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A B S T R A C T   

Physical exercise has been considered to be an efficient mean of preserving cognitive function and it influences 
both the structural and functional characteristics of the brain. It has especially been shown to increase brain 
plasticity, the capacity to re-structure brain properties in response to interaction, such as cognitive practice. 
Studies have also examined the potential additive effect of cognitive training on the documented benefit of 
physical exercise, commonly, however, not at the neural level. We monitored, using magnetoencephalography 
(MEG), the brain processes associated with executive functions in older individuals who participated in a 12- 
month randomized controlled trial including two research arms: physical and cognitive training vs physical 
training alone. Measurements were conducted at 0 months, 6 months, and 12 months. The addition of cognitive 
training was associated with better performance in the Stroop test that reflects executive control. The extra 
benefit of cognitive training was also manifested as decreased modulation of beta frequency band (15–25 Hz) 
especially to difficult distractors. As beta band activity is associated with attentional control, this indicates fewer 
resources needed to inhibit irrelevant sensory inputs. These results imply an enhancing role of cognitive elements 
integrated with physical training in improving or maintaining executive functions in older individuals.   

1. Introduction 

Aging is associated with a decline in cognitive function (Hedden & 
Gabrieli, 2004), evidenced by decline in behavioral and neuropsycho
logical performance level (Brennan et al., 1997; Troyer et al., 1994). 
Particularly, older individuals are less successful in maintaining an item 
in working memory and subsequently in retrieving it in a task-specific 
manner (Bherer, 2015). In part, such impairments in working memory 
are due to an inability to inhibit irrelevant sensory inputs that compete 
with the item to be kept in memory (Collette et al., 2009). The age- 
related deterioration in cognitive performance most likely stems from 
structural changes in the brain, manifested as losses of grey and white 
matter volume especially in frontal cortical areas (Lupien et al., 1998; 
Penke et al., 2010) and less efficient synaptic transmission (Bäckman 
et al., 2010). Even though the impact of aging on cortical function 

remains poorly understood, increasing evidence point to notable aging- 
related changes in spontaneous cortical oscillatory activity measured by 
electroencephalography (EEG) and magnetoencephalography (MEG) 
(Bamidis et al., 2014; Berendse et al., 2000; Cummins & Finnigan, 2007; 
Finnigan & Robertson, 2011; Vlahou et al., 2014). 

The physiological changes in cortical structure and function may 
signify memory disorders, such as Alzheimer’s disease (Bäckman et al., 
2005; Lupien et al., 1998), but the neurocognitive capacity as well as 
brain structure and function vary greatly also within healthy aging 
populations (Aine et al., 2011). Several lifestyle-related factors 
contribute to this variability, and especially regular physical activity has 
been suggested to prevent or delay age-related cognitive decline (Bherer 
et al., 2013). For example, aerobic training has been shown to improve 
cardiorespiratory fitness and this improvement is associated with 
enhanced performance in neurocognitive tasks (Hotting & Roder, 2013). 
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The effect of physical exercise on cognition may be indirect, relating to 
the assimilation of healthy lifestyle habits and the decrease of stress and 
other conditions that are detrimental to cognitive capacity (van der 
Zwan et al., 2015). However, evidence from brain imaging studies favors 
the notion that physical exercise has also a direct effect on brain function 
and structure (Ahlskog et al., 2011; Bherer et al., 2013; Rottensteiner 
et al., 2015; Tamura et al., 2015; Ruotsalainen et al., 2021). Specifically, 
our earlier MEG study demonstrated linkage between physical activity 
levels and the task-related allocation of neural oscillations (Hernández 
et al., 2021). Moreover, physical exercise has been shown to be associ
ated with an increase in task-related activity of brain regions involved in 
attentional control as well as increased functional connectivity in large- 
scale brain networks underlying executive function (Erickson et al., 
2015). 

In addition to interventions that focus on physical exercise to prevent 
cognitive decline in aging populations, cognitive training itself may 
positively influence cognitive function (Joubert & Chainay, 2018). 
Indeed, cognitive training that selectively engage speed of processing, 
memory, attention and perception have been shown to improve reaction 
time, processing speed, working memory, executive function, memory, 
visual spatial ability, and attention (Barnes et al., 2009; Desjardins- 
Crepeau et al., 2016; Joubert & Chainay, 2018; Kueider et al., 2012; 
Rahe et al., 2015). Even though the effectiveness of cognitive training 
seems uncontested, its transferability to other tasks that one encounters 
in every-day life has proven quite poor (Melby-Lervåg & Hulme, 2013). 
Accordingly, it has been suggested that physical exercise yields more 
general effects on cognitive function whereas the domain-specific 
cognitive training more selectively targets processes and tasks trained 
during the intervention (Desjardins-Crepeau et al., 2016). Given these 
complementary effects on cognition, recent studies have applied in
terventions that utilize both physical exercise and cognitive training 
(Rieker et al., 2022; ten Brinke et al., 2020; Yu et al., 2021), and 
demonstrate positive effects on cognition (for review, see, e.g., Zhu 
et al., 2016) especially regarding executive functions (Rieker et al., 
2022). 

Neuroimaging studies have also attempted to resolve the brain-level 
changes associated with combined physical and cognitive training by 
examining brain volume (Adcock et al., 2020) and hemodynamic re
sponses (Nishiguchi et al., 2015). However, whether neural oscillatory 
activity, which directly underlies working memory and inhibition, is 
influenced by physical exercise with added cognitive training, has not 
been studied. It is well established that modulations of band-limited 
cortical signal power are potent biomarkers of executive and memory 
functions in both young (Jensen et al., 2002) and older individuals 
(Proskovec et al., 2016). Moreover, it has been shown that MEG allows 
the quantification of learning and training related neural modulations 
also in adult populations (Hulten et al., 2009; Hultén et al., 2014). 

In this study, we examined the influence associated with the addition 
of cognitive training to physical exercise compared to physical training 
alone from the perspective of task-related oscillatory activity. Specif
ically, we monitored, using MEG, the task-related modulations associ
ated with working memory and inhibition in older individuals, 
measured before, during (6 months) and after (12 months) a 12-month 
physical exercise program which was performed either with or without 
additional cognitive training. We hypothesized that the group of in
dividuals who received the additional cognitive training would 
demonstrate added benefit at two distinct levels: the behavioral level, 
manifested through enhanced executive control, as well as the neural 
level, reflected as differential task-specific neural activation between the 
two groups. We expected that these effects would be manifested as 
modulations in neural activation in frequency bands that have been 
associated with general cognitive processing and executive control 
(spanning the 1 – 45 Hz frequency range, see, e.g., Honkanen et al., 
2015; Rojas et al., 2000; Roux & Uhlhaas, 2014). We hypothesized that 
differences in neural activity would indicate more efficient brain func
tion for the given cognitive process in the group with additional 

cognitive training, and that this effect would be visible both at 6 months 
and 12 months post-intervention. 

2. Materials and methods 

2.1. Participants 

All participants of a large-scale randomized controlled trial (the 
PASSWORD, ISRCTN52388040, n = 314 recruited through the Finnish 
National Registry) were invited to the study. Twenty-eight older in
dividuals (19 women; mean 74.6 years, range 71.1 – 82.7 years) gave 
their informed consent to participate in the MEG experiment and were 
randomly assigned to the two study groups. No prior estimates of effect 
size existed for the phenomenon studied here. Therefore, we pre- 
specified the sample size for alpha level 0.05 with statistical power of 
0.8 to be at least 20 participants, which was estimated to be sufficient 
based on power analyses utilizing the effect sizes from previous MEG 
work that focused on pre-post training differences in healthy individuals 
(van Dyck et al., 2021) and group differences in neural based disorders 
(Helenius et al., 2009). The inclusion and exclusion criteria of partici
pants were the same, as for the original PASSWORD study, whose aim 
was to investigate the effects of physical activity and cognitive training 
interventions on walking speed and falls in older adults who did not 
meet physical activity guidelines (Sipilä et al., 2021). Inclusion criteria 
were: 70–85 year old; dwelling in the community; able to walk 500 m 
without assistance; sedentary or at most moderately active (<150 min of 
walking/week; no attendance in resistance training) and a score of 24 
points or higher in the Mini Mental State Examination test. Exclusion 
criteria were: severe chronic condition or medication affecting cognitive 
and/or physical function; contraindication for physical exercise or 
walking tests; behavioral factors that in the judgment of the PI and the 
study physician may compromise participation in the study; excessive 
use of alcohol; difficulty in communication; another member of the 
household participating in the PASSWORD. Additionally, the following 
exclusion criteria were used for the MEG measurements: left-handed, 
body height above 180 cm, implant including metal, medication 
affecting central nervous system, motor impairment in hand or lower 
limb, dyslexia, and being bilingual. Ethical approval for the study was 
received from the review board at the Ethical Committee of Central 
Finland Health Care District (14/12/2016, ref.: 11/2016). All partici
pants gave their written informed consent before taking part in the 
study. 

2.2. Intervention protocols 

The 28 participants were randomly assigned to the two study groups 
of equal sample size (n = 14) (Fig. 1). The assignment to the groups was 
done at the large-scale sample level and was conducted via a computer- 
generated random allocation sequence of twofold stratification by 
gender and age (70–74, 75–79, 80–85) with randomly varying blocks of 
two and four. The PT group participated in physical training only, 
whereas the physical and cognitive training group (PTCT) participated 
in both physical and cognitive training. Table 1 shows the demographics 
of the two groups. All participants had a MMSE score of at least 26, and 
there were no statistical differences (p > 0.05, independent samples t- 
test and Pearson Chi-Square) between the two groups except for the 
subjects’ age that was higher for the PT group (p = 0.017). 

Two participants from the PTCT group (both women) dropped out 6 
months after the beginning of the intervention and one woman dropped 
out at 12 months after the beginning of the intervention in the PTCT 
group. One of these subjects dropped out due to lower limb pain and two 
due to lack of interest to participate in the training. Thus, the complete 
data set was available for 14 participants in the PT group and 11 par
ticipants for the PTCT (Fig. 1). 
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2.2.1. Physical exercise 
Multicomponent physical exercise program (Sipilä et al., 2018) was 

adapted from the physical activity guidelines for older adults, earlier 
studies focusing on resistance training and the LIFE-study (Nelson et al., 
2007; Pahor et al., 2014; Portegijs et al., 2008). Interventions included 
supervised training sessions at the research center two times a week. 
One session (45 min) consisted of walking and dynamic balance 
training: the participants walked for 5 min at a self-selected speed and 
10–20 min at a target intensity of somewhat hard to hard (13–15 on the 
Borg scale); the dynamic balance exercises during this session lasted for 
10 min and were of increasing difficulty. The other session (1 h) con
sisted of resistance and balance training. The resistance training utilized 
air pressure technology and was aimed at increasing muscle strength 

and power by allowing progressive increase in the training if the pre
defined number of repetitions was exceeded. In addition to the center- 
based sessions, the physical exercise program included progressive 
home exercises (20–30 min each, 2–3 times per week). These exercises 
included balance and strengthening exercises as well as stretching for 
major muscle groups. The participants were also instructed to conduct 
moderate aerobic activity in stints of at least 10 min and amounting to a 
total of 150 min per week. The 12-month physical exercise period was 
split into 6 periods lasting two months each. The intensity, volume and 
specificity of the physical exercises varied across these 6 periods, with 
the aim to develop and maintain gains in physiological capacity and 
prevent the occurrence of fatigue. 

2.2.2. Cognitive training 
Computer-based cognitive training (CT) program (see also Sipilä 

et al., 2018) was built on the unity/diversity model of executive func
tions proposed by (Miyake & Friedman, 2012). It consisted of a web- 
based in-house developed computer program (iPASS) modified from 
that used in the FINGER study (Dahlin et al., 2008; Kivipelto et al., 2013; 
Ngandu et al., 2015) and it targeted inhibition, set-shifting and updating 
of working memory. Participants were instructed to do the tasks as 
quickly and as accurately as possible 3–4 times a week. One training 
session lasted for 15–25 min depending on participants’ skills and per
formance. The training sessions were organized in two distinct blocks 
that alternated between sessions, thus avoiding learning effects and 
maintaining participants’ engagement. Block 1 included letter updating, 
predictable set-shifting, spatial working memory maintenance, and 
color inference task to train inhibition. Block 2 included spatial updat
ing, unpredictable set-shifting, spatial working memory maintenance, 
and number inference task to train inhibition. Task difficulty for other 
than the two shifting-tasks was adjusted individually based on the prior 
performance level. The participants who were able to do so conducted 
the cognitive training at home, whereas participant who did not have 
access to a computer at home could train at the University computer 
class and/or one of ten locations provided by the City of Jyväskylä. 

2.3. Behavioral measurements 

Behavioral measurements assessing executive functions included the 
Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 
total score, the Stroop test and the Trail Making Test (TMT) A and B. 
CERAD was performed at baseline (0 months) and at 12 months and 
Stroop and TMT at 0, 6 and 12 months. 

The CERAD subtests included Category Verbal Fluency, Modified 
Boston Naming Test (BNT), Mini Mental State Examination (MMSE), 
Word List Memory, and Constructional Praxis, based on which the 
CERAD total score can be computed (maximum score = 100) (Chandler 
et al., 2005). In the three conditions of Color Stroop test, measuring in
hibition (Graf et al., 1995; Scarpina & Tagini, 2017) participants are 
instructed to read aloud words printed in black ink, read aloud the color 
of colored letter X’s, or to name the color of words printed in incon
gruent colored inks and ignore the literal meaning of the word. The time 
taken to complete each condition was recorded and the time difference 
between the third and the second condition was calculated (Stroop 
difference). The TMT specifically assesses the ability to efficiently switch 
between tasks (Bowie & Harvey, 2006). The TMT A evaluates psycho
motor speed and involves drawing a line connecting numbered circles. 
The TMT B, in turn consists of circles with numbers and letters and re
quires set switching between items. The time to complete each task was 
recorded and the time difference to complete Part B and Part A was 
calculated (Trail Making Test B-A). 

2.4. MEG measurements 

MEG measurements were performed at baseline (0 months) and 6 
and 12 months thereafter. All three MEG measurement sessions involved 
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Fig. 1. Graphical depiction of the division of the participants into two inter
vention groups (physical exercise only: PT; physical exercise with the addition 
of cognitive training: PTCT) and of the sample size for each of the three MEG 
measurement sessions (0 months, 6 months and 12 months after the start of the 
intervention). 

Table 1 
Summary of demographic and background data.  

Demographics PT PTCT 

Number of participants 14 14 
Women, N 8 10 
Age, years (SD) 75.9 (3.2) 73.2 (2.2) 
MMSE (SD) 27.6 (0.9) 28 (1.7) 
Education, N   
Low 1 1 
Moderate 11 11 
High 2 2 
Self-rated health, n (%)   
Very good 1 1 
Good 6 6 
Average 7 7 
Walking exercise compliance, % 58 62 
Resistance exercise compliance, % 72 77  
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the same cognitive task engaging short-term memory skills for the 
encoding of a face image and subsequent distractor inhibition. 

2.4.1. Stimuli 
The MEG experimental paradigm consisted of a working memory 

and inhibition task involving visual images and it was designed to 
sequentially engage the cognitive processes of encoding and mainte
nance, inhibitory control and retrieval. Participants were shown three 
images: an encoder image representing a male or a female face, a dis
tractor (a face of the same sex to the encoder image or a grey oval shape), 
and a target image representing either a male or a female face (sex 
matched to the encoder image). After the target image was presented, 
the participants’ task was to indicate with a button press whether the 
encoder image and the target image were identical. 

The stimuli were 60 unique images of male and female faces taken 
from the Karolinska Emotional Faces database (Goeleven et al., 2008; 
Lundqvist et al., 1998). All facial stimuli represented a neutral facial 
expression. To increase the difficulty of the task hair border and any 
other specific distinguishing features were removed, and only basic face 
characteristics were preserved. The experimental task was designed to 
probe short-term memory: all face stimuli were unfamiliar to the par
ticipants prior to the experiment and hence they could not rely on long- 
term memory retrieval during the task. During the experiment, each face 
was used four times as the encoder and distractor in a balanced number. 
The distractor image was always different than the encoder image. Both 
target and distractor images were always matched to the sex of the 
encoder image. 

2.4.2. Experimental procedure 
Participants performed a total of 240 experimental trials involving 

both male and female faces (120 trials for each sex). The total number of 
trials was divided into 4 blocks of 60 trials each. Between blocks par
ticipants had the opportunity to rest for a few minutes. 

A single trial (Fig. 2) consisted of a fixation cross presented for 1000 
ms (100 ms jitter), followed by the encoder image presented for 500 ms, 
a second fixation cross presented for 2000 ms (100 ms jitter), the dis
tractor image presented for 500 ms and a third fixation cross presented 
for 1000 ms (100 ms jitter). Subsequently, the target image was shown 
for 500 ms. A visually presented question mark prompted the partici
pants to indicate within a 2000-ms time-window whether the target 
image was identical or non-identical to the encoder image (i.e., there 
were separate buttons for “yes” and “no” answers). Accuracy scores were 
later computed (see 2.5). During the experiment, participants were 

instructed to remain still and to keep their gaze on a fixation point 
projected on a screen at ~1 m from their sitting position. 

2.4.3. MEG data recordings 
MEG data was collected using a 306-channel whole head Elekta 

Neuromag system (Elekta Oy, Helsinki, Finland) in a magnetically 
shielded room (VacuumSchmelze GmbH, Hanau, Germany) at the 
Jyväskylä Centre for Interdisciplinary Brain Research. Data were filtered 
at 0.03 – 500 Hz and sampled at 1000 Hz. The participants were seated, 
with the head covered by the MEG helmet. Each participan’’s head 
position with respect to the MEG sensor array was determined by 
attaching five head position indicator coils to the scalp and briefly 
energizing them before the measurement. The coil locations were 
determined in reference to anatomical landmarks (nasion and right/left 
preauricular points) using a 3-D digitizer (Isotrak 3S1002, Polhemus 
Navigation Science). Blinks and eye movements (saccades) during the 
MEG measurement were monitored using electro-oculography (EOG). 

2.5. Behavioral data analysis 

Statistical analyses were carried out in IBM SPSS Statistics for Mac, 
version 26 (IBM Corp., Armonk, N.Y., USA). We performed Linear Mixed 
Effects modeling with session (0, 6, and 12 months) and training type 
(PT, PTCT) as well as their interaction as Fixed effects to determine the 
possible differences between the two types of intervention on the 
behavioral performance (TMTA, TMB, TMTB-A, Stroop difference). For 
measures showing significant effects of training type, we tested for 
possible group-differences separately at each time point using the Mann 
Whitney U test. For the CERAD total score data that were available only 
at 0 and 12 months, the effects of measurement point and training type 
were tested by using the Wilcoxon Signed Rank Test and Mann Whitney 
U test, respectively. 

2.6. MEG data analysis and statistical analysis 

Preprocessing: MEG data preprocessing and subsequent analysis 
was carried out using the MNE Python toolbox (Gramfort et al., 2013) 
implemented in Python computing environment, unless stated other
wise. Only gradiometers were included in MEG data analysis as they 
have a narrow spatial sensitivity pattern and are optimal for recording 
data from superficial sources. MaxFilter (Elekta Oy) was used to remove 
external disturbances from the MEG data with spatiotemporal signal 
space separation (tSSS) and transformation of all participants’ head 

+ + + ?

1000 ms 500 ms
encoder image

2000 ms 1000 ms 2000 ms500 ms
retrieval image

500 ms

difficult distractor 

time

1st vs. 2nd fixation  

difficult vs. easy
distractor  

easy distractor 

1st fixation 2nd fixation 3rd fixation response prompt

Fig. 2. Experimental task and the graphical depiction of the time-windows of interest within the experimental task. TFRs were computed for the time-windows of the 
first, second and third fixations; these TFRs were contrasted between the first and second fixation and within the third fixation, depending on whether an easy or a 
difficult distractor was presented. 
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position to one reference head position (Taulu & Simola, 2006). Finally, 
independent component analysis (fastICA) (Hyvärinen, 1999) was used 
to reduce artifacts of ocular and cardiac origin. 

Prior to further analysis, we discarded trials in which the behavioral 
response occurred too early: in these false alarm trials motor activity 
associated with the button press would obscure neural activity relative 
to the cognitive processes of interest. 

Extracting MEG activity measures: To extract brain activation 
associated with working memory and inhibitory control before and after 
intervention we analyzed the modulation of MEG signal power associ
ated with 1) stimulus encoding and maintenance, and 2) inhibition of an 
easy (a grey oval shape) and a difficult (a face image) distractor across 
the different measurement sessions (0 months, 6 months and 12 
months). 

First, time–frequency representations (TFRs) were computed in the 1 
– 90 Hz frequency range based on Morlet wavelets; half a cycle per Hz 
for the 1000 ms-long fixation time preceding and succeeding the 
encoder image as well as for the last 500 ms of the fixation time 
following the distractor image (total duration 1000 ms) (see Fig. 2). 
Second, modulations in neural activity reflecting encoding and main
tenance of an image were evaluated by testing for statistically significant 
differences in TFRs between the first and second fixation (i.e. before vs 
after encoding image) (Fig. 2). Third, modulations in neural activity 
reflecting the ability to suppress interference from different types of 
distractors were examined by contrasting TFRs within the last 500 ms of 
the third fixation grouped by the type of distractor (i.e. easy vs difficult 
distractor) (Fig. 2). 

Statistical analysis: For each of these comparisons, statistically 
significant differences were extracted using a cluster-based permutation 
test (1000 permutations; statistical threshold: alpha = 0.05; clustering 
threshold: F = 8.0) that was implemented in distinct frequency bands of 
interest (1 – 30 Hz, 8 –13 Hz, 15 – 25 Hz, 35 – 45 Hz, 60 – 90 Hz). 
Statistical testing for each of the comparisons was done in two ways: 
First, based on averaging across each frequency band of interest, thus 
obtaining one value per frequency range across all time points of interest 
(referred as time-sensitive TFR statistical analysis) and second, based on 
averaging across all time points in each time-window of interest, yielding 
one value per frequency bin across the frequency range of interest 
(referred as frequency-sensitive TFR statistical analysis). These ap
proaches were complementary: The time-sensitive analysis allows the 
identification of time-intervals in which the whole frequency bands of 
interest show modulation of neural activity across conditions, whereas 
the frequency-sensitive analysis allows the identification relevant fre
quency components within these bands. 

Any potential intervention effects were tested within the spatio
spectral clusters of interest (COIs) identified based on the time- and 
frequency-sensitive TFR analysis for the MEG data at 0 months. The COIs 
defined the time-windows, frequency bands and sensors of interest for 
the two cognitive processes (working memory, inhibition). In each of the 
COIs, we contrasted the TFRs across two conditions/stages (i.e., before 
vs after encoder to extract activation reflecting working memory and 
easy vs difficult distractor to extract activation reflecting inhibition) 
separately at the two other MEG measurement sessions (6 and 12 
months). Subsequently, we extracted one power value per subject by 
averaging the resulting difference in TFRs in the COIs across sensors 
within the COIs and either across time (for COIs from time-sensitive TFR 
analysis) or across frequency band (for COIs from frequency-sensitive 
TFR analysis). This yielded, for each COI, a vector of single power 
values for each participant both at 6 months and 12 months after the 
start of the training program. 

A similar subtraction and averaging procedures were performed for 
the MEG data computed at 0 months. Prior to testing for any training 
effects, we normalized the individual power values at each COI at 6 and 
12 months by subtracting this value from the corresponding power value 
at 0 months (relative-difference power values). MEG data at 0 months 
was expected to represent the initial level of neurocognitive functions of 

the participants. To determine any differences in task-dependent MEG 
signal modulations between the two training groups, we compared these 
relative-difference power values between the PT and PTCT groups using 
the non-parametric equivalent of an independent samples t-test (Mann 
Whitney U test; using IBM SPSS Statistics for Mac, version 26 (IBM
Corp., Armonk, N.Y., USA). 

3. Results 

The compliance of the subjects to follow the walking and resistance 
training did not show statistically significant differences between the 
two groups (p = 0.396 and p = 0.062 for the walking and resistance 
exercise compliance, respectively). 

3.1. Effects of time (0, 6 or 12 months) and training type on behavioral 
data 

The Linear Mixed Effects model analysis on the behavioral data 
(Stroop difference, Trail Making Test A, Trail Making Test B and Trail 
Making Test A-B) consisting of measurement session, training type (i.e. 
PT and PTCT groups) and their interaction as Fixed Effects revealed that 
Stroop difference demonstrated statistically significant effects of mea
surement session (F = 8.076; p = 0.0009) and training type (F = 5.749; 
p = 0.024), whereas the interaction between measurement session and 
training type was not significant (p = 0.56). The other measures (TMTA, 
TMTB, TMTB-A) did not show any tendencies for measurement session 
or training type effects (p > 0.33 for all comparisons). The additional 
time needed to complete the more demanding Stroop dual-task condi
tion was smaller in PTCT group than in the PT group, thus suggesting 
better executive control skills for the PTCT group (Fig. 3). Based on the 
non-parametric 2-sample statistical test, this difference between the two 
intervention groups reached statistical significance 6 months (p < 0.05) 
as well as 12 months (p < 0.05) after the beginning of the program 
(Fig. 3), whereas no differences were observed at 0 months (p = 0.206). 

For CERAD that was collected only at two measurement sessions (0 
and 12 months), no statistically significant effects of measurement ses
sion or training type were observed using the Wilcoxon Signed Rank test 
and Mann U-Whitney U test (p = 0.27 for time, and p = 0.98 and p =
0.79 for training type at the two time points). 

Table 2 shows the behavioral data (mean ± SD) for the two groups at 
the different time-points.Table 3.. 

3.2. Neural processing underlying encoding/maintenance and distractor 
inhibition 

At 0 months the time-sensitive and frequency-sensitive statistical 
comparisons between TFRs of different conditions revealed neural 
modulations reflecting the cognitive processes related to the encoding 
and maintenance of an image in memory and the inhibition of an easy vs 
a difficult distractor image. Overall, the outcome of both analysis 
pipelines emphasized frequencies below 45 Hz, and specifically the 
theta, alpha, beta and low gamma frequency bands (Fig. 4). The encoding 
and maintenance of an image in memory was associated with modulations 
in neural activity in MEG sensors mostly located at the vertex and 
covering several frequency bands spanning the entire 1–45 Hz frequency 
range, including the low gamma band frequency range (35–45 Hz) 
(Fig. 4A). On the other hand, distractor inhibition emphasized clearly 
more posterior cortical regions bilaterally, with the effect being 
delimited in the 1– 30 Hz frequency range (Fig. 4B). 

The time-sensitive and frequency-sensitive TFR analyses seemed to 
probe different aspects of the studied cognitive processes. With regards 
to encoding and maintenance of an image in memory, the time-sensitive 
TFR analysis highlighted the 8–13 Hz and 35–45 Hz frequency bands, 
with a spatial emphasis on sensors located over the vertex (Fig. 4A, top). 
The frequency-sensitive TFR analysis revealed modulations in MEG 
signal power that were less spatially and spectrally specific: they 
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spanned several frequency bands (1–4 Hz, 6–30 Hz, 8–13 Hz, 15–25 Hz) 
and encompassed a wide array of sensors across the MEG helmet 
(Fig. 4A, bottom). With regards to the inhibition of an easy vs a difficult 
distractor the time-sensitive TFR analysis revealed modulations in signal 
power in the 1–30 Hz frequency band in posterior MEG sensors (Fig. 4B, 
top). The frequency-sensitive TFR analysis revealed three different 
clusters, also posteriorly distributed in parieto-occipital areas in three 
different frequency bands (1–25 Hz, 8–13 Hz, 15–25 Hz; Fig. 4B, 
bottom). 

3.3. Effect of type of training on MEG data 

The power values from all the COIs depicted in Fig. 4 were tested for 
differences between the PT and PTCT group to examine the potential 
additive influence of cognitive training on the neural correlates of 
cognitive function. The effect of the intervention was found in only one 
COI that was associated with inhibition of an easy vs a difficult dis
tractor. Specifically, we found a larger increase in MEG signal power in 
the frequency band (15 – 25 Hz) in posterior MEG sensors bilaterally but 
with an emphasis in the right hemisphere (Fig. 5A) for the PT inter
vention group (Fig. 5B). This effect was found both at 6 months (p =
0.056; marginally significant) and 12 months (p < 0.01) after the start of 
the intervention (Fig. 5B). None of the other COIs depicted in Fig. 4 
demonstrated any training effects; the p-values for these non-significant 
effects are summarized in Table 2. 

4. Discussion 

We investigated whether adding cognitive training with 12 months 
multicomponent physical exercise program has additional benefits on 
executive functions and their neural underpinnings in older community 
dwelling men and women who did not meet physical activity recom
mendations. The present findings indicate that the addition of cognitive 
training has a quantifiable beneficial effect on executive function. In 
accordance with our hypothesis, we observed this effect on both the 
behavioral and the neural level. Behaviorally, the addition of cognitive 
training was manifested as significantly improved performance in the 
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PTCT
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Fig. 3. Stroop difference across participants (y-axis, 
in seconds) plotted for each measurement session (x- 
axis) for the two intervention groups separately (PT, 
dots; PTCT, triangles). P-values for the statistical 
comparisons between the two intervention groups 
are overlaid on each plot. Statistically significant 
differences between the PT and PTCT groups occur 
6 months (p < 0.05) and 12 months (p < 0.05) from 
the start of the intervention. The box plots show the 
25 %, 50 % and 75 % quartiles of the data with the 
whiskers representing the minimum and maximum 
individual values falling within a set range (1.5 
times the difference between the 75 % and 25 % 
quartile) of the 25 % and 75 % quartiles, 
respectively.   

Table 2 
Total CERAD score, TMTA, TMTB, TMTB-A and Stroop difference per intervention group (PT and PTCT) and measurement session (0, 6 and 12 months).   

CERAD TMTA TMTB TMTB-A Stroop 

PT PTCT PT PTCT PT PTCT PT PTCT PT PTCT 

0 mo 83 ± 5 83 ± 6 39 ± 10 38 ± 10 105 ± 22 100 ± 35 66 ± 16 62 ± 28 54 ± 26 40 ± 17 
6 mo   38 ± 11 39 ± 11 110 ± 29 100 ± 39 73 ± 25 60 ± 35 46 ± 23 29 ± 14 
12mo 84 ± 5 84 ± 7 39 ± 15 35 ± 7 108 ± 37 99 ± 37 69 ± 34 65 ± 33 49 ± 26 30 ± 14  

Table 3 
P-values for the statistical analysis examining intervention effects on COIs 
defined through frequency-based and time-based TFR analysis. P-values that are 
significant or close to significance (alpha = 0.05) are shown in bold.  

Before vs after encoding image 
Averaged across frequency Averaged across time  

Post1 Post2  Post1 Post2 

35–45 Hz (0 – 450 ms) 0,536 0,138 1–4 Hz 0,527 0,222 
35–45 Hz (600 – 1000 ms) 0,727 0,796 6–30 Hz 0,347 0,536 
8–13 Hz (810–1000 ms) 0,893 0,192 8–13 Hz 0,403 0,267  

15–25 Hz 0,82 0,572 
After easy vs difficult distractor 
Averaged across frequency Averaged across time  

Post1 Post2  Post1 Post2 
1–30 Hz 0,053 0,625 1–25 Hz 0,25 0,896  

8–13 Hz 0,434 0,371 
15–25 Hz 0,056 0,005  
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Stroop task. The additional time needed to complete the more 
demanding Color Stroop condition, that places greater demands on 
inhibitory control, was smaller for individuals in the PTCT than those in 
PT group. This finding therefore indicates improved executive functions. 
At the neural level, we observed decreased MEG signal power for the 
PTCT group in the beta frequency band (15–25 Hz), as compared with 
the signal power in PT group, associated with inhibition of irrelevant 
sensory information. These findings argue towards the added benefit of 
cognitive training integrated to a physical exercise program, instead of 
implementing an intervention that consists of physical training alone. 

The improvements in executive skills were manifested through the 
Stroop difference. The most demanding condition of the Stroop test 
(Condition 3) measures the ability to inhibit processing of usually 
automatically attended, yet task-irrelevant features of a given stimulus. 
It thus involves shifting of one’s attention on the processing of stimulus 
features that are behaviorally less salient (Stroop, 1935). Condition 3 of 
the Stroop test is inherently more difficult than Condition 2, which in
volves automatic sensory processing. This difficulty in inhibiting auto
matic sensory processing in Condition 3 is called the Stroop effect 
(Stroop, 1935). The present findings suggest that, after prolonged 

training period, individuals in the PTCT group demonstrated a smaller 
Stroop effect, and thus were more capable in inhibiting cognitive 
interference than individuals in the PT group. This effect is likely to be 
caused by the fact that the PTCT group followed a cognitive training 
program that was specifically designed in improving executive control, 
and it included tasks related to color interference and inhibitory control 
that are probed by the Stroop test itself. It is therefore not surprising that 
individuals belonging to the PTCT group improved more in their per
formance, but it brings important scientific evidence supporting inte
gration of cognitive training in the increasingly popular physical 
exercise programs that are intended to improve cognitive functions in 
elderly. Notably, the cognitive training included cognitive interference 
tasks that are not identical to Stroop but require similar cognitive ele
ments of inhibitory control. Since cognitive intervention effects are 
shown to be very hard to generalize beyond the specific trained task, the 
generalizability of the effect across tasks in the domain of inhibitory 
control gives some support also to the possible benefit of physical ex
ercise in making the brain more prone to change in response to cognitive 
training. This hypothesis would, however, need to be tested in separate 
experiment, where also the additional benefit of physical exercise on 

Fig. 4. The neural correlates of the cognitive processes of encoding, maintenance and inhibitory control. A., COIs demonstrating modulations in activity for encoding 
and maintenance of a visual image revealed by contrasting TFRs before vs after the encoder image (top: time-sensitive analysis; bottom: frequency-sensitive analysis) B., 
COIs demonstrating modulations in related to inhibitory control revealed by contrasting TFRs within the third fixation (after an easy vs a difficult distractor) (top: 
time-sensitive analysis; bottom: frequency-sensitive analysis). P-values are shown underneath each COI. Statistically significant sensors are represented as white circles. 
Time-windows in which the significant effects are observed are reported for time-sensitive. All the COIs depicted here were statistically tested for intervention effects. 
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cognitive training would be approached. 
On the neural level, we discovered that the modulation in MEG signal 

power in the beta frequency band (15–25 Hz), that was associated with 
inhibitory control, significantly changed in response to added cognitive 
training element (PTCT vs PT group). This effect may have several 
possible origins. It has been suggested that there is a positive relation
ship between the amplitude of low-frequency oscillations (in the theta, 
alpha and beta frequency bands) and cognitive load, as well as task 
difficulty (e.g., Jensen et al., 2002). It may thus be proposed that pro
cessing of same-category interference as an encoding image, that is, a 
difficult distractor depicting a face similar in appearance to the encoding 
image is less taxing for individuals that underwent a physical activity 
intervention with the addition of cognitive training. The efficacy of this 
combined training might be linked to the fact that physical training and 
cognitive training exert a complementary modulatory influence on the 
neural basis of memory and cognitive function. However, the possibility, 
that cognitive training only would be enough to show the demonstrated 
effects cannot be ruled out by our experimental paradigm, and further 
studies are needed to bring additional evidence of the complementary 
benefit. 

Another possibility is related to evidence that aging is associated 
with increases in neural activity as a compensatory effect (Flöel et al., 
2010; Houde et al., 2000; Smith et al., 2009). Therefore, the increased 
modulations in beta power observed for the PT group might suggest that 
for the PTCT group, the aging-related, compensatory increases in neural 
activity in this frequency range have been delayed through the addition 
of the cognitive intervention. Intriguingly, the effects of additional 
cognitive training at both the neural and the behavioral levels are 
associated with inhibitory control. It could thus be suggested that the 
intervention effects on neural activation during inhibitory processing 
underlie the improvements in the behaviorally measured Stroop differ
ence for the PTCT group. However, support for this interpretation would 
benefit from the explicit quantification of the relationship between these 
two associated intervention effects, requiring larger sample sizes to be 
reliably studied. 

In our study, time- and frequency-sensitive TFR analysis revealed 

task-related modulations in MEG signal power within the 1–30 Hz, 1–25 
Hz, 8–13 Hz, and 15–25 Hz frequency bands. Only the last of these 
spatiospectral effects demonstrated sensitivity to the additional cogni
tive training. The reason for this may be that the other clusters could 
capture modulations in MEG signal power that do not directly reflect 
inhibitory control. Specifically, we suggest that the observed spatio
spectral modulations in the alpha band (8–13 Hz) are related to memory 
processes that play an important supportive role in inhibitory control. 
Indeed, the contribution of modulations in alpha-band power in memory 
functions has been widely documented (Jensen et al., 2002; Palva et al., 
2010; Payne & Kounios, 2009). Furthermore, modulations in electro
physiological signal power at 1–30 Hz might be related to general task 
engagement, and therefore reflect domain-general mechanisms that are 
associated with general features of the task, such as, for example, 
stimulus characteristics, task difficulty, attention, and task switching 
(Perianez et al., 2004). In contrast to these auxiliary or general mech
anisms, the spatiospectral effects limited more narrowly to the 15–25 Hz 
frequency band have been found to purely reflect inhibitory control and 
to be quite specific to the suppression of irrelevant information (Hwang 
et al., 2014; Niccolai et al., 2016). Notably, the cognitive training con
tained tasks that were related to color interference and inhibitory con
trol and that directly link to the Stroop test. We thus suggest that the 
effect at the neural level due to additional cognitive training reflects 
modulations in neural activity associated specifically with inhibitory 
control, and most likely results from the additional benefit of the 
domain-specific training on inhibitory control, as it is encountered in the 
context of the Stroop test. 

Therefore, we observed statistically significant neural modulations 
for the PTCT compared to the PT group uniquely in the 15–25 Hz fre
quency band that is associated with inhibitory processes and thus ex
ecutive control. Even though modulations in MEG signal power 
representing encoding of a stimulus in memory spanned a wide array of 
frequency ranges and demonstrated different spatial patterns, none of 
these COIs demonstrated intervention effects by cognitive training. One 
interpretation is that modulations in neural activity associated with 
encoding and maintenance of a stimulus in memory are not sensitive to 

Fig. 5. Statistically significant effects of the intervention in A) a COI in the 15–25 Hz frequency range representing neural modulations for inhibiting an easy vs a 
difficult distractor. B) MEG signal power in the COI across participants (y-axis; a.u.) plotted for each of the three MEG measurement sessions (0 months, 6 months, 12 
months). Statistically significant differences occur 6 months (p = 0.056) and 12 months (p < 0.01) from the start of the intervention. The box plots show the 25 %, 50 
% and 75 % quartiles of the data with the whiskers representing the minimum and maximum individual values falling within a set range (1.5 times the difference 
between the 75 % and 25 % quartile) of the 25 % and 75 % quartiles, respectively. 
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the addition of cognitive training. However, the fact that we did not 
observe any intervention effect on the neural or behavioral correlates of 
working memory does not necessarily imply that such effects are absent. 
It has been shown earlier that a combined intervention is more efficient 
than a single-modality intervention in increasing behavioral measures of 
working memory (Langdon & Corbett, 2012; Shatil, 2013). In addition, 
within the scope of a combined intervention, the special emphasis on 
resistance training in the physical exercise component is paramount in 
the improvement of working memory capacity (Aquino et al., 2016). 
Similarly, by selectively including a different set of complex mental 
tasks in the cognitive training intervention one could further tap into 
working memory processes, especially given the notable domain- 
specificity of cognitive training. It is important to acknowledge this 
multiplicity in the design for combined interventions as it allows one to 
target specific cognitive processes, but could also introduce an element 
of uncertainty when interpreting the findings (for descriptions of the 
various approaches employed in designing physical exercise and 
cognitive training interventions see e.g., (Joubert & Chainay, 2018). 

In line with this view, it is noteworthy that, in contrast to the present 
study and previous evidence (Zhu et al., 2016), a number of studies 
question the superiority of combined interventions over interventions 
that consist of either physical exercise or cognitive training alone (e.g., 
Desjardins-Crepeau et al., 2016; Joubert & Chainay, 2018; Plummer- 
D’Amato et al., 2012). While it is most straightforward to consider the 
beneficial effect of cognitive training as being additive with respect to 
the effect of physical exercise, in essence, one must instead evaluate this 
effect as a synergy between these two types of training (Lauenroth et al., 
2016; Sipilä et al., 2018). Therefore, beyond a mere addition, any sup
plementary benefit of combined interventions originates from an 
interaction between the two intervention modalities. Therefore, any 
existing discrepancies in experimental evidence could be explained 
through the exact components and constituent structure of both types of 
trainings, as they play a critical role on the overall effect of an 
intervention. 

Therefore, one methodological consideration of the present study is 
the fact that the findings are directly dependent on the specific structure 
of the intervention protocol: The particular configuration of both 
training types and the resulting interrelations between its constituent 
elements may, for example, explain the lack of intervention effects in 
other similar studies, and also shape the observations of the current 
study. However, the general consensus seems to be that the main criteria 
for the efficiency of an intervention, either physical or cognitive in na
ture, is that they should impose a sufficient physical and mental load in 
order to induce any improvements in cognitive functions (Lauenroth 
et al., 2016). In the present study, the difficulty of the cognitive training 
was increased for the entire duration of the intervention period; in 
addition, the tasks alternated between sessions in order to reduce 
learning effects and maintain participants’ engagement. Also, the 
physical exercise program was designed to maintain its capacity to 
challenge the participants, while simultaneously minimizing the possi
bility of overtraining and fatigue. A multicomponent physical exercise 
protocol also accounted for any possible adaption effects and enhance
ments in physiological capacities. With this variable and individually 
adjusting training protocol, the present study was able to demonstrate 
significant benefits in the neural and behavioral indications of cognitive 
control, brought about by physical exercise program but only when 
additional cognitive training was implemented. 

It will be important to achieve more detailed understanding of the 
specific contribution of different elements, both exercise -related and in 
cognitive training, by more systematically manipulating different ele
ments. The anticipated hypothesis we would like to propose is to 
consider physical exercise as means to increase the level of plasticity in 
the neural networks, upon which cognitive training is needed to achieve 
behaviorally meaningful outcomes. As regards the behavioral effects 
within our study, it is noteworthy that we observed an intervention ef
fect only on the absolute Stroop difference (the actual Stroop difference 

measured 6 months and 12 months after the start of the intervention) 
rather than the relative Stroop difference that reflects the change in 
performance 6 and 12 months after the start of the training program 
from the baseline. In contrast to absolute differences, no statistically 
significant differences in relative Stroop difference were revealed be
tween the two groups. Since the two groups are matched at 0 months (no 
statistically significant difference were revealed between the two 
groups), we suggest that this non-significant effect of the intervention 
for relative Stroop difference is most likely attributed to small sample 
size that could mask such an effect. Moreover, as Stroop difference was 
used to quantify executive functioning, it is possible that the observed 
behavioral effects are mainly due to changes in processing speed rather 
than executive functioning as such. A better quantification of executive 
functioning could be obtained by using the interference score (Scarpina 
& Tagini, 2017). However, as in the Stroop test that was used in the 
present study the number of items named correctly in 45 s were not 
recorded, it was not possible to apply the interference score within this 
study. 

Another methodological consideration is related to the absence of a 
control group, which is also the weakness of other similar studies 
(Lauenroth et al., 2016). While the present approach can point the 
neural and behavioral benefits of combined training, we cannot provide 
more comprehensive picture of the different training types, and specif
ically of the independent effects of the cognitive training. In accordance 
with (Lauenroth et al., 2016) we acknowledge the necessity for stan
dardized experimental protocol on which future studies will be based 
upon: we propose that this will be a more fruitful approach in reaching a 
general consensus on the potential benefit of combined interventions. 
Ideally, these protocols could account for the fact that the potential for 
synergistic effects of combining exercise and cognitive training may 
depend on individual differences in the availability of neurotrophic 
factors induced by exercise. It should also be noted that as the amount of 
physical training was equal for the two groups and no control/sham 
cognitive component was used for the PT group, the PTCT group 
received overall more hours of training. This difference could in part 
explain the observed differences between the two subject groups. 

5. Conclusions 

Our findings revealed the brain dynamics underlying improvements 
in executive functions in elderly brought about by physical exercise with 
additional cognitive training. They also highlight that adding the 
domain-specific cognitive skill training is associated with distinct 
behavioral and brain activation patterns. In a broader context, the pre
sent findings argue towards the importance of applying multimodal, 
cross-domain interventions for improving executive functions and 
memory in elderly individuals (Kraft, 2012). Theoretically, our results 
call for frameworks, that combine the concepts and propositions from 
theories of physical activity triggered brain changes, multicomponent 
interventions and neurocognitive decline in elderly. Future studies, 
ideally conforming to a standardized experimental paradigm that also 
involves a control group, are required in order to further elucidate the 
potential of combined interventions to modulate both cortical structure 
and function in the elderly. 
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