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Abstract: Cardiovascular fitness is linked to better executive functions, preserved gait speed, and
efficient cortical activity. Older adults with cardiovascular risk factors (CVRFs) typically show poor
cognitive performance, low physical fitness, and altered brain functioning compared with healthy
individuals. In the current study, the impact of regular physical activity on cognition, locomotion,
and brain functions was explored in a cohort of older adults with low or high CVRFs. Cortical
activation of the frontal areas was investigated using functional Near-Infrared Spectroscopy (fNIRS)
at baseline, at 6 months and at 12 months. Evoked cortical response and behavioral performance
were assessed using the dual-task walking paradigm, consisting of three conditions: single cognitive
task (2-back task), single walking task (walking), and dual-task (2-back whilst walking). Results show
greater task-related cortical response at baseline in individuals with high CVRFs compared to those
with low CVRFs. Moreover, participants with high CVRFs benefitted the most from participating in
regular physical activity, as their cortical response decreased at the 12-month follow-up and became
comparable to that of participants with low CVRFs. These changes were observed in conjunction
with improved cognitive performance and stable gait speed throughout the 12-month period in both
groups. Our findings provide evidence that participation in regular physical activity may be especially
beneficial in individuals with CVRFs by promoting brain and cognitive health, thus potentially
contributing to prevention of cognitive decline. Future research may explore whether such effects are
maintained in the long-term in order to design ad-hoc interventions in this specific population.

Keywords: fNIRS; cardiovascular; aging; dual-task; gait speed; walk; executive functions

1. Introduction

The aging process causes deleterious changes in the brain that are related to a decline
in several cognitive and physical domains, and may culminate in cognitive decline and
dementia [1]. These changes are exacerbated in individuals with Cardiovascular Risk
Factors (CVRFs), such as hypertension, type 2 diabetes, smoking, and obesity [2]. Multiple
CVRFs have been linked to worse cognitive performance on tests of executive functions,
processing speed, and verbal memory in middle age [3] and older adulthood [4]. For
instance, in a population-based cohort study of over 8000 older adults, Dregan et al. [4]
observed that individuals with more severe CVRFs had significantly lower global cognition,
executive functions, and memory after 4-year follow-up compared to participants with less
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severe CVRFs. CVRFs have also been linked to increased risk of cognitive impairment and
dementia [5–8].

Recent neuroimaging studies have observed that CVRFs are related to structural and
functional brain alterations, mostly of the fronto-parietal and temporal areas, such as re-
duced grey matter volume [9], and altered activity of the fronto-parietal lobes [10]. CVRFs
have also been suggested to accelerate structural brain changes in older adults, causing
infarcts or atrophy [9,11] that may be linked to neurodegeneration in this population [3]. Fi-
nally, CVRFs cause alterations of the normal cerebral blood flow [12,13]. For instance, using
functional Near Infrared Spectroscopy (fNIRS) during dual-task walking, Holtzer et al. [14]
recently observed increased prefrontal activation, but lower behavioral performance, in
older adults with type 2 diabetes compared to healthy peers. Similarly, greater prefrontal
activation, but equivalent performance was reported during a precision walking task in
obese individuals [15]. This overactivation has been suggested to be related to decreased
brain resources as a consequence of the neuropathy in patients with CVRFs. Both type
2 diabetes and hypertension have been associated with decreased walking speed [16],
showing that the general burden of CVRFs may reflect not only on cognition and brain
functioning, but also on mobility.

In the general population and in individuals with cardiovascular diseases, physical
activity has been proven to increase both cognition and mobility, to prevent future cogni-
tive decline, and to improve cortical response in the brain [2,17–20]. Increased evidence
shows that regular physical activity in older adults reduces the severity of CVRFs, such as
diabetes [21], obesity [22], and hypertension [23,24], and increases cardiovascular fitness.
However, despite the clear evidence supporting the benefits of physical activity on CVRFs,
many questions regarding the effects of physical activity on cognition, mobility, and brain
functionality remain unanswered [25]. Given the benefits reported in other populations,
it is plausible that physical activity in older adults with CVRFs may improve cognition
and mobility, and may reduce the brain overactivation reported in previous studies on
single CVRFs [14,15]. Moreover, although CVRFs often co-exist [26] and may affect brain
functioning cumulatively, no research has so far investigated the burden of multiple CVRFs
on the brain.

In the current study, the benefits of regular physical activity on the brain were explored
in a population of older adults with either low or high CVRFs during a period of 12 months,
by means of fNIRS. Moreover, the effects of regular physical activity on cognition and
mobility (i.e., gait speed) were explored using the dual-task walking paradigm, a task of
executive functions that compares performance at a cognitive task alone, a walking task
alone, and simultaneous cognitive and walking tasks. This test is particularly suited to
investigate subtle changes in walking mechanisms and performance at tests of executive
functions, both predictors of cognitive decline [27] and linked to age-related brain changes
in healthy older individuals [28]. Our results indicated that individuals with high CVRFs
showed slower walking speed and increased task-related cortical response at baseline.
However, participating in regular physical activity had a positive effect on behavioral
outcomes and brain hemodynamics, specifically in those with high CVRFs, as they showed
reduced cortical activation at follow-up visits, indicating greater brain health, whilst
improving their cognitive performance at follow-up visits.

2. Experimental Section

Participants were registered members of the preventive medicine and physical activity
center (Centre EPIC) of the Montreal Heart Institute, one of the largest cardiovascular pre-
vention centers in Canada and in North America. Participants for this study were selected
if aged 60 or above, with normal or corrected vision, normal hearing, and able to walk
15 m without assistance. Exclusion criteria were as follows: alcohol consumption >2 drinks
per day, abnormal cognitive functioning (Mini-Mental State Examination; MMSE < 26),
history of neurological, cardiac, chronic or psychiatric diseases, major surgery within one
year of enrollment, non-cardiopulmonary limitation to exercise, corrected or uncorrected
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hearing problems, and use of psychotropic medication known to affect cognition. The
twenty-four selected participants were divided into two groups: low CVRFs (LCVRF) and
high CVRFs (HCVRF). Groups were classified based on the Framingham score [29], where
variables such as age, sex, cholesterol, blood pressure, diabetes mellitus, and smoking
status are utilized to calculate 10-year risk of developing heart diseases. Individuals with
HCVRF had low to moderate risk in at least two of the considered indexes: high cholesterol,
diabetes, hypertension, low high-density lipoprotein, high low-density lipoprotein, and
smoking. Individuals identified as LCVRF had none or very low risk in only one of the
above indexes.

At baseline (T0), participants signed the informed consent for participation in the
study and completed clinical, neuropsychological, and physical assessments, followed by
the dual-task walking paradigm, where the cortical response was recorded by means of
a portable fNIRS system. Following this, participants were asked to freely take part in
any exercise training prescribed by registered kinesiologists as part of their preventive
programs at the ÉPIC center. Following the international recommendations for exercise
testing and prescription [30], participants were asked to take part in regular physical
activity at the ÉPIC center at least twice per week for a duration of 12-month. Measures
of weekly frequency, duration, and intensity of physical activity were obtained through
self-report questionnaires. For the intensity of the physical activity, the Borg scale of
perceived exertion was used [31]. After 6 months, a first follow-up visit was scheduled for
the neuropsychological assessment, including the dual-task walking paradigm and fNIRS
recording (T6). These assessments were also repeated at 12-month follow-up (T12). These
follow-ups were chosen to better document changes in cognition and the impact of PA
overtime [32,33]. This study was approved by the Montreal Heart Institute ethic committee
(ICM#12-1386), and completed in accordance with the Helsinki Declaration.

The dual-task paradigm consisted of three experimental conditions: single cognitive
task (SC), single walking task (SW), and dual-task (DT). SC required participants to perform
the 2-back working memory task while standing. Participants listened to a series of
numbers at a constant presentation rate of 1.5 s and were asked to recall the number they
heard two positions back. During SW, participants were asked to freely walk back and forth
on a 10-m track for 30 s. During DT participants were asked to complete the auditory 2-back
task whilst walking. Auditory cues were presented through a headset. Each experimental
condition was administrated in blocks of 30 s, with periods of fNIRS baseline lasting 5 s
before each block and 15 s after each block. The complete sequence of stimulation blocks
was presented following an ABBA design, as follows: SC–SC–SW–DT–DT–DT–DT–SW–
SC–SC. This type of design was chosen in order to control for fatigue effects across the
conditions. Mean values of accuracy for the 2-back (% correct) and walking speed (m/s)
from the cognitive and motor blocks were calculated, resulting in two variables (cognitive
performance and gait speed) and two conditions (single and dual-task).

During the dual-task experiment, fNIRS light intensity signals (wavelengths 735 nm
and 860 nm) were recorded at a sampling rate of 20 Hz using an fNIRS portable system
whose sensors covered the front of the head. This device was built by a team at École
Polytechnique in Montreal, Canada [34]. It consisted of LED sources and Avalanche
PhotoDetectors attached to a frontal cap and connected to an acquisition device positioned
on the participant’s belt. Data were streamed via Bluetooth to software developed in
LabVIEW (National Instruments). The montage comprised 16 sources and 16 detectors
coupled into 128 pairs (256 channels), with separations ranging from 2.5 to 3 cm. The
optode layout was designed to maximally cover the prefrontal cortex (PFC) including
partial coverage of pre-motor areas. Figure 1 depicts the acquisition setup, as well as the
optode layout and cortical coverage.



J. Clin. Med. 2021, 10, 579 4 of 14
J. Clin. Med. 2021, 10, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. Functional Near-Infrared Spectroscopy (fNIRS) experimental setup. (a) Participant wearing the NIRS device 
consisting of a frontal cap wired to a Bluetooth acquisition device (b) Frontal view of the optode layout with sources in 
red and detectors in green, overlaid on the Colin27 anatomical template. (c): cortical sensitivity map for the fNIRS meas-
urements covering the central part of the prefrontal cortex, overlayed with fNIRS montage and the scalp surface. 

fNIRS data were processed using brainstorm [35] and the nirstorm plugin [36], under 
Matlab 2017. Pre-processing steps were performed in the channel-space and first involved 
motion correction using spline interpolation within manually tagged periods of motion 
artefacts [37]. The following additional steps were applied: automatic removal of glitches 
due to occasional short-lived signal interruptions, as well as bandpass filtering between 
0.01 and 0.1Hz to remove fluctuations unrelated to evoked hemodynamic events. Channel 
time-series were then projected on the cortical surface of the Colin27 template [38] using 
the Minimum Norm Estimate algorithm [39]. A first-level GLM with a pre-colored noise 
model [40] was applied to the cortical time-series of each subject to obtain within-subject 
t-stat mappings of (HbO) (oxygenated hemoglobin) and (HbR) (deoxygenated hemoglo-
bin) changes evoked by the three experimental tasks (SW, SC and DT). Since the NIRS 
spatial resolution is relatively low, mesh-based cortical mappings contain a lot of redun-
dant information. To get a more parsimonious representation of NIRS mappings, regional 
averages were computed using a coarse version of the MarsAtlas cortical parcellation [41]. 
This segmentation consisted of a set of 14 regions (7 per hemisphere), as depicted in Figure 
2 with the list of region labels. Lastly, to keep only the areas that were potentially engaged 
in the experimental paradigm, task-specific functional masks were computed from a 
group-level analysis. To do so, a second-level GLM with a mixed-effect noise model [40] 
was applied to produce binary maps from t-stats thresholded at p < 0.05 (uncorrected). 
For each experimental condition, this allowed filtering out the regions which elicited no 

Figure 1. Functional Near-Infrared Spectroscopy (fNIRS) experimental setup. (a) Participant wearing
the NIRS device consisting of a frontal cap wired to a Bluetooth acquisition device (b) Frontal view
of the optode layout with sources in red and detectors in green, overlaid on the Colin27 anatomical
template. (c): cortical sensitivity map for the fNIRS measurements covering the central part of the
prefrontal cortex, overlayed with fNIRS montage and the scalp surface.

fNIRS data were processed using brainstorm [35] and the nirstorm plugin [36], under
Matlab 2017. Pre-processing steps were performed in the channel-space and first involved
motion correction using spline interpolation within manually tagged periods of motion
artefacts [37]. The following additional steps were applied: automatic removal of glitches
due to occasional short-lived signal interruptions, as well as bandpass filtering between
0.01 and 0.1Hz to remove fluctuations unrelated to evoked hemodynamic events. Channel
time-series were then projected on the cortical surface of the Colin27 template [38] using
the Minimum Norm Estimate algorithm [39]. A first-level GLM with a pre-colored noise
model [40] was applied to the cortical time-series of each subject to obtain within-subject
t-stat mappings of (HbO) (oxygenated hemoglobin) and (HbR) (deoxygenated hemoglobin)
changes evoked by the three experimental tasks (SW, SC and DT). Since the NIRS spatial
resolution is relatively low, mesh-based cortical mappings contain a lot of redundant
information. To get a more parsimonious representation of NIRS mappings, regional
averages were computed using a coarse version of the MarsAtlas cortical parcellation [41].
This segmentation consisted of a set of 14 regions (7 per hemisphere), as depicted in
Figure 2 with the list of region labels. Lastly, to keep only the areas that were potentially
engaged in the experimental paradigm, task-specific functional masks were computed from
a group-level analysis. To do so, a second-level GLM with a mixed-effect noise model [40]
was applied to produce binary maps from t-stats thresholded at p < 0.05 (uncorrected). For
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each experimental condition, this allowed filtering out the regions which elicited no activity
at the group-level. At the end of the NIRS processing pipeline, the within-subject and
region-specific t-values were used as task-related hemodynamic responses to investigate
their relationship with the other study variables in the following statistical analyses.
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Figure 2. Segmentation of the prefrontal cortex based on MarsAtlas, used to produce region-averages of NIRS task-
related effects.

A series of t-tests and two mixed 2 (group: LCVRF, HCVRF) × 3 (time: T0, T6, T12) × 2
(condition: single task, dual-task) ANOVAs were performed to explore between-group
differences and the effect of time and condition on cognitive performance and gait speed
respectively. A series of two (group: LCVRF, HCVRF) × 3 (time: T0, T6, T12) ANCOVAs
were performed on each activated region, averaged over hemisphere, to investigate whether
the presence of high CVRFs and participation in regular physical activity impacted cerebral
hemodynamics during SC, SW and DT, whilst controlling for sex. All assumptions to run
the performed analyses were met, unless otherwise stated. Post-hoc pairwise comparisons
were performed using Bonferroni correction.

3. Results

Table 1 shows demographic, clinical characteristics, and groups comparisons of partic-
ipants at baseline. Data are mean ± standard deviation for continuous variables and count
for categorial variables. Those classified as the LCVRF group were 14 (60.87%), whereas
nine had HCVRF (39.13%). Of the total sample, 15 (65.2%) were women. Mean age at
baseline was 68.00 ± 5.78 years and mean level of years of schooling was 15.52 (± 4.24).
All participants were cognitively well functioning (MMSE = 28.39 ± 3.70), and had low
scores on the geriatric depression scale (GDS), indicating no major depressive symptoms
(GDS = 4.61 ± 3.70). There were no statistically significant differences between the two
groups for the demographic variables. Moreover, the self-reported perception of com-
pleted physical activity (i.e., frequency, duration, and intensity) did not show significant
differences between the two groups throughout the duration of the study.

3.1. Behavioral Results

Two 2 (condition: single-task, dual-task) × 2 (group: LCVRF, HCVRF) × 3 (time: T0,
T6, T12) ANOVAs were performed to investigate between-group differences and the effect
of time and condition on cognitive performance and gait speed. Data are mean ± standard
deviation, unless otherwise stated.

Regarding cognitive performance, two outliers were found in the data, as assessed by
inspection of a boxplot, whose performance was considerably lower (15% accuracy) than
the average (83%). The outliers were removed from the analysis because they materially
affected the results, as assessed by a comparison of the results with and without the
outliers. Specifically, the analysis with the outliers revealed no statistically significant
results (p values > 0.05). The analysis without the two outliers revealed a significant main
effect of time (Greenhouse–Geisser corrected: F(2, 38) = 11.913, p < 0.001 η2

p = 0.385),
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in which cognitive performance was greater at T6 (86.12 ± 3.40) and T12 (87.31 ± 2.90)
than at T0 (76.41 ± 3.60) (T6: p = 0.001; T12: p = 0.002). No main effects of group or
condition were found. The main effect of time was qualified by an interaction between
time and group (F(1, 38) = 4.986, p = 0.012, η2

p = 0.208), in which the HCVRF group
performed significantly better at T6 (87.81 ± 5.35) and at T12 (91.25 ± 4.56) than at T0
(72.81 ± 5.67) (both p = 0.001), as shown in Figure 3. Such difference was not found
in LCVRF, who remained stable throughout the study. In addition, a significant time by
condition interaction (Greenhouse–Geisser corrected: F(2, 38) = 6.269, p = 0.010, η2

p = 0.248)
demonstrated that cognitive performance was greater at T6 (88.57 ± 3.60) and at T12
(85.71 ± 3.39) than at T0 (72.80 ± 4.40) during SC (T6: p = 0.001; T12: p = 0.019), and at T12
(88.91 ± 2.80) compared to T0 (80.01 ± 3.54) during DT (p = 0.007). No other significant
interactions were found.

Table 1. Demographic, clinical information, and training characteristics.

Variables LCVRF (14) HCVRF (9)

Female n (%) 10 (71.4%) 5 (55.6%)
Age (years) 66.86 ± 5.63 69.78 ± 5.89
Education 16.64 ± 4.03 13.78 ± 4.18

MMSE 28.57 ± 1.16 28.11 ± 0.93
GDS 3.71 ± 3.15 6.00 ± 4.24
PASE 127.43 ± 63.90 105.64 ± 57.59

Smoking n (%) 1 (7.10%) 2 (22.20%)
Blood Parameters:

Resting SBP (mmHg) 127.54 ± 13.87 135.11 ± 15.14
Resting DBP (mmHg) 74.92 ± 6.61 79.89 ± 9.09

Total cholesterol (mmol/L) 4.33 ± 1.25 4.04 ± 0.95
LDL-cholesterol (mmol/L) 2.30 ± 1.03 2.23 ± 0.66
HDL-cholesterol (mmol/L) 1.47 ± 0.47 1.27 ± 0.31

Medications 0.43 ± 0.94 2.67 ± 1.32
Characteristics of the 1-year physical activity:

Frequency (n◦ visits/week) 1.82 ± 0.84 1.73 ± 0.92
Duration (min/week) 221.38 ± 138.18 161.33 ± 82.53
Intensity (Borg’s scale) 4.47 ± 2.21 4.00 ± 1.68

Note. Results are mean ± SD. MMSE = mini-mental state examination; Geriatric Depression Scale; PASE = physical
activity scale for the elderly; SBP = systolic blood pressure; DPB = diastolic blood pressure; LDL = low-density
lipoprotein; HDL = high=density lipoprotein.
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Regarding gait speed, a main effect of condition was observed (F(1, 20) = 17.795,
p < 0.001, η2

p = 0.459), in which both groups walked faster during SW (1.096 ± 0.029)
compared to DT (1.042 ± 0.032) (p < 0.001). There were no main effects of group or time. A
significant group by condition interaction was found (F(1, 21) = 6.545, p = 0.018, η2

p = 0.238).
The contrast between conditions revealed that the LCVRF group walked faster during SW
(1.158 ± 0.036) than during DT (1.072 ± 0.040) (p < 0.001), whereas the group with HCVRF
did not show such a pattern. The contrast between groups revealed that the LCVRF group
walked faster (1.158 ± 0.036) than the HCVRF group (1.034 ± 0.045) during SW (p = 0.044)
(see Figure 4). No other significant interactions were found.

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 7 of 15 
 

 

Figure 3. General cognitive performance in low-risk and high-risk cardiovascular risk factors 
(LCVRF, HCVRF) at baseline (T0), 6 months (T6), and 12 months (T12) follow-ups. Bars indicate 
standard error. * = p < 0.05. 

Regarding gait speed, a main effect of condition was observed (F(1, 20) = 17.795, p < 
0.001, η2p = 0.459), in which both groups walked faster during SW (1.096 ± 0.029) compared 
to DT (1.042 ± 0.032) (p < 0.001). There were no main effects of group or time. A significant 
group by condition interaction was found (F(1, 21) = 6.545, p = 0.018, η2p = 0.238). The con-
trast between conditions revealed that the LCVRF group walked faster during SW (1.158 
± 0.036) than during DT (1.072 ± 0.040) (p < 0.001), whereas the group with HCVRF did not 
show such a pattern. The contrast between groups revealed that the LCVRF group walked 
faster (1.158 ± 0.036) than the HCVRF group (1.034 ± 0.045) during SW (p = 0.044) (see 
Figure 4). No other significant interactions were found. 

 
Figure 4. Gait speed at single walking (SW) and dual-task (DT) conditions in participants with low (L) and high (H) car-
diovascular risk factors (CVRF) averaged across all time points. Bars indicate standard error. * = p < 0.05. 

3.2. fNIRS Main Effect and Functional Mask 
The main task-related fNIRS effects for both groups and all time points showed a 

bilateral activation of frontal areas that was proportionate to the complexity of the tasks 
(Figure 5). For HbO responses, cortical activation was lower during SW, limited mostly to 
the premotor and motor areas (PM, M, PFcd), and greater during SC and DT, where both 
prefrontal and motor regions were recruited (PFrm, PFcd, PFrd, PM, M). For HbR re-
sponses the hemodynamic response was limited to the premotor area during SW and to 
motor and prefrontal regions during SC and DT (PFcd, PFrd, PM, M). 

Figure 4. Gait speed at single walking (SW) and dual-task (DT) conditions in participants with low (L) and high (H)
cardiovascular risk factors (CVRF) averaged across all time points. Bars indicate standard error. * = p < 0.05.

3.2. fNIRS Main Effect and Functional Mask

The main task-related fNIRS effects for both groups and all time points showed a
bilateral activation of frontal areas that was proportionate to the complexity of the tasks
(Figure 5). For HbO responses, cortical activation was lower during SW, limited mostly
to the premotor and motor areas (PM, M, PFcd), and greater during SC and DT, where
both prefrontal and motor regions were recruited (PFrm, PFcd, PFrd, PM, M). For HbR
responses the hemodynamic response was limited to the premotor area during SW and to
motor and prefrontal regions during SC and DT (PFcd, PFrd, PM, M).

3.3. Interaction between fNIRS, Clinical Group and Time

HbO responses at each time point and condition and in each group are presented
in Table 2. Regarding the SC condition, the ANCOVAs showed a main effect of time
(T0 > T12) in PM (F(2, 40) = 6.253, p = 0.004, η2

p = 0.238) and in M (F(2, 40) = 4.015,
p = 0.026, η2

p = 0.167). A main effect of group (HCVRF > LCVRF) was observed in PFrd
(F(1, 20) = 5.771, p = 0.026, η2

p = 0.224). Significant Time × Group interactions were found
in the PM (F(2, 40) = 3.977, p = 0.027, η2

p = 0.166) and the PFcd (F(2, 40) = 5.578, p = 0.007,
η2

p = 0.218). Post-hoc comparisons revealed that the HCVRF group showed greater
cortical activation than the LCVRF group in the PFcd at T0 (F(1, 20) = 6.592, p = 0.018,
η2

p = 0.248). The HCVRF group also showed greater response at T0 than at T12 in both PM
(F(2, 19) = 8.472, p = 0.002, η2

p = 0.471) and PFcd (F(2, 19) = 5.319, p = 0.015, η2
p = 0.359).

The change from T0 to T12 was not observed in the LCVRF group. These results are shown
in Figure 6 and suggest that, at baseline, participants with high CVRFs showed more
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activation in the premotor and prefrontal regions when performing the single n-back. Such
overactivation also decreased after 12 months of participation in regular physical activity.
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Table 2. Means and standard errors of HbO responses evoked by the experimental conditions.

Experimental
Condition

T0 T6 T12
LCVRF HCVRF LCVRF HCVRF LCVRF HCVRF

Single Cognitive:
PM 0.332 ± 0.271 0.627 ± 0.478 0.210 ± 0.228 0.321 ± 0.347 0.300 ± 0.356 0.162 ± 0.202
M 0.087 ± 0.115 0.151 ± 0.167 0.008 ± 0.082 0.070 ± 0.112 0.041 ± 0.109 0.006 ± 0.083

PFrm 0.069 ± 0.235 0.241 ± 0.248 0.052 ± 0.218 0.233 ± 0.186 0.198 ± 0.201 0.269 ± 0.241
PFrd 0.306 ± 0.557 1.176 ± 0.844 0.395 ± 0.382 0.632 ± 0.469 0.368 ± 0.415 0.691 ± 0.892
PFcd 0.270 ± 0.474 0.840 ± 0.541 0.305 ± 0.396 0.488 ± 0.374 0.440 ± 0.443 0.229 ± 0.241

Single Walking:
PM 0.116 ± 0.492 0.331 ± 0.553 −0.021 ± 0.311 0.117 ± 0.360 0.158 ± 0.415 0.065 ± 0.235

Right M 0.054 ± 0.179 0.052 ± 0.198 0.001 ± 0.069 0.022 ± 0.146 0.0133 ± 0.121 0.055 ± 0.102
Right PFcd 0.092 ± 0.712 0.465 ± 0.771 −0.330 ± 0.697 0.055 ± 0.759 -0.024 ± 0.628 0.052 ± 0.264
Dual Task:

PM 0.703 ± 0.684 1.193 ± 0.821 0.225 ± 0.413 0.439 ± 0.493 0.555 ± 0.621 0.477 ± 0.557
M 0.126 ± 0.173 0.253 ± 0.262 0.021 ± 0.107 0.078 ± 0.148 0.097 ± 0.201 0.110 ± 0.228

PFrm 0.154 ± 0.488 0.481 ± 0.472 −0.082 ± 0.468 0.321 ± 0.622 −0.054 ± 0.398 0.131 ± 0.276
PFrd 0.864 ± 0.962 1.899 ± 1.410 0.342 ± 0.562 0.760 ± 0.897 0.555 ± 0.760 1.092 ± 0.943
PFcd 0.754 ± 0.970 1.341 ± 1.036 0.355 ± 0.732 0.396 ± 0.796 0.671 ± 0.862 0.438 ± 0.823

Note. T0 = Baseline; T6 = 6-month follow-up; T12 = 12-month follow-up; LCVRF = low-risk cardiovascular risk factors; HCVRF = high-risk
cardiovascular risk factors. Values shown in ∆µmol/L. Highlighted difference between groups p < 0.05.
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No significant effects of time, group, or time by group interactions were observed in
HbO responses during SW.

Regarding the DT condition, the ANCOVAs showed a main effect of time (T0 > T6
and T12) in the PM (F(2, 40) = 4.024, p = 0.026, η2

p = 0.168) and an effect of group
(HCVRF > LCVRF) in the PFrd (F(1, 20) = 5.771, p = 0.026, η2

p = 0.224). There were
no additional significant main effects or interactions.

Finally, for HbR responses there were no significant main effects of time or group and
no significant time by group interactions.

4. Discussion

The present study investigated changes in behavioral and cortical activation patterns
over a period of 1 year in individuals with low and high CVRFs taking part in regular physi-
cal activity. Behavioral results showed improvements in cognitive performance throughout
the study in both groups, thus suggesting the positive impact of physical activity, which
all participants practiced regularly, above the 150 min/week recommendation [42], for the
full duration of the study. On a cortical level, all participants, but especially those with
HCVRF, demonstrated a more efficient hemodynamic response during the 1-year period of
participation in regular physical activity, as a decrease of task-related cortical activation
was observed at follow-up visits, with improvement of cognitive performance.

The improvements in cognitive performance observed at follow-up visits reinforce the
importance of physical activity in older adulthood as a potential protector against cognitive
decline. The improvement was more evident in HCVRF, suggesting cognitive benefits in
this specific group. These results are in line with previous investigations in older adults
at risk of dementia and cardiovascular diseases [43,44]. For instance, Espeland et al. [44]
explored the effect of a 24-month physical activity intervention on physical and cognitive
functions in older adults with and without diabetes. They found that at 24-month follow-up,
diabetic participants assigned to the physical activity intervention performed better at tests
of various cognitive domains, including executive functions. Our study extended these
findings to a population with multiple CVRFs and by including a measure of task-related
cortical activation.
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Participants with HCVRF also walked slower than those with LCVRF during the
dual-task paradigm and did not show any difference in gait speed between the single and
dual component of the dual-task, as typically observed in healthy individuals [45] and as
shown by the LCVRF group. The absence of differences in gait speed between single and
dual-tasks and the slow gait speed shown by those with HCVRF are in line with previous
studies [16] and suggest the clinical value of gait disturbances in individuals with CVRFs.
Those with LCVRF showed decreased gait speed during DT than SW. This pattern suggests
that the cognitive component of the dual-task is prioritized over the walking component,
in line with the existing literature (for a review, see [43]). The behavioral findings are of
clinical relevance because they show that participation in regular physical activity has the
potential to delay the appearance of cognitive impairment in individuals at high risk of
developing dementia.

fNIRS data showed task-related hemodynamic response [46–48]. Cortical activation
was lower during SW, greater during SC, and increased significantly during DT in all
participants and at all time points. This pattern is in line with previous studies exploring
the neural bases of dual-task experimental designs (for a review, see [46]). Bilateral rostral
and caudal dorsal areas of the prefrontal cortex were especially involved during SC,
whereas premotor and supplementary motor areas were activated during SW. Based on the
MarsAtlas [41] cortical parcellation utilized in the current study, those regions corresponded
approximately to Brodmann areas (BA) 8, 9, 10, and 46 [49]. BA 8 is typically involved in
the execution of complex motor and cognitive tasks, including initiating, coordinating, and
planning sequences of movements [50], whereas BA 9, 10, and 46 are more involved in
memory processes, such as encoding, retrieval, and working memory [51]. It is thus not
surprising that these areas were activated during the SC and the DT components of the
dual-task, which are tasks of working memory and a clear example of multi-tasking.

During SW, regions related to mobility processes were activated in all participants
and included the motor, premotor, and dorsal caudal prefrontal cortices. No effects of
time or group were found on cortical activation during this task. Although the frontal
areas are related to walking mechanisms in younger adults, a loss of automaticity in older
adults has been shown to cause a greater recruitment of posterior areas as a compensatory
strategy [52]. It is thus possible that the cortical activity related to SW in our sample
may have been mediated by areas outside of the investigated ROIs. Future research may
consider alternative channel configurations in order to explore a wider area of the neocortex
in dual-task designs.

The hemodynamic response during SC and DT was greater in HCVRF than in LCVRF
at baseline specifically in prefrontal caudal and rostral dorsal regions. These results are in
line with existing investigations showing brain imaging changes in individuals at greater
risk of cardiovascular diseases (for a review, see [12]). For instance, using fMRI during
a test of executive functions, Chuang et al. [10] observed greater task-related parietal
activation in individuals with higher CVRF. Similarly, Holtzer et al. [14] observed a greater
hemodynamic response during the SC component of a dual-task walking paradigm in
diabetic patients. In our study, a greater hemodynamic response in participants with
HCVRF was related to equivalent cognitive performance to that of the LCVRF group,
thus suggesting that those with HCVRF utilized more brain resources in order to support
cognitive task demands. This interpretation is in line with the neural circuits hypothesis
(CRUNCH), which states that greater brain activation acts as a compensatory strategy to
avoid decline in cognitive performance [53].

However, our findings also showed that taking part in regular physical activity was
especially beneficial for the HCVRF group, who showed lower cortical activation during
SC and DT at follow-up visits, whilst improving at the cognitive tasks. After 12 months
of participation in regular physical activity, both groups reported a significant decrement
in the hemodynamic response that was concomitant with greater cognitive performance.
Such a pattern was especially evident in the HCVRF group, who showed task-related
cortical activation that matched that of the LCVRF group in the brain regions that were
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overactivated at baseline. Previous studies have suggested that with regular physical activ-
ity less cortical activation is needed to carry out cognitive tasks in healthy individuals [54]
and in clinical populations [55,56]. Our findings extended this statement to individuals
with high CVRFs, thus suggesting that this population may be particularly sensitive to
the benefits of regular physical activity. Our results also underline that, regardless of type
or intensity, regular physical activity is critical in maintaining brain and cognitive health,
especially in those at greater risk of cardiovascular diseases, and in potentially slowing
cognitive and brain decline in this population.

There are certain limitations of the current study that should be taken into consider-
ation for future directions. Firstly, given the observational nature of the study, objective
information of type and intensity of the physical activity sessions is not available. Al-
though partially limiting, the available data are consistent with the behavioral and fNIRS
results. Moreover, the physical activity classes provided at the EPIC center are designed by
certified kinesiologists with the primary objective of preventing and reducing risk factors
associated with cardiovascular diseases. Therefore, our participants received structured
programs of physical activity. Regarding the dual-task paradigm utilized in the current
study, it should be mentioned that during SC, participants were asked to complete the
2-back whilst standing. As cognitive resources involved in postural control increase in
older adulthood [57], the act of standing brings a greater involvement of frontal cortical
regions than in younger adults [58], as suggested by our findings of premotor and motor
activation during SC. Moreover, although the ABBA design was selected to control for
fatigue effects, the sequence of tasks may have had an effect on cognitive performance.
Future studies should consider sitting positions in order to emphasize the difference in
brain activation between single and dual tasks, and may consider alternative experimental
designs. Given the small size of our sample, future investigations may consider replicating
our results in bigger samples and by recruiting individuals with a greater range of CVRFs
(e.g., obesity, sedentariness). With larger samples, statistically significant group differences
in demographic variables (e.g., level of education, PASE) may also be detected. Finally,
in our study the HbR responses failed to show significant differences between groups or
time points. This is in line with the notion in fNIRS research that HbR responses may lack
statistical power because they are less pronounced compared to HbO responses [59–61].
HbO changes are indeed believed to better reflect neurovascular coupling as they are more
sensitive to task-related changes in cerebral oxygenation due to the higher changes in
amplitude [59]. The absence of significant results for HbR responses may also be partially
attributable to the small sample size.

Although physical activity has been recognized as one of the most cost-effective
methods to prevent cardiovascular diseases [62], to the best of our knowledge, this was the
first study to show its benefits on cognition and brain health in individuals with CVRFs.
The results of this study suggest that participation in regular physical activity increases
the efficiency of task-related hemodynamic responses and improves performance on tasks
of executive functions. Future studies should further investigate physical activity as a
promising method to alter the trajectory of cognitive and brain decline in older adults with
high CVRFs.

Author Contributions: Conceptualization, T.V.; methodology, T.V. and L.B.; software, T.V.; validation,
D.T., T.V. and L.B.; formal analysis, D.T. and T.V.; investigation, T.V. and S.F.; resources, L.B.; data
curation T.V.; writing—original draft preparation, D.T. and T.V.; writing—review and editing, D.T.
and T.V.; visualization, T.V. and D.T.; supervision, L.B.; project administration, S.F. and L.B.; funding
acquisition, S.F., L.B., F.L. and A.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Canadian Institutes of Health and Research, grant number
120304. This work is supported by the Mirella and Lino Saputo Research Chair in Cardiovascu-
lar health and the Prevention of Cognitive Decline from Université de Montréal at the Montreal
Heart Institute.



J. Clin. Med. 2021, 10, 579 12 of 14

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Montreal Heart Institute Ethic Committee (protocole
code: ICM#12-1386; date of approval: 07-18-2013).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data, analytic methods, and study materials can be made available
upon request.

Acknowledgments: We wish to thank the LESCA team for their data collection, the EPIC staff for
providing the PA sessions, and the participants for their dedication to the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cabeza, R.; Anderson, N.D.; Locantore, J.K.; Mcintosh, A.R. Aging gracefully: Compensatory brain activity in high-performing

older adults. Neuroimage 2002, 17, 1394–1402. [CrossRef]
2. Hayes, S.M.; Alosco, M.L.; Forman, D.E. The effects of aerobic exercise on cognitive and neural decline in aging and cardiovascular

disease. Curr. Geriatr. Rep. 2014, 3, 282–290. [CrossRef]
3. Yaffe, K.; Vittinghoff, E.; Pletcher, M.J.; Hoang, T.D.; Launer, L.J.; Whitmer, R.A.; Coker, L.H.; Sidney, S. Early adult to midlife

cardiovascular risk factors and cognitive function. Circulation 2014, 129, 1560–1567. [CrossRef]
4. Dregan, A.; Stewart, R.; Gulliford, M.C. Cardiovascular risk factors and cognitive decline in adults aged 50 and over: A

population-based cohort study. Age Ageing 2013, 42, 338–345. [CrossRef] [PubMed]
5. Solomon, A.; Kåreholt, I.; Ngandu, T.; Winblad, B.; Nissinen, A.; Tuomilehto, J.; Soininen, H.; Kivipelto, M. Serum cholesterol

changes after midlife and late-life cognition. Neurology 2007, 68, 751–756. [CrossRef] [PubMed]
6. Stewart, R.; Xue, Q.L.; Masaki, K.; Petrovitch, H.; Ross, G.W.; White, L.R.; Launer, L.J. Change in blood pressure and incident

dementia: A 32-year prospective study. Hypertension 2009, 54, 233–240. [CrossRef] [PubMed]
7. Kivipelto, M.; Helkala, E.L.; Laakso, M.P.; Hänninen, T.; Hallikainen, M.; Alhainen, K.; Soininen, H.; Tuomilehto, J.; Nissinen, A.

Midlife vascular risk factors and Alzheimer’s disease in later life: Longitudinal, population based study. Br. Med. J. 2001, 322,
1447–1451. [CrossRef]

8. Whitmer, R.A.; Sidney, S.; Selby, J.; Johnston, S.C.; Yaffe, K. Midlife cardiovascular risk factors and risk of dementia in late life.
Neurology 2005, 64, 277–281. [CrossRef]

9. Vuorinen, M.; Solomon, A.; Rovio, S.; Nieminen, L.; Kåreholt, I.; Tuomilehto, J.; Soininen, H.; Kivipelto, M. Changes in vascular
risk factors from midlife to late life and white matter lesions: A 20-year follow-up study. Dement. Geriatr. Cogn. Disord. 2011, 31,
119–125. [CrossRef]

10. Chuang, Y.F.; Eldreth, D.; Erickson, K.I.; Varma, V.; Harris, G.; Fried, L.P.; Rebok, G.W.; Tanner, E.K.; Carlson, M.C. Cardiovascular
risks and brain function: A functional magnetic resonance imaging study of executive function in older adults. Neurobiol. Aging
2014, 35, 1396–1403. [CrossRef]

11. Knopman, D.S.; Penman, A.D.; Catellier, D.J.; Coker, L.H.; Shibata, D.K.; Sharrett, A.R.; Mosley, T.H. Vascular risk factors and
longitudinal changes on brain MRI: The ARIC study. Neurology 2011, 76, 1879–1885. [CrossRef]

12. Friedman, J.I.; Tang, C.Y.; de Haas, H.J.; Changchien, L.; Goliasch, G.; Dabas, P.; Wang, V.; Fayad, Z.A.; Fuster, V.; Narula, J. Brain
imaging changes associated with risk factors for cardiovascular and cerebrovascular disease in asymptomatic patients. JACC
Cardiovasc. Imaging 2014, 7, 1039–1053. [CrossRef]

13. Beason-Held, L.L.; Thambisetty, M.; Deib, G.; Sojkova, J.; Landman, B.A.; Zonderman, A.B.; Ferrucci, L.; Kraut, M.A.; Resnick,
S.M. Baseline cardiovascular risk predicts subsequent changes in resting brain function. Stroke 2012, 43, 1542–1547. [CrossRef]

14. Holtzer, R.; George, C.J.; Izzetoglu, M.; Wang, C. The effect of diabetes on prefrontal cortex activation patterns during active
walking in older adults. Brain Cogn. 2018, 125, 14–22. [CrossRef]

15. Osofundiya, O.; Benden, M.E.; Dowdy, D.; Mehta, R.K. Obesity-specific neural cost of maintaining gait performance under
complex conditions in community-dwelling older adults. Clin. Biomech. 2016, 35, 42–48. [CrossRef] [PubMed]

16. Niermeyer, M.A. Cognitive and gait decrements among non-demented older adults with Type 2 diabetes or hypertension: A
systematic review. Clin. Neuropsychol. 2018, 32, 1256–1281. [CrossRef]

17. Tanne, D.; Freimark, D.; Poreh, A.; Merzeliak, O.; Bruck, B.; Schwammenthal, Y.; Schwammenthal, E.; Motro, M.; Adler, Y.
Cognitive functions in severe congestive heart failure before and after an exercise training program. Int. J. Cardiol. 2005, 103,
145–149. [CrossRef] [PubMed]

18. Ludyga, S.; Gerber, M.; Pühse, U.; Looser, V.N.; Kamijo, K. Systematic review and meta-analysis investigating moderators of
long-term effects of exercise on cognition in healthy individuals. Nat. Hum. Behav. 2020, 4, 603–612. [CrossRef] [PubMed]

19. Bherer, L.; Erickson, K.I.; Liu-Ambrose, T. A review of the effects of physical activity and exercise on cognitive and brain functions
in older adults. J. Aging Res. 2013. [CrossRef]

20. Swardfager, W.; Herrmann, N.; Marzolini, S.; Saleem, M.; Kiss, A.; Shammi, P.; Oh, P.I.; Lanctot, K.L. Cardiopulmonary fitness is
associated with cognitive performance in patients with coronary artery disease. J. Am. Geriatr. Soc. 2010, 58, 1519–1525. [CrossRef]
[PubMed]

http://doi.org/10.1006/nimg.2002.1280
http://doi.org/10.1007/s13670-014-0101-x
http://doi.org/10.1161/CIRCULATIONAHA.113.004798
http://doi.org/10.1093/ageing/afs166
http://www.ncbi.nlm.nih.gov/pubmed/23179255
http://doi.org/10.1212/01.wnl.0000256368.57375.b7
http://www.ncbi.nlm.nih.gov/pubmed/17339582
http://doi.org/10.1161/HYPERTENSIONAHA.109.128744
http://www.ncbi.nlm.nih.gov/pubmed/19564551
http://doi.org/10.1136/bmj.322.7300.1447
http://doi.org/10.1212/01.WNL.0000149519.47454.F2
http://doi.org/10.1159/000323810
http://doi.org/10.1016/j.neurobiolaging.2013.12.008
http://doi.org/10.1212/WNL.0b013e31821d753f
http://doi.org/10.1016/j.jcmg.2014.06.014
http://doi.org/10.1161/STROKEAHA.111.638437
http://doi.org/10.1016/j.bandc.2018.03.002
http://doi.org/10.1016/j.clinbiomech.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/27124085
http://doi.org/10.1080/13854046.2017.1414306
http://doi.org/10.1016/j.ijcard.2004.08.044
http://www.ncbi.nlm.nih.gov/pubmed/16080972
http://doi.org/10.1038/s41562-020-0851-8
http://www.ncbi.nlm.nih.gov/pubmed/32231280
http://doi.org/10.1155/2013/657508
http://doi.org/10.1111/j.1532-5415.2010.02966.x
http://www.ncbi.nlm.nih.gov/pubmed/20646102


J. Clin. Med. 2021, 10, 579 13 of 14

21. Hu, G.; Jousilahti, P.; Barengo, N.C.; Qiao, Q.; Lakka, T.A.; Tuomilehto, J. Physical activity, cardiovascular risk factors, and
mortality among finnish adults with diabetes. Diabetes Care 2005, 28, 799–805. [CrossRef]

22. Myers, J.; McAuley, P.; Lavie, C.J.; Despres, J.P.; Arena, R.; Kokkinos, P. Physical activity and cardiorespiratory fitness as major
markers of cardiovascular risk: Their independent and interwoven importance to health status. Prog. Cardiovasc. Dis. 2015, 57,
306–314. [CrossRef] [PubMed]

23. Naci, H.; John, P.A. Comparative effectiveness of exercise and drug interventions on mortality outcomes: Metaepidemiological
study. BMJ 2013, 347, 1–14. [CrossRef] [PubMed]

24. Chen, M.; Hu, J.; Mccoy, T.P.; Letvak, S.; Ivanov, L. Associations of lifestyle intervention effect with blood pressure and physical
activity among community-dwelling older Americans with hypertension in Southern California. Int. J. Environ. Res. Public Health
2020, 17, 5673. [CrossRef]

25. Rêgo, M.L.M.; Cabral, D.A.R.; Costa, E.C.; Fontes, E.B. Physical Exercise for Individuals with hypertension: It is time to emphasize
its benefits on the brain and cognition. Clin. Med. Insights Cardiol. 2019, 13. [CrossRef] [PubMed]

26. Kannel, W.B.; Gordon, T. The Framingham Study: An Epidemiological Investigation of Cardiovascular Disease; US Department of
Health, Education, and Welfare, National Institutes of Health: Bethesda, MD, USA, 1970.

27. Li, K.Z.H.; Bherer, L.; Mirelman, A.; Maidan, I.; Hausdorff, J.M. Cognitive involvement in balance, gait and dual-tasking in aging:
A focused review from a neuroscience of aging perspective. Front Neurol. 2018, 9, 1–13. [CrossRef] [PubMed]

28. Mirelman, A.; Maidan, I.; Bernad-Elazari, H.; Shustack, S.; Giladi, N.; Hausdorff, J.M. Effects of aging on prefrontal brain
activation during challenging walking conditions. Brain Cogn. 2017, 115, 41–46. [CrossRef]

29. Wilson, P.W.F.; D’Agostino, R.B.; Levy, D.; Belanger, A.M.; Silbershatz, H.; Kannel, W.B. Prediction of coronary heart disease
using risk factor categories. Circulation 1998, 97, 1837–1847. [CrossRef]

30. American College of Sport Medicine. ACSM’s Guidelines for Exercise Testing and Prescription, 9th ed.; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2013.

31. Borg, G.A. Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. 1982, 14, 377–381. [CrossRef]
32. Erickson, K.I.; Voss, M.W.; Prakash, R.S.; Basak, C.; Szabo, A.; Chaddock, L.; Kim, J.S.; Heo, S.; Alves, H.; White, S.M.; et al.

Exercise training increases size of hippocampus and improves memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3017–3022.
[CrossRef]

33. Young, J.; Angevaren, M.; Rusted, J.; Tabet, N. Aerobic exercise to improve cognitive function in older people without known
cognitive impairment (Review). Cochrane Database Syst. Rev. 2015, 4. [CrossRef]

34. Lareau, E.; Lesage, F.; Pouliot, P.; Nguyen, D.; Le Lan, J.; Sawan, M. Multichannel wearable system dedicated for simultaneous
electroencephalography/near-infrared spectroscopy real-time data acquisitions. J. Biomed. Opt. 2011, 16, 096014. [CrossRef]
[PubMed]

35. Tadel, F.; Baillet, S.; Mosher, J.C.; Pantazis, D.; Leahy, R.M. Brainstorm: A user-friendly application for MEG/EEG analysis.
Comput. Intell. Neurosci. 2011. [CrossRef] [PubMed]

36. GitHub. Available online: Github.com/Nirstorm/nirstorm#nirstorm (accessed on 22 December 2020).
37. Scholkmann, F.; Spichtig, S.; Muehlemann, T.; Wolf, M. How to detect and reduce movement artifacts in near-infrared imaging

using moving standard deviation and spline interpolation. Physiol. Meas. 2010, 31, 649–662. [CrossRef]
38. Holmes, C.J.; Hoge, R.; Collins, L.; Woods, R.; Toga, A.W.; Evans, A.C. Enhancement of MR images using registration for signal

averaging. J. Comput. Assist. Tomogr. 1998, 22, 324–333. [CrossRef] [PubMed]
39. Hämäläinen, M.S.; Ilmoniemi, R.J. Interpreting magnetic fields of the brain: Minimum norm estimates. Med. Biol. Eng. Comput.

1994, 32, 35–42. [CrossRef]
40. Ye, J.C.; Tak, S.; Jang, K.E.; Jung, J.; Jang, J. NIRS-SPM: Statistical parametric mapping for near-infrared spectroscopy. Neuroimage

2009, 44, 428–447. [CrossRef] [PubMed]
41. Auzias, G.; Coulon, O.; Brovelli, A. MarsAtlas: A cortical parcellation atlas for functional mapping. Hum. Brain Mapp. 2016, 37,

1573–1592. [CrossRef]
42. World Health Organization. WHO Guidelines on Physical Activity and Sedentary Behavior; World Health Organization: Geneva,

Switzerland, 2020.
43. Ngandu, T.; Lehtisalo, J.; Solomon, A.; Levälahti, E.; Ahtiluoto, S.; Antikainen, R.; Bäckman, L.; Hänninen, T.; Jula, A.; Laatikainen,

T.; et al. A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control to
prevent cognitiv. Lancet 2015, 15, 1–9. [CrossRef]

44. Espeland, M.A.; Lipska, K.; Miller, M.E.; Rushing, J.; Cohen, R.A.; Verghese, J.; McDermott, M.M.; King, A.C.; Strotmeyer, E.S.;
Blair, S.N.; et al. Effects of physical activity intervention on physical and cognitive function in sedentary adults with and without
diabetes. J. Gerontol. A Biol. Sci. Med. Sci. 2017, 72, 861–866. [CrossRef]

45. Plummer, P.; Apple, S.; Dowd, C.; Keith, E. Texting and walking: Effect of environmental setting and task prioritization on
dual-task interference in healthy young adults. Gait Posture 2015, 41, 46–51. [CrossRef]

46. Smith, E.; Cusack, T.; Blake, C. The effect of a dual task on gait speed in community dwelling older adults: A systematic review
and meta-analysis. Gait Posture 2016, 44, 250–258. [CrossRef] [PubMed]

47. Mirelman, A.; Maidan, I.; Bernad-Elazari, H.; Nieuwhof, F.; Reelick, M.; Giladi, N.; Hausdorff, J.M. Increased frontal brain
activation during walking while dual tasking: An fNIRS study in healthy young adults. J. Neuroeng. Rehabil. 2014, 11, 1–7.
[CrossRef]

http://doi.org/10.2337/diacare.28.4.799
http://doi.org/10.1016/j.pcad.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25269064
http://doi.org/10.1136/bmj.f5577
http://www.ncbi.nlm.nih.gov/pubmed/24473061
http://doi.org/10.3390/ijerph17165673
http://doi.org/10.1177/1179546819839411
http://www.ncbi.nlm.nih.gov/pubmed/30967748
http://doi.org/10.3389/fneur.2018.00913
http://www.ncbi.nlm.nih.gov/pubmed/30425679
http://doi.org/10.1016/j.bandc.2017.04.002
http://doi.org/10.1161/01.CIR.97.18.1837
http://doi.org/10.1249/00005768-198205000-00012
http://doi.org/10.1073/pnas.1015950108
http://doi.org/10.1002/14651858.CD005381.pub4
http://doi.org/10.1117/1.3625575
http://www.ncbi.nlm.nih.gov/pubmed/21950928
http://doi.org/10.1155/2011/879716
http://www.ncbi.nlm.nih.gov/pubmed/21584256
Github.com/Nirstorm/nirstorm#nirstorm
http://doi.org/10.1088/0967-3334/31/5/004
http://doi.org/10.1097/00004728-199803000-00032
http://www.ncbi.nlm.nih.gov/pubmed/9530404
http://doi.org/10.1007/BF02512476
http://doi.org/10.1016/j.neuroimage.2008.08.036
http://www.ncbi.nlm.nih.gov/pubmed/18848897
http://doi.org/10.1002/hbm.23121
http://doi.org/10.1016/S0140-6736(15)60461-5
http://doi.org/10.1093/gerona/glw179
http://doi.org/10.1016/j.gaitpost.2014.08.007
http://doi.org/10.1016/j.gaitpost.2015.12.017
http://www.ncbi.nlm.nih.gov/pubmed/27004667
http://doi.org/10.1186/1743-0003-11-85


J. Clin. Med. 2021, 10, 579 14 of 14

48. Dumontheil, I.; Gilbert, S.J.; Frith, C.D.; Burgess, P.W. Recruitment of lateral rostral prefrontal cortex in spontaneous and
task-related thoughts. Q. J. Exp. Psychol. 2010, 63, 1740–1756. [CrossRef] [PubMed]

49. Luria, A.R. The frontal lobes and the regulation of behavior. In Psychophysiology of the Frontal Lobes; Pribram, K.H., Luria, A., Eds.;
Academic Press: Cambridge, MA, USA, 1973; pp. 3–26. [CrossRef]

50. Szameitat, A.J.; Schubert, T.; Müller, K.; Von Yves Cramon, D. Localization of executive functions in dual-task performance with
fMRI. J. Cogn. Neurosci. 2002, 14, 1184–1199. [CrossRef] [PubMed]

51. Radvansky, G.A. Human Memory, 2nd ed.; Routledge: New York, NY, USA, 2016.
52. Clark, D.J. Automaticity of walking: Functional significance, mechanisms, measurement and rehabilitation strategies. Front Hum.

Neurosci. 2015, 9, 246. [CrossRef] [PubMed]
53. Reuter-Lorenz, P.A.; Cappell, K.A. Neurocognitive aging and the compensation hypothesis. Curr. Dir. Psychol. Sci. 2008, 17,

177–182. [CrossRef]
54. Coetsee, C.; Terblanche, E. Cerebral oxygenation during cortical activation: The differential influence of three exercise training

modalities. A randomized controlled trial. Eur. J. Appl. Physiol. 2017, 117, 1617–1627. [CrossRef] [PubMed]
55. Anazodo, U.C.; Shoemaker, J.K.; Suskin, N.; St Lawrence, K.S. An investigation of changes in regional gray matter volume in

cardiovascular disease patients, pre and post cardiovascular rehabilitation. NeuroImage Clin. 2013, 3, 388–395. [CrossRef]
56. Valenzuela, P.L.; Castillo-García, A.; Morales, J.S.; de la Villa, P.; Hampel, H.; Emanuele, E.; Lista, S.; Lucia, A. Exercise benefits on

Alzheimer’s disease: State-of-the-science. Ageing Res. Rev. 2020, 62. [CrossRef]
57. Ruffieux, J.; Keller, M.; Lauber, B.; Taube, W. Changes in standing and walking performance under dual-task conditions across

the lifespan. Sport Med. 2015, 45, 1739–1758. [CrossRef] [PubMed]
58. Marusic, U.; Taube, W.; Morrison, S.A.; Biasutti, L.; Grassi, B.; De Pauw, K.; Meeusen, R.; Pisot, R.; Ruffieux, J. Aging effects on

prefrontal cortex oxygenation in a posture-cognition dual-task: An fNIRS pilot study. Eur. Rev. Aging Phys. Act. 2019, 16, 1–7.
[CrossRef]

59. Pinti, P.; Tachtsidis, I.; Hamilton, A.; Hirsch, J.; Aichelburg, C.; Gilbert, S.; Burgess, P.W. The present and future use of functional
near-infrared spectroscopy (fNIRS) for cognitive neuroscience. Ann. N. Y. Acad. Sci. 2018, 1–25. [CrossRef] [PubMed]

60. Vermeij, A.; Van Beek, A.H.E.A.; Rikkert, M.G.M.O.; Claassen, J.A.H.R.; Kessels, R.P.C. Effects of Aging on Cerebral Oxygenation
during Working-Memory Performance: A Functional Near- Infrared Spectroscopy Study. PLoS ONE 2012, 7, e0046210. [CrossRef]

61. Holtzer, R.; Izzetoglu, M.; Chen, M.; Wang, C. Distinct fNIRS-derived HbO2 trajectories during the course and over repeated
walking trials under single-and dual-task conditions: Implications for within session learning and prefrontal cortex efficiency in
older adults. J. Gerontol. Ser. A 2018, 74, 1076–1083. [CrossRef]

62. Arnett, D.K.; Blumenthal, R.S.; Albert, M.A.; Buroker, A.B.; Goldberger, Z.D.; Hahn, E.J.; Himmelfarb, C.D.; Khera, A.; Lloyd-
Jones, D.; McEvoy, J.W.; et al. 2019 ACC/AHA guideline on the primary prevention of cardiovascular disease: A report of the
American College of Cardiology/American Heart Association task force on clinical practice guidelines. J. Am. Coll. Cardiol. 2019,
74, e177–e232. [CrossRef] [PubMed]

http://doi.org/10.1080/17470210903538114
http://www.ncbi.nlm.nih.gov/pubmed/20221947
http://doi.org/10.1016/B978-0-12-564340-5.50006-8
http://doi.org/10.1162/089892902760807195
http://www.ncbi.nlm.nih.gov/pubmed/12495525
http://doi.org/10.3389/fnhum.2015.00246
http://www.ncbi.nlm.nih.gov/pubmed/25999838
http://doi.org/10.1111/j.1467-8721.2008.00570.x
http://doi.org/10.1007/s00421-017-3651-8
http://www.ncbi.nlm.nih.gov/pubmed/28567669
http://doi.org/10.1016/j.nicl.2013.09.011
http://doi.org/10.1016/j.arr.2020.101108
http://doi.org/10.1007/s40279-015-0369-9
http://www.ncbi.nlm.nih.gov/pubmed/26253187
http://doi.org/10.1186/s11556-018-0209-7
http://doi.org/10.1111/nyas.13948
http://www.ncbi.nlm.nih.gov/pubmed/30085354
http://doi.org/10.1371/journal.pone.0046210
http://doi.org/10.1093/gerona/gly181
http://doi.org/10.1016/j.jacc.2019.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30894318

	Introduction 
	Experimental Section 
	Results 
	Behavioral Results 
	fNIRS Main Effect and Functional Mask 
	Interaction between fNIRS, Clinical Group and Time 

	Discussion 
	References

