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The association between physical fitness and cognitive performance has been widely
investigated in the literature. However, the neurophysiological mechanisms underlying
this relationship are not yet clear. Here, we aim to evaluate the interactions between
executive function measures, heart rate variability (HRV), and physical fitness in the
context of the neurovisceral integration (NVI) theory. Twenty-eight healthy elderly
subjects (>60 years) were submitted to evaluation of executive performance with three
computerized tests: the N-back test measured working memory capacity, the Stroop
Color test evaluated inhibitory control and selective attention, and the Wisconsin Card
Sorting Test (WCST) evaluated abstract reasoning and cognitive flexibility. We also
used the Physical Testing Battery for the Elderly to measure aerobic capacity, dynamic
balance, upper body flexibility, and handgrip strength. Our results confirm the relationship
between executive function and physical fitness, particularly between working memory,
cardiorespiratory fitness, and dynamic balance. We also demonstrate an association
between executive performance and HRV in older people, corroborating previous results
from other groups obtained in young adults. However, our regression models did not
indicate that HRV mediates the relationship between cognition and physical fitness in
the elderly, suggesting that age-related degeneration of autonomic control can affect
aspects of NVI in this population.

Keywords: cognition, executive functions, working memory, autonomic nervous system, heart rate variability,
aging, physical fitness

INTRODUCTION

The neurovisceral integration (NVI) model (Thayer and Lane, 2000; Thayer et al., 2009) proposes
that adaptive behavior depends on the integration of neural networks spanning both the central
(CNS) and autonomic nervous systems (ANS) tasked with regulating cardiovascular function. Brain
metabolism critically depends on the cardiovascular supply of cerebral blood flow (CBF) due to the
limited availability of this organ’s intracellular energy substrates. The crosstalk between CNS and
ANS structures, necessary to provide the brain with adequate levels of oxygen and energy sources, is
mediated by a network of brain areas known as the ‘‘central autonomic network’’ (CAN; Benarroch,
1993; Valenza et al., 2019), which includes the anterior cingulate cortex (ACC), insula, and the
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ventromedial prefrontal cortex (vmPFC). Outputs from these
regions eventually reach premotor neurons located in the lower
brain stem and nucleus ambiguus in the medulla oblongata
which contributes to the sympathetic and parasympathetic
modulation of the heart (Thayer and Lane, 2000;
Benarroch, 2012).

The heart rate variability (HRV) reflects the variation in the
time interval between consecutive heartbeats (Saul, 1990; Task
Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, 1996) and
has been considered a surrogate parameter for the complex
interaction between brain and cardiovascular system (Ernst,
2017). Both systems are simultaneously affected by the normal
process of aging (Peters, 2006; Jandackova et al., 2016) and the
result is a decline in the capacity of the CAN to adjust the
CBF in response to environmental challenges while negatively
influencing emotion control (Mather and Thayer, 2018) and
cognitive performance (Thayer et al., 2009; Elias and Torres,
2017; Forte et al., 2019). Jandackova et al. (2016) showed a
marked decline in HRV in middle-aged individuals which seems
to be secondary to other pathological conditions. Cognitive
dementia is the result of multiple age-related neuropathies
(Power et al., 2018) associated with cardiovascular risk factors
(Oishi et al., 2017), such as chronic brain hypoperfusion
(Zheng et al., 2019), which particularly affects the frontal cortex
(Sherwood et al., 2011).

Over the past decade, a large number of studies have
investigated the role lifestyle activities play in decreasing
the risk of cognitive decline in the elderly (for review,
see Christie et al., 2017). Among these activities, physical
exercise has gained prominence due to its neuroprotective
effects against dementia and other neurodegenerative diseases
(Phillips et al., 2014; Vecchio et al., 2018). For instance,
research has shown that regular exercise promoted hippocampal
neurogenesis (Erickson et al., 2009, 2011), local increases
on the concentration of neurotrophins (such as BDNF;
Leckie et al., 2014; Håkansson et al., 2017), neuroplasticity
(Erickson and Kramer, 2009; Voss et al., 2013a,b; Erickson
et al., 2014), angiogenesis (Bloor, 2005; Al-Jarrah et al.,
2010), and adaptive changes in CBF (Dupuy et al., 2015;
Jennings et al., 2015). Electrophysiological and neuroimaging
studies have provided evidence that cardiorespiratory fitness
is positively correlated with brain function, particularly in
brain regions associated with the CAN, which has shown
increased neuroplasticity after physical exercise interventions,
improving both cardiovascular and cognitive control (Gomez-
Pinilla and Hillman, 2013). However, relatively few studies
have focused on the relationship between physical fitness
and effects on NVI biomarkers such as HRV, particularly
in the elderly (see Albinet et al., 2010, 2016; Dupuy et al.,
2018). While Alderman and Olson (2014) demonstrated
the role of physical fitness in improving autonomic and
neurocognitive health in young adults, these authors failed
to show HRV-mediated influences between cardiorespiratory
fitness and cognitive performance, suggesting that other
mediators may be more relevant in this population, which
is at the apex of cognitive performance and with not much

individual difference in cardiorespiratory fitness, compared to
the elderly. In addition, other studies that investigated the
relationship between cognition, HRV, and fitness from an
NVI perspective have focused exclusively on aerobic capacity
as an independent variable (Alderman and Olson, 2014;
Dupuy et al., 2015).

Thus, the main purpose of the current study is to fill the gap
in the literature regarding the association of physical fitness with
cognitive performance and HRV in elderly subjects. Besides, we
aim to verify how this relationship is associated with different
physical abilities, such as strength, flexibility, dynamic balance,
and aerobic capacity.

MATERIALS AND METHODS

Participants
Twenty-eight (28) subjects (24 women) aged 60 years and over
(mean age 66.71 ± 7.64 years old) participated in the research.
The volunteers were screened using the following inclusion
criteria: being over 60 years old, be literate, possess normal or
corrected visual acuity, possess familiarity with computers, and
have medical clearance to perform physical activities.

The exclusion criteria were: smoking (<6 months),
surgery (<6 months), official medical diagnosis of psychiatric,
psychological or cardiac disease, use of medication that may
impair cardiac autonomic control and/or cognitive functions,
Mini-Mental State Examination (MMSE) score <24 (or <21 for
subjects with lower schooling levels; Almeida, 1998), Geriatric
Depression Scale-Short Form (GDS-SF) score>5.

All experimental procedures performed in this study were
approved by the Research Ethics Committee of the State
University of Maringá (1,161,402).

Outcome Measures
Cognitive Measurements
We used three tests to evaluate different dimensions of executive
function, namely the N-back test (working memory), the
Stroop task (selective attention and inhibitory control), and the
Wisconsin Card Sorting Test (WCST; abstract reasoning and
cognitive flexibility). All tests were performed in a computerized
setup created with the software Presentation Version 20.2
(Neurobehavioral Systems, Inc., Berkeley, CA, USA).

The Wisconsin Card Sorting Test (WCST)
The WCST (Grant and Berg, 1948) is a problem-solving task for
cognitive performance assessment. The test consists of matching
test cards one by one with stimulus cards, following a rule that
must be deduced by the subjects themselves. We used 64 test
cards which had to be associated with four stimulus cards (1-one
red triangle; 2- two green stars; 3- three yellow crosses; and
4- four blue circles). The match is made by pressing on the
keyboard the number corresponding to the desired stimulus card.
After each attempt, the participant received positive or negative
feedback on their performance through the words ‘‘right’’ or
‘‘wrong’’ presented on the screen. Blocks of 10 or 11 stimuli were
presented and at the end of each one, the rule changed. We used
as a parameter to evaluate performance the total number of errors
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and the number of perseverative errors. These scores were chosen
because they are sensitive to the effects of aging (MacPherson
et al., 2002; Guarino et al., 2019).

Stroop Color
We used the Victoria version of the Stroop test (Spreen and
Strauss, 1998), which consists of 72 stimuli, distributed in three
tasks with 24 items each. The task is divided into three blocks,
starting after an instruction presented on the screen explains the
task to be performed in each step. The stimuli are presented
for 2 s and if no response is given within 5 s another stimulus
is presented.

The first block was composed of colored rectangles in the
colors green, pink, blue and brown; the second block consisted
of neutral words (each, never, today, everything) written with the
colors of the previous rectangles; the third block had stimuli with
a word-color conflict. At each stimulus presented the subjects
should press a key with a color corresponding to the stimulus
presented on the screen.

We used response latency as a measure of performance.

N-back
We used a spatial n-back task adapted from Vermeij et al. (2014).
The test has three levels, 0-back (control condition), 1-back (low
working memory load) and 2-back (high working memory load).
The test consisted of black square-shaped stimuli, which could
appear at any one of 14 fixed locations on a monitor screen.
Before each stimulus, a fixation point was presented at the center
of the screen. Each trial lasted 2,500 ms and consisted of 2,000 ms
of fixation and 500 ms of stimulus presentation. The task began
after the subjects pressed a key indicating they had read the
instructions on the screen. Each level consisted of 60 trials, with
17 target stimuli that should be identified by the subject. During
instruction a screen containing the black squares in all possible
positions appeared for 30 s, then a quick presentation of each
stimulus was made for 500 ms in a sequence from left to right
and bottom to top on the screen.

Test performance was evaluated by the percentages of 2-back
hits, total hits, and misses.

Heart Rate Variability
Heart Rate was recorded with the subjects at rest in a comfortable
and quiet room for 10 min. R-wave peaks from the ECG were
recorded continuously using a Polar HRM V800 heart rate
monitor (Polar OY, Finland) with a sampling rate of 1,000 Hz
for subsequent analysis of HRV. R-R intervals (the interval
between two successive R waves of the ECG’s QRS signal) were
visually inspected for ectopic beats and replaced by interpolated
data from adjacent normal to normal (N-N) intervals. A period
of 5 min with lowest variance was selected for analysis. We
performed both time and frequency domain analysis of the ECG
signal with the Kubios software (Kubios Oy). In the time domain,
we calculated the mean HR, the standard deviation of the N-N
intervals (SDNN) and the square root of the successive quadratic
mean interval differences (RMSSD), which are the most common
measures representing parasympathetic activity (Task Force of
the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996). In the frequency

domain, we used Fourier transform to quantify spectral density
power of low frequency (LF; 0.04–0.15 Hz) and high frequency
(HF; 0.15–0.40 Hz) bands. Additional calculations included LF
+ HF, LF and HF expressed in normalized units and the LF/HF
ratio. We used the Poincaré graph to quantify SD1 and SD2
(Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology, 1996).

Physical Assessment
To assess physical abilities we used a functional fitness battery
test for elderly people (Rikli and Jones, 1999a). Aerobic capacity
was measured by the distance covered in meters during a 6-min
walk test (6MWT). For measures of agility, speed, and dynamic
balance, we used the Timed Up-and-Go test (TUG), in which the
subjects should sit in a chair, stand up, walk to a cone 2.44 meters
away, return, and sit again in the shortest time possible (time
was measured in seconds). Flexibility was evaluated with the sit
and reach test, measured in centimeters. Additionally, Handgrip
strength was measured using a hand dynamometer with the
dominant hand (North Coast Medical, Inc., Morgan Hill, CA,
USA). Three trials from the dominant hand were calculated and
the median was used for the analysis (Innes, 1999). Handgrip
strength is expressed in kilograms (kg).

Data Collection Procedures
The evaluations were performed in three moments along 2 days.
In moment 1, the participants signed the Informed Consent
Form and answered the MMSE and GDS-SF questionnaires.
Then, they went through a familiarization period with the
computerized cognitive tests. Moments 2 and 3 occurred 1 week
later tominimize learning effects on the performance of cognitive
tests. In moment 2 we recorded the subjects’ resting heart
rate (HR) before they undertook tests of executive function.
The moment 3 occurred soon after and consisted of physical
fitness measures.

Statistical Analysis
We performed an exploratory analysis with the Shapiro–Wilks
test. For variables with normal distribution, we used the Pearson
correlation test and, for non-normal distributions, we used the
Spearman correlation test. Finally, multiple linear regressions
with the hierarchical method were used for the independent
variables, in which the researchers chose the order of the variables
inserted in the model. We used the Durbin–Watson test for the
independance of residuals. We also tested for multicollinearity
and no strong correlation coefficients were found between the
independent variables. There were no outliers in the residual
statistics (with standard deviations below −3 and +3). We used
the SPSS 21.0 Software (IBM Corp.) for analysis.

RESULTS

Table 1 presents the results of the descriptive analysis of
cognitive, HRV and physical variables. Correlations between
cognitive measures and HRV parameters are shown in Table 2.
We found significant correlations between the number of misses
in the working memory task (N-back) and both mean HR
(r = 0.406, p = 0.032) and mean RR intervals (r = − 0.383,
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TABLE 1 | Descriptive values of cognitive performance, heart rate variability
(HRV), and fitness.

Mean (±SD) Median Minimum Maximum

HRV
Mean HR 78.18 (9.12) 77.50 59 98
Mean RR 777.21 (94.43) 772 613 1018
SDNN 17.94 (16.22) 12.55 7.8 81.5
RMSSD 21.16 (26.12) 13.55 4.6 116.8
LF (%) 49.62 (17.31) 53.15 10.10 77.45
LF (n.u.) 55.84 (20.13) 58.68 10.14 92.70
HF (%) 40.01 (20.02) 33.14 5.54 89.14
HF (n.u.) 43.82 (19.96) 39.86 7.26 89.49
Total Power 394.29 (906.52) 119.50 30 4781
LF/HF 2.06 (2.44) 1.48 0.113 12.77
SD1 14.99 (18.49) 9.55 3.3 82.7
SD2 19.76 (14.71) 15.700 8.0 80.4
SD1/SD2 1.77 (0.77) 1.70 0.68 3.98
Physical variables
6MWT (m) 504.11 (78.7) 497.5 350 675
TUG (ms) 7, 371.4 (2244.9) 6,595 4,970 15,600
Strength (Kg/f) 25.71 (8.7) 24 14 47
Flexibility (cm) 3.8 (9.7) 5.7 −22 18
Cognition
N-back
Hits 2-back 49.02 (21.9) 47.10 0.0 82.4
Hits N-back 67.75 (13.5) 70.60 44.1 91.2
Miss N-back 16.65 (8.4) 15.80 2.5 37.5
Stroop
latency C_A (ms) 8, 414.99 (22, 329.81) 1,100.4 −8, 838.3 84,365.6
latency C_B (ms) 1, 538.90 (7414.47) −69.0 −14, 215.3 26,546.8
latency RT C_A (ms) 98.90 (223.83) 62.9 −248.9 910.8
latency RT C_B (ms) 101.86 (243.77) 47.6 −110.8 1,109.0
Cards of Wisconsin
Miss 31.26 (7.52) 31.00 15 52
Perseverative Miss 9.59 (3.70) 10.00 4 16

p = 0.044). As for the WCST results, the number of misses
correlated significantly with the following HRV indexes, RMSSD
(r = 0.476, p = 0.012), LF (n.u.; r = −386, p = 0.046), HF (%;
r = 0.426, p = 0.027), HF (n.u.; r = 0.389, p = 0.045), SD1
(r = 0.473, p = 0.013), and SD2/SD1 ratio (r = −0.465, p = 0.014).
The performance on the Stroop test did not correlate with any of
the HRV variables.

Working memory performance measured by the N-back
correlated positively with aerobic performance (6MWT) and
dynamic balance (TUG; Figure 1). Only the number of hits
on the 2-back test did not show a significant correlation with
the TUG (r = −332, p = 0.084). No significant correlation was
found between working memory and either handgrip strength or
flexibility. The other cognitive tests also showed no significant
correlation (p < 0.05) with physical fitness variables.

Table 3 shows the correlations measures between HRV
indexes and physical fitness parameters. No significant
correlation (p < 0.05) was found between these variables in
the present study.

Multiple Regression Model for Mean HR
We analyzed the impact of cognition variables (independent
variables) N-backmisses and C-A Latency on the HRV index and
the Mean HR (dependent variables). Regarding the correlation
coefficients between the independent variables, an acceptable TA
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FIGURE 1 | Correlations between working memory, aerobic capacity, and dynamic balance. (A) Hits in 2-back level and walk, (B) total hits in N-back test and walk,
(C) misses in N-back and walk, (D) total hits in N-back test and TUG, and (E) misses in N-back and walk.

TABLE 3 | Correlation between HRV and physical parameters.

6MWT TUG Strength Flexibility

Mean HR −0.198 0.018 −0.173 0.071
Mean RR 0.215 −0.014 0.172 −0.099
SDNN 0.058 0.068 −0.301 0.058
RMSSD 0.148 0.130 −0.227 0.148
LF (%) −0.027 −0.044 −0.134 0.151
LF (n.u.) −0.057 −0.012 −0.121 0.044
HF (%) 0.090 −0.007 0.097 −0.018
HF (n.u.) 0.058 0.025 0.119 −0.043
Total power 0.025 −0.014 −0.153 0.018
LF/HF −0.074 −0.015 −0.118 0.069
SD1 0.157 0.123 −0.218 0.138
SD2 0.031 −0.003 −0.231 −0.054
SD1/SD2 −0.164 0.054 0.063 −0.150

no correlation was statistically significant.

variation was verified regarding the absence of multicollinearity
(correlation coefficient ranging from −0.327 to 0.406). The
Durbin-Watson’s diagnosis of independent residue verification
was 2.458 and confirmed the quality of the model.

We observed that both models had moderate correlation
coefficients (0.406 < r < 0.530), and the coefficients values
increased by including more independent variables to the model

(Model 2). Similarly, R2 indicates that the percentage change in
the dependent variable explained by the independent variables
increased as they were input into themodel (0.165< R2 < 0.281),
suggesting that model 2, associated with N-back misses and AC
latency in the Stroop test account for approximately 28% of the
variation in mean HR. The change statistics revealed that the
construction of the two models sequentially improved the model
prediction, indicating statistical significance for the insertion
of an independent variable in relation to a model without
predictors (p = 0.032), improving the model by approximately
16% (p = 0.016; Table 4).

TABLE 4 | Impact analysis, change statistics and analysis of variance for models
involving mean HR and cognition.

Change statistics ANOVA

Models r R2 R2 F sig F F p

1 0.406 0.165 0.165 5.144 0.032* 5.144 0.032*
2 0.530 0.281 0.116 4.039 0.049* 4.892 0.016*

*Model 1: mean HR (dependent variable) × Miss Nback (independent variable). *Model
2: mean HR (dependent variable) × Miss Nback Latency C-A (independent variable).
P < 0.05*.
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TABLE 5 | Regression coefficient for models involving mean HR variability and
cognition variables.

Collinearity

Models Std.Coeff. t sig Tolerance VIF

1
Miss Nback 0.406 2.268 0.032* 1.000 1.000
2
Miss Nback 0.496 2.838 0.009* 0.936 1.096
Latency C-A 0.352 2.010 0.049* 0.936 1.069

*Model 1: mean HR (dependent variable) × Miss Nback (independent variable). *Model
2: mean HR (dependent variable) × Miss Nback Latency C-A (independent variable).
P < 0.05*.

TABLE 6 | Impact analysis, change statistics and analysis of variance for the
model involving miss N-back and mean RR.

Change statistics ANOVA

Model r R2 R2 F sig F F p

1 0.383 0.147 0.147 4.472 0.044* 4.472 0.044*

*Model 1: mean_RR (dependent variable) × Miss Nback (independent variable).
P < 0.05*.

TABLE 7 | Regression coefficient for the model involving miss N-back and mean
RR.

Cofllinearity

Model Std.Coeff. t sig tolerance VIF

1
Miss N-back −0.383 −2.115 0.044* 1.000 1.000

*Model 1: mean HR (dependent variable) × Miss N-back (independent variable).
P < 0.05*.

Finally, ANOVA confirms that the fit of the model with
predictors is better than the fit without predictors (p < 0.032).

Table 5 shows that the regression coefficients of both
models have a significant impact on the understanding of the
relationships between the independent and dependent variables.
Model 2 shows that the significance values are all below 0.049,
confirming the relevance of the variables N-back misses and
C-A Stroop Latency for the model. It is noteworthy that the
standardized coefficients reveal that the variable ‘‘N-back miss’’
has greater relevance to the model (coefficient = 0.496) when
compared to ‘‘C-A Stroop latency’’ (coefficient = 0.0352).

Multiple Regression Model for Mean RR
We evaluated the impact of the cognitive variable ‘‘N-back
misses’’ (independent variables) on the HRV variable ‘‘Mean
RR’’ (dependent variable). Regarding the correlation coefficients
between the independent variables, an acceptable variation was
found regarding the absence of multicollinearity (correlation
coefficient ranging from −0.383 to 0.045). The Durbin-Watson’s
diagnosis was 2.419, confirming the quality of the model.

Table 6 presents the analysis of the correlation coefficients
and impact of N-back misses on mean RR, as well as the change
coefficients and the ANOVA value for themodel. The correlation
coefficient of the model was moderate (r = 0.383) and R2 (0.147)
indicates that the percentage variation of mean RR explained by
N-back was approximately 14%.

Table 7 shows that the regression coefficient has a significant
impact on the understanding of the relationships between the
independent variable and the dependent variable.

DISCUSSION

The purpose of the present study was to evaluate how physical
fitness contributes to executive performance in the context
of the NVI model in elderly subjects. Normal physiological
aging is known to increase the probability of the occurrence
of pathological changes in the brain (Fjell et al., 2014)
which are associated with different trajectories of cognitive
performance in the elderly, including dementia (Sorond et al.,
2015). Even though recent studies have shown the benefits
of physical exercise and the positive influence of increased
aerobic capacity on mitigating the deleterious effects of aging
on cognitive measures (Kramer et al., 2006; Miller et al.,
2012), many questions remain regarding the relative impact
of different exercise modalities and the indirect role played
by cardiovascular improvements on those measures. While
a recent study Alderman and Olson (2014) demonstrated
the positive role of aerobic capacity in both autonomic and
cognitive measures in young adults, the authors were not able
to show a correlation between these outcomes with changes
in HRV, suggesting that brain-cardiovascular interactions
may not be the most important mediators of change in
this population.

The physical fitness of our sample was within the expected
values for their age, when compared to normative values available
in the literature (for references see: Innes, 1999; Rikli and
Jones, 1999b; Mazo et al., 2015). Our subjects also performed
comparably to other reports in the literature that used the
same working memory tasks (Vermeij et al., 2014). The only
exception was the number of hits in the N-back test, which
was considerably lower, probably due to cultural specificities
and the low educational level of our sample when compared to
other studies. Our results also corroborated previous findings
on the relationship between cognitive performance and physical
fitness (Hansen et al., 2004; Erickson and Kramer, 2009; Erickson
et al., 2009; Albinet et al., 2010; Chang et al., 2012; Soares-
Miranda et al., 2014; Håkansson et al., 2017; Northey et al., 2018).
Specifically, we demonstrated that working memory is associated
with the performance in the 6-min walk and TUG tests, which
are reliable indicators of aerobic capacity and dynamic balance
in the elderly (Figure 1). These results are in agreement with
other studies that showed a direct correlation between aerobic
capacity and performance on tasks relying on executive functions
(Kramer and Erickson, 2007; Alderman and Olson, 2014; Dupuy
et al., 2015, 2018). Hansen et al. (2004) found that after a period
of 8 weeks of aerobic training individuals not only improved
performance on cognitive tasks (working memory, sustained
and selective attention), but that this result was accompanied
by improvements in HRV. The authors then performed a
detraining period and found that this manipulation caused a
reduction in both cognitive performance and HRV, indicating
that they were associated with physical fitness. However, another
study that investigated the cognitive performance of athletes
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throughout the sport season found that at times of large increased
physical demand there was an associated increase in simple
reaction time (slower cognitive processing) accompanied by
reduced athletic performance, which indicated a dose-response
relationship between exercise intensity and cognition (Matos
et al., 2014). Surprisingly, these authors showed that changes
in physical training did not induce significant changes in HRV,
suggesting that other adjacent mechanisms may be involved in
this interaction between cognition and physical capacity.

In our study, we also found a correlation between
performance on cognitive tests and HRV (Table 2). For
instance, there are positive correlations between N-back errors
and mean HR and negative correlations between N-back errors
and average RR intervals. This result indicates that higher
parasympathetic activity is associated with better scores in
working memory tasks. We also found a positive correlation
between the number of errors in the WCST and heart indices
associated with parasympathetic activity (RMSSD, percentage
of HF, HF n.u and SD1) and a negative correlation between the
number of errors with sympathetic activity (LF n.u. and SD2).
This result leads us to consider that higher parasympathetic
and lower sympathetic activity are associated with a decrease in
behavioral flexibility. Other studies support the hypothesis that
better performance in executive functions is associated with a
higher parasympathetic activity as measured by HRV (Hansen
et al., 2003; Duschek et al., 2009; Thayer et al., 2009). Apparently,
this relationship between cognition and HRV is important for
self-regulation under various behavioral conditions (Blasi et al.,
2006; Thayer et al., 2009; Capuana et al., 2014; Mather and
Thayer, 2018).

Regarding the hypothesis that HRV could act as a link
between cognition and physical performance, none of our
regression models showed a significant relationship between
executive function and HRV-mediated physical fitness. These
results reinforce the negative findings of a previous study that
investigated whether the influence of cardiorespiratory fitness
on cognition of young adults would be mediated by HRV
(Alderman and Olson, 2014). The researchers attributed their
findings to the low variability in the aerobic capacity of their
young volunteers, indicating that studies in other age-groups
could obtain different results. However, our results corroborated
their findings, suggesting that other mechanisms not associated
with the NVI model may be responsible for the relationship
between cognition and physical fitness in the elderly. The list
of possible mediators includes neurotrophin levels, such as
BDNF, and changes in CBF due to regular physical exercise
(Dinoff et al., 2016).

Cardiovascular adaptations that positively influence HRV
are generally attributed in the literature to the practice of
aerobic exercises (Carter et al., 2003). However, other training
methods such as resistance training, are also shown to promote
cognitive improvements in the elderly (Liu-Ambrose et al.,
2010; Bherer et al., 2013; Kattenstroth et al., 2013; Gajewski
and Falkenstein, 2016; Müller et al., 2017; Northey et al., 2018;
Lin et al., 2019). Chang et al. (2012) reviewed the effect of
resistance training on elderly cognition and proposed IGF-1-
mediated increases in neurogenesis, vascular density and glucose

utilization in the brain as possible mediators. In addition, BDNF
andVEGF (vascular endothelial growth factor) are also suggested
as possible targets for exercise-related brain adaptations, which
would explain the absence of correlation between HRV and
physical fitness shown in our study. Our results also showed
a lack of relationship between strength capacity and cognitive
performance, pointing to the need for further studies exploring
this association.

Age-related impairments in cognition, especially executive
functions, are also associated with reduced HRV, probably due
to the detrimental effects of aging on vagal activity (Britton
et al., 2008; Frewen et al., 2013; Forte et al., 2019). The vagal
tank theory (VTT) proposed by Laborde et al. (2018), uses the
metaphor of a ‘‘vagal tank,’’ the level of which is determined
by changes in cardiac vagal control activity and determines
the efficiency of self-regulatory adaptations to cognitive, social,
and emotional challenges. According to the VTT, risk of
abnormal HRV, which is a measure of cardiac vagal control,
is the impaired ability to cope with physical and emotional
demands in daily life activities. One alternative to counteract
these effects would be to engage in regular physical exercise,
which improves both the basal ‘‘tank’’ volume and vagal reactivity
(Hottenrott et al., 2019).

Even though it is widely known that physical activity improves
cognitive and brain functions, there is still no consensus on
the magnitude of its effects and which are the best strategies
and adequate dosage (duration, intensity, and frequency; Kramer
et al., 2005; Hillman et al., 2008; Erickson et al., 2019). Physical
activity can promote either nonspecific or specific cognitive
improvements, depending on the type of exercise, with executive
functions being the most benefited (Gajewski and Falkenstein,
2016; Erickson et al., 2019). According to the Physical Activity,
Cognition, and Brain Outcomes of the American College
of Sports Medicine, training programs involving different
components such as endurance, strength and coordination, from
moderate to vigorous intensity over the long term, are the
most adequate to provide cognitive benefits to older populations
(>50 years; Erickson et al., 2019).

In summary, our results are consistent with the literature
regarding the relationship between cognition and physical
fitness. Our results also support the NVI model, now
tested in elderly individuals, demonstrating the association
between executive function performance and HR. However, the
hypothesis of HRV acting as a link between cognition and
physical fitness was not confirmed in our sample, which indicates
that age-related degeneration of autonomic control can affect
aspects of NVI in this population.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on reasonable
request to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Permanent Committee on Human

Frontiers in Aging Neuroscience | www.frontiersin.org 7 March 2020 | Volume 12 | Article 51

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Matos et al. A Neurovisceral Integration in Elderly

Research Ethics—COPEP, State University of Maringá. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

FM and AP designed the study and wrote the manuscript.
AV and FM collected the data. AV, FM, WG, WL, and

AP analyzed the data. All authors read and commented on
the manuscript.

ACKNOWLEDGMENTS

We thank CREAS (Reference Center Specializing in Social
Assistance) from Lidianópolis (PR), in particular to Mrs. Lucia
de Jesus Maia Buzato, Coordinator of Social Assistance.

REFERENCES

Albinet, C. T., Abou-Dest, A., André, N., and Audiffren, M. (2016). Executive
functions improvement following a 5-month aquaerobics program in older
adults: role of cardiac vagal control in inhibition performance. Biol. Psychol.
115, 69–77. doi: 10.1016/j.biopsycho.2016.01.010

Albinet, C. T., Boucard, G., Bouquet, C. A., and Audiffren, M. (2010). Increased
heart rate variability and executive performance after aerobic training in
the elderly. Eur. J. Appl. Physiol. 109, 617–624. doi: 10.1007/s00421-010-
1393-y

Alderman, B. L., and Olson, R. L. (2014). The relation of aerobic fitness to
cognitive control and heart rate variability: a neurovisceral integration study.
Biol. Psychol. 99, 26–33. doi: 10.1016/j.biopsycho.2014.02.007

Al-Jarrah, M., Jamous, M., Al Zailaey, K., and Bweir, S. O. (2010). Endurance
exercise training promotes angiogenesis in the brain of chronic/progressive
mouse model of Parkinson’s disease. NeuroRehabilitation 26, 369–373.
doi: 10.3233/nre-2010-0574

Almeida, O. P. (1998). Mini exame dos estado mental e o diagnóstico de
demência no brasil. Arq. Neuropsiquiatr. 56, 605–612. doi: 10.1590/s0004-
282x1998000400014

Benarroch, E. E. (1993). The central autonomic network: functional organization,
dysfunction, and perspective. Mayo Clinic Proceedings 68, 988–1001.
doi: 10.1016/s0025-6196(12)62272-1

Benarroch, E. E. (2012). ‘‘Central autonomic control,’’ in Primer on the Autonomic
Nervous System, 3rd Edn. eds D. Robertson, I. Bioggioni, G. Burnstock,
P. A. Low and J. F. R. Paton (Cambridge: Academic press), 9–12.

Bherer, L., Erickson, K. I., and Liu-Ambrose, T. (2013). A review of the effects of
physical activity and exercise on cognitive and brain functions in older adults.
J. Aging Res. 2013:657508. doi: 10.1155/2013/657508

Blasi, G., Goldberg, T. E., Weickert, T., Das, S., Kohn, P., Zoltick, B., et al. (2006).
Brain regions underlying response inhibition and interference monitoring and
suppression. Eur. J. Neurosci. 23, 1658–1664. doi: 10.1111/j.1460-9568.2006.
04680.x

Bloor, C. M. (2005). Angiogenesis during exercise and training. Angiogenesis 8,
263–271. doi: 10.1007/s10456-005-9013-x

Britton, A., Singh-Manoux, A., Hnatkova, K., Malik, M., Marmot, M. G., and
Shipley, M. (2008). The association between heart rate variability and cognitive
impairment in middle-aged men and women. Neuroepidemiology 31, 115–121.
doi: 10.1159/000148257

Capuana, L. J., Dywan, J., Tays, W. J., Elmers, J. L., Witherspoon, R., and
Segalowitz, S. J. (2014). Factors influencing the role of cardiac autonomic
regulation in the service of cognitive control. Biol. Psychol. 102, 88–97.
doi: 10.1016/j.biopsycho.2014.07.015

Carter, J. B., Banister, E. W., and Blaber, A. P. (2003). Effect of endurance
exercise on autonomic control of heart rate. Sports Med. 33, 33–46.
doi: 10.2165/00007256-200333010-00003

Chang, Y.-K., Pan, C.-Y., Chen, F.-T., Tsai, C.-L., and Huang, C.-C. (2012). Effect
of resistance-exercise training on cognitive function in healthy older adults: a
review. J. Aging Phys. Act. 20, 497–517. doi: 10.1123/japa.20.4.497

Christie, G. J., Hamilton, T., Manor, B. D., Farb, N. A. S., Farzan, F.,
Sixsmith, A., et al. (2017). Do lifestyle activities protect against cognitive decline
in aging? A review. Front. Aging Neurosci. 9:381. doi: 10.3389/fnagi.2017.
00381

Dinoff, A., Herrmann, N., Swardfager, W., Liu, C. S., Sherman, C., Chan, S.,
et al. (2016). The effect of exercise training on resting concentrations of
peripheral brain-derived neurotrophic factor (BDNF): a meta-analysis. PLoS
One 11:e0163037. doi: 10.1371/journal.pone.0163037

Dupuy, O., Billaut, F., Raymond, F., Benraiss, A., Theurot, D., Bosquet, L., et al.
(2018). Effect of acute intermittent exercise on cognitive flexibility: the role
of exercise intensity. J. Cogn. Enhanc. 2, 146–156. doi: 10.1007/s41465-018-
0078-z

Dupuy, O., Gauthier, C. J., Fraser, S. A., Desjardins-Crèpeau, L., Desjardins, M.,
Mekary, S., et al. (2015). Higher levels of cardiovascular fitness are associated
with better executive function and prefrontal oxygenation in younger
and older women. Front. Hum. Neurosci. 9:66. doi: 10.3389/fnhum.2015.
00066

Duschek, S., Muckenthaler, M., Werner, N., and del Paso, G. A. R. (2009).
Relationships between features of autonomic cardiovascular control and
cognitive performance. Biol. Psychol. 81, 110–117. doi: 10.1016/j.biopsycho.
2009.03.003

Erickson, K. I., and Kramer, A. F. (2009). Aerobic exercise effects on cognitive and
neural plasticity in older adults. Br. J. Sports Med. 43, 22–24. doi: 10.1136/bjsm.
2008.052498

Elias, M. F., and Torres, R. V. (2017). The renaissance of heart rate variability
as a predictor of cognitive functioning. Am. J. Hypertens. 31, 21–23.
doi: 10.1093/ajh/hpx150

Erickson, K. I., Hillman, C., Stillman, C. M., Ballard, R. M., Bloodgood, B.,
Conroy, D. E., et al. (2019). Physical activity, cognition, and brain outcomes:
a review of the 2018 physical activity guidelines. Med. Sci. Sports Exerc. 51,
1242–1251. doi: 10.1249/mss.0000000000001936

Erickson, K. I., Leckie, R. L., and Weinstein, A. M. (2014). Physical activity,
fitness, and gray matter volume. Neurobiol. Aging 35, S20–S28. doi: 10.1016/j.
neurobiolaging.2014.03.034

Erickson, K. I., Prakash, R. S., Voss, M. W., Chaddock, L., Hu, L., Morris, K. S.,
et al. (2009). Aerobic fitness is associated with hippocampal volume in elderly
humans. Hippocampus 19, 1030–1039. doi: 10.1002/hipo.20547

Erickson, K. I., Voss, M.W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., et al.
(2011). Exercise training increases size of hippocampus and improves memory.
Proc. Natl. Acad. Sci. U S A 108, 3017–3022. doi: 10.1073/pnas.1015950108

Ernst, G. (2017). Heart-rate variability—more than heart beats? Front. Public
Health 5:240. doi: 10.3389/fpubh.2017.00240

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M., and Walhovd, K. B. (2014).
What is normal in normal aging? Effects of aging, amyloid and Alzheimer’s
disease on the cerebral cortex and the hippocampus. Prog. Neurobiol. 117,
20–40. doi: 10.1016/j.pneurobio.2014.02.004

Forte, G., Favieri, F., and Casagrande, M. (2019). Heart rate variability
and cognitive function: a systematic review. Front. Neurosci. 13:710.
doi: 10.3389/fnins.2019.00710

Frewen, J., Finucane, C., Savva, G. M., Boyle, G., Coen, R. F., and Kenny, R. A.
(2013). Cognitive function is associated with impaired heart rate variability in
ageing adults: the Irish longitudinal study on ageing wave one results. Clin.
Auton. Res. 23, 313–323. doi: 10.1007/s10286-013-0214-x

Gajewski, P. D., and Falkenstein, M. (2016). Physical activity and neurocognitive
functioning in aging—a condensed updated review. Eur. Rev. Aging Phys. Act.
13:1. doi: 10.1186/s11556-016-0161-3

Gomez-Pinilla, F., and Hillman, C. (2013). The influence of exercise on cognitive
abilities. Compr. Physiol. 3, 403–428. doi: 10.1002/cphy.c110063

Grant, D. A., and Berg, E. (1948). A behavioral analysis of degree of reinforcement
and ease of shifting to new responses in a weigl-type card-sorting problem.
J. Exp. Psychol. 38, 404–411. doi: 10.1037/h0059831

Guarino, A., Favieri, F., Boncompagni, I., Agostini, F., Cantone, M., and
Casagrande, M. (2019). Executive functions in Alzheimer disease: a
systematic review. Front. Aging Neurosci. 10:437. doi: 10.3389/fnagi.2018.
00437

Frontiers in Aging Neuroscience | www.frontiersin.org 8 March 2020 | Volume 12 | Article 51

https://doi.org/10.1016/j.biopsycho.2016.01.010
https://doi.org/10.1007/s00421-010-1393-y
https://doi.org/10.1007/s00421-010-1393-y
https://doi.org/10.1016/j.biopsycho.2014.02.007
https://doi.org/10.3233/nre-2010-0574
https://doi.org/10.1590/s0004-282x1998000400014
https://doi.org/10.1590/s0004-282x1998000400014
https://doi.org/10.1016/s0025-6196(12)62272-1
https://doi.org/10.1155/2013/657508
https://doi.org/10.1111/j.1460-9568.2006.04680.x
https://doi.org/10.1111/j.1460-9568.2006.04680.x
https://doi.org/10.1007/s10456-005-9013-x
https://doi.org/10.1159/000148257
https://doi.org/10.1016/j.biopsycho.2014.07.015
https://doi.org/10.2165/00007256-200333010-00003
https://doi.org/10.1123/japa.20.4.497
https://doi.org/10.3389/fnagi.2017.00381
https://doi.org/10.3389/fnagi.2017.00381
https://doi.org/10.1371/journal.pone.0163037
https://doi.org/10.1007/s41465-018-0078-z
https://doi.org/10.1007/s41465-018-0078-z
https://doi.org/10.3389/fnhum.2015.00066
https://doi.org/10.3389/fnhum.2015.00066
https://doi.org/10.1016/j.biopsycho.2009.03.003
https://doi.org/10.1016/j.biopsycho.2009.03.003
https://doi.org/10.1136/bjsm.2008.052498
https://doi.org/10.1136/bjsm.2008.052498
https://doi.org/10.1093/ajh/hpx150
https://doi.org/10.1249/mss.0000000000001936
https://doi.org/10.1016/j.neurobiolaging.2014.03.034
https://doi.org/10.1016/j.neurobiolaging.2014.03.034
https://doi.org/10.1002/hipo.20547
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.3389/fpubh.2017.00240
https://doi.org/10.1016/j.pneurobio.2014.02.004
https://doi.org/10.3389/fnins.2019.00710
https://doi.org/10.1007/s10286-013-0214-x
https://doi.org/10.1186/s11556-016-0161-3
https://doi.org/10.1002/cphy.c110063
https://doi.org/10.1037/h0059831
https://doi.org/10.3389/fnagi.2018.00437
https://doi.org/10.3389/fnagi.2018.00437
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Matos et al. A Neurovisceral Integration in Elderly

Håkansson, K., Ledreux, A., Daffner, K., Terjestam, Y., Bergman, P., Carlsson, R.,
et al. (2017). BDNF responses in healthy older persons to 35 minutes
of physical exercise, cognitive training, and mindfulness: associations with
working memory function. J. Alzheimers Dis. 55, 645–657. doi: 10.3233/JAD-
160593

Hansen, A. L., Johnsen, B. H., and Thayer, J. F. (2003). Vagal influence on working
memory and attention. Int. J. Psychophysiol. 48, 263–274. doi: 10.1016/s0167-
8760(03)00073-4

Hansen, A. L., Johnsen, B. H., Sollers, J. J. III., Stenvik, K., and Thayer, J. F.
(2004). Heart rate variability and its relation to prefrontal cognitive function:
the effects of training and detraining. Eur. J. Appl. Physiol. 93, 263–272.
doi: 10.1007/s00421-004-1208-0

Hottenrott, L., Ketelhut, S., and Hottenrott, K. (2019). Commentary:
Vagal Tank Theory: The Three Rs of Cardiac Vagal Control
Functioning–Resting, Reactivity, and Recovery. Front. Neurosci. 13:1300.
doi: 10.3389/fnins.2019.01300

Hillman, C. H., Erickson, K. I., and Kramer, A. F. (2008). Be smart, exercise your
heart: exercise effects on brain and cognition. Nat. Rev. Neurosci. 9, 58–65.
doi: 10.1038/nrn2298

Innes, E. (1999). Handgrip strength testing: a review of the literature. Aust. Occup.
Ther. J. 46, 120–140. doi: 10.1046/j.1440-1630.1999.00182.x

Jandackova, V. K., Scholes, S., Britton, A., and Steptoe, A. (2016). Are changes
in heart rate variability in middle-aged and older people normative or
caused by pathological conditions? Findings from a large population-based
longitudinal cohort study. J. Am. Heart Assoc. 5:e002365. doi: 10.1161/jaha.115.
002365

Jennings, J. R., Allen, B., Gianaros, P. J., Thayer, J. F., and Manuck, S. B.
(2015). Focusing neurovisceral integration: cognition, heart rate variability, and
cerebral blood flow. Psychophysiology 52, 214–224. doi: 10.1111/psyp.12319

Kattenstroth, J.-C., Kalisch, T., Holt, S., Tegenthoff, M., and Dinse, H. R.
(2013). Six months of dance intervention enhances postural, sensorimotor,
and cognitive performance in elderly without affecting cardio-respiratory
functions. Front. Aging Neurosci. 5:5. doi: 10.3389/fnagi.2013.00005

Kramer, A. F., Colcombe, S. J., McAuley, E., Scalf, P. E., and Erickson, K. I. (2005).
Fitness, aging and neurocognitive function. Neurobiol. Aging 26, 124–127.
doi: 10.1016/j.neurobiolaging.2005.09.009

Kramer, A. F., and Erickson, K. I. (2007). Effects of physical activity on cognition,
well-being and brain: human interventions. Alzheimers Dement. 3, S45–S51.
doi: 10.1016/j.jalz.2007.01.008

Kramer, A. F., Erickson, K. I., and Colcombe, S. J. (2006). Exercise, cognition,
and the aging brain. J. Appl. Physiol. 101, 1237–1242. doi: 10.1152/japplphysiol.
00500.2006

Laborde, S., Mosley, E., and Mertgen, A. (2018). Vagal tank theory: the three rs
of cardiac vagal control functioning—resting, reactivity, and recovery. Front.
Neurosci. 12:458. doi: 10.3389/fnins.2018.00458

Leckie, R. L., Oberlin, L. E., Voss,M.W., Prakash, R. S., Szabo-Reed, A., Chaddock-
Heyman, L., et al. (2014). BDNF mediates improvements in executive
function following a 1-year exercise intervention. Front. Hum. Neurosci. 8:985.
doi: 10.3389/fnhum.2014.00985

Lin, S., Yang, Y., Qi, Q., Wei, L., Jing, N., Jie, Z., et al. (2019). The beneficial effect
of physical exercise on cognitive function in a non-dementia aging chinese
population. Front. Aging Neurosci. 11:238. doi: 10.3389/fnagi.2019.00238

Liu-Ambrose, T., Nagamatsu, L. S., Graf, P., Beattie, B. L., Ashe, M. C.,
and Handy, T. C. (2010). Resistance training and executive functions: a
12-month randomized controlled trial. Arch. Intern. Med. 170, 170–178.
doi: 10.1001/archinternmed.2009.494

MacPherson, S. E., Phillips, L. H., andDella Sala, S. (2002). Age, executive function,
and social decision making: a dorsolateral prefrontal theory of cognitive aging.
Psychol. Aging 17, 598–609. doi: 10.1037/0882-7974.17.4.598

Mather, M., and Thayer, J. (2018). How heart rate variability affects emotion
regulation brain networks. Curr. Opin. Behav. Sci. 19, 98–104. doi: 10.1016/j.
cobeha.2017.12.017

Matos, F. O., Samulski, D. M., Lima, J. R. P., and Prado, L. S. (2014).
Cargas elevadas de treinamento alteram funções cognitivas em jogadores de
futebol. Rev. Br. Med. Esporte 20, 388–392. doi: 10.1590/1517-869220142005
01274

Mazo, G. Z., Petreça, D. R., Sandreschi, P. F., and Benedetti, T. R. B. (2015).
Valores normativos da aptidão física para idosas brasileiras de 60 a 69 anos

de idade. Rev. Br. Med. Esporte 21, 318–322. doi: 10.1590/1517-86922015210
4134470

Miller, D. I., Taler, V., Davidson, P. S. R., and Messier, C. (2012). Measuring the
impact of exercise on cognitive aging: methodological issues. Neurobiol. Aging
33, 622.e29–622.e43. doi: 10.1016/j.neurobiolaging.2011.02.020

Müller, P., Rehfeld, K., Schmicker, M., Hökelmann, A., Dordevic, M.,
Lessmann, V., et al. (2017). Evolution of neuroplasticity in response to
physical activity in old age: the case for dancing. Front. Aging Neurosci. 9:56.
doi: 10.3389/fnagi.2017.00056

Northey, J. M., Cherbuin, N., Pumpa, K. L., Smee, D. J., and Rattray, B.
(2018). Exercise interventions for cognitive function in adults older than
50: a systematic review with meta-analysis. Br. J. Sports Med. 52, 154–160.
doi: 10.1136/bjsports-2016-096587

Oishi, E., Ohara, T., Sakata, S., Fukuhara, M., Hata, J., Yoshida, D., et al.
(2017). Day-to-day blood pressure variability and risk of dementia in a general
japanese elderly population: the hisayama study. Circulation 136, 516–525.
doi: 10.1161/CIRCULATIONAHA.116.025667

Peters, R. (2006). Ageing and the brain. Postgrad. Med. J. 82, 84–88.
doi: 10.1136/pgmj.2005.036665

Phillips, C., Baktir, M. A., Srivatsan, M., and Salehi, A. (2014). Neuroprotective
effects of physical activity on the brain: a closer look at trophic factor signaling.
Front. Cell. Neurosci. 8:170. doi: 10.3389/fncel.2014.00170

Power, M. C., Mormino, E., Soldan, A., James, B. D., Yu, L., Armstrong, N. M.,
et al. (2018). Combined neuropathological pathways account for age-related
risk of dementia. Ann. Neurol. 84, 10–22. doi: 10.1002/ana.25246

Rikli, R. E., and Jones, C. J. (1999a). Development and validation of a functional
fitness test for community-residing older adults. J. Aging Phys. Act. 7, 129–161.
doi: 10.1123/japa.7.2.129

Rikli, R. E., and Jones, C. J. (1999b). Functional fitness normative scores for
community-residing older adults, ages 60–94. J. Aging Phys. Act. 7, 162–181.
doi: 10.1123/japa.7.2.162

Saul, J. (1990). Beat-To-beat variations of heart rate reflect modulation of cardiac
autonomic outflow. Physiology 5, 32–37. doi: 10.1152/physiologyonline.1990.
5.1.32

Sherwood, C. C., Gordon, A. D., Allen, J. S., Phillips, K. A., Erwin, J. M.,
Hof, P. R., et al. (2011). Aging of the cerebral cortex differs between humans and
chimpanzees. Proc. Natl. Acad. Sci. U S A 108, 13029–13034. doi: 10.1073/pnas.
1016709108

Soares-Miranda, L., Sattelmair, J., Chaves, P., Duncan, G., Siscovick, D. S.,
Stein, P. K., et al. (2014). Physical activity and heart rate variability in
older adults: the cardiovascular health study. Circulation 129, 2100–2110.
doi: 10.1161/CIRCULATIONAHA.113.005361

Sorond, F. A., Cruz-Almeida, Y., Clark, D. J., Viswanathan, A., Scherzer, C. R.,
De Jager, P., et al. (2015). Aging, the central nervous system and mobility in
older adults: neural mechanisms of mobility impairment. J. Gerontol. A Biol.
Sci. Med. Sci. 70, 1526–1532. doi: 10.1093/gerona/glv130

Spreen, O., and Strauss, E. (1998). A Compendium of Neuropsychological Tests:
Administration, Norms, and Commentary. 2nd Edn. New York, NY: Oxford
University Press.

Task Force of the European Society of Cardiology and the North American Society
of Pacing and Electrophysiology. (1996). Heart rate variability: standards of
measurement, physiological interpretation and clinical use. Circulation 93,
1043–1065. doi: 10.1161/01.cir.93.5.1043

Thayer, J. F., Hansen, A. L., Saus-Rose, E., and Johnsen, B. H. (2009).
Heart rate variability, prefrontal neural function and cognitive performance:
the neurovisceral integration perspective on self-regulation, adaptation
and health. Ann. Behav. Med. 37, 141–153. doi: 10.1007/s12160-009-
9101-z

Thayer, J. F., and Lane, R. D. (2000). A model of neurovisceral integration
in emotion regulation and dysregulation. J. Affect. Disord. 61, 201–216.
doi: 10.1016/s0165-0327(00)00338-4

Valenza, G., Sclocco, R., Duggento, A., Passamonti, L., Napadow, V., Barbieri, R.,
et al. (2019). The central autonomic network at rest: uncovering functional
MRI correlates of time-varying autonomic outflow. NeuroImage 197, 383–390.
doi: 10.1016/j.neuroimage.2019.04.075

Vecchio, L. M., Meng, Y., Xhima, K., Lipsman, N., Hamani, C., and Aubert, I.
(2018). The neuroprotective effects of exercise: maintaining a healthy brain
throughout aging. Brain Plast. 4, 17–52. doi: 10.3233/bpl-180069

Frontiers in Aging Neuroscience | www.frontiersin.org 9 March 2020 | Volume 12 | Article 51

https://doi.org/10.3233/JAD-160593
https://doi.org/10.3233/JAD-160593
https://doi.org/10.1016/s0167-8760(03)00073-4
https://doi.org/10.1016/s0167-8760(03)00073-4
https://doi.org/10.1007/s00421-004-1208-0
https://doi.org/10.3389/fnins.2019.01300
https://doi.org/10.1038/nrn2298
https://doi.org/10.1046/j.1440-1630.1999.00182.x
https://doi.org/10.1161/jaha.115.002365
https://doi.org/10.1161/jaha.115.002365
https://doi.org/10.1111/psyp.12319
https://doi.org/10.3389/fnagi.2013.00005
https://doi.org/10.1016/j.neurobiolaging.2005.09.009
https://doi.org/10.1016/j.jalz.2007.01.008
https://doi.org/10.1152/japplphysiol.00500.2006
https://doi.org/10.1152/japplphysiol.00500.2006
https://doi.org/10.3389/fnins.2018.00458
https://doi.org/10.3389/fnhum.2014.00985
https://doi.org/10.3389/fnagi.2019.00238
https://doi.org/10.1001/archinternmed.2009.494
https://doi.org/10.1037/0882-7974.17.4.598
https://doi.org/10.1016/j.cobeha.2017.12.017
https://doi.org/10.1016/j.cobeha.2017.12.017
https://doi.org/10.1590/1517-86922014200501274
https://doi.org/10.1590/1517-86922014200501274
https://doi.org/10.1590/1517-869220152104134470 
https://doi.org/10.1590/1517-869220152104134470 
https://doi.org/10.1016/j.neurobiolaging.2011.02.020
https://doi.org/10.3389/fnagi.2017.00056
https://doi.org/10.1136/bjsports-2016-096587
https://doi.org/10.1161/CIRCULATIONAHA.116.025667
https://doi.org/10.1136/pgmj.2005.036665
https://doi.org/10.3389/fncel.2014.00170
https://doi.org/10.1002/ana.25246
https://doi.org/10.1123/japa.7.2.129
https://doi.org/10.1123/japa.7.2.162
https://doi.org/10.1152/physiologyonline.1990.5.1.32
https://doi.org/10.1152/physiologyonline.1990.5.1.32
https://doi.org/10.1073/pnas.1016709108
https://doi.org/10.1073/pnas.1016709108
https://doi.org/10.1161/CIRCULATIONAHA.113.005361
https://doi.org/10.1093/gerona/glv130
https://doi.org/10.1161/01.cir.93.5.1043
https://doi.org/10.1007/s12160-009-9101-z
https://doi.org/10.1007/s12160-009-9101-z
https://doi.org/10.1016/s0165-0327(00)00338-4
https://doi.org/10.1016/j.neuroimage.2019.04.075
https://doi.org/10.3233/bpl-180069
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Matos et al. A Neurovisceral Integration in Elderly

Vermeij, A., van Beek, A. H. E. A., Reijs, B. L. R., Claassen, J. A. H. R.,
and Kessels, R. P. C. (2014). An exploratory study of the effects
of spatial working-memory load on prefrontal activation in low- and
high-performing elderly. Front. Aging Neurosci. 6:303. doi: 10.3389/fnagi.2014.
00303

Voss, M. W., Erickson, K. I., Prakash, R. S., Chaddock, L., Kim, J. S., Alves, H.,
et al. (2013a). Neurobiological markers of exercise-related brain plasticity in
older adults. Brain Behav. Immun. 28, 90–99. doi: 10.1016/j.bbi.2012.10.021

Voss, M. W., Heo, S., Prakash, R. S., Erickson, K. I., Alves, H., Chaddock, L., et al.
(2013b). The influence of aerobic fitness on cerebral white matter integrity and
cognitive function in older adults: results of a one-year exercise intervention.
Hum. Brain Mapp. 34, 2972–2985. doi: 10.1002/hbm.22119

Zheng, W., Cui, B., Han, Y., Song, H., Li, K., He, Y., et al. (2019). Disrupted
regional cerebral blood flow, functional activity and connectivity in Alzheimer’s

disease: a combined asl perfusion and resting state fMRI study. Front. Neurosci.
13:738. doi: 10.3389/fnins.2019.00738

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Matos, Vido, Garcia, Lopes and Pereira. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 March 2020 | Volume 12 | Article 51

https://doi.org/10.3389/fnagi.2014.00303
https://doi.org/10.3389/fnagi.2014.00303
https://doi.org/10.1016/j.bbi.2012.10.021
https://doi.org/10.1002/hbm.22119
https://doi.org/10.3389/fnins.2019.00738
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	A Neurovisceral Integrative Study on Cognition, Heart Rate Variability, and Fitness in the Elderly
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Outcome Measures
	Cognitive Measurements
	The Wisconsin Card Sorting Test (WCST)
	Stroop Color
	N-back
	Heart Rate Variability
	Physical Assessment
	Data Collection Procedures
	Statistical Analysis


	RESULTS
	Multiple Regression Model for Mean HR
	Multiple Regression Model for Mean RR

	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


