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Abstract
Previous research has indicated that cardiorespiratory fitness (CRF) is structurally 
and functionally neuroprotective in older adults. However, questions remain 
regarding the mechanistic role of CRF on cognitive and brain health. The purposes 
of this study were to investigate if higher pre-intervention CRF was associated with 
greater change in functional brain connectivity during an exercise intervention 
and to determine if the magnitude of change in connectivity was related to better 
post-intervention cognitive performance. The sample included low-active older 
adults (n = 139) who completed a 6-month exercise intervention and underwent 
neuropsychological testing, functional neuroimaging, and CRF testing before and 
after the intervention. A data-driven multi-voxel pattern analysis was performed 
on resting-state MRI scans to determine changes in whole-brain patterns of 
connectivity from pre- to post-intervention as a function of pre-intervention 
CRF. Results revealed a positive correlation between pre-intervention CRF and 
changes in functional connectivity in the precentral gyrus. Using the precentral 
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1  |  INTRODUCTION

As global populations age, effective methods for main-
taining, enhancing, and predicting cognitive and brain 
health during the later stages of the lifespan are needed. 
Normal aging can include memory loss, slowed process-
ing speed, and decreased executive function (Anderson & 
Craik, 2017; Deary et al., 2009). However, regular physical 
activity (PA) is considered to be neuroprotective as circu-
latory and respiratory systems adapt and build endurance 
over time, which might have downstream effects on brain 
health outcomes. The amount of adaptation is dependent 
upon an individual's basal cardiorespiratory fitness (CRF) 
level, as well as the type, intensity, duration, and frequency 
of their exercise exposure (Wilmore & Costill, 1994). Some 
individuals are susceptible to significant improvements in 
CRF through exercise intervention, while others who ex-
perience the same intervention exposure demonstrate less 
meaningful changes (Bouchard et al.,  1997). The reason 
for these individual differences is likely related to the com-
plex genetic, behavioral, and environmental factors that 
account for the physiological effects of exercise on CRF 
which may account for as much as half of the variance 
in individual differences in CRF changes and sensitivity 
to training (Bouchard et  al.,  2011). Unfortunately, these 
individual differences are often overlooked in studies that 
investigate associations between CRF or exercise interven-
tions with brain structure and function.

The physiological brain mechanisms that underlie the 
relationship between CRF and cognition in older adult-
hood remain somewhat elusive, but there are several hy-
potheses. One hypothesis is that higher CRF allows for 
better oxygen transport and metabolism, which enables 
better neurotransmitter function and helps reduce neu-
roinflammation (Davenport et al., 2012). Another hypoth-
esis suggests that higher CRF may aid in down-regulation 

of the inhibitory neurotransmitter gamma-aminobutyric 
acid (GABA) or up-regulation of the excitatory neurotrans-
mitter glutamate, and contribute to changes in cortical ex-
citability and neuroplasticity, which has been observed in 
the motor cortex using transcranial magnetic stimulation 
following exercise (Mellow et  al.,  2020). Or, it could de-
pend on distinct differences in brain morphology, which 
is sensitive to higher CRF (Colcombe et al., 2003; Erickson 
et  al.,  2009; Gordon et  al.,  2008; Szabo et  al.,  2011) and 
has been shown to mediate aspects of cognition (Erickson 
et al., 2009; Weinstein et al., 2012). Lastly, higher CRF may 
have aerobic benefits such as lowering high blood pres-
sure and damage in vessels and capillaries in and around 
the brain that supply energy for neuronal processing 
(Gauthier et al., 2015; Tarumi et al., 2013). Resting-state 
functional connectivity captured via functional magnetic 
resonance imaging (fMRI) is a useful neurophysiological 
tool for investigating aerobic and neuronal relationships, 
as it measures local fluctuations of blood oxygenation as a 
direct consequence of neurotransmitter action and neuro-
nal signaling (Matthews & Jezzard, 2004).

Resting-state functional connectivity is thought to rep-
resent core brain processes and is correlated with age-re-
lated decline in brain function (Andrews-Hanna,  2012; 
Dennis & Thompson, 2014; Tomasi & Volkow, 2012). CRF 
has a direct impact on the very networks most sensitive 
to age-related decline (Voss et  al.,  2016). One hypoth-
esis for this is that higher CRF might prime neural net-
works for greater exercise-based plasticity, since higher 
CRF has previously been associated with higher levels 
of nerve growth factors, synaptogenesis, and angiogene-
sis (Voss et al., 2013). Most prominently in the literature, 
age-related changes in functional connectivity have been 
observed in the Default Mode Network (DMN) at rest, 
a network that reflects the the brain's intrinsic activity 
(Damoiseaux et al., 2008; Hafkemeijer et al., 2012; Tomasi 

gyrus as a seed, analyses indicated that CRF-related connectivity changes 
within the precentral gyrus were derived from increased correlation strength 
within clusters located in the Dorsal Attention Network (DAN) and increased 
anti-correlation strength within clusters located in the Default Mode Network 
(DMN). Exploratory analysis demonstrated that connectivity change between 
the precentral gyrus seed and DMN clusters were associated with improved 
post-intervention performance on perceptual speed tasks. These findings suggest 
that in a sample of low-active and mostly lower-fit older adults, even subtle 
individual differences in CRF may influence the relationship between functional 
connectivity and aspects of cognition following a 6-month exercise intervention.

K E Y W O R D S
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& Volkow, 2012), Specifically, the DMN has shown a re-
duction in density and strength as a result of normal and 
pathological aging (Hafkemeijer et al., 2012). Importantly, 
functional connectivity in the DMN has been shown to 
mediate the relationship between CRF and performance 
on the Wisconsin Card Sorting Task, a measure of exec-
utive function (Voss et al., 2010), further proving the im-
portance of CRF on connectivity and cognition in older 
adulthood.

The current study was a secondary analysis of data 
from the Fit and Active Seniors Trial (https:// clini caltr 
ials. gov/ ct2/ show/ NCT01 472744) to investigate whether 
individual differences in baseline CRF would change the 
intervention's effect on fMRI and cognitive outcomes. We 
use a data-driven approach to analyze the entire voxel-to-
voxel human connectome to determine whether individ-
ual differences in pre-intervention CRF were related to 
change in functional connectivity patterns following an 
exercise intervention. Compared to ROI-to-ROI or seed-to-
voxel analysis, MVPA is a unbiased data-driven approach 
to test for individual differences in the voxel-to-voxel pat-
terns of functional connectivity (Nieto-Castanon,  2022). 
We hypothesized that higher pre-intervention CRF, as a 
result of the multitude of brain benefits documented by 
exercise and fitness in animal and human literature (Voss 
et al., 2013), would be associated with greater changes in 
resting-state functional connectivity in the DMN following 
an exercise intervention, which, in turn, would be related 
to better performance on cognitive tasks post-intervention.

It is important to know if some participants are going 
to benefit more from an exercise intervention based on 
baseline characteristics such as CRF. In addition, by un-
derstanding how individual differences in CRF are related 
to functional connectivity and cognition, we can poten-
tially identify a threshold or range of CRF that is needed 
to maximize and maintain cognitive performance through 
plasticity nurtured by lifestyle, as well as predict which 
individuals would be most likely to receive cognitive ben-
efits from an exercise intervention. Ultimately, such an 
understanding could promote health behaviors and inter-
ventions, particularly engagement in physical activities 
that sustain improvements in CRF to best increase the 
chance of protection against age-related cognitive decline.

2  |  METHOD

2.1 | Participants

One thousand one hundred nineteen low-active, healthy 
older adults were screened for eligibility from the greater 
East-Central Illinois region under the Fit & Active 
Seniors Trial. Two hundred forty-seven participants 

met the following criteria: (1) between the ages of 60 
and 79 years old; (2) able to complete a VO2 max test 
without cardiac abnormality; (3) obtained physician's 
consent to participate in a graded maximal exercise test 
without exacerbating pre-existing conditions; (4) scored 
>21 on the Telephone Interview of Cognitive Status 
questionnaire (de Jager et  al.,  2003); (5) scored <10 on 
the Geriatric Depression Scale (Yesavage, 1988); (6) had 
normal or corrected-to-normal vision and no diagnosis of 
colorblindness; (7) had no presence of medical implants, 
devices, or metallic bodies that could interfere with the 
MRI; (8) no past history of brain surgeries that involved 
removing tissue; (9) no past history of stroke or transient 
ischemic attack; (10) right-handed; (11) fluent in English; 
(12) low-active, defined as participating in no more 
than 2 days/week of 30+ min of moderate PA over the 
previous 6 months; and (13) planned to remain in the 
local area for the duration of their 6-month participation, 
and eligible to be randomized into the trial. Participants 
who successfully met the inclusion criteria were asked to 
sign informed consent and medical record release forms. 
Participants had to further pass a mock MRI experience 
and the Mini-Mental State Examination (score ≥ 23). 
Those who were claustrophobic or did not meet baseline 
cognitive requirements were excluded from further 
participation. For the current analysis, 95 participants 
were further excluded because they attended less than 
50% of the intervention sessions or withdrew from the 
study, and 13 additional participants were excluded 
for having poor-quality MRI data (as defined as having 
>40 invalid scans; Van Dijk et  al.,  2010; i.e., outliers 
identified by the “ART” Toolbox described below). In 
total, 139 participants (71.9% female) were included in 
this analysis. All participants provided informed consent 
and the University of Illinois Institutional Review Board 
approved all procedures included in the study. Further 
testing included assessments that compared the physical, 
psychological, and mental status in adults before and after 
exercise interventions, and participants received $10/h 
($20/h for MRI and CRF testing) as remuneration for their 
participation.

2.2 | Procedure

All participants completed a physician-supervised 
graded maximal exercise, a cognitive neuropsychological 
evaluation, and MRI and fMRI protocols before and 
after a 6-month exercise program. After baseline testing, 
participants were randomized into one of four exercise 
programs using a computerized data management system. 
Randomization ensured that each participant had an equal 
chance of being in any of the four intervention groups. All 
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groups attended 1-h exercise sessions three times a week 
for 6 months and were supervised by trained research 
staff, which consisted of exercise specialists, dance 
instructors, and undergraduate volunteers. Across all four 
groups, the intervention was designed to be progressive in 
nature such that the intensity increased within and across 
months. Following each session, participants were asked 
to fill out a log that tracked adherence, perceived exertion, 
and enjoyment levels. The walking groups also reported 
heart rates and steps at the end of each session. Group 
descriptions are below:

1. The walking group (n = 28) participated in brisk walk-
ing at a target intensity of 50%–60% of maximal heart 
rate based on the graded maximal exercise test for 
the first 6 weeks, then 60%–75% thereafter. Heart 
rate and perceived exertion were collected frequently 
throughout the intervention to ensure that the intensity 
was maintained. All sessions were conducted at the 
University of Illinois campus on an indoor track.

2. The walking + nutritional supplement group (n = 31) 
engaged in the same criteria as the walking group, 
described above. However, they also consumed a daily 
milk-based nutritional supplement drink by Abbott 
Nutrition that contained beta-alanine, which has 
antioxidant and anti-inflammatory additives thought 
to promote lean muscle mass (Zoeller et al., 2007).

3. The dancing group (n = 40) learned choreographed 
dance routines over the 6-month intervention. The 
dance routines were designed to be cognitively 
challenging and socially engaging. Each routine 
required partnered dancing, with the expectation that 
each participant learn both the leading and following 
roles, regardless of their own gender. Different genres 
of music were played, including ballroom, square-
dancing, contra, line-dancing, folk, etc.

4. The stretching and toning group (n = 40) engaged in 
10–12 flexibility and balance activities per session using 
exercise bands that targeted improvements in strength 
and balance of all major muscle groups. Repetitions 
and sets increased within each month, and exercises 
progressed within and across months. This intervention 
was designed to be the active control group.

2.2.1 | Cardiorespiratory fitness testing

Maximal oxygen consumption (i.e., VO2 max) was 
measured in milliliters of oxygen per minute adjusted 
for total body mass expressed in kilograms (mL/kg/
min). The protocol involved exercising at a self-selected 
brisk walking pace with increasing grade increments of 
2%–3% every 2 min (Balke & Ware, 1959). Oxygen uptake 

was measured by expired air samples taken every 30-s 
until peak VO2,the maximum value during the treadmill 
test, was captured. Test termination was determined 
by symptom limitation, voluntary exhaustion, and/
or attainment of a VO2 max. A histogram illustrating 
frequency distribution of pre-intervention CRF is included 
in Materials S1. Additional functional fitness measures, 
self-reported PA, and associations with VO2 peak are also 
included in Materials S1.

2.2.2 | Neuropsychological testing

Neuropsychological testing lasted 2 h before and after 
the 6-month exercise intervention. Assessments were 
performed using both computerized and paper-and-pencil 
tests and consisted of tasks from the Virginia Cognitive 
Aging Project (Salthouse & Ferrer-Caja,  2003) and the 
Spatial Working Memory task (Erickson et  al.,  2011) 
battery. A brief description of each test in the battery, the 
measure used for analysis, and raw score performance 
descriptive statistics are included in Materials S1.

Individual cognitive tasks were grouped together into 
four main cognitive domains—fluid intelligence, per-
ceptual speed, vocabulary, and episodic memory—via 
a Principal Component Analysis (PCA) with Varimax 
rotation and Kaiser normalization on pre-intervention 
data. The components were kept consistent for post-in-
tervention data, and Z-scores of each task within the 
component were averaged together to create a cognitive 
domain composite score. Tasks with cross-loadings of .4 or 
higher were not included in the composite scores (Letter 
Set and Shipley Abstraction; Costello & Osborne,  2005). 
Table 1 demonstrates the component loadings and orga-
nization of tasks into cognitive domains. Based on the 
tasks associated with each component, Component 1 
represented Fluid Reasoning, Component 2 represented 
Vocabulary, Component 3 represented Perceptual Speed, 
and Component 4 represented Episodic Memory.

2.2.3 | MRI acquisition

An MRI session was conducted before and after the 6-month 
exercise intervention. All images were acquired during a 
single session on a 3T Siemens Trio Tim system with a 
12-channel head coil. The anatomical scan consisted of a 
high-resolution T1-weighted MPRAGE image (GRAPPA 
acceleration factor 2, voxel-size = 0.9 × 0.9 × 0.9 mm3, 
TR = 1900 ms, TI = 900 ms, TE = 2.32 ms, flip angle = 9°, 
FoV = 230 mm). The resting state T2*-weighted images 
were acquired with a fast echo-planar imaging (EPI) 
sequence with BOLD contrast (6 min, TR = 2 s, TE = 25 ms, 
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flip angle = 80°, 3.4 × 3.4 mm2 in-plane resolution, whereas 
35 4 mm-thick slices acquired in ascending order with no 
slice gap, GRAPPA acceleration factor 2).

2.2.4 | MRI preprocessing

Pre-processing was completed using CONN Toolbox 
(Whitfield-Gabrieli & Nieto-Castanon,  2012) (version 
19.c) and MATLAB (The MathWorks Inc, Natick, MA, 
USA; R2018b). The CONN default pipeline included 
realignment and unwarping (motion distortion also 
addressed in this stage), slice time correction, outlier 
identification (framewise displacement >0.9 mm or global 
BOLD signal changes above five SDs), segmentation and 
normalization into standard Montreal Neurologic Space 
(MNI) space, and smoothing (6-mm kernel) was applied 
(Whitfield-Gabrieli & Nieto-Castanon, 2012). For outlier 
detection, CONN Toolbox used integrated CompCor 
method (Behzadi et  al.,  2007), which modeled noise as 
a voxel-specific linear combination of noise sources and 
removed cardiac and respiratory effects and subject-
specific motion and outlier artifacts (Whitfield-Gabrieli 
& Nieto-Castanon,  2012). In addition, a temporal band-
pass filter (0.008–0.09) was applied. CONN Toolbox also 

provided integrated artifact detection software called 
“ART” (www. nitrc. org/ proje cts/ artif act_ detect). The 
software created a matrix of outliers that were entered as 
first-level covariates in CONN. For each voxel, a linear 
regression was performed to remove the effects of the 
artifacts from the BOLD time series by assessing the 
noise from white matter and cerebrospinal fluid, motion 
parameters and outliers, and constant and first-order 
linear session effects.

2.3 | Statistical analysis

Statistical procedures were carried out using a 
combination of SPSS (version 25) and RStudio (version 
1.4.1717). The alpha level was set at .05. Chi-squared tests 
of independence and one-way ANOVAs were performed 
on demographic data to investigate if there were statistical 
differences between intervention groups based on 
race, sex, age, and pre-intervention BMI. Similarly, we 
performed chi-squared tests of independence and t tests 
to ensure demographic characteristics did not differ 
from participants who completed the study compared to 
participants who did not complete the study (n = 108). We 
performed one-way ANOVAs and a linear regression to 
investigate if sex or age was related to pre-intervention 
fitness. Lastly, we also performed a one-way ANOVA 
to determine if pre-intervention CRF differed between 
groups at baseline.

Given the multitude of approaches to analyze resting 
state functional connectivity data, we chose to use MVPA 
as a data-driven approach to reduce researcher degrees 
of freedom. MVPA has demonstrated significant utility 
in uncovering associations between lifestyle factors and 
whole-brain patterns of connectivity in older adults (Carp 
et al., 2011; Morris et al., 2021). MVPA takes each voxel in 
the brain mask and computes the functional connectiv-
ity between that voxel and every other voxel in the brain 
for each subject individually. Then for that seed voxel, all 
connectivity maps across subjects are concatenated and 
further characterized by a lower dimensional eigenpattern 
score using a singular value decomposition factorization 
of the connectivity matrix (similar to principal component 
analysis). This eigenpattern score was then entered into a 
group-level general linear model to test the null hypoth-
esis that the correlation between pre intervention CRF 
and change in connectivity pre to post, at this voxel, does 
not differ from zero. This procedure was then repeated for 
every voxel in the brain mask sequentially constructing 
a statistical parametric map characterizing the results of 
this model across the entire brain. To test our hypothesis 
across the entire brain, the resulting connectivity maps 
were corrected for multiple comparisons using traditional 

T A B L E  1  Cognitive battery component loadings from Principal 
Component Analysis (PCA).

Component

1 2 3 4

Spatial Relations .844 .157 .173 .018

Paper Folding .732 .213 .062 .070

Form Boards .714 .172 .229 .017

Matrix Reasoning .608 .370 .246 .227

Task Switching .543 −.250 .001 .374

Letter Set .442 .417 .426 .044

Word Vocabulary .044 .856 .100 .240

Synonym/Antonym .159 .810 .006 .278

Picture Vocabulary .324 .746 .023 .120

Shipley Abstraction .480 .519 .402 .061

Letter Comparison .030 .158 .842 .105

Digit-Symbol .093 −.001 .827 .221

Pattern Comparison .208 .116 .772 −.022

Spatial Working 
Memory

.177 −.043 .515 .134

Word Recall −.103 .288 .162 .815

Paired Associations .157 .118 .181 .775

Logical Memory .236 .315 .098 .722

Note: Varimax with Kaiser normalization used for rotation method. Rotation 
converged in seven iterations. Shading signifies component groupings.
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nonparametric cluster level inferences (height-level sta-
tistical threshold of p < .001, cluster threshold of p < .05, 
family-wise error [FWE]-corrected). This approach al-
lowed us to make statistical inferences about the patterns 
of functional connectivity between any suprathreshold 
clusters and the rest of the brain. The resultant connectiv-
ity pattern represented the correlations between baseline 
CRF and pre- to post-intervention changes in whole-brain 
resting-state functional connectivity. To further character-
ize the patterns of functional connectivity we used the re-
sulting suprathreshold cluster as a seed in a seed-to-voxel 
analysis. This test was a post-hoc estimate and contains a 
certain amount of bias yet is considered important to help 
better elucidate interpretations and build future hypothe-
ses (Nieto-Castanon, 2022). A detailed methodology is pro-
vided in a previous publication (Nieto-Castanon,  2022). 
All results in this study were examined in CONN toolbox 
(Whitfield-Gabrieli & Nieto-Castanon,  2012) using the 
default pipeline and standard settings for cluster-based 
inferences based on Gaussian Random Field Theory 
(Worsley et al., 1996). In all functional connectivity anal-
yses, we controlled for age, sex, mean motion (framewise 
displacement), and intervention group (Arnold Anteraper 
et al., 2019).

Because the resultant connectivity pattern from the 
second level post-hoc analysis fell within two indepen-
dent resting state functional networks (DMN and DAN—
see Section  3), we averaged together their connectivity 
values separately for each network to create composi-
tive network scores to improve their interpretability and 
for further exploratory analysis with cognitive function. 
Accounting for age and sex in the model, linear regres-
sions were performed between CRF and performance on 
the four cognitive domains prior to intervention, in an 
attempt to replicate the previously published studies that 
showed associations between baseline participant factors 
and cognitive outcomes (Pontifex et al., 2019). Then, lin-
ear regressions were performed between pre-intervention 
CRF and post-intervention cognitive domains (accounting 

for age, sex, and pre-intervention cognitive data as covari-
ates). As an exploratory aim, to test if functional connec-
tivity change as a function of pre-intervention CRF was 
related to post-intervention cognition, we performed lin-
ear regressions between the composite network scores and 
any significant relationships between pre-intervention 
CRF and post-intervention cognition (accounting for age, 
sex, and pre-intervention cognitive data as covariates).

3  |  RESULTS

Table  2 describes participant demographics of the 
current sample. There were no statistical differences 
between groups based on race [χ2 (6, N = 139) = 7.205, 
p = .302], sex [χ2 (3, N = 139) = 0.162, p = .983], age 
[F(3,135) = .951, p = .418], or pre-intervention BMI 
[F(3,135) = .541, p = .655]. There were no demographics 
differences between participants who completed the 
study and participants who did not complete the study 
based on race [χ2 (2, N = 247) = 5.544, p = .63], sex [χ2 (1, 
N = 247) = 1.824, p = .177], age [t(245) = −1.212, p = .227], 
pre-intervention BMI [t(243) = −1.811, p = .071], or 
pre-intervention CRF [t(243) = −0.060, p = .953]. For 
participants who completed the study, pre-intervention 
fitness was significantly related to sex [F(1,137) = 19.74, 
p < .001] and age [R2 = .03, F(1,137) = 5.73, p = .02]. In this 
current analysis and subset of participants, no statistically 
significant differences between intervention group were 
found in pre-intervention [F(3,135) = .426, p = .735] or 
post-intervention CRF [F(3,135) = 1.376, p = .253]. Thus, 
intervention groups were collapsed for further analysis. In 
general, most low-active adults were also low-fit (Table 2).

Using MVPA, greater pre-intervention CRF was cor-
related with greater changes in patterns of functional 
connectivity in the right precentral gyrus (MNI coordi-
nates: +40, −20, +62; [F(10,1330) > 2.98, k voxels = 44]), 
which is located in the motor cortex and associated with 
the Somatosensory Network (Figure  1). We also ran the 

n = 139

Age (years) 65.04 (4.2)

Sex Female: 71.9%
Male: 28.1%

Race African American: 8.6%
Asian: 2.9%
Caucasian: 88.5%

Years of education 15.96 (2.85)

Pre-intervention MMSE 28.95 (1.03)

Pre-intervention body mass index (kg/m2) 30.42 (5.29)

Pre-intervention VO2 peak (mL/kg/min) 19.73 (4.56)

T A B L E  2  Mean (SD) values for 
participant demographics and fitness data.
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MVPA with and without intervention group as a covari-
ate, and there were no statistically significant differences 
in the results.

Using the precentral gyrus cluster in post-hoc seed-
to-voxel analysis, the association between change in 

functional connectivity in this cluster and pre-intervention 
CRF was driven by positive correlations with a series of 
clusters in the Dorsal Attention Network (DAN) and an-
ti-correlations with multiple clusters in the DMN (see 
Figure 2; Table S3).

F I G U R E  1  Right precentral gyrus cluster resulting from initial voxel-to-voxel MVPA analysis. Color bar indicates F statistic.

F I G U R E  2  Post-hoc seed-to-voxel 
analysis revealed increased correlations in 
the DAN (shown in yellow) and increased 
anticorrelations in the DMN (shown in 
purple) with the precentral gyrus seed 
associated with pre-intervention fitness. 
Color bar indicates T statistic.
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Next, as an exploratory analysis, we investigated if 
functional connectivity change as a function of individual 
differences in pre-intervention CRF was related to any as-
pects of intervention-induced changes in cognition. Given 
their functional similarities (Thomas Yeo et al., 2011), the 
connectivity values between the precentral gyrus cluster 
and all clusters within the DAN and the DMN, respec-
tively, were averaged together to create two composite 
network scores for use in subsequent analyses. Results 
suggested that increased anti-correlations in the DMN 
were associated with post-intervention perceptual speed 
performance (β = −.58, t(134) = −2.12, p = .03), indicating 
that individuals who had stronger anti-correlations in the 
DMN performed better on perceptual speed-related tasks 
(Figure 3).

4  |  DISCUSSION

While previous research has suggested that CRF 
is neuroprotective in older adults, many questions 
regarding the specific role of CRF on cognitive and brain 
health remain. To test if individual differences in pre-
intervention CRF were related to changes in functional 
connectivity, we performed a data-driven MVPA. Our 
results demonstrated that pre-intervention CRF levels 
were positively associated with patterns of functional 

connectivity change in the right precentral gyrus, gained 
over 6 months of participation in a four-arm randomized 
controlled trial of exercise in a group of older adults. While 
we originally hypothesized that the MVPA would reveal 
data-driven results in the DMN, it was the right precentral 
gyrus that we identified as showing changes in connectivity 
patterns associated with pre-intervention CRF. The right 
precentral gyrus and the motor cortex have been associated 
with CRF in previous literature. For example, compared 
to rest, a high-intensity exercise intervention enhanced 
primary motor cortex plasticity, increased cortico-motor 
excitability, increased glutamatergic facilitation, and 
reduced GABAergic inhibition following intermittent 
theta burst stimulation (iTBS; Andrews et  al.,  2020). 
Additionally, volume in the precentral gyrus was found 
to mediate the relationship between CRF and Stroop 
task interference (Weinstein et al., 2012). Another study 
investigating individual differences found that higher CRF 
was associated with greater brain activation in the motor 
cortex during dual-task processing (Wong et  al.,  2015). 
While the physiological brain mechanisms that underlie 
the relationship between CRF and cognition remain 
somewhat elusive, the importance of the precentral gyrus 
in this relationship is becoming clear, and our current 
results add to this literature by showing how baseline 
CRF relates to longitudinal changes in precentral gyrus 
functional connectivity.

F I G U R E  3  Increased anti-correlations between the DMN and the precentral gyrus seed as a function of pre-intervention fitness was 
associated with better performance on tasks related to perceptual speed.
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In an exploratory analysis, we found an association 
between the specific patterns of functional connectivity 
of the pre-central gyrus (namely anti-correlations be-
tween the precentral gyrus and several clusters within 
the DMN) and post-intervention performance on cog-
nitive tasks measuring perceptual speed. This find-
ing aligns with previous research that has shown that 
long-term engagement in PA (one modifiable lifestyle 
factor related to CRF) modifies age-related differences 
in the DMN. For example, greater PA levels over a 10-
year period were related to stronger connectivity in the 
posterior DMN, larger gray matter volume of the PCC, 
and higher perfusion rate within the PCC (Boraxbekk 
et al., 2016). Similarly, in a cross-sectional study that in-
cluded older and younger adults, greater age was associ-
ated with lower DMN functional connectivity, but older 
adults with higher levels of CRF demonstrated DMN 
functional connectivity comparable to that of younger 
adults (Voss et al., 2010). Extending beyond connectivity, 
changes in brain function related to CRF have previously 
been shown to influence cognition. For example, in an 
observational longitudinal study, poorer CRF at baseline 
was associated with greater decline on the Mini-Mental 
Status Examination (MMSE) and other cognitive tests 
related to attention, executive function, verbal memory, 
and verbal fluency during a 6-year follow-up (Barnes 
et al., 2003). Lastly, several exercise interventions have 
found that increases in CRF are linked to improvements 
in executive function (Kramer et al., 1999), motor func-
tion and auditory attention (Angevaren et al., 2008), and 
psychomotor speed (Spirduso, 1980). Our findings high-
light the important role of CRF in brain function and 
cognition following an exercise intervention and suggest 
that individual differences in baseline characteristics 
(such as CRF) may prime some participants for benefit 
following exercise.

Expanding upon previous cross-sectional research 
(Won et  al.,  2021), the main finding of this study was 
that higher pre-intervention CRF was related to greater 
change in the patterns of functional connectivity of the 
precentral gyrus in the context of a 6-month exercise 
intervention. This is especially impactful for the field, 
as it is the first study to our knowledge to conclude the 
positive priming effects of CRF on longitudinal exer-
cise-related functional connectivity change in healthy 
older adults. We have demonstrated that in this sample 
of low-active and lower-fit older adults, even small vari-
ations in fitness can affect intervention-related changes 
in resting-state functional connectivity and cognition. 
Based on this novel finding, future research should at-
tempt to identify a potential threshold or range of CRF 
that maximizes cognitive benefit, particularly in older 
age, to reduce cognitive decline. This could be achieved 

through moderation analyses to test for a specific range 
of CRF at which the relation between the intervention 
assignment change in cognition/brain metrics becomes 
non-significant (D'Alonzo, 2004).

There are several limitations to address in the study. 
First, the initial MVPA cluster found in the right precen-
tral gyrus is considered “small” by field standards, at only 
44 voxels. Despite the small size, the cluster was found in 
accordance with the current best practice of cluster-based 
thresholding in fMRI analysis (Woo et al., 2014). Second, 
our sample was moderately homogeneous, consisting 
of majority Caucasian (88.5%) and female (71.9%) par-
ticipants. Although there were no statistical differences 
between groups based on sex, race, age, BMI, or CRF 
level, we recognize our sample bias, and encourage fu-
ture research to recruit from more diverse communities. 
Furthermore, because participants were low-active and 
generally low-fit, results may differ with a sample of par-
ticipants with normally distributed fitness. In addition, 
only participants who self-reported a low-active lifestyle 
(participating in ≤2 days of PA per week) were eligible to 
participate. However, these inactivity levels are similar to 
trends in the US (Watson et  al.,  2016), which may have 
recently been further exacerbated by COVID-19 social re-
strictions (Zieff et  al.,  2021). A limitation in the explor-
atory analysis was that we did not account for multiple 
comparisons when investigating effects between the two 
networks and cognitive domains.

In conclusion, the findings suggest that in our sample 
of low-active older adults, those with higher CRF at base-
line were more likely to experience changes in functional 
connectivity important for cognitive improvements as a 
result of participating in a randomized controlled trial of 
exercise for 6 months. These results are important for sus-
taining public health, as maintaining a physically active 
lifestyle is easily accessible, economically efficient, and ef-
fective in preventing and minimizing cognitive decline. By 
promoting health behaviors, like PA and structured exer-
cise, we are best poised to maintain and sustain cognitive 
and brain health during the later stages of the lifespan.
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