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Cognitive and physical training have been shown to be effective in improving older adults’ cognition. 
However, it is not yet clear whether combined cognitive and physical training offers an advantage 
compared to cognitive training alone. Twenty-two older adults performed cognitive or combined 
cognitive and physical training in order to compare their effects on working memory event-related 
potentials (ERPs) and on working memory and executive function performance. Before and after 
eight weeks of training, performance in Plus Minus, Flanker, Updated Span, and Complex Span tasks 
was measured, and ERPs were registered during performance of an n-back task (0-back, 2-back, and 
3-back). Post-training behavioural improvement was observed in Updated Span, Complex Span, 
and n-back tasks. During the n-back task, the N2/P3 complex was modulated by training, with a 
decrease in N2 amplitude and an increase in P3 amplitude in the posttraining session compared to 
the pretraining session. These changes in ERP components suggest that both types of training po-
tentially reduce the need for attentional control to perform the tasks correctly and increase working 
memory capacity. Thus, based on our data, no conclusion can be reached on the direct advantage 
of combined training, either at behavioural or at neural level. However, the present study might sug-
gest an indirect advantage of such a combined training, because the cognitive benefit was found 
to be highly similar in both types of training. Using combined cognitive and physical training may 
produce a potential improvement in general fitness and an increased appeal of training. 
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INTRODUCTION

With increased life expectancy, counteracting cognitive aging has be-

come a major social concern. In fact, there is extensive literature show-

ing a decline in several cognitive functions with age (e.g., working 

memory, executive function, see Harada et al., 2013; Reuter-Lorenz & 

Cook, 2016; for reviews). However, based on the assumption of neuro-

plasticity, different interventions, such as cognitive training, physical 

training, dancing, and meditation, have been developed to preserve 

and enhance cognition in older adults (see Ballesteros et al., 2015 for 

review). It has been shown that behavioural changes due to cognitive 

and physical training might be underpinned by different neurobiologi-

cal mechanisms (for reviews, see Bamidis et al., 2014). In fact, en-

hanced performance in cognitive tasks after cognitive training seems 

to be related to the changes in brain function and structure, reflected by 

an increase in cortical thickness and grey matter volume, and improved 

structural and functional connectivity and neural activity. The en-

hancement produced by physical training is assumed to be due to bet-

ter cerebral oxygenation that, in turn, is supposed to improve neuro-

genesis, angiogenesis, synaptogenesis, and the action of neurotrophins. 

According to some authors, physical training might enhance brain 

metabolism and plasticity, while cognitive training, due to an increase 

in mental demands, might use and reinforce brain metabolism and 

guide brain plasticity (Rahe et al., 2015). Because the mechanisms un-
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derpinning changes induced by cognitive and physical training seem to 

be at least partly different, some authors have investigated the hypoth-

esis that combining these two types of training should amplify the 

positive impact of training on older adults’ cognition (see Joubert & 

Chainay, 2018; Lauenroth et al., 2016, for reviews). However, there are 

only a few studies in this population comparing combined training 

directly to cognitive or physical training alone. The results of these 

studies are rather contradictory. Some have shown greater enhance-

ment of cognitive performance in older adults after combined training 

(e.g., Linde & Alfermann, 2014; Pieramico et al., 2012; Rahe et al., 

2015; Shah et al., 2014; Theill et al., 2015), while others have not 

(Oswald et al., 2006; Shatil, 2013; Joubert & Chainay, 2019). Even fewer 

studies have investigated the impact of combined cognitive and physi-

cal training on brain structure and function in older adults, while it 

seems obvious that this type of study is necessary to fully understand 

the cognitive and cerebral mechanisms underlying this impact. For 

example, using magnetic resonance imaging (MRI), Pieramico et al. 

(2012) have shown that combined training (i.e., cognitive exercises, 

aerobic, sensorial stimuli, and fun-recreational activities) induced 

functional reorganisation in the default mode network and in the de-

fault attention network that was associated with an increase in cogni-

tive performance. Shah et al. (2014) observed increased brain glucose 

metabolism in the left sensorimotor cortex in the combined cognitive 

and physical training group (i.e., auditory and visual cognitive exer-

cises, walking, and resistance training) compared to the cognitive 

training only and the physical training only groups. However, there are 

no studies addressing this issue using electrophysiological measures 

(electroencephalography, EEG) in older adults, though some studies 

investigating the effects of cognitive training (e.g., Gaál & Czigler, 2017; 

Gajewski & Falkenstein, 2012, 2018; Küper et al., 2017; Tusch et al., 

2016; Pergher et al., 2018) or physical training alone (Fong et al., 2014; 

Gajewski & Falkenstein, 2012, 2018; Hawkes et al., 2014; Schättin et al., 

2016) on brain function in older adults with EEG have reported inter-

esting data. The EEG technique to investigate effects of cognitive or 

physical training on cognition seems of particular interest. Due to its 

excellent time resolution, it allows for analysing specific processes in-

volved in each task performance and, consequently, to better under-

stand the impact of the training on these processes. Two event-related 

potential (ERP) components are examined in particular—the N2 and 

P3—that are supposed to reflect, respectively, the mismatch/match 

process (the amplitude of N2 indicating the conflict between a cur-

rently presented stimulus and a representation being held in memory) 

and the process of event categorisation or updating in memory (the 

amplitude of P3 indicating the amount of cognitive resources engaged 

in these processes, Daffner et al., 2011). Gajewski and Falkenstein 

(2012) demonstrated that cognitive training (i.e., paper-pencil and 

computer-aided exercises), but not physical training (i.e., aerobic and 

strength exercises), improved older adults’ performance in switching 

tasks, and that this improvement was associated with enhanced N2 and 

P3b amplitudes, which are supposed to reflect response selection and 

allocation of cognitive resources, respectively. More recently, Gajewski 

and Falkenstein (2018) also demonstrated that a four-month multid-

omain paper-and-pencil and PC-based cognitive training increased 

working memory performance in older adults, as measured by the de-

tection rate in 2-back tasks, and that this improvement was accompa-

nied by an increased P3a (index of directing attention) for correct tar-

get trials, and an increased P3b (index of categorization/updating in 

working memory) in nontarget and target trials. No changes were ob-

served after physical training (cardiovascular, aerobic, and strength 

exercises), and for the passive control group. Tusch et al. (2016) did not 

observe any improvement in older adults’ performance in n-back tasks 

(0-back, 1-back and 2-back, respectively, with very mild, mild, and 

moderate working memory load) after five weeks of intensive comput-

erised cognitive training, either nonadaptive or adaptive to partici-

pant’s performance, but observed an increase in target P3a and P3b 

amplitudes after adaptive training, and a decrease in the amplitude of 

these two components after nonadaptive training. According to the 

authors, these data suggest that the adaptive working memory training 

was associated with improvement of orienting of attention and catego-

rization or updating in working memory, respectively. In addition, they 

observed that the size of the P3 component predicted performance in 

the n-back tasks, with a greater P3 amplitude associated with better 

performance. Pergher et al. (2018) have reported, in both younger and 

older adults, an improvement in trained n-back tasks and in attention, 

spatial memory, and fluid intelligence after 10 sessions of training. In 

addition, the authors demonstrated a post-training increase in the P3 

amplitude during n-back tasks that already occurred after five sessions 

of training, especially for the high working memory load, 3-back task 

level. However, concerning physical training, Fong et al. (2014) showed 

that older and younger participants who had been exercising for at 

least five years (three times a week, and for 30 minutes each session) 

with endurance activities (walking, jogging), or Tai Chi Chuan had 

shorter RTs in switching tasks and a greater P3 amplitude during this 

task execution than sedentary older adults. In addition, younger adults 

had a lower switch cost associated with a shorter P3 latency than the 

three older groups, without significant differences between these three 

groups. Hawkes et al. (2014) reported data going in the same direction. 

They observed that older practitioners of Tai Chi Chuan, meditation, 

and aerobic fitness exhibited shorter RTs in visuo-spatial switch tasks 

than sedentary older adults, and that the two first groups exhibited a 

lower switch cost and greater P3b amplitudes than the sedentary group, 

with no significant differences between the aerobic fitness groups and 

all other groups. In addition, Schättin et al. (2016) demonstrated that, 

unlike the conventional balance training control, video game-based 

physical training produced a decrease in relative theta power in the 

prefrontal cortex and greater improvement in executive function tasks. 

In sum, there are several sources of evidence that both cognitive 

and physical training might improve working memory performance 

(e.g., on n-back tasks), and executive function tasks (e.g., switching 

tasks) in older adults, and might enhance their brain activity during 

the execution of these tasks. Thus, we hypothesised that both types of 

training would produce better performance in our working memory 

(n-back, Updated Span task, Complex Span task) and executive func-

tion tasks (Plus Minus task, Flanker task). As regards n-back tasks, 
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this improvement was especially expected in the 2-back and 3-back 

conditions that impose increasing demands on cognitive processes 

such as attention orienting, switching, and updating that the training is 

supposed to improve. Moreover, these processes are frequently shown 

to become less efficient with age (e.g., Harada et al., 2013). We also ex-

pected that combined cognitive and physical training would produce 

a greater improvement in performance than cognitive training alone. 

However, to our knowledge, there are no studies examining whether 

combining cognitive and physical training induces greater changes in 

ERPs in older adults. Thus, the purpose of the present study was to 

compare the effects of cognitive training alone to the effects of com-

bined cognitive and physical training on working memory ERPs in 

older adults, as measured by the n-back task, and on the performance 

in working memory (n-back, Complex Span task, Update Span Task) 

and executive function (Flanker task, Plus Minus task) tasks. Given 

that cognitive and physical training are supposed to act via different 

mechanisms upon brain function, we hypothesised that combining 

both types of training in the same intervention would produce greater 

effects than cognitive training alone. We have chosen to use the n-back 

task to examine this question because several studies have already 

used it to investigate the effects of cognitive or physical training alone 

on working memory ERPs, and because this task allows for measur-

ing the impact of training on specific processes involved in working 

memory (e.g., updating, attention directing). In addition, because of 

the increase of the cognitive demands as a function of the increased 

difficulty of the n-back task, this task allows to investigate the benefit 

of different training types as a function of demands imposed on work-

ing memory. At the electrophysiological level, we expected greater P3 

amplitudes during the n-back task performance after both types of 

training. In particular, we expected the changes in the amplitudes to 

be greater after combined cognitive and physical training than after 

cognitive training alone, especially on the 2-back and 3-back tasks.

METHOD

Participants

The sample of the present study was a subgroup of 22 older adults 

participating in a larger study (Joubert & Chainay, 2019) for whom 

EEG recordings during the n-back task performance were carried 

out before and after cognitive or combined cognitive and physical 

training. Twelve participants underwent cognitive training (the COG 

group), and 10 participants underwent combined cognitive and physi-

cal training (the CAP group). The demographic characteristics and 

general cognitive and mental state of the participants are presented 

in Table 1. The neuropsychological assessment included paper-and-

pencil tests and questionnaires. We assessed global cognition with the 

Montreal Cognitive Assessment (MoCA, Nasreddine & Chertkow, 

2017), memory with the Rey Auditory Verbal Learning test—French 

version (RAVLT, Mitrushina et al., 1991), switching with the Trail 

Making Test (TMT A/B, Reitan, 1958), verbal fluency (Cardebat et al. 

, 1990), short-term memory, and working memory with the Wechsler 

Adult Intelligence Scale (WAIS) digit span subtest (Erdodi et al., 

2017), and visual inhibition with the Victoria Stroop test (Troyer et 

al., 2006). Autonomy was assessed using the Instrumental Activities 

of Daily Living (IADL, Lawton & Brody, 1970), memory disorders 

with the McNair-15 items (McNair & Kahn, 1983), mood with the 

Geriatric Depression Scale  (GDS, Yesavage et al., 1982), sleep with the 

Pittsburgh Sleep Quality Index (PSQI, Buysse et al., 1989), quality of 

life with the SF-12 (Gandek  et al., 1998). Several neuropsychological 

tests and questionnaires were also performed after training (see Table 

3) in order to see whether the expected benefit can be captured by 

paper-and-pencil tests usually used in clinical evaluations of working 

memory and executive functions, but also to see whether this benefit 

can be observed on the patients’ quality of life. The participants also 

completed sociodemographic and sociocultural questionnaires to al-

low us to collect data about medication, housing, and cultural, social, 

and physical activities. These data are not presented here, as they are 

already presented in Joubert and Chainay (2019).

There were no significant differences in cognitive status at baseline 

and in demographic data between the cognitive training and combined 

cognitive and physical training groups (all ps >.1). The CONSORT 

(Consolidated Standards of Reporting Trials) flowchart for a global 

study is presented in Joubert and Chainay (2019). Prior to taking part 

in the study, all participants had given their written, informed consent. 

The study was approved by the Independent Ethics Committee, South-

East II (Comité de Protection des Personnes, Sud-Est II, IRB number: 

00009118). 

Procedure

TRAINING
All inclusion and exclusion criteria and the training procedure are 

described in detail in Joubert and Chainay (2019). Training lasted eight 

weeks, with two 1-hour sessions per week, leading to a total of 16 ses-

sions of training. The choice of the number of sessions, their frequency, 

and duration were chosen based on reviews of the literature and their 

recommendations concerning the training dosage necessary to obtain 

significant effects on cognition (Joubert & Chainay, 2018; Kelly et al., 

2014; Lampit et al., 2014). Twelve participants underwent cognitive 

training, including two sessions of cognitive exercises using a comput-

er-based program (HAPPYneuron Professional, SBT product; https://

www.happyneuronpro.com), one in a laboratory and one at home, and 

10 participants underwent combined cognitive and physical training 

including one session of physical exercise (walking on a treadmill) per 

week in a laboratory and one session of cognitive exercises at home. 

The cognitive training exercises targeted executive functions (plan-

ning, reasoning, and switching), and working memory (maintenance, 

processing, and updating). Studies comparing combined physical and 

cognitive training with physical or cognitive training alone are faced 

with the difficult choice of either increasing the number of sessions, in-

creasing their duration by adding the two types of training together, or 

halving them to maintain the same number and duration for combined 

training and physical and cognitive training alone. A third possibility 
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is to propose simultaneous training. In our study, it would be walking 

on the treadmill while performing cognitive tasks. Neither choice is 

particularly better, as all of them have their advantages and drawbacks 

(Joubert & Chainay, 2018). In the present study, we chose the second 

solution.

BEHAVIOURAL MEASURES
Main working memory task: n-back task. The n-back task (based 

on Missonier et al., 2011), was performed one week before and one 

week after the end of the training. The behavioural and EEG data were 

recorded during these two sessions. The n-back task was programmed 

and run using E-prime 2.0 professional (Psychology Software Tools, 

Pittsburgh, PA). A continuous stream of letters (pseudo-randomised 

sequences of vowels and consonants) was presented to the participants, 

and they were required to press a specific keyboard button with the 

index finger of their right hand as soon as a target was presented on the 

computer screen. There was no motor response for nontarget stimuli. 

Targets were defined according to the n-back task, that is, a stimulus 

becomes a target if it is identical to the stimulus presented n-stimuli 

previously. We used 0-back, 2-back, and 3-back tasks. In the 0-back 

task, the target was the letter X, and the participants were required to 

press a key as quickly as possible each time this letter appeared on the 

screen. In the 2-back and 3-back tasks, the target was any letter that 

was identical to the one presented two trials back and three trials back, 

respectively. We chose the 0-back as a control condition which does not 

involve working memory processes as a way to examine whether the 

benefits of training are specific to working memory or not, as well as 

two highly demanding 2-back and 3-back tasks to explore the training-

related ERP difference in the presence of increasing working memory 

load. We expected that this would be more visible on the 2-back and 

3-back tasks than on the 0-back task because it is a less demanding task 

and without involving working memory processes.

The stimuli were black letters, Arial font, size 50, presented on a 

grey background. They were presented in the middle of the screen for 

500 ms separated by a 3 s interstimulus interval (ITI) composed, in 

chronological order, of a 2 s period during which blinking was allowed, 

and 1 s of a fixation cross that alerted the participants to stimulus 

presentation. The protocol was composed of nine sequences (three 

0-back task sequences, three 2-back task sequences, three 3-back task 

sequences). Based on the procedure of Missonier et al. (2011), the par-

ticipants started with one 0-back sequence, continued in order with 

three 2-back sequences and three 3-back sequences, and ended with 

two 0-back sequences. In each sequence, 40 letters were presented 

including 13 targets, giving 120 trials with 39 targets per n-back task.

Electrophysiological recording and preprocessing. Continuous 

EEG (Actichamp, Brain Amp; BrainVision 2; Brain Products GmbH) 

data were recorded by means of 64 active Ag-AgCl electrodes mounted 

on an elastic cap in the standard 10-10 locations (EASYCAP GmbH, 

Herrsching, Germany). The setup included eight midline sites and 28 

sites over each hemisphere. One additional electrode, placed on the 

nasal wall, was used as an online reference. A horizontal and vertical 

electrooculogram (EOG) was recorded using bipolar electrodes placed 

below and above the right and left eyes, and at the outer canthus of 

each eye. Skin impedance was kept below 10 kΩ. The continuous EEG 

was digitised at 500 Hz, with a lower cut-off of 0.01 Hz, and an upper 

cut-off of 140 Hz.

The EEG signal was analysed using Brain Analyzer Software. Eye-

blink artifacts were corrected using independent component analysis. 

The EEG signals were filtered offline using a 0.01 Hz high-pass, a 30 Hz 

low-pass, and a notch of 50 Hz. The ERPs were calculated by averaging 

the EEGs time-locked to a point 100 ms prestimulus onset and last-

ing until 700 ms poststimulus onset. A -50 +50 ms prestimulus period 

was used as the baseline. We removed all the trials associated with 

incorrect responses (21.94% of trials). Moreover, only trials without 

muscle artifacts or eye movement/blink activity were included in the 

averaging process (5.47% of trials eliminated). Furthermore, the data 

from two participants in the cognitive training group were excluded 

from analysis, since the number of correct trials without artifacts was 

less than five trials in the 3-back condition. These resulted in a highly-

similar amount of error-free and artifact-free segments across both 

groups as well as across sessions (CAP group: pretest: 93.59% for the 

0-back condition, 67.31% for the 2-back condition, and 49.36% for the 

3-back condition; posttest: 96.47% for the 0-back condition, 75.32% 

for the 2-back condition, and 53.53% for the 3-back condition; COG 

group: pretest: 95.51% for the 0-back condition, 69.66% for the 2-back 

condition, and 54.70% for the 3-back condition; posttest: 92.09% for 

the 0-back condition, 68.59% for the 2-back condition, and 54.91% for 

the 3-back condition; see Table 2 for further information). Then, only 

these artifact-free and error-free segments were averaged and analysed.

Other working memory and executive tasks. In addition, during 

separate sessions, two weeks before and after training, other primary 

TABLE 1.  
Demographic Characteristics and General Cognitive and 
Mental State of the Participants

Variable

Cognitive 

training only 

(n = 12) M 

(SD)

Combined 

cognitive and 

physical training 

(n = 10)

M (SD)

t/χ2 p

Age 69.5 (4.3) 68.8 (1.8) t(1, 20) = .47 .84

Education (in years) 15.1 (2.9) 15.1 (3.0) t(1, 20) = .06 .95

Gender: Male/Female 4/8 4/6 χ2(2) = 0.10 ns

MoCA (max = 30) 27.8 (1.6) 27.3 (1.6) t(1, 20) = .75 .46

IADL (max = 8) 7.2 (1.4) 7.1 (1.5) t(1, 20) = .25 .81

PSQI (max = 21) 5.3 (3.1) 4.9 (2.5) t(1, 20) = .35 .73
RAVLT 
(Total recall max = 75)

45.7 (16.7) 56.3 (3.1) t(1, 20) = −1.9 .06

Forward Digit Span 9.25 (1.9) 9.00 (1.5) t(1, 20) = .59 .57

Backward Digit Span 8.6 (2.2) 7.7 (.90) t(1, 20) = 1.2 .24

Sequencing Digit Span 8.3 (1.9) 8.3 (1.7) t(1, 20) = .04 .96
Victoria Stroop 
(Interference score)

0.76 (.78) 0.62 (.85) t(1, 20) = .38 .71

Note. MoCA = Montreal Cognitive Assessment; IADL = Instrumental 

Activities of Daily-Living; PSQI : Pittsburg Sleep Quality Index; 

RAVLT = Rey Auditory Verbal Learning Test
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outcome measures concerning working memory and executive func-

tions were performed (see Joubert & Chainay 2019, for a full descrip-

tion of these tasks). Four computerized tests were used. The Plus Minus 

task (Ranchet et al., 2010) was used for measuring flexibility and 

switching. In this task, the participants perform a series of additions, 

then of subtractions, and finally, of alternating additions and subtrac-

tions. For each participant, the mean scores for correct responses and 

mean RTs were computed for each condition, and the flexibility cost 

was calculated for the correct responses and RTs by subtracting mean 

performance in the first two conditions (additions and subtractions) 

from the mean performance in the third condition (alternating ad-

ditions and subtractions). The Flanker test (Eriksen & Eriksen, 1974, 

Colcombe et al., 2004) was used for measuring visual attention and 

inhibition. In this task, the participants have to indicate in the direction 

of a central arrow in a sequence of five arrows pointing either all in the 

same direction or with the central arrow pointing in a different direc-

tion than the other arrows. For each participant, mean scores for cor-

rect responses and mean RTs were computed for each condition (same 

or different direction). The Updated Span task (Bunting et al., 2006) 

was used for evaluating updating. In this task, the participants have 

to recall the last three numbers of the sequences of different length 

presented in random order. For each participant, mean score of correct 

recall per sequence and mean RTs were calculated. The Complex Span 

task (Unsworth & Spillers, 2009) was used for measuring maintenance 

in working memory. In this task, the participants have to remember 

the series of five letters and to perform even/odd decisions on numbers 

that are presented between the letters. For each participant, mean score 

of correct recall per series and mean RTs were calculated.

Statistical Analyses

NEUROPSYCHOLOGICAL TESTS
The analysis of neuropsychological tests performed before and 

after the training was done to test whether the benefit of training 

can be observed via the clinical measures of working memory and 

executive function, but also to test the impact of the training on the 

patients’ quality of life. Mixed analyses of variance (ANOVAs) for 

each test were performed with the within-subject factor of test (pre-

training and posttraining) and the between-subjects factor of group 

(COG and CAP). Table 3 shows the results of these tests.

OTHER EXECUTIVE FUNCTION AND WORKING MEMORY 
TASKS

To analyse the effect of training on executive function and work-

ing memory task performance, we performed multivariate analyses 

of variance (MANOVAs) on correct responses and RTs with group 

(COG and CAP) as the between-subjects factor and test (pretraining 

and posttraining) as the within-subject factor. This analysis included 

results from Plus Minus task (flexibility cost for correct responses 

and RT), Flanker task (mean correct response and RT), Complex 

Span task (mean correct recall and RT) and Update Span task (mean 

correct recall and RT). Following the suggestions by Olson (1974), 

we report Pillai’s trace statistics, assuming that it yields the most 

robust outcome. This analysis was completed by univariate analysis 

where necessary.

N-BACK TASK
To analyse the effect of training on the n-back task, we con-

ducted ANOVAs on correct responses and RTs for targets with 

group (COG and CAP) as the between-subjects factor, and two 

within-subject factors, test (pretraining and posttraining) and task 

(0-back, 2-back, and 3-back). Equality of variance was checked with 

Levene’s test, sphericity was checked with Mauchly’s test, and the 

Greenhouse–Geisser correction (Geisser & Greenhouse, 1959) was 

applied in cases of lack of sphericity in the data (corrected p values 

are reported).

EVENT-RELATED POTENTIAL DATA
Following visual inspection and based on the relevant literature 

(Gajewski & Falkenstein, 2012; 2018; Tusch et al. 2016), analyses 

of mean amplitudes were run in two successive time-windows: 

250–380 ms and 380–640 ms. For the N200 and P300 amplitudes, 

separate sets of repeated-measures ANOVAs were conducted on the 

data from each of the two time-windows on 15 central electrode sites 

(i.e., F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, CP2, P1, Pz, 

and P2, see Figure 1; see Tusch et al., 2016, for similar selections of 

electrode sites). These ANOVAs included the test (pretraining and 

posttraining), task (0-back, 1-back, and 3-back), anterior-posterior 

(frontal, fronto-central, central, centro-posterior, and posterior), 

and laterality (left, midline, and right) factors. The topographical 

factors (i.e., anterior-posterior and laterality) provided a more pre-

cise analysis by breaking the scalp up into regions (left and right, 

front and back), at the same time allowing single or small clusters 

of sites to influence the analysis. In all these statistical analyses, the 

Greenhouse–Geisser correction (Geisser & Greenhouse, 1959) was 

applied in cases of lack of sphericity in the data (corrected p values 

are reported).

TABLE 2.  
Total Numbers, Min-Max Values, and Percentages of Trials 
Included in the ERP Analyses for Each Experimental Condition

Total numbers of 

Trials

Min-max values of 

error-free and artifact-

free trials

Percentage of trials 
included in the 

analyses
CEP group CEP group CEP group

Pre-
training

Post-
training

Pre-
training

Post-
training

Pre-
training

Post-
training

0-back 292 301 32-39 33-39 93,59 96,47
2-back 210 235 19-33 23-35 67,31 75,32

3-back 154 167 11-23 13-30 49,36 53,53

CCO group CCO group CCO group
Pre-

training
Post-

training
Pre-

training
Post-

training
Pre-training

Post-
training

0-back 447 431 26-39 30-39 95,51 92,09

2-back 326 321 13-36 18-35 69,66 68,59

3-back 256 257 12-35 15-29 54,70 54,91
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RESULTS

Behavioural Results

NEUROPSYCHOLOGICAL TESTS
The ANOVAs did not reveal any significant effects of group, test, 

nor any interactions between these two factors for GDS, MacNair, 

mental and physical SF12, category and lexical fluency, and TMT B-A 

in the combined cognitive and physical training group (all ps > .05). 

The significant effect of test, F(1, 19) = 6.49, p < .02 ηp
2 = .26, and the 

interaction between test and group, F(1, 19) = 5.3, p < .04 ηp
2 = .22, 

were observed only for the MacNair test. For the COG group only, the 

performance after the training was significantly better than before the 

training, t(11) = -3.7, p < .009, d = .80, CI [.90 ; 7.9] (means: pretraining 

= 13.8 (SD = 6.7), post-training = 18.2 (SD = 6.4). The means and the 

SDs are presented in Table 3 for pre- and post-training measures.

EXECUTIVE FUNCTION AND WORKING MEMORY TASKS
For correct responses, the MANOVA did not show a significant 

effect of test, F(7, 14) = .74, p = .64, ηp
2 = .27, group, F(7, 14) = 1.2, p = 

.34, ηp
2 = .38, and the group × test interaction, F(7, 14) = .53, p = .79, 

ηp
2 = .21. The univariate analysis did not show significant effects either. 

For RTs, the MANOVA showed a significant effect of test, F(7, 14) 

= 4.3, p < .01, ηp
2 = .68. The effects of group, F(7, 14) = 1.1, p = .42, ηp

2 

= .35, and the group × test interaction, F(7, 14) = .62, p = .59, ηp
2 = .29, 

were not significant. The univariate analysis showed significant effects 

for the Updated Span task and Complex Span task with numbers and 

letters. For the Updated Span task, the effect of test was significant, F(1, 

20) = 12.3, p = .002, ηp
2 = .38, with RTs being faster after training (M 

= 3870 ms, SE = 361) than before training (M = 4193 ms, SE = 334). 

The effects of group, F(1, 20) = 2.7, p = .11, ηp
2 = .12, and the group ×  

test interaction, F(1, 20) = 2.64, p = .12, ηp
2 = .12, were not significant. 

For the Complex Span Task with numbers and with letters, the effect 

of test was significant, respectively, for numbers, F(1, 20) = 5.2, p = 

.033, ηp
2 = .21, with RTs being faster after training (M = 1432 ms, SE = 

136) than before training (M = 1600 ms, SE = 137), and for letters, F(1, 

20) = 8.9, p = .007, ηp
2 = .31, with RTs being faster after training (M = 

8572 ms, SE = 1322) than before training (M = 10260 ms, SE = 1251). 

The effect of group was not significant, respectively, for numbers, F(1, 

20) = .21, p = .65, ηp
2 = .01, and for letters, F(1, 20) = 0.7, p = .79, ηp

2= 

.003. The group × test interactions were not significant, respectively, 

for numbers, F(1, 20) = .63, p = .43, ηp
2 = .03, and for letters, F(1, 20) = 

1.05, p = .32, ηp
2 = .05. 

There were no statistically significant test and group effects and 

group × test interactions for the two other tasks, Plus Minus and 

Flanker.

N-BACK TASK
The ANOVA on correct responses for targets showed a significant 

effect of task, F(2, 40) = 100.3, p < .001, ηp
2 = .64. Participants per-

formed better in 0-back tasks (M = 39.0, SE = .34) than in 2-back (M 

= 30.2, SE = .87) and 3-back tasks (M = 21.4, SE = .55, both ps < .001), 

and better in 2-back tasks than in 3-back tasks (p < .001). The effect of 

test was also significant, F(1, 20) = 10.2, p < .005, ηp
2 = .009, with better 

performance in the post-training session (M = 31.01, SE = 1.0) than in 

the pretraining session (M = 29.3, SE = 1.2). The effect of group, F(1, 

20) = 1.5, p = .22, ηp
2 = .07) and the group × test interaction, F(1, 20) 

= .051, p = .48, ηp
2 = .000, group × task interaction, F(2, 40) = 3.12, p = 

.055, ηp
2 = .02, task × test interaction, F(2, 40) = 1.16, p = .32, ηp

2 = .004, 

FIGURE 1.

Electrodes montage with regions used in the statistical analy-
ses highlighted.

TABLE 3.  
Group Scores in Neuropsychological Tests Performed at 
Pretest and Post-test

Variable Test
Cognitive training only 

(n = 12), M (SD)

Combined cognitive 

and physical training 

(n = 10), M (SD)

GDS (max=15)
Pre-Test 1.58 (2.4) 1.70 (3.3)
Post-Test 1.25 (1.8) 1.55 (1.8)

McNair(max=45)
Pre-Test 13.8 (6.7) 12.6 (4.5)
Post-Test 18.2 (6.4) 12.6 (4.4)

SF-12 Mental
Pre-Test 51.4 (7.2) 52.2 (5.2)
Post-Test 49.8 (7.8) 53.7 (3.1)

SF-12 Physical
Pre-Test 54.3 (5.9) 53.2 (9.9)
Post-Test 55.5 (5.7) 52.7 (9.0)

Verbal fluency
(Lexical, Z score)

Pre-Test 0.85 (0.9) 0.80 (0.9)
Post-Test 0.69 (1.9) 1.14 (1.7)

Verbal fluency
(Categorial, Z score)

Pre-Test −0.55 (0.7) 0.17 (0.6)
Post-Test 0.62 (1.8) 0.54 (0.9)

TMT (B-A, Time, 
Z score)

Pre-Test 0.69 (0.5) 0.34 (0.6)
Post-Test 0.76 (0.4) 0.27 (0.6)

Note. GDS = Geriatric Depression Scale; SF-12 : medical outcome 

study Short Form 12  items; TMT = Trail Making Test.

http://www.ac-psych.org


ADVANCES IN COGNITIVE PSYCHOLOGYRESEARCH ARTICLE

http://www.ac-psych.org2021 • volume 17(1) • 58-6964

and group × test × task interaction, F(2, 40) = .72, p = .49, ηp
2 = .002, 

were not significant (see Figure 2).  

The ANOVA on RTs corresponding to correct responses for targets 

showed a significant effect of task, F(2, 40) = 27.623, p < .001, ηp
2 = .24. 

Participants performed faster in 2-back tasks (M = 369 ms, SE = 11.6) 

than in detection tasks (M = 488 ms, SE = 9.8) and 3-back tasks (M = 409 

ms, SE = 17.1, both ps < .001), and better in 2-back tasks than in 3-back 

tasks (p < .001). The effect of group, F(1, 20) = .003, p = .957, ηp
2 = .000, 

and test, F(1, 20) = .96, p = .338, ηp
2 = .002, as well as the group × test 

interaction, F(1, 20) = .94, p = .344, ηp
2 = .002, group × task interaction, 

F(2, 40) = .86, p = .428, ηp
2 = .008, task × test interaction, F(2, 40) = .645, 

p = .53, ηp
2 = .003, and group × test × task interaction, F(2, 40) = .099, p 

= .906, ηp
2 = .001, were not statistically significant.  

ELECTROPHYSIOLOGICAL DATA
N2–250-380 ms time-window. In this time-window, there was a 

significant main effect of test, F(1, 19) = 9.27, p = .007, ηp
2 = .328. The N2 

response to the n-back tasks in the pretraining session was associated 

with more negative waveforms than the N2 response to the n-back tasks 

in the post-training session, regardless of task difficulty (see Figures 3 

and 4). The effect of task was not statistically significant, F(2, 38) = 2.48, 

p = .104, ηp
2 = .116. However, the interaction between task and anterior-

posterior was significant, F(8, 152) = 8.18, p = .001, ηp
2 = .301. This 

reflects the fact that the task effect was only significant on the central-

parietal (central-parietal sites: F[2, 38] = 3.80, p = .041, ηp
2 = .167), and 

parietal sites (F[2, 38] = 3.96, p = .037, ηp
2 = .173). Follow-up analyses 

revealed that responses to 3-back tasks were associated with less negative 

waveforms than responses to 0-back tasks (centro-parietal sites: F[1, 19] 

= 5.79, p = .026, ηp
2 = .234; parietal sites: F[1, 19] = 6.02, p = .024, ηp

2 = 

.241), while responses to 2-back tasks did not differ significantly from 

responses to 0-back tasks or from responses to 3-back tasks (all ps > 

.1). The interaction between test and task was not statistically significant 

for any of the electrode configurations in this time-window (all ps > .1).

P3–380-640 ms time-window. In this time-window, there was a 

marginal main effect of test, F(1, 19) = 4.09, p = .057, ηp
2 = .177. The P3 

response to the n-back tasks in the pretraining session was associated 

with slightly less positive waveforms than the P3 response to the n-back 

tasks in the post-training session, regardless of task difficulty. The task 

effect was also significant, F(2, 38) = 8.49, p = .002, ηp
2 = .309. Follow-up 

analyses revealed that the main task effect was due to a decrease in P3 

amplitude as the difficulty of the task increased. The P3 amplitude for 

0-back tasks was greater than for 2-back tasks, F(1, 19) = 10.86, p = .004, 

ηp
2 = .364, and greater than for 3-back tasks, F(1, 19) = 9.83, p = .005, ηp

2 

= .341, whereas the P3 amplitude for 2-back tasks did not differ from 

the P3 amplitude for 3-back tasks, F(1, 19) < 0.01, p = . 985, ηp
2 = .000. 

The interaction between test and task was not statistically significant for 

any of the electrode configurations in this time-window (all ps > .1; see 

Figures 3 and 4).

DISCUSSION

The aim of the present study was to compare the effects of combined 

cognitive and physical training to the effects of cognitive training alone 

on working memory performance and ERPs in older adults, as meas-

ured by the n-back tasks. In addition, participants were also tested with 

four other tasks measuring working memory and executive functions 

to gain a better understanding of the effects of these two types of train-

ing on older adults’ cognition. 

At the behavioural level, we observed a general improvement 

in correct target detection in the n-back tasks after training, inde-

pendently of training type and the n-back task condition. It should 

be noted that this task effect seems to be mainly driven by the post-

training improvement, especially in 2-back and 3-back conditions 

(performance in the 0-back condition was almost identical before and 

after training and was at ceiling level, see Figure 2).  Thus, our data 

seem to suggest that training, both cognitive or combined cognitive 

and physical, improved working memory capacity, as measured by the 

n-back task relying on updating and maintenance in working memory. 

However, this suggestion has to be taken with caution because of the 

small sample size of our two groups of training and a possible lack of 

FIGURE 2.

Mean of correct responses (max = 39) in n-back tasks obtained by COG and CAP groups 
before (pretest) and after training (post-test): 0-back, 2-back and 3-back.
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statistical power. These data are in contradiction with data reported 

by Tusch et al. (2016), where no enhancing effect of cognitive train-

ing was observed on 0-back, 1-back, and 2-back tasks performance. 

However, our behavioural data support the results by Pergher et al. 

(2018), showing improvement in target detection in the n-back task 

(2-back and 3-back conditions) in both younger and older adults after 

10 sessions of cognitive training consisting of n-back tasks. They also 

supplement these observations by showing that the improvement in 

working memory can be obtained due to a transfer of training effect. 

In fact, in our study, unlike in Pergher et al., we did not train partici-

pants to perform the n-back tasks. They performed other exercises that 

involved working memory and executive function capacities. Thus, the 

post-training improvement we observed in n-back task performance 

was due to the transfer of cognitive competences necessary to complete 

this task that were acquired during training. Our data are also, at least 

partly, consistent with the data reported by Gajewski and Falkenstein 

(2018), who observed that cognitive training, but not physical training 

alone, improved target detection in the 2-back task (the 3-back task 

was not used in this study). Gajewski and Falkenstein’s data suggest 

that cognitive training might be more effective than physical training 

in improving working memory capacity. As we did not observe any 

statistically significant differences between the cognitive training and 

combined cognitive and physical training groups in post-training 

performance in n-back tasks, our data seem to suggest that both type 

of exercises, physical and cognitive, can have some positive effects on 

working memory capacity. In our study, the combined cognitive and 

physical training group performed half of the cognitive exercises per-

formed by the cognitive training group. Thus, our data suggest that it is 

possible to substitute some cognitive exercises with physical exercises 

and still obtain similar training benefits. However, contrary to the stud-

FIGURE 3.

Grand average ERPs corresponding to pretest conditions over 9 central electrode sites (F1, Fz, F2, C1, 
Cz, C2, P1, Pz, and P2) for the detection (black lines), 2-back ( red lines) and 3-back tasks (blue lines).

FIGURE 4.

Grand average ERPs corresponding to post-test conditions over 9 central electrode sites (F1, Fz, F2, 
C1, Cz, C2, P1, Pz, and P2) for the detection (black lines), 2-back (red lines) and 3-back tasks (blue lines).
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ies by Gajewski and Falkenstein (2018) and Pergher et al. (2018), we 

did not observe any improvements in target detection RTs. 

In addition, in two (Updated Span and Complex Span) of the four 

tasks also measuring working memory and executive functions, par-

ticipant performance was significantly better after training than before, 

regardless of the training type. Thus, in all, our data suggest that both 

cognitive and combined cognitive and physical training improved 

updating and maintenance in working memory. However, because 

the two tasks were performed twice, we cannot exclude the possibility 

that the observed post-training improvement of performance is due, at 

least partly, to retest effects. On the other hand, it seems that none of 

this training improved mental flexibility, visual attention, or inhibition, 

as we did not observe any significant increases in performance after 

training in the Plus Minus and Flanker tests. This may be due to the 

nature of our cognitive training, which may have contained exercises 

that involved less inhibition and flexibility processes than updating and 

maintenance in working memory. 

Overall, the behavioural data of our study support the hypothesis 

that cognitive or combined cognitive and physical training may im-

prove working memory in older adults, although this improvement is 

probably not systematically transferable to all working memory tasks. 

However, they do not support the hypothesis of a more significant ef-

fect of combined training on working memory performance. However, 

because participants in the combined cognitive and physical training 

group performed half as many cognitive exercises as participants in 

the cognitive training group, and because the training benefits were 

similar in both groups, our data suggest that it is possible to substitute 

some parts of cognitive training without affecting the benefits, or, more 

simply, that only one session of one hour per week of cognitive training 

seems to be sufficient to produce some benefits on working memory 

performance. Although we cannot infer a direct advantage of  com-

bined training over cognitive training alone in improving older adults’ 

working memory, at least at the behavioural level, our data suggest that 

combining these two types of exercises may offer some advantages, 

such as making the training more appealing and stimulating, and also 

potentially more beneficial for the general health and fitness of older 

adults. 

Concerning the ERP data related to the performance in n-back 

tasks, we observed some changes between pretraining and post-train-

ing, regardless of training group. First of all, the N2 amplitude decreased 

after training. These data are inconsistent with the study by Gajewski 

and Falkenstein (2012), highlighting an increase in N2 amplitude after 

cognitive training. However, on the one hand, in their study, ERPs were 

recorded during switching tasks and, on the other, there are some data 

in the literature suggesting that the decrease in N200 after training 

is not incompatible (e.g., Isbel et al., 2019; Song et al., 2005). The in-

crease in N2 after training in older adults has frequently been reported 

in switching tasks, and it has been suggested that it might be due, at 

least partly, to the improvements in response selection in conflicting 

situations (see Gajewski et al., 2018). Concerning the n-back task, one 

recent study by Covey, Shicard & Shucard (2019) with younger adults 

showed that the N2 amplitude increased after training and interpreted 

these findings as a reflection of an improvement in conflict monitoring 

and sequential mismatch identification. However, to our knowledge, 

there are no such studies on healthy elderly samples. 

Overall, the N2 has been hypothesised as reflecting cognitive 

processes underlying response selection (Ritter et al., 1982). However, 

more recently, Folstein and Van Petten (2008) suggested that the 

N2 component is thought to comprise a family of subcomponents 

that reflect different cognitive processes, such as cognitive control 

(frontocentral component), novelty detection (anterior frontocentral 

component), and visual attention. Gilbert et al. (2001) proposed that 

one of the consequences of learning is that task performance is less 

dependent on attentional control, and according to Song et al. (2005), 

this might be reflected at the neural activity level by decreased N2 am-

plitudes during visual learning. Recently, Isbel et al. (2019) observed 

a decrease in the N2 amplitude in older adults during an auditory 

oddball task performance after either mindfulness or computer-based 

training, and suggested that this might reflect improved allocation of 

attentional resources in older adults due to training. Thus, it is possible 

that the decrease in the N2 amplitude in the present study, after both 

cognitive and combined cognitive and physical training, might be due 

to improved allocation of attentional resources needed for updating 

information while executing the n-back tasks.

This interpretation also fits with the task effect found at the centro-

paretial and parietal electrode sites in the N2 component. Whereas an 

anterior N2 has been related to the detection of novelty, a posterior N2 

has been associated with focusing of attention in the visual search para-

digm, among others (Luck & Hillyard, 1994). Therefore, in addition to 

the test effect, the task effect observed over more parietal sites seems to 

reflect the degree of attention required as a function of task difficulty. 

That is, the more difficult the task, the more attention is required for 

performing it. Even though there are differences in scalp distribution 

across previous studies and the present results, it seems that the N2 

component may reflect the conflict between a template (here, the tar-

get) and the mentally stored item (see Vogel & Machizawa, 2004), the 

match/mismatch process being dependent on attention allocation.

Regarding the P3, although the test effect was marginally signifi-

cant, an increase in the amplitude was observed after training in both 

groups, regardless of the n-back task difficulty. Our data are in line with 

the data reported by Gajewski et al. (2018), who also showed an in-

crease in P3 after cognitive training for 0-back and 2-back conditions. 

They are also consistent with the Tusch et al. (2016) study highlighting 

an increase in P3 after adaptive cognitive training in 1-, 2- and 3-back 

tasks. In these studies, there was no combined cognitive and physical 

training group. However, in Gajewski et al. (2018), a physical training 

group was included, and any significant modulation of P3 amplitude 

was reported for this group. This may suggest that the increased P3 

amplitude, undifferentiated in the current study, could be explained by 

the fact that both groups performed some cognitive tasks during train-

ing, though to a lesser degree for the combined cognitive and physical 

training group. The suggestion seems to be in line with the Pergher et 

al. (2018) study. Indeed, the authors demonstrated that the increase 

in the P3 amplitude may be observed even after a somewhat reduced 
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amount of cognitive training (after five sessions). More specifically, 

Pergher et al. (2018) demonstrated that the P3 amplitude increased 

after five sessions of training composed of n-back tasks, for 1-, 2- and 

3-back conditions, although the greatest increase was observed for the 

most difficult level. The P3 component is supposed to reflect work-

ing memory capacity (e.g., Polich, 2007), more specifically, updating 

processing (Donchin & Coles, 1988) or processing capacity in general 

(Kok, 2001). Thus, our data suggest that both cognitive and combined 

cognitive and physical trainings may improve working memory capac-

ity. 

Limitations and Conclusion
The main limitation of our study is the small number of participants 

in each training group. In fact, we analysed ERP data from only 10 

participants who underwent cognitive training and from 10 par-

ticipants who underwent combined cognitive and physical training. A 

second major limitation is the lack of a control group not taking part 

in training. Thus, at least in part, the improvement of performance we 

observed in working memory tasks could be explained by retest effects. 

Thus, further studies including more participants and a control group 

are necessary to confirm our observations. In addition, to fully test the 

potential advantages of combined cognitive and physical training on 

working memory and executive function, further studies should also 

include a group of participants that would undertake physical training 

only. Potentially, it would also be interesting to include a young adult 

control group to assess age-related differences in effects of these differ-

ent types of training.  

In conclusion, the aim of the present study was to investigate the 

advantages of using combined cognitive and physical training over 

cognitive training only in improving working memory and executive 

functions in healthy older adults. Based on our data, no such direct 

advantage can be inferred, either at the behavioural or neural level. In 

fact, after both types of training, participants improved their perfor-

mance in the working memory tasks. However, no improvement was 

observed for executive tasks. The observed improvement was associ-

ated with a reduction in the N2 amplitude and increased P3 amplitude. 

These changes in ERP components suggest that both types of training 

potentially reduce the need for attentional control to perform the tasks 

correctly and increase working memory capacity. Because the effects 

on cognition after combined cognitive and physical training were simi-

lar to those due to cognitive training, it may be suggested that there is 

an indirect advantage, a potential improvement in general fitness, and 

increased appeal of training, in using combined cognitive and physical 

training. 
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