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per week for 24  weeks. Cognitive performance in 
several domains, pre-frontal cortex oxygenation, and 
baroreflex sensitivity were assessed before and after 
the intervention. All groups improved executive per-
formance, including flexibility or working memory. 
We found a group by time interaction for inhibition 
cost (F(2,28) = 6.44; p < 0.01) and baroreflex sensitivity 
during controlled breathing (F(2,25) = 4.22; p = 0.01), 
the magnitude of improvement of each variable being 
associated (r = -0.39; p = 0.03). We also found a 
decrease in left and right pre-frontal cortex oxygena-
tion in all groups during the trail making test B. A 
simultaneous exercise and cognitive training are more 
efficient than either training alone to improve execu-
tive function and baroreflex sensitivity. The results of 
this study may have important clinical repercussions 
by allowing to optimize the interventions designed to 
maintain the physical and cognitive health of older 
adults.

Keywords  Exercise training · Cognitive training · 
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Introduction

Aging process is associated with a normal cognitive 
decline, which may affect well-being, quality of life 
and ultimately autonomy and life expectancy [1]. 
Cognition covers a wide range of mental capacities 

Abstract  Aging is characterized by cognitive 
decline affecting daily functioning. To manage this 
socio-economic challenge, several non-pharmacolog-
ical methods such as physical, cognitive, and com-
bined training are proposed. Although there is an 
important interest in this subject, the literature is still 
heterogeneous. The superiority of simultaneous train-
ing compared to passive control and physical train-
ing alone seems clear but very few studies compared 
simultaneous training to cognitive training alone. The 
aim of this pilot study was to investigate the effect 
of simultaneous exercise and cognitive training on 
several cognitive domains in healthy older adults, in 
comparison with either training alone. Thirty-five 
healthy older adults were randomized into one of 
three experimental groups: exercise training, cogni-
tive training, and simultaneous exercise and cognitive 
training. The protocol involved two 30-min sessions 
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necessary to perceive, process, and interact with our 
environment [2]. Normal aging is associated with 
a decline in cognitive functions such as processing 
speed, memory, and executive functions [3]. In addi-
tion to some specific neuro-anatomical and functional 
changes in the brain [4], age-related changes in the 
cardiovascular system are also involved in this cog-
nitive decline [5–8]. In fact, an alteration of cardiac 
autonomic control, and more specifically of barore-
flex sensitivity (BRS), as well as decrease in cerebral 
perfusion and cerebral oxygenation, have been shown 
to increase the risk of cognitive impairment [9].

Cognitive functions are influenced by many physi-
ological factors and to a large extent by cardiovascular 
mechanisms. During the ageing process, the develop-
ment of cognitive dysfunction and dementia can be 
attributed to cerebral and vascular disorders [10]. In 
particular, many chronic diseases affect cerebral blood 
flow and explain an accentuated cognitive decline. It 
is well known that our cognitive functions are influ-
enced by CBF as shown by numerous studies modu-
lating CBF and affecting cognitive function [11–14]. 
One would expect that CBF and its regulation would 
be a key factor in the modification of cognitive func-
tion. Furthermore, cerebral metabolism and in particu-
lar cerebral oxygenation may be as important in influ-
encing cognitive function, rather than changes in CBF 
[15, 16]. Indeed, several studies in exercise or at rest 
have shown that executive functions are influenced 
by cerebral oxygenation [17–19]. All these mecha-
nisms are themselves under the direct influence of 
arterial baroreflex [15]. A direct association between 
the arterial baroreflex and cerebral circulation, via the 
autonomic nervous system, has been demonstrated in 
some animal models [20–22]. In human models, sev-
eral studies have shown a direct association between 
baroreflex activity and cognitive functioning [23], and 
the perturbation of baroreflex activity during aging 
process explains the perturbation of memory functions 
[24]. Indeed, many brain structures involved in many 
cognitive functions are also responsible for the regula-
tion of the baroreflex [25, 26] and could explain the 
association between cognitive functioning and barore-
flex activity. For example, an original article incorpo-
rating a wide range of these physiological mechanisms 
[27], showed that baroreflex activity in older subjects, 
is associated to better aortic stiffness and white matter 
integrity, all this combined with better cognition in the 
Trail test.

The demographic transition toward an older soci-
ety is not the only cause of these alterations. Life 
habits also play a major role, since physical inactiv-
ity and sedentary behaviors have been associated with 
reduced cognitive performances [28]. Yet, the level of 
physical activity in western countries decreased con-
tinuously over the past decades, while the duration of 
sedentary behaviors increased dramatically [29]. The 
consequence is an increase in the incidence of cog-
nitive impairment in the near future, that is expected 
to double within the next 20 years [30]. In this con-
text, one of the main challenges consists in develop-
ing efficient strategies to strengthen the “cognitive 
reserve” of the elderly [31]. Fortunately, interventions 
aimed at mitigating cognitive decline are attracting 
great research and societal interest. To date, two strat-
egies have been used to prevent cognitive decline and 
of dementia: (i) cognitive training and (ii) exercise 
training [32, 33].

There is growing epidemiological evidence show-
ing the importance of cognitive stimulation in the pre-
vention of cognitive decline and dementia [1]. From 
an ecological point of view, La Rue (2010) showed a 
link between the frequency of activities like lecture, 
puzzles, knitting, or gardening and the 4-year risk of 
neurogenerative diseases [33]. Furthermore, several 
cross-sectional studies have also shown that cognitive 
stimulation was negatively associated with brain beta-
amyloid plaque (a sign associated with Alzheimer’s 
disease) [34] or atrophy of the brain hippocampus 
[35]. Lastly, recent meta-analyses and reviews have 
reported that cognitive training was also effective in 
improving cognitive function in older people [36]. On 
the other hand, there is an important bulk of knowl-
edge showing a close relationship between physical 
activity and performance in several cognitive domains 
in the elderly [4, 37–40], or the risk of dementia [41]. 
Several mechanisms have been proposed to under-
stand this beneficial effect of physical activity and/or 
exercise training, including a reduction in inflamma-
tion or the promotion of neurovascular integrity and 
brain plasticity through hormones and growth factors 
release [42–44].

Considering the positive impact of exercise train-
ing or cognitive training on the cognitive health of 
the elderly when they are implemented separately, 
we could question the interest of combining these 
two types of training within the same intervention. 
In fact, synergistic effects between both strategies 
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can be expected, thus inducing greater benefits than 
those obtained by each intervention alone [45]. For 
example, exercise training may improve brain plas-
ticity by increasing cell proliferation and synaptic 
plasticity, while cognitive training may orientate 
this plasticity toward the brain areas solicited during 
cognitive exercises by increasing the number of neu-
rons in pre-existing neural networks [45, 46]. This 
is at least what suggests a study [47] who showed 
in mices that exercise combined with a sequence of 
enriched environment yielded an approximately 30% 
greater increase in new neurons than either stimu-
lus alone. On their side, Smith and colleagues [48] 
reported that exercise combined with cognitive train-
ing resulted in a greater cognitive improvement in 
mices than either stimulus alone, thus suggesting that 
adaptations reported by Fabel et  al. [47] may have 
functional consequences on these animals. Results 
are more equivocal in humans, since recent narra-
tive reviews [49–51], systematic reviews [52–54], 
and meta-analyses [55–59] have reported conflicting 
results. The positive benefits of combined exercise 
and cognitive training on cognitive performances in 
the elderly is unanimous. What is debated is rather 
the superiority of this combined training when com-
pared with either training alone, since the differ-
ence between conditions is not systematic. One of 
the reasons for this heterogeneity is the diversity of 
protocols used to achieve this double stimulation. As 
underscored by Herold et al. [51], combined exercise 
and cognitive training can take several forms. The 
combination of both stimulations can be sequential 
(i.e., at different moments), or simultaneous (i.e., at 
the same time). Regarding the simultaneous combi-
nation, physical and cognitive exercises can belong 
to the same task, as is the case in exergaming, or 
be independent [51]. The very recent meta-analysis 
from 2021 [57] shows that the simultaneous combi-
nation is more efficient to improve cognitive perfor-
mance, whenever people suffer from mild cognitive 
impairment or not. The simultaneous combination 
is also less time-consuming and probably represent 
a lower training load than the sequential combina-
tion [58], which potentially prevents from excessive 
stress, less engagement in home- or community-
based activities, or other changes that could inhibit 
rather than promote neural plasticity and cognitive 
improvement [60].

To date, only one experimental study compared the 
cognitive benefits of simultaneous combined training 
with either training in healthy older people [9]. The 
authors reported a greater improvement in divided 
attention, executive control, and working memory 
following combined training when compared with 
either training [9]. These promising results need to be 
confirmed, and to be associated to neurophysiologi-
cal measures in under to understand the mechanisms 
that underpin this better efficiency. Thus, the main 
purpose of this pilot study was to assess the impact 
of a simultaneous combination of exercise and cogni-
tive training on several cognitive domains in healthy 
older adults, in comparison with exercise and cogni-
tive training alone. Based on Kraft theory [45], we 
hypothesized that simultaneous combined training 
would be effective in improving executive perfor-
mance, and that the magnitude of improvement would 
be greater than either training mode alone. Consider-
ing the role of cardiac autonomic control and cerebral 
oxygenation on aging-induced cognitive decline, the 
second purpose of this study was to assess the impact 
of simultaneous combined training on cerebral oxy-
genation and baroreflex sensitivity. We hypothesized 
that the improvement in executive functions was asso-
ciated with the improvement of baroreflex sensitivity 
and / or an improvement of the brain oxygenation.

Methods

Population

Forty-seven men (n = 16) and women (n = 19) aged 
between 55 and 76 years old were recruited to partici-
pate in this study. Their characteristics are presented 
in Table  1. None of them suffered from cognitive 
impairment (as defined as a MSSE score inferior or 
equal to 24), or from cardiovascular, metabolic, neu-
rological, and psychiatric diseases. Participants who 
were prescribed with a pharmacological treatment 
that could modify cardiovascular or neuromuscular 
functions were excluded. The protocol was reviewed 
and approved by a national ethics committee for 
non‐interventional research (CERSTAPS # 2017–11-
17) and was conducted by recognized ethical stand-
ards and national/international laws. All participants 
signed a written statement of informed consent.
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Study design

Participants completed two experimental sessions 
within a 2-week period, before and after the comple-
tion of a training program involving two 30-min ses-
sions per week for 12 weeks. The first experimental 
session was dedicated to the explanation of the study, 
the written informed consent, and the first part of the 
neuropsychological assessment (MOCA, BDI, Stroop 
Test, TMT, Rey words test, Digit Symbol Substitution 
Test). During the second experimental session, par-
ticipants completed the second part of the neuropsy-
chological assessment (N-back test), as well as the 
BRS test and the submaximal intensity exercise test. 
After the baseline evaluation, participants were ran-
domly assigned to one of three experimental groups: 
(1) exercise training (ET); (2) cognitive training (CT); 
(3) simultaneously combined exercise and cognitive 
training (ST).

Test and measures

Physiological assessment

Submaximal intensity exercise test. This test was 
performed on a stationary bicycle (Monark LC6, 
Monark Exercise AB, Vansbro, Sweden). Theoreti-
cal maximal heart rate was determined by the formula 
proposed by Gellish and colleagues [61]

The test began at 30  W and increased by 20  W 
every two minutes until the participant reached 60% 
of tHRmax. Participants had to pedal at 60 rotations 
per minute (rpm). Oxygen uptake (VO2 ml.kg−1.
min−1) was determined continuously on a 30-s basis 
using a portable cardiopulmonary exercise testing 
system (Metalyser Cortex 3B, CORTEX Biophysik 
GmbH, Germany). Gas analyzers were calibrated 
before each test using ambient air and a gas mixture 
of known concentrations (15% O2 and 5% CO2). The 
turbine was calibrated before each test using a 3-l 
syringe at several flow rates. The highest VO2 over 
a 30-s period during the last stage was considered as 
the oxygen uptake at 60% of tHRmax (V̇O2peak(60%), 
ml.kg−1.min−1). Heart rate was measured con-
tinuously using a heart rate monitor (Polar RS800 
cx, Polar Electro, Kempele, Finland).

(1)tHR
max

= 207 − 0.7 ∗ age
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Baroreflex sensitivity. Baroreflex sensitivity testing 
(BRS) is an established tool for assessing cardiac auto-
nomic control and has proven to be a valuable source 
of information in clinical management, particularly in 
the assessment of prognosis in a variety of cardiac dis-
eases [62]. In this study, baroreflex sensitivity data were 
obtained by a non-invasive continuous blood pressure 
monitor (Finapres NOVA, FMS Company, the Nether-
lands). Arterial blood pressure was obtained continu-
ously and noninvasively from a finger cuff by using the 
system with the volume-clamp technique maintaining the 
diameter of the artery under an inflated finger cuff at a 
set point, thereby determining arterial pressure with time 
changes. Diodes were located in the finger cuff, on the 
side of the finger, to detect changes in artery diameter 
and changes in the inflation of the cuff to maintain the 
diameter at the set point. The cuff was inflated or deflated 
via an air bladder connected to an air hose and pump. 
The software, using a mathematical model, generates an 
aortic pulse waveform from the finger arterial pressure 
wave. This computation considers changes in the pulse 
pressure and waveform shape as the pressure pulse is 
transmitted down the brachial arteries to the finger arter-
ies. The arterial blood pressure measurement obtained 
from a finger was validated by Guelen et al. [63].

Also, an electrocardiogram (ECG) was obtained using 
3 leads. The first electrode was positioned within the 
frame of rib cage, right under the clavicle near shoulder, 
the second electrode was placed below left clavicle, at the 
same level of the previous electrode and the last one was 
positioned above the left anterior superior iliac spine. This 
procedure was recommended by the manufacturer. The 
ECG and blood pressure signals were measured continu-
ously by a Finapres (Finapres NOVA, FMS Company, the 
Netherlands). The blood pressure following each R peak 
was recorded. Spontaneous baroreflex sequences corre-
sponding to the activation of the baroreflex are defined as 
a variation in the same direction, over at least three con-
secutive heartbeats, of the systolic blood pressure and the 
RR interval. For each sequence, a linear regression was 
used to estimate the slope of the relationship. The aver-
age baroreflex slope of all sequences was then calculated. 
This method, which allows non-invasive and non-trau-
matic measurement of baroreflex without pharmacologi-
cal stimulation, was described previously [64–66]. All this 
method is performed by the software. The signals were 
measured continuously during a first period of five min-
utes in a supine position (in spontaneous breathing rate), 
followed by 5 min in a supine position with a controlled 

breathing rate (12 cycles per minute), followed by five 
minutes in a supine position (spontaneous breathing 
rate) and then 5 min in a standing position (spontaneous 
breathing rate). The BRS (in ms/mmHg) was calculated 
for each period of 5 min. The algorithms used by the soft-
ware to calculate BRS included parameters sur such as 
age, body height, body weight, and blood pressure. This 
short-term supine and standing resting recording during 
spontaneous and/or paced breathing is usually carried out 
for clinical pruposes [62].

Prefrontal cortex oxygenation measurement. Cer-
ebral oxygenation and more precisely the concentration 
changes of [HbO2] (Δ[HbO2]) and [HHb] (Δ[HHb]) 
were recorded during the n-back test with the PortaLite 
fNIRS system (Artinis Medical Systems, Elst, Nether-
lands) and during Stroop and TMT test with the OxyMon 
fNIRS system (Artinis Medical Systems, Elst, Neth-
erlands). These two systems utilize near-infrared light, 
which penetrates the skull and brain but is absorbed by 
hemoglobin (Hb) chromophores in capillary, arteriolar, 
and venular beds [67]. The light was transmitted with 
two wavelengths, 764 and 857 nm, and data were sam-
pled with a frequency of 10 Hz. This procedure measures 
relative changes in [HbO2] and [HHb] using the modified 
Beer-Lambert law. This law takes into account the differ-
ential pathlength factor (DPF), which is determined using 
the following formula: DPF (λ = 807 nm, A) = 4.99 + 0.06
7 × (age 0.814). The region of interest is the Fp1 and Fp2 
of the prefrontal cortex (PFC) and were located using the 
10/20 international system. Concerning the n-back task, 
the placement of optode was already described in previ-
ous studies [68]. The patch used in this study for Stroop 
and TMT task used eight optical channels, comprising 
four emitters and four receptors, covered the right and 
left DLPFC and ventrolateral PFC (VLPFC) (Brodmann 
areas, BAs 9/46 and 47/45/44). The distance between 
each emitter and receptor was 3.5  cm. The placement 
of this patch was already used in previous studies [69, 
70]. The sensors were shielded from ambient light with 
a black cloth. Oxysoft version 3.0 (Artinis Medical Sys-
tems, Elst, Netherlands) was used for data collection. Ini-
tially resting PFC oxygenation was acquired in a seated 
position for 2 min. Because continuous-wave technology 
does not allow quantifying absolute concentration due 
to the incapacity of measuring optical path lengths, the 
mean of [HbO2] and [HHb] during the total duration of 
each block of cognitive task, were compared to the min-
ute preceding each block. During all the procedure, our 
participants were asked to always face forward during the 



	 GeroScience

1 3
Vol:. (1234567890)

test, avoid making a sudden head movement, clenching 
their jaw, frowning, and other facial expressions. This 
pre-processing analysis was already used in previous 
studies [70]. To analyze the fNIRS results, we first per-
formed a channel-by-channel analysis. In the absence of 
interaction between the channels, we averaged the chan-
nels together from the right and left hemispheres and also 
averaged the hemispheres together.

Neuropsychological assessment

Global cognitive test. The Montreal Cognitive 
Assessment test (MOCA) was used to evaluate global 
intellectual efficiency. Briefly, this test consists of a 
30-points test divided into eight parts and fourteen 
subtests. It’s a very complete test because it targets 
most cognitive functions: visuospatial skills, execu-
tives’ functions, attention, working memory, short-
term memory delayed recall, language. A score 
higher than 26 is a normal score, below this one, 
people have a mild cognitive impairment [71]. The 
dependant variable was the total score.

Executives’ functions. The Trail Making Test (TMT) 
and the Modified Stroop Color test were used to assess 
executives’ function and attentional abilities. Part A of 
TMT evaluates the information processing speed, while 
part B assesses cognitive flexibility or switching. In part 
A, the task consisted in connecting numbers (from 1 to 
25) with straight lines as fast as possible. In part B, par-
ticipants had to alternate between letters in alphabetical 
order and numbers in ascending order (1-A-2-B-3C, etc.) 
as fast as possible. The dependent variable was accuracy 
and time to complete each part.

The Computerized Modified Stroop task was used to 
assess executive functions. The test used in this study is 
based on the Modified Stroop Color Test and included 
three experimental conditions: naming, inhibiting, and 
switching. This task was already used in several articles 
[17, 18, 72, 73] with older. Each block lasted between 
2–4 min and was interspersed with 60‐s resting blocks. 
Overall, there were three experimental task blocks (1 
naming, 1 inhibition, and 1 switching) and 2 resting 
blocks, for a total length between 8–14  min. In total, 
there were 60 Naming trials (Block 1), 60 Inhibition tri-
als (Block 2), and 60 Switching trials (Block 3). All trials 
began with a fixation cross (or square for switching condi-
tion) for 1.5 s, and all visual stimuli appeared in the center 
of the computer screen for 2.5 s. Participants responded 
with two fingers (index and major finger) from each of 

their hands on an AZERTY keyboard. In the Naming 
block, participants were presented with a visual stimulus 
of the name of colors (RED/BLUE/GREEN/YELLOW) 
in French presented in the color that is congruent with the 
word (i.e., RED presented in red ink). Participants were 
asked to identify the color of the ink with a button press. 
In the Inhibition block, each stimulus consisted of a color 
word (RED/BLUE/GREEN/YELLOW) printed in the 
incongruent ink color (e.g., the word RED was presented 
in blue ink). Participants were asked to identify the color 
of the ink (e.g., blue). In the Switching block, in 25% of 
the trials, a square replaced the fixation cross. When this 
occurred, participants were instructed to read the word 
instead of identifying the color of the ink (e.g., RED). As 
such, within the Switching block, there were both inhibi-
tion trials in which the participant had to inhibit their read-
ing of the word and correctly identify the color of the ink, 
and there were switch trials in which the participant had 
to switch their response mode to read the word instead of 
identifying the color of the ink when a square appeared 
before the word presented. Visual feedback on perfor-
mance was presented after each trial. A practice session 
was completed before the acquisition run to ensure the 
participants understood the task. The practice consisted 
of a shorter version of the task. Dependent variables were 
reaction times (ms) and the number of errors committed 
(%). We also calculated two scores, inhibition score which 
is the result of the inhibition bloc’s score minus naming 
blocs’ performances on number or error and corresponds 
to pure inhibition capacities. The second, flexibility cost is 
equal to results of flexibility bloc’s score minus inhibition 
blocs’ performances and reflect pure flexibility capacities.

Memory. Verbal memory and learning abilities were 
assessed with the Rey Words test [74]. Participants had 
to learn fifteen words list in five tries. The total number 
of words recalled was recorded. Memory span was also 
assessed; the forward memory span evaluates the capac-
ity of short-term memory and the backward memory 
span assesses working memory corresponding to the 
maximum information kept in mind and the ability to 
manipulate it. The dependant variable was the number of 
elements in the last trial.

Working memory. The 2-back was used to assess 
working memory. A series of numbers (0–9) were pre-
sented auditorily, and the participants were asked to 
respond to the stimuli that they hear 2 items back. The 
cognitive load was manipulated by using two different 
conditions: single- and dual-task, and not by manipu-
lating. In the single-task condition, participants were 
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instructed to perform either a self-paced walk (motor 
task) or the 2-back task (cognitive task). In the dual-task 
condition, participants performed both self-paced walk-
ing and 2-back tasks simultaneously. The numbers were 
pseudo-randomly ordered to ensure that there were no 
repeats (1–1) and no sequenced series (1–2–3). The 
numbers were presented through wireless headphones 
(RS 165, Sennheiser Electronic, Wedemark, Germany). 
A participant might hear the series.."0 – 4 – 1 – 5…..", 
once they hear.."1", they would have to say "0", and 
once they hear "5" they would have to say "4", always 
keeping in mind the digit heard two positions back. 
The experimenter noted the participant’s responses and 
their accuracy. All participants were given instructions 
before each task condition (simple- or dual-task). The 
practice trial consisted of two trials for each task condi-
tion. Then, the experimental test consisted of 10 blocks 
organized as follows: single-task 2-back (2 blocks), 
single-task (self-selected pace) walking (1 block), dual-
task 2- back (4 blocks), single-task (self-selected pace) 
walking (1 block), and single-task 2-back (2 blocks). 
Each block of single and dual-task 2-back consisted of 
12 items. Each item was presented in 1.5 s, and there 
was a 1 s response interval (total trial time 2.5 s) before 
the next item was presented. Each block lasted 40  s 
with a 60-s rest period between blocks. The dependent 
variable was accuracy. This procedure was already used 
by two other teams [75, 76].

Psychomotor speed was assessed by the Digit Symbol 
Substitution Test (DSST). The participant had to associ-
ate symbols to numbers (1–9), in a table of numbers by 
referring to a response key. People had 120 s to draw as 
many symbols as possible. The dependant variable was 
the number of complete cells.

Training protocol

Exercise training (ET). Participants completed 30 min 
of stationary bicycle (Velo-Cognitif, REV’LIM, 
Limoges, France,  Fig.  1) at 60% of their theoreti-
cal maximal heart rate (tHRmax).  The corresponding 
power was estimated during the submaximal intensity 
exercise test. Heart rate was recorded continuously to 
adjust power output during the session. The choice 
of an exercise intensity of 60% of tHRmax is based on 
several observations suggesting that cognitive perfor-
mance was improved in optimal way at this intensity 
[77] and fulfills the recommendations by Lauenroth 
et al. [54].

Cognitive training (CT). Participants completed 
30 min of cognitive games in PRESCO (HappyNeu-
ron, Grenade Sur Garonne, France). Each session 
consisted of 4 different games (among 32 possible 
games), which were the same for all participants, but 
with a level of difficulty adapted to their cognitive 
capacities. An example of one session was presented 
elsewhere [70] The 32 games were used during the 
12-week program in order to target all cognitive 
domains, with the same programming for all partici-
pants (i.e. 4 different games by sessions during 8 ses-
sions, this sequence being repeated thrice).  A detail 
of each session was presented in the Table 2.

Simultaneously combined exercise and cognitive 
training (ST). The participants performed both pro-
grammes simultaneously, with the same exercise inten-
sities, durations and planning of the cognitive games 
explained above, using a specific device (Velo-Cognitif, 
REV’LIM, Limoges, France). This device has been pre-
viously described by Pellegrini-Laplagne et al. [70].

Statistical analysis

Standard statistical methods were used for the cal-
culation of means and standard deviations. Normal 

Fig. 1   Velo-cognitif® device
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Gaussian distribution of the data was verified by the 
Shapiro–Wilks’s test and homoscedasticity by a modi-
fied Levene Test. Repeated ANOVA measures were used 
to test the interaction between cognitive performances 
x training group (simultaneous, cognitive, or physical 
training). If a significant main or interaction were found, 
a Bonferroni post-hoc test was realized. Correlation 
analysis was also performed using spearman correlation. 
All statistical analyses were made with SPSS 17.0 and 
all statistical analyses with a p-value < 0,05 were consid-
ered significant. Effects sizes (ES) were also calculated 
with Hedges’ g formula, previously described by Dupuy 
et al. (2015), and interpreted with Cohen’s scale, where 
EF ≤ 0.2 (trivial), > 0.2 (small), > 0.5 (moderate), > 0.8 
(large).

Results

Participants

The study included 74 healthy participants aged 
between 56 and 73 years old. We conducted the study 
between January 2019 and May 2021. The most 
important campaign began in January 2020 and was 
interrupted because of the first isolation period due 
to the COVID-19 pandemic. This attrition explains 
differences in sample sizes between experimental 
groups. Two participants decided to withdraw from 
the study, because of illness or difficulties to respect 
the frequency of the sessions (Fig. 2). The final sam-
ple of this study was 35 participants. There were no 
significant differences between groups regarding age, 
education level, physiological characteristics, psycho-
logical health, and cognitive status (Table 1).

Physiological assessment

We observed no effect of time on the power output 
at 60% of tHRmax, on the V ̇O2 at this power output 
and on arterial blood pressure. As shown in Table 3, 
we found a trend toward an interaction between 
groups and time [F(2,25) = 2,72; p = 0.08] regarding 
the power output at 60% of tHRmax, with a moder-
ate increase in ET (ES = 0.65), a small increase in 
ST (ES = 0.30 and no difference in CT (ES = -0.14). 
We found an interaction between groups and time 
on the BRS measured during controlled breathing 
[F(2,25) = 4,28; p = 0.025]. In this condition, BRS Ta
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increased in ST (p < 0.01, ES = 0.74), while it did 
not change in CT (ES = -0.16) or in ET (ES = -0.40). 
Detailed results are presented in Fig. 3. We found no 
differences in the three other condition of the BRS 
test.

PFC oxygenation changes during the computer-
ized modified Stroop test and the TMT are presented 
in Figs.  4 and 5. We found an interaction between 
groups and time for Δ[HBO2] during the flexibility 
task [F(2,28) = 3,58; p = 0.04]. Post hoc analysis revealed 
a decrease in Δ[HBO2] for CT (p = 0.03, ES = -1.38), 
while there were no changes in ET and ST. We also 

found an overall decrease in Δ[HBO2] after train-
ing during the TMT (flexibility) test, in left, right 
and total PFC [F(1,28) = 8,72, p < 0.001, ES = -0,58; 
F(1,28) = 6,16, p = 0.01, ES = -0,71; F(1,28) = 8,93; 
p < 0.005, ES = -0,80]. As presented in Fig. 5, Δ[HHb] 
remained stable both during the computerized modi-
fied Stroop test and the TMT. PFC oxygenation 
changes during the 2-back test are presented in Fig. 6. 
We found a main effect of training on Δ[HBO2] in the 
left PFC following in dual task condition [F(1,23) = 5,09; 
p = 0.03, ES = 0,53], but not following single task con-
dition [F(1,24) = 1,72; p = 0.20, ES = 0,45]. In right PFC, 

Fig. 2   Flow chart of the study

Table 3   Effect of training intervention on cardiovascular measures

sMAP sub–Maximal Aerobic Power. VO2 peak peak oxygen uptake at 60% of maximal heart rate; SBP systolic blood pressure; DBP 
diastolic blood pressure; ET, exercise training; CT, cognitive training; ST, simultaneous training

Overall (n = 35) ET (n = 7) CT (n = 11) ST (n = 17)

Pre Post Pre Post Pre Post Pre Post

sMAP (W) 86.7 ± 28.3 94.2 ± 30.3 81.4 ± 25.4 101.4 ± 27.9 98.9 ± 30.2 93.6 ± 34.4 82.0 ± 28.1 91.3 ± 29.7
VO2peak(60%) (l.min−1) 1.28 ± 0.46 1.41 ± 0.46 1.30 ± 0.47 1.61 ± 0.42 1.37 ± 0.56 1.44 ± 0.52 1.22 ± 0.39 1.31 ± 0.43
VO2peak(60%) (ml.min−1.kg−1) 18.7 ± 4.8 20.8 ± 5.3 20.4 ± 4.9 24.4 ± 4.4 20.2 ± 6.0 21.4 ± 6.2 17.0 ± 3.5 19.1 ± 4.5
SBP (mmHg) 122.2 ± 12.1 122.9 ± 12.4 118.5 ± 27.9 121.8 ± 12.1 123.8 ± 16.3 126.1 ± 14.7 123.0 ± 8.5 121.5 ± 11.4
DBP (mmHg) 76.8 ± 8.0 77.6 ± 8.0 72.9 ± 9.7 74.0 ± 7.5 79.7 ± 9.7 82.0 ± 8.6 76.6 ± 5.0 76.4 ± 7.1
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Δ[HBO2] remains stable in both single (ES = -0,03) 
and dual (ES = 0,08) conditions. Δ[HHb] is also 
unchanged during all 2-back test.

Cognitive assessment

As shown in Table  4, we found a main effect of time 
on five scores: reaction time [F(1,29) = 18,19; p = 0.001; 
ES = -0.5] and errors’ number [F(1,29) = 12,91; p < 0.00; 
ES = -0.6] during TMT B; accuracy of flexibility 
[F(1,29) = 9,05; p = 0.005; ES = -0.76] and of flexibil-
ity cost [F(1,29) = 8,49; p = 0.006; ES = 0.71] during the 
computerized modified Stroop test; accuracy during 
the single task of the 2-back test [F(1,28) = 4,78; p = 0.03; 
ES = 0.3]. Taking together, these results show that all 
groups improved both their flexibility scores and their 
working memory in the single task condition.

The ANOVA analysis also revealed an interac-
tion between groups and time regarding the two scores 
of cognitive function. The first one concerns the for-
ward span measure, that reflects episodic memory 
[F(2,29) = 4,22; p = 0.02; ES = 0,17]. This score did not 
change for CT (ES = 0,25) and ST (ES = 0,17) and was 
reduced for ET (p = 0.02; ES = -1,29). We also found an 
interaction between groups and time for the cost of inhi-
bition [F(2,28) = 6,44; p = 0.004; ES = -0,02)]. This cost did 
not change for CT (ES = 0,5) and ET (ES = 0,6) groups, 

whereas it decreased in ST group (p = 0.02; ES = -0,9). 
Detailed results are presented in Table 4.

Association between physiological and cognitive 
measures

The magnitude of change in the cost of inhibition was 
associated to the magnitude of change in BRS during 
the controlled breathing condition (r = 0,40; p = 0.03). 
As shown in Fig. 7, this association indicates that partici-
pants who increased the more their BRS were those who 
displayed the greatest improvement in the cost of inhibi-
tion. No other correlations were found between physi-
ological measures and other cognitive performances.

Discussion

The study investigated the impact of a simultaneous 
combination of exercise and cognitive training on 
several cognitive domains and some of their physi-
ological determinants in healthy older adults, in com-
parison with exercise and cognitive training alone. 
Based on Kraft theory [45], we hypothesized that 
simultaneous combined training would be effective in 
improving executive performance, and that the mag-
nitude of improvement would be greater than either 

Fig. 3   Effect of simultane-
ous, physical and cogni-
tive training on baroreflex 
sensitivity. BRS, Baroreflex 
sensitivity; ET, Exercise 
training; CT, Cognitive 
training; ST, Simultane-
ous training. * Significant 
interaction Time x Group, 
p < 0.05
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training mode alone. Considering the role of cardiac 
autonomic control and cerebral oxygenation on aging-
induced cognitive decline, the second purpose of this 
study was to assess the impact of simultaneous com-
bined training on cerebral oxygenation and baroreflex 
sensitivity. We hypothesized that the improvement in 
executive functions was associated with the improve-
ment of baroreflex sensitivity and / or an improvement 
of the brain oxygenation. Our main findings were: (1) 
an improvement in flexibility abilities during the com-
puterized modified Stroop test and the TMT B, as well 
as an improvement in working memory during the 
single-task of the 2-back test, whatever the group; (2) 
an improvement in inhibition performance and BRS 
during controlled breathing that was specific to ST, 
the magnitude of improvement of each variable being 
positively associated; (3), a decrease in total Δ[HBO2] 

in the CT group during the flexibility block of the 
computerized modified Stroop test, and for all groups 
during TMT B, both in the left and right PFC.

Our study confirms previous observations which 
showed that combined exercise and cognitive train-
ing was an effective intervention to improve cogni-
tive performance or limit cognitive impairment in 
older people [9, 78]. It is worth noting that CT and 
ET also improved executive functions like flex-
ibility and working memory in our study. This spe-
cific effect of each mode of training implemented 
separately has already been reported for ET, both in 
young or healthy older adults [73, 79], but also for 
CT in older adults [80–82]. The novelty of this study 
was the better efficiency of ST to improve executive 
functions when compared with either modality alone. 
These results are in agreement with five other studies 

Fig. 4   Effect of simultaneous, physical and cognitive training on oxyheamoglobin during Stroop and Trail test. Δ [HbO2], Oxy-
hemoglobin; ET, Exercise training; CT, Cognitive training; ST, Simultaneous training. ** = p < 0.01
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reporting a greater executive functions enhance-
ment after a combined exercise and cognitive train-
ing when compared with exercise training alone 
[9, 83–86]. Among these studies, only two of them 
were interested in aging and confirmed this result 
in healthy older adults [9, 78]. The protocol used by 
Raichlens et  al. [9] was very close to the protocol 
used in the present study, since it consisted in three 
30-min sessions per week for twelve weeks, using 
multi-domain cognitive games and moderate inten-
sity continuous exercises. They reported a greater 
improvement following ST in a serial subtraction 
test during a dual-task condition (walking), thus sug-
gesting a greater impact on divided attention, execu-
tive control, and working memory [9]. In the same 

way, Theill and colleagues [78] reported a greater 
improvement in a test involving visual memory and 
learning after ST when compared with either train-
ing modality alone. Similarly to the present study 
and the one of Raichlen et  al. [9] they proposed 
two 40-min sessions per week during ten weeks of 
simultaneous working memory training and moder-
ate intensity brisk walk training. So, according to our 
findings, they observed dual task training superiority 
on cognitive training alone after a combined training 
of independents cognitive and physical tasks. They 
confirmed observations made with the first experi-
mental condition, thus suggesting that this greater 
improvement in executive performance could be 
reached with different modalities of ST.

Fig. 5   Effect of simultaneous, physical and cognitive training on deoxyheamoglobin during Stroop and Trail test. Δ[HHb], deoxy-
hemoglobin; ET, exercise training; CT, cognitive training; ST, simultaneous training. * = p < 0.05; ** = p < 0.01
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The specific effect of ST on inhibition is in accord-
ance with the conclusions of the recent meta-analy-
sis of Dhir et  al. [87]. Indeed, the authors reported 
that a program combining moderate intensity con-
tinuous exercises and multi-domains cognitive tasks 
improved inhibitory control, particularly when pro-
posed to healthy older adults experiencing the normal 
age-related cognitive decline [87]. This result may 
have important clinical implications since the ability 
to exert an inhibitory control over behavioral urges or 
unhelpful thoughts plays a key role in mental health 
and wellbeing [88]. Similarly, it is important to keep 
in mind that inhibition plays a key role in executive 
functions. According to Miyake [89], executive func-
tions are numerous, but they are interrelated and 
share some underlying commonalities. In this con-
text, inhibitory control is a key component of an effi-
cient executive control. In fact, several studies sug-
gested that the alteration in inhibitory processes could 
play a major role in the age-related decline in several 
cognitive domains [90]. Also, as mentioned by Bou-
card et al. [91], inhibition performance appears to be 
particularly sensitive to daily physical and cognitive 
activity, because of its elementary and ubiquitous 
properties in the construction of executive functions. 
This hypothesis has been validated in interventional 
study by Albinet et al. who observed in elderly peo-
ple, after a 5-month swimming training programme, a 

specific improvement of the inhibition process among 
other tested executive functions. Our results abound 
in the sense of this hypothesis, since inhibition was 
the single executive function that was sensitive to 
simultaneous training.

To the best of our knowledge, this is the first study 
that assessed BRS changes after CT, ET or ST in 
healthy older adults. We observed an improvement in 
BRS during controlled breathing that was specific to 
ST; the magnitude of this improvement was positively 
associated to the gains in inhibition. The fact that 
this observation was limited to controlled breathing 
is probably due to the fact that breathing frequency 
influences significantly cardiac autonomic control 
[92] and its reproductibility [93–95]. Therefore, con-
trolling breathing frequencey reduces physiological 
noise, improves the signal-to-noise ratio and in fine 
increases statistical power, which is of great impor-
tance in our study if we consider the relatively small 
sample size. Furthermore, although we don’t have 
any comparison, this result is not surprising consider-
ing the positive impact of exercise training on BRS 
[96]. Indeed, in their narrative review [96], La Rovere 
et al. [96] indicated that exercise training limited the 
effect of aging on BRS, as well as its consequences 
on blood pressure and its underlying determinants. 
In addition, a recent study reported that a cognitive 
training, involving tasks that target processing speed 

Fig. 6   Effect of simultaneous, physical and cognitive train-
ing on cerebral oxygenation during 2-Back test in single and 
dual-task condition. For one group, first column corresponds to 

pre-test and second column to post-test. Δ[HbO2], oxyhemo-
globin; Δ[HHb], deoxyhemoglobin; ET, exercise training; CT, 
cognitive training; ST, simultaneous training; * = p < 0.05
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and attention, improved these cognitive domains as 
well as cardiac autonomic control (as measured by 
heart rate variability) in older adults suffering from 
amnesia and mild cognitive impairment [97]. Surpris-
ingly, we found no changes in BRS following CT and 
ET. A possible explanation may be the training dose 
[98]. In fact, the protocol by Lin et al. [97] consisted 
in four 1-h sessions per week for 6 weeks, which rep-
resented a 4-time higher dose than in our study. The 
issue of a possible dose–response relationship should 
be explored more specifically.

As previously mentioned, we observed a positive 
association between BRS and inhibition changes after 
ST, participants who improved the most BRS being 
those who improved the most the cost of inhibition. 
This result is in agreement with the predictions of the 
neuro-visceral integration model by Thayer and Lane 
[99], which suggests that resting cardiac autonomic 
control relates to PFC activity and predicts executive 
performance. In fact, these authors suggest the exist-
ence of a common reciprocal inhibitory cortical-sub-
cortical neural circuit that serves as a structural link 
between psychological processes such as emotion and 
cognition, and health-related physiological processes, 
and that this circuit can be indexed with cardiac 
autonomic control [99]. Several studies have already 
shown that resting BRS was associated to better cog-
nitive performance [100, 101], and that exercise train-
ing induced improvement in executive performance 
was mediated by a higher cardiac autonomic control 
[102, 103]. As mentioned earlier, Albinet et al. (2016) 

observed a specific improvement in inhibition after 
5 months of swimming training in elderly people. This 
improvement seemed to be explained and mediated by 
an improvement in the cardiac parasympathetic con-
trol, as measured by heart rate variability. Our results 
are in accordance with these observations since car-
diac autonomic control is a key component of BRS.

As for BRS, this is the first study that assessed 
PFC oxygenation changes after CT, ET or ST in 
healthy older adults. Our main result was a decrease 
in Δ[HBO2] in all groups during TMT B, both in 
the left and right PFC, together with an improve-
ment in performance during this test. This result is 
in accordance with a recent study which reported 
that older subjects displayed a lower cerebral oxy-
genation (Δ[HBO2]) during a Stroop task after aero-
bic training [104]. It should be kept in mind that the 
functional activity of the brain is related to the blood 
supply [105] and that neuronal activation requires an 
increase in cerebral blood flow and metabolism [106]. 
This mechanism has been illustrated by Mehagnoul-
Schipper et  al. [107] who reported simultaneous 
increases in cerebral blood volume and cerebral oxy-
genation during cognitive activation in older adults. It 
also appears that the magnitude of this adaptation is 
proportional to the complexity of the cognitive task 
[108]. Our results, and more specifically the decrease 
in Δ[HBO2] after the interventions, therefore sug-
gest that one of the benefits of CT, ET and ST is to 
decrease the level of cortical activation required for 
a specific cognitive task. This is in accordance with 
observations made by Voelcker-Rehage et  al. [109], 
who reported that 12 months of aerobic and coordina-
tion training resulted in a decreased task-related acti-
vation in the PFC during a Flanker task (a measure of 
cognitive inhibition). Interestingly, we observed simi-
lar results in CT. This adaptation was expected, since 
it has been shown that cognitive training improved 
brain plasticity, which plays an important role in neu-
ronal activity [110]. Nevertheless, this hypothesis of 
lower cortical activation after a training programme, 
demonstrating some form of neuronal economy, 
needs to be confirmed.

Many physiological mechanisms at the molecu-
lar level can explain the cognitive improvements 
observed in the elderly people after a physical train-
ing. A number of molecules that are considered as 
growth factors are released during exercise, thus 
promoting cerebral plasticity. For example, it is well 

Fig. 7   Correlation between baroreflex sensitivity and inhibi-
tion performance changes after training. BRS, baroreflex sen-
sitivity
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established that molecules such as BDNF, IGF or 
VEGF will induce synaptogenesis, neurogenesis or 
angiogenesis [111–114]. All these molecular factors 
potentially induce structural changes in the cerebral 
vasculature, and contribute to an increase of the vol-
umes of the grey nuclei, the hippocampus, and the 
grey and white matters. More specifically to simul-
taneous training, Eduard Kraft (2012) makes the 
following synergetic hypothesis: 1) physical activ-
ity facilitates synaptic plasticity and neurogenesis 
via neurotrophic factors such as BDNF or IGF-1; 2) 
cognitive stimulation would guide synaptic plastic-
ity in the brain areas activated by the cognitive task, 
through the selection of the most active synapses 3) 
The combination of the two would make it possible to 
include new neurons and create new synapses (thanks 
to increased neurogenesis and synaptogenesis) in 
brain networks selected by cognitive activity. In other 
words, physical stimulation would catalyze the effect 
of cognitive stimulation and therefore the restruc-
turing of the neural network. These mechanisms are 
probably involved in the structural changes in the 
neural circuits that control both baroreflex regulation 
and the cognitive processes involved in inhibition. 
Future neuroimaging studies may allow us to validate 
these hypotheses.

Though this study had several strengths, it was 
not without limitations, and the interpretation of 
our results requires some caution. One of the main 
limitations is the small sample size, which limits sta-
tistical power and in fine the generalization of our 
results. As mentioned in Fig.  2, many participants 
were unable to complete this study due to lockdown 
of the COVID. The size of this study, which involved 
people aged 55 and over, does not allow us to distin-
guish a possible specific effect in middle-aged people 
(55–65  years) and in the older adults (> 65  years). 
The same comment applies to the men and women 
involved in this study. Future studies with a larger 
sample size would allow us to address these limita-
tions. Nevertheless, the calculation of effect size by 
Hedge’s g allows us to appreciate our results from a 
clinical point of view. Although the size of this study 
may be considered a limitation, it must be kept in 
mind that this is the first study to compare simulta-
neous cognitive and physical training to physical 
and cognitive training alone on cognitive function 
in healthy older adults. This is also the first study 
in healthy older people to propose physiological 

mechanisms that allow a better understanding of cog-
nitive outcomes.  Finally, it is not excluded that the 
superiority of ST training when compared with ET 
and CT training, is dependent on the dose of train-
ing. However, in the context of two training sessions 
per week, DT training may improve some cognitive 
functions and cardiovascular indices, but not CT or 
ET. It would be interesting to see whether this supe-
riority of training is still observed when the intensity 
and/or frequency of training is increased in future 
comprehensive studies.

Conclusion

The aim of this study was to investigate the effect 
of a simultaneous combination of exercise and cog-
nitive training on several cognitive domains and 
some of their physiological determinants in healthy 
older adults, in comparison with exercise and cog-
nitive training alone. Considering the role of car-
diac autonomic control and cerebral oxygenation on 
aging-induced cognitive decline, a second purpose 
of this study was to assess the impact of simultane-
ous combined training on cerebral oxygenation and 
baroreflex sensitivity. Our main findings were (1) 
an improvement in flexibility abilities during the 
computerized modified Stroop test and the TMT B, 
as well as an improvement in working memory dur-
ing the single-task of the 2-back test, whatever the 
group; (2) an improvement in inhibition performance 
and BRS during controlled breathing that was spe-
cific to ST, the magnitude of improvement of each 
variable being positively associated; (3), a decrease 
in total HBO2 in the CT group during the flexibil-
ity block of the computerized modified Stroop test, 
and for all groups during TMT B, both in the left 
and right PFC. This study brings additional evidence 
that simultaneous exercise and cognitive training is 
more efficient in improving executive performance 
than either training modality alone. It also provides 
new information regarding the mechanisms that sub-
tend this effect and underscores the interest of the 
neurovisceral integrative model by Thayer and Lane 
(2000) to provide a theoretical framework. Future 
studies should investigate the impact of simultane-
ous cognitive and physical training on larger cohorts 
with more intense sessions (longer or more session 
per week).
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