-
tially normed using a majority White sample, with
newer research aimed at norm correction for sex,
years of education, and non-English speakers [19,
20, 24, 25], as well as confirming high validity and
reliability across its six alternate forms [26, 61]. At
baseline, participants were randomized to receive
forms 1, 2, or 3 of the BVMT-R. The BVMT-R mir-
rors the HVLT-R with three learning trials. Each
trial involves presentation of the stimulus page for
10 s, immediately followed by redrawing the figures
in their correct locations on a blank piece of paper.
A drawing receives 2 points (full credit) for accu-
rate design and placement on the page; 1 point (par-
tial credit) for either accurate design or placement;
and O points (no credit) for no attempt to draw. The
BVMT-R Total Recall score was calculated by sum-
ming the number of points awarded across all three
learning trials (possible score range = 0 to 36). Par-
ticipants were informed that they might be required to
recall these designs and their spatial locations later. A
delay of 25 min occurred after the third learning trial
and consisted of only verbal tasks to prevent nonver-
bal interference (i.e., Paced Auditory Serial Addition
Test, Controlled Oral Word Association Test). After
the delay, participants were asked to freely recall as
many designs and their locations as possible, without
viewing the designs again. The BVMT-R Delayed
Recall score was calculated by summing the number
of points awarded for drawing accuracy and place-
ment after the delay (possible score range = 0 to 12).
The BVMT-R Learning Ratio was calculated using
the same equation as for HVLT-R Learning Ratio,
presented above.

Imaging acquisition

The MRI data were collected using a 3-T Siemens
MAGNETOM Prisma scanner with a 64-channel
head/neck coil at the McKnight Brain Institute at the
University of Florida. A 3-T Siemens MAGNETOM
Skyra scanner with a 32-channel head coil (Siemens

Healthcare, Erlangen, Germany) was used at the Eve-
Iyn F. McKnight Brain Institute at the University of
Arizona. Scanner type was included as a covariate in
our regression analyses to control for possible differ-
ences in neuroimaging acquisition and quality across
test sites. Scanner type was synonymous with scan-
ner site and thus only included as a single covariate in
analyses. Participants underwent the same scanning
procedures at both study sites, such as wearing foam
padding to minimize head motion and earplugs to
prevent hearing injuries from scanner noise. A 3-min
T1-weighted 3D magnetization prepared rapid acqui-
sition gradient echo (MPRAGE) structural scan was
acquired (TR = 1800 ms; TE = 2.26 ms; flip angle
= 8° voxel size = 1.0 X 1.0 x 1.0 mm?, 176 slices;
FOV = 256 x 256 mm). Resting-state data were
acquired from a 6-min scan. Participants were told to
keep their eyes open, let their mind wander, and gaze
at a centrally placed in-scanner fixation cross during
the BOLD protocol (number of volumes = 120; repe-
tition time [TR] = 3000 ms; echo time [TE] = 30 ms;
flip angle = 70°; voxel size = 3.0 X 3.0 x 3.0 mm?>, 44
slices; field of view [FOV] = 240 x 240 mm). Indi-
viduals who had 40 or fewer invalid rs-fMRI scan
volumes (e.g., due to head motion) were included in
our statistical analyses (Table 1).

Preprocessing and analyses of rs-fMRI

Structural and functional MRI images were preproc-
essed and analyzed through the open-source func-
tional connectivity toolbox, CONN, in MATLAB
R2019b [62, 63], and the neuroimaging software,
SPM 12 [64]. The default CONN preprocessing
pipeline was as follows: functional realignment and
unwarping; slice timing correction; direct segmenta-
tion, co-registration, and normalization to MNI space;
and smoothing with an 8-mm Gaussian filter. Physi-
ological noise correction was performed using aCom-
pCor to improve the quality of our functional connec-
tivity results [65]. Temporal band-pass filtering was
applied to isolate the 0.008 to 0.09 Hz range, as our
goal with rs-fMRI was to analyze low-frequency fluc-
tuations while improving the signal-to-noise ratio [66,
67]. Outlier scans due to head movement (i.e., inva-
lid scans) were identified using the Artifact Rejec-
tion Toolbox set at the 97th percentile (https://www.
nitrc.org/projects/artifact_detect). Invalid scans were
defined as a BOLD signal deviation of + 5 standard

@ Springer


https://www.nitrc.org/projects/artifact_detect
https://www.nitrc.org/projects/artifact_detect

3084

GeroScience (2023) 45:3079-3093

deviations from the mean global signal or framewise
displacement of at least 0.9 mm and were scrubbed
during the denoising process. Average within-net-
work functional connectivity values for CON, FPCN,
and DMN were extracted using the previously identi-
fied Yeo network regions of interest [30].

Statistical analyses

Demographic, HVLT-R performance, and BVMT-R
performance data were managed and extracted from
the web-based data collection software, REDCap, at
the University of Florida [68, 69]. All statistical anal-
yses were conducted using R version 4.3.0 and RStu-
dio. To examine the relationships among resting-state
functional connectivity of three higher-order cogni-
tive networks (CON, FPCN, and DMN) and verbal
and visuospatial learning and memory functioning,
six hierarchical regressions were executed. Regres-
sion assumptions (e.g., absence of multicollinearity,
normally distributed residuals) were confirmed before
performing the analyses. The first block of each hier-
archical regression controlled for sex, race, ethnic-
ity, years of education, and scanner site. Because the
sample was disproportionately White, race was bina-
rized into “White” and “non-White” to meet regres-
sion assumptions. The second block of each hierar-
chical regression included the mean within-network
resting-state functional connectivity values for CON,
FPCN, and DMN. This provides an analytic method
for evaluating the unique contribution of the three
functional networks of interest relative to the selected
dependent variables. The dependent variable for each
regression was one of the six HVLT-R and BVMT-R
performance measures obtained, three for each neu-
ropsychological test (Table 2).

Table 2 HVLT-R and BVMT-R performance

Results

HVLT-R performance and within-network
resting-state functional connectivity

The six hierarchical regressions that examine the rela-
tionships among raw resting-state functional connec-
tivity values of CON, FPCN, and DMN with HVLT-R
performance (total recall, learning ratio, and delayed
recall), controlling for demographic and experimen-
tal covariates, are shown in Table 3. Figure 1 a—
serve as a representation of significant findings from
the parent models by depicting the raw relationships
among CON functional connectivity and HVLT-
R Total Recall, Learning Ratio, and Delayed Recall
performance scores. All analyses were corrected at a
false discovery rate (FDR) of p=0.05 to adjust for the
six multiple comparisons.

The overall model for HVLT-R Total Recall
explained significantly more than zero variance (R> =
0.16, F[8,321] = 7.57, pFDR < 0.001). Of the three
higher-order cognitive networks, CON was the only
network significantly associated with HVLT-R Total
Recall performance (f = 0.17, pFDR = 0.021; }‘2 =
0.02), such that greater resting-state functional con-
nectivity in CON was uniquely associated with higher
HVLT-R Total Recall scores. The overall model for
HVLT-R Learning Ratio was significant (R*> = 0.09,
F[8,321] = 3.81, pFDR = 0.003). Only CON was sig-
nificantly associated with HVLT-R Learning Ratio (
= 0.17, pFDR = O.OZl;f2 = (0.02), such that greater
resting-state functional connectivity in CON was
uniquely associated with higher HVLT-R Learning
Ratio values. The overall model for HVLT-R Delayed
Recall was significant (R*> = 0.15, F[8,321] = 6.78,
pFDR < 0.001), yet none of the three higher-order

University of Florida

(n=1222)

Combined
(n=330)

University of Arizona
(n=108)

HVLT-R Total Recall M (SD), range
HVLT-R Learning Ratio M (SD), range
HVLT-R Delayed Recall M (SD), range
BVMT-R Total Recall M (SD), range
BVMT-R Learning Ratio M (SD), range
BVMT-R Delayed Recall M (SD), range

24.88 (4.51), 13-34
0.63 (0.27), 0-1
9.21 (2.12), 3-12
21.63 (6.40), 1-36
0.57 (0.26), 0-1
8.73 (2.41), 1-12

26.40 (4.34), 16-36
0.68 (0.27), 0-1
9.83 (1.91), 5-12
20.98 (5.69), 7-33
0.64 (0.24), 0-1
9.03 (1.96), 3-12

25.38 (4.50), 13-36
0.65 (0.27), 0-1
9.42 (2.07), 3-12
21.42 (6.17), 1-36
0.59 (0.26), 0-1
8.83 (2.27), 1-12

M mean, SD standard deviation
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Fig. 1 These correlation plots are depictions of the relation-
ships found between CON connectivity and learning/memory
performance, according to the parent regression models. Plots
depict the raw correlations between CON connectivity and a—c

cognitive networks were significantly associated
with HVLT-R Delayed Recall performance. Notably,
the unique relationship between CON and HVLT-R
Delayed Recall did not reach significance (p = 0.11,
pFDR > 0.05; £ = 0.01). Significant covariates are
identified in Table 3. We calculated Cook’s D, a met-
ric of leverage statistics, to see if any data points sig-
nificantly impacted the slope of the regression line on
functional connectivity and HVLT performance. We
found two significant Cook D values, one for high
HVLT performance and one for low HVLT perfor-
mance. However, removal of these two high leverage
values did not alter the findings, and thus, we kept
these data points in.

BVMT-R performance and within-network
resting-state functional connectivity

The six hierarchical regressions that examine the

relationships among raw resting-state functional con-
nectivity values of CON (Fig. 1), FPCN (Fig. 2),
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HVLT-R performance and d—f BVMT-R performance, with-
out controlling for covariates. For reference, beta and f>-values
from the parent models are presented with each plot *pFDR <
0.05

and DMN (Fig. 3) and BVMT-R performance (total
recall, learning ratio, and delayed recall), controlling
for demographic and experimental covariates, are
shown in Table 3. The raw relationships among CON
functional connectivity and BVMT-R Total Recall,
Learning Ratio, and Delayed Recall performance
scores are shown in Fig. 1 d—f. Similarly, the raw rela-
tionships among FPCN functional connectivity and
BVMT-R Total Recall, Learning Ratio, and Delayed
Recall performance scores are shown in Fig. 2 d—{.
The overall model for BVMT-R Total Recall
explained significantly more than zero variance (R>
= 0.06, F[8,321] = 2.70, pFDR = 0.001). Of the
three higher-order cognitive networks, CON was the
only network significantly associated with BVMT-R
Total Recall performance ( = 0.15, pFDR = 0.027;
£ = 0.02), such that greater resting-state functional
connectivity in CON was associated with higher
BVMT-R Total Recall scores. The overall model
for BVMT-R Learning Ratio was significant (R* =
0.05, F[8,321] = 2.22, pFDR = 0.006). Only FPCN
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Fig. 2 These correlation plots are depictions of the relation-
ships found between FPCN connectivity and learning/memory
performance, according to the parent regression models. Plots
depict the raw correlations between FPCN connectivity and a—

was significantly associated with BVMT-R Learn-
ing Ratio such that greater resting-state functional
connectivity in FPCN was uniquely associated with
higher BVMT-R Learning Ratio values; however,
this finding did not survive multiple comparisons
corrections (B = 0.13, pFDR = 0.243; * = 0.01) The
relationship between CON and BVMT-R Learn-
ing Ratio did not reach significance (f = 0.11, p =
0.073; f# = 0.01). The overall model for BVMT-R
Delayed Recall was significant (R?> = 0.07, F[8,321]
= 3.01, pFDR < 0.001). Only CON was signifi-
cantly associated with BVMT-R Delayed Recall
performance (p = 0.16, p = 0.021;f2 = 0.02), such
that greater resting-state functional connectivity in
CON was uniquely associated with higher BVMT-
R Delayed Recall scores. Significant covariates are
identified in Table 3. We calculated Cook’s D to
assess data points that may have impacted the slope
of the regression line on functional connectivity and
BVMT performance. We found no significant Cook
D values for BVMT performance.

¢ HVLT-R performance and d—f BVMT-R performance, with-
out controlling for covariates. For reference, beta and f-values
from the parent models are presented with each plot *pFDR <
0.05

Exploratory analysis: the effects of age on HVLT-R
and BMVT-R performance and functional
connectivity

Given the impact of age on functional connectivity,
we ran an exploratory analysis to assess how age may
impact the relationship between HVLT and BVMT
performance and functional connectivity. To our sur-
prise, age was not associated with any of the HVLT
or BVMT performance metrics (all p-uncorrected
values > 0.05). However, there was a trending rela-
tionship between age and HVLT delayed recall score
with younger age equating to better performance
(p-uncorrected=0.06). There were no sex by age
interactions for any of the HVLT and BVMT per-
formance metrics. Even after controlling for age, the
relationship between CON and HVLT Total Recall
(p-uncorrected= 0.023) and CON and HVLT Learn-
ing Ratio (p-uncorrected= 0.032) remained, although
this did not survive FDR corrections (both pFDR val-
ues > 0.05)

@ Springer



3088

GeroScience (2023) 45:3079-3093

Total Recall

08

Learning Ratio

Delayed Recall

S

©
g

0.6

04

HVLT-R
Total Recall Performance
Learning Ratlo Performance

B =-0.07, 2 = 0.00 00

Delayed Recall Performance

w

S B=-0.11,£=001 B =-0.09, 2 = 0.01

0.0 0.2 04 0.6 0.0

DMN Connectivity

0.6

DMN Connectivity

0.4 0.6 0.8 0.0 0.2 0.4 0.6

DMN Connectivity

04

BVMT-R

Total Recall Performance

0.2

Learning Ratlo Performance

00
B =-0.02, f* = 0.00

Delayed Recall Performance

‘. B =-0.08,=0.01 . B=-0.04,=0.00

0.0 0.2 04 06 0.0

DMN Connectivity

Fig. 3 These correlation plots are depictions of the relation-
ships found between DMN connectivity and learning/memory
performance, according to the parent regression models. Plots
depict the raw correlations between DMN connectivity and a—

Discussion

The current study investigated the association
between higher-order resting-state functional con-
nectivity and HVLT-R and BVMT-R performance
in a large older adult sample. Specifically, the asso-
ciation of within-network resting-state CON, FPCN,
and DMN functional connectivity with HVLT-R and
BVMT-R Total Recall, calculated Learning Ratio,
and Delayed Recall was explored. Greater CON con-
nectivity was significantly associated with better
HVLT-R and BVMT-R Total Recall, HVLT-R Learn-
ing Ratio, and BVMT-R Delayed Recall performance.
Furthermore, greater FPCN connectivity was sig-
nificantly associated with higher BVMT-R Learning
Ratio. HVLT-R Delayed Recall performance was not
associated with functional connectivity in any net-
work, and DMN connectivity was not associated with
verbal or visuospatial learning or memory perfor-
mance. Notably, significant associations generally had
small effect sizes. This suggests that while relation-
ships exist between these networks and performance,
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0.05

the unique contribution of within-network functional
connectivity to verbal and visuospatial learning and
memory is overall quite small.

As hypothesized, greater resting-state CON func-
tional connectivity predicted higher scores in meas-
ures of verbal and visuospatial learning: HVLT-R
Total Recall and Learning Ratio, as well as BVMT-R
Total Recall. Greater connectivity within CON was
also associated with better visuospatial memory, or
BVMT-R Delayed Recall, performance. This pattern
of results suggests that CON may have distinct con-
tributions across visual and verbal domains. That is,
in the verbal domain, CON may be involved in learn-
ing, but not memory, while CON may play a role in
both visuospatial learning and memory processes.
These findings also reinforce prior literature that used
a subset of data from the same trial and found that
greater CON connectivity was associated with better
verbal and nonverbal memory performance on sub-
tasks of the NIH Toolbox Cognitive Battery [48, 49,
70]. Additionally, CON and its neuroanatomical hubs
(e.g., anterior insula/operculum, anterior cingulate
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cortex) may support verbal and visuospatial learning
performance through their roles in attending to and
maintaining stimuli across trials [38—41]. CON may
be a therapy target in longitudinal age-related learn-
ing and memory studies and in future non-invasive
interventions to attenuate later-life decline.

Likewise, these results support the hypothesis
that greater resting-state FPCN functional connec-
tivity is associated with better BVMT-R Learning
Ratio. Based on the posited roles of FPCN in cogni-
tion, resting-state connectivity of this network is also
expected to be associated with the other three learn-
ing measures: HVLT-R and BVMT-R Total Recall,
and HVLT-R Learning Ratio [37-44]. While there
is a paucity of research that directly investigates the
role of FPCN in visuospatial learning, previous work
theorizes that FPCN is involved in pertinent visuos-
patial processes. For example, a recent rs-fMRI study
found that greater FPCN connectivity was associ-
ated with better performance on the Posit Science
Double Decision task, which measures visual speed
of processing and divided attention [45]. Addition-
ally, in a study of the oldest-old, with older adults
between the ages of 95 and 103, greater FPCN con-
nectivity predicted visuospatial ability improvements
on the Addenbrooke Cognitive Examination—Revised
[71]. Also, FPCN is theorized to adaptively interact
with and modulate other higher-order resting-state
networks (e.g., CON, DMN, DAN) to facilitate goal-
directed behavior and support cognitive function-
ing as humans age [28, 29, 47, 72]. Such goals may
potentially require encoding and consolidating novel
stimuli (e.g., geometric designs). For instance, this
literature proposes that FPCN upregulates DAN (task-
positive) and downregulates DMN (task-negative)
during externally oriented tasks, with an opposite
effect during internally focused tasks. Future research
should continue to examine the role of FPCN con-
nectivity in learning and memory abilities. To this
end, follow-up studies should also investigate verbal
and visuospatial memory trajectories in the context of
within- and between-network functional connectivity,
as some research has suggested a steeper age-related
decline in visuospatial memory compared to verbal
memory [6—10].

To our surprise, DMN functional connectivity was
not significantly associated with HVLT-R or BVMT-
R performance. This lack of DMN findings might
partly be explained by the sample studied: relatively

healthy older adults who were on normal cognitive
aging trajectories. The relationship between DMN
connectivity and cognition in healthy older adults
has been mixed in the literature, with some research
suggesting only small age-related declines [27]. How-
ever, a disruption of DMN connectivity has been fre-
quently identified in samples of older adults with mild
cognitive impairment or Alzheimer’s disease [32,
73-77]. Hence, conducting a similar study in a cog-
nitively impaired population may elucidate the role of
DMN in verbal and visuospatial learning and mem-
ory as Alzheimer’s disease pathology progresses.

Lastly, we found significant relationships between
sex and scores on HVLT, but, not on metrics of the
BVMT. Specifically, female sex was associated with
higher scores on all three of the HLVT metrics (total
recall, learning ratio, and delayed recall), even after
controlling for multiple comparisons. Although it is
widely found that women outperform men in epi-
sodic and verbal memory in late life, the reason for
this phenomenon is unknown. One plausible hypoth-
esis for this is that women may have greater cognitive
reserve than men. A large epidemiological study by
Levine and colleagues found that women had higher
initial scores across most cognitive domains, com-
pared to men, and these findings persisted into later
life [78]. Thus, future research should examine the
impact of cognitive reserve on cognition, as well as
ways to maintain levels of cognitive reserve through-
out the aging process.

Limitations

While this study offers novel findings on relation-
ships among resting-state functional connectiv-
ity and learning and memory performance in older
adults, a few methodological limitations should be
addressed in further work. First, these results neces-
sitate a greater focus on increasing sample heteroge-
neity. Approximately 15% of our sample identified
as members of one or more racial/ethnic minority
groups. In comparison, a community survey in 2020
indicated that about 1 in 4 Americans ages 65 years
or older identifies as a member of one or more racial/
ethnic minority groups. The study sample was also
generally more educated compared to the US popu-
lation, with greater than two-thirds (69%) of partici-
pants completing a bachelor’s degree or higher (i.e.,
16 or more years of education). As of 2020, only
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one-third of older Americans met these same criteria
[79]. Future research efforts should strive to promote
and maintain a more inclusive study environment for
underrepresented groups [80, 81]. Also, this study
used only the baseline data from a clinical trial and
therefore were cross-sectional analyses. To determine
cognitive trajectories of within-network connectiv-
ity and HVLT-R/BVMT-R performance, and to infer
causality, follow-up studies should analyze longitudi-
nal trends. Adding a young adult comparison group
to future studies may provide insight into age-related
changes in higher-order resting-state functional con-
nectivity and verbal and visuospatial learning and
memory abilities.

Future directions

One potential extension of our research is to analyze
between-network connectivity of higher-order rest-
ing-state networks such as CON, FPCN, and DMN.
Various studies suggest not only age-related changes
in connectivity among these three networks, but also
that such modulations across time may relate to cog-
nitive performance in memory, processing speed, and
executive functioning [28, 34, 47, 50, 82]. Future
research should expand on these findings by conduct-
ing seed-based functional connectivity analyses on
brain regions involved in memory processes, such
as the hippocampus [83, 84]. Related evidence in
volumetric brain research has associated greater bilat-
eral hippocampal volume with better HVLT-R and
BVMT-R learning and memory performance in older
adults [84, 85]. Lastly, using this same dataset, we
can explore relationships among other collected neu-
ral markers (e.g., neurotransmitter concentrations via
proton magnetic resonance spectroscopy) and HVLT-
R/BVMT-R performance to strengthen our findings.

Conclusion

This study adds a novel perspective to the extensive
body of learning and memory literature by investigat-
ing the association between higher-order resting-state
networks and HVLT-R and BVMT-R performance in
healthy older adults. Of the three networks studied,
CON demonstrated a small but significant relation-
ship to both verbal and visuospatial components of
learning and memory—more specifically, in HVLT-R

@ Springer

and BVMT-R Total Recall, HVLT-R Learning Ratio,
and BVMT-R Delayed Recall. In contrast, FPCN
connectivity was significantly associated with only
BVMT-R Learning Ratio. DMN did not have a sig-
nificant relationship with the verbal and visuospatial
domains, and none of the networks evidenced a rela-
tionship with HVLT-R Delayed Recall. Hence, the
strength of within-network CON connectivity appears
to contribute broadly to verbal and visuospatial learn-
ing and memory function in nonpathological older
adults, while FPCN connectivity appears to play
a more limited role. These networks may serve as
potential intervention targets or markers of functional
network improvement in future trials seeking to reme-
diate age-related declines in learning and memory.
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