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Abstract

Background: While many studies confirm the positive effect of cognitive and physical training on cognitive

performance of older adults, only little is known about the effects of simultaneously performed cognitive and

physical training. In the current study, older adults simultaneously performed a verbal working memory and a

cardiovascular training to improve cognitive and motor-cognitive dual task performance. Twenty training sessions

of 30 minutes each were conducted over a period of ten weeks, with a test session before, in the middle, and after

the training. Training gains were tested in measures of selective attention, paired-associates learning, executive

control, reasoning, memory span, information processing speed, and motor-cognitive dual task performance in the

form of walking and simultaneously performing a working memory task.

Results: Sixty-three participants with a mean age of 71.8 ± 4.9 years (range 65 to 84) either performed the

simultaneous training (N = 21), performed a single working memory training (N = 16), or attended no training at all

(N = 26). The results indicate similar training progress and larger improvements in the executive control task for

both training groups when compared to the passive control group. In addition, the simultaneous training resulted

in larger improvements compared to the single cognitive training in the paired-associates task and was able to

reduce the step-to-step variability during the motor-cognitive dual task when compared to the single cognitive

training and the passive control group.

Conclusions: The simultaneous training of cognitive and physical abilities presents a promising training concept to

improve cognitive and motor-cognitive dual task performance, offering greater potential on daily life functioning,

which usually involves the recruitment of multiple abilities and resources rather than a single one.

Keywords: Cognitive training, Physical training, Simultaneous training, Motor-cognitive dual task training, Working

memory, Brain plasticity

Background
Both cognitive and physical trainings have been success-

fully applied to improve cognitive performance in old

age. Although cognitive trainings typically improve the

targeted ability [1,2], some of them lead to a transfer of

improvements to tasks that have not been explicitly

trained [3,4]. In particular, training of working memory

has been shown to be effective in old age with respect

to a variety of abilities such as visuospatial working

memory, block span or reading span tasks, inhibition,

processing speed, fluid intelligence, visual episodic mem-

ory or verbal learning [5-8]. In comparison, physical

training, especially in the form of cardiovascular stimu-

lating activity, increases cognitive performance in almost

all abilities [9-11].

Since both cognitive and physical trainings result in

improvements in cognitive abilities, there might be some

shared underlying mechanisms that lead to these

changes in cognitive performance. As neuroplasticity of

the brain is supposed to provide the basis for substantial

behavioral changes, the question arises whether specific

mechanisms exist that are essential for transfer of train-

ing effects. On one hand, training could be most effect-

ive if it recruits the maximum of different brain regions

to induce functional or structural changes. On the other

hand, brain regions known to be involved in higher-
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order cognition could promote interconnections with

other regions that lead to the observable behavioral

changes. It has to be determined how exactly cognitive

activities such as engaging in working memory tasks and

physical activities affect brain functioning, and which

different, shared, or complementary mechanisms exist

that result in improvements in cognitive performance. In

fact, working memory training as well as physical train-

ing have been shown to induce functional changes

in brain regions of older adults involved in higher-

order cognition, such as the prefrontal cortex (PFC)

or the parietal cortex [11-15]. The PFC is crucial for

performing complex tasks involving planning and cogni-

tive control [16,17] and, thus, is also activated when

performing working memory tasks [18,19]. However,

whereas cognitive activity usually involves specific brain

regions such as PCF, global as well as localized effects

are assumed for physical exercise [20]. Physical exercise

is associated with higher cerebral blood flow [21-23], as

well as with the release of brain-derived neurotrophic

factor (BDNF) and insulin growth factor (IGF-1), both of

which are assumed to be involved in synaptogenesis,

angiogenesis, and neurogenesis, i.e., the main underlying

mechanisms for neural plasticity [24-26]. In addition,

physical exercise is reported to result in structural

changes of increased gray or white matter volume in

many different regions such as the PFC, the hippocam-

pus, the motor cortex, the temporal cortex or the cere-

bellum [20,27-29].

According to these findings, there are overlapping as

well as distinct effects of cognitive and physical training.

As a result, cognitive and physical activities could have

some complementary effects that are able to optimize

training output on cognition. Consequently, combining

cognitive and physical training should provide additional

effects that go beyond the effects of training the single

underlying components. However, so far only a few stud-

ies have combined cognitive with physical training. Al-

though they did not specifically focus on the training of

working memory, these studies can still provide informa-

tion about the effects of combining cognitive and phys-

ical training interventions in older adults. Two studies

showed larger improvements for a combined cognitive

and physical training compared to cognitive or physical

training alone [30,31]. A third study found only a general

advantage of both a combined cognitive and physical

training, as well as physical exercise training when com-

pared to a control group, but no superior effect of the

combined training condition over the exercise condition

[32].

One important limitation of previous training studies

is that the trainings were conducted sequentially. As a

consequence, potential synergistic effects are neglected,

which could emerge when performing both trainings

simultaneously. At least, it is imaginable that immediate

effects during physical activity such as increased cerebral

blood flow boost the effect of an additional stimulation

through a cognitive task and promote interconnections

within and between different brain regions. Although

there are so far no data confirming this theory, acute

physical exercise has been shown to be associated with

improved performance as well as enhanced PFC activity

during a subsequent working memory or executive func-

tion task in both younger and older adults [33,34]. These

findings indicate increased task-related blood flow in

corresponding brain areas during physical arousal, which

could not only promote the performance during the

present task, but also training gain and transfer.

In addition, physical activities are mostly performed in

the context of specific perceptual and cognitive de-

mands. Thus, the simultaneous performance of physical

and cognitive tasks requires the integration of two differ-

ent tasks, representing a cognitively demanding dual

task, activating not only those networks involved in con-

trolling each task, but also networks being only active or

showing increased activity under demanding dual task

conditions, e.g., PFC, inferior parietal cortex, dorsal PFC,

and right inferior frontal gyrus [35-38]. In line with this,

an increased neuronal efficiency as well as increased

dual task performance has been found following cogni-

tive dual task training [39]. In the context of motor-

cognitive dual task training, a recent study found

strengthened connectivity in brain regions within the

cerebellum that are supposed to integrate motor and

cognitive network [40]. As a result, dual task perform-

ance can be specifically trained, and has been shown to

even transfer to other dual task situations [41,42]. Con-

sequently, a substantial additional benefit is expec-

ted when performing a cognitive and a physical task

simultaneously.

In the current study, older adults were trained with a

simultaneous verbal working memory and cardiovascular

treadmill training. The training was compared to single

working memory training and a passive control group.

In line with previous research and in reference to the

framework for plasticity from Lövdén, Bäckman,

Lindenberger, Schaefer and Schmiedek [43], both the

simultaneous and the single cognitive training were

adaptive with a continuously adjusted task difficulty as a

function of the individual performance level. Adaptive

working memory training has been shown to be more

effective with regard to both behavioral as well as neur-

onal changes compared to non-adaptive working mem-

ory training [6,12]. Training gains were expected in

cognitive as well as motor-cognitive dual task perform-

ance. For that reason, the participants were tested

with respect to their cognitive performance in selective

attention, paired-associates learning, executive control,
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reasoning, memory span, and information processing

speed. Motor-cognitive dual task performance was

assessed with a simultaneous walking and working

memory task. Older individuals usually adapt to a de-

manding motor-cognitive dual task situation by reducing

their performance of at least one of the underlying tasks.

During this specific task, this adaptation is reflected by

lower performance in the working memory task and

lower walking speed and regularly compared to the per-

formance of one of the tasks alone [44,45]. Therefore,

increased motor-cognitive dual task performance should

be expressed by improved performance in the working

memory task and gait parameters under dual task as well

as by lower reduction of gait parameters from single to

dual task walking.

As a conclusion, the following hypotheses were formu-

lated: 1. Both training groups were expected to improve

their performance in the two training tasks over the

course of the training. 2. The participants of both train-

ing groups were expected to demonstrate training gains

in the cognitive transfer tasks when compared to the

passive control group, with larger improvements for the

simultaneous training group. 3. The simultaneous train-

ing group was expected to improve in motor-cognitive

performance compared to the single cognitive training

group and passive control group, with no substantial dif-

ferences between the single cognitive training and the

control group.

Methods
Participants

Sixty-three healthy older adults with a mean age of

71.8 ± 4.9 (range 65 to 84) participated in the study, 46

(73%) of them were females. Participants were recruited

through (a) advertisement in local newspapers, (b)

a call at the senior University of Zurich, and (c)

draws from the participant pool of the Division of

Gerontopsychology of the Department of Psychology of

the University of Zurich. The study was approved by the

ethics committee of the Faculty of Arts of the University

of Zurich. Participants signed up either for the simultan-

eous training condition (N = 21), the single cognitive

training condition (N = 16), or the passive control group

(N = 26). They did not get any payment or refund of

their travelling expenses but a detailed feedback of their

performance and training progress at the end of the

study. At the beginning of the study and after informed

consent was obtained, the participants were screened for

cognitive impairment and medical conditions. One par-

ticipant of the control group had to be excluded due to

reading disability. Another eleven individuals did not

complete the study mostly due to time constraints or ill-

ness during the course of the study, so there were 51

individuals left who fulfilled all inclusion criteria and

completed the study. Characteristics of those partici-

pants are displayed on Table 1. However, each group

was affected similarly with three individuals in the sim-

ultaneous training group and four individuals in the sin-

gle cognitive training and the passive control group,

respectively, who dropped out during the course of the

study. Furthermore, there were no significant differences

in demographic data, cognitive status, baseline scores of

cognitive tasks, and training progress between those

who completed the study and those who dropped out

(all p > 0.05).

Materials

Cognitive transfer tasks

The test battery consisted of six computer-based tests

to assess the performance in the following domains: se-

lective attention, paired-associates learning, executive

control, reasoning, memory span, and information pro-

cessing speed. Three parallel versions of the tests were

programmed using E-Prime 2.0 Professional (Psychology

Software Tools, Pittsburgh, PA), one for each test ses-

sion. Due to the limited test material of the reasoning

task, the posttest contained the same task as the pretest.

The tests were always preceded by an instruction and an

example or trial. All tests were presented on a 24-inch

monitor using a standard wireless keyboard as input

device.

Selective Attention was measured using the continuous

performance task adapted from [46]. At this task, letters

were presented consecutively in the middle of the

screen. The objective was to correctly identify if the let-

ter X followed the letter A, which had to be signaled by

pressing the button ′2‵ on the keyboard. For all other

characters or the letter X following another letter than

the letter A, the participants had to press the button ′1‵

on the keyboard. Each letter was presented for 300 milli-

seconds with an interval of 4.9 seconds between the

probe and the target letter and 2 seconds between the

target and the following probe letter. There was an exer-

cise run followed by two consecutive blocks of 30 pairs

of letters each. The total number of correct answers as

well as the number of correct answers depending on the

combinations A-X (X following A), B-X (X following any

other letter than A) or A-Y (any other letter than X

followed A) were calculated for the analysis.

Paired-associates learning: At this test, the participants

learned a sequence of seven combinations of shapes

and colors (adapted from [47]). Each combination was

presented in a random order for 4 seconds. Subse-

quently, the target shape was represented at the top of

the screen with a choice of eight colors listed below. Par-

ticipants had to press the button of the color that had

been presented with the target shape during learning

phase.
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Executive control: During this test, up to nine pictures

were presented with different numbers of circles and tri-

angles on each picture (adapted from [47]). Participants

were instructed to alternately count either the circles or

the triangles. They had 60 seconds to consider as many

pictures as possible and to learn the sequence of the

numbers of the counted shapes, which made a total se-

quence of at most nine digits. Subsequently, the partici-

pants had 30 seconds to type in this sequence of

numbers on the keyboard. The test consisted of three

single trials each containing the same nine pictures in

different order, so the participants could achieve a max-

imum score of 27.

Reasoning was measured with the Standard Progres-

sive Matrices test [48]. Matrices of different shapes or

patterns were presented, in which a part was missing.

The objective was to find out which piece of a given list

could complete these matrices meaningfully. The partici-

pants had five minutes time to do as many matrices as

possible out of a set of 27 pictures.

Memory span was examined with the operation span

test adapted from [49]. During this test, the participants

had to learn different sequences of words out of a pool

of 100 words, varying between two and six words per

trial. Participants were instructed to learn the words in

the given order. Between these words, correct or incor-

rect mathematical operations were displayed and partici-

pants had to respond by pressing either the button “j”

for correct or “n” for incorrect on the keyboard. After

each trial, participants were requested to type in the

word in the correct order. To make sure that the distrac-

tion task was done properly, only individuals who scored

more than 85% in the calculation task were included in

the analysis. Thirty-nine of the 51 participants who com-

pleted the study fulfilled this criterion. Of these, the

number of correctly recalled words at correct serial pos-

ition was calculated for all trials see [49].

Information processing speed was measured using a

digit-letter task similar to the Digit Symbol Substitution

Task from Wechsler [50], except that participants were

required to assign digits to letters instead of symbols to

digits. At this task, five combinations of digits and letters

were presented on the upper part of the screen, with

one of the letters additionally being displayed as a probe

on the lower part of the screen. The objective was to

type the corresponding number as fast as possible. The

task lasted 90 seconds and the total number of correct

answers during this time was calculated.

Motor-cognitive dual task

During the motor-cognitive dual task, gait performance

was investigated under single- and dual-task conditions

while performing a working memory task. The partici-

pants walked at their normal, self-selected speed over a

distance of 20 meters, with a turning point at a cone

after 10 meters. An additional distance of 1.5 meters was

arranged at the beginning and the end of the track for

the accelerating and decelerating phase. Under dual task

condition, the participants additionally performed a

working memory task by counting backwards in steps of

seven, beginning alternately with either 501, 502, or 503.

The correct steps of calculations and errors were noted.

Time for walking was measured to determine gait vel-

ocity and gait patterns were assessed using four acceler-

ation sensors located at upper and lower legs that

communicate wireless to a computer via a portable de-

vice worn as a belt (for details see [51]). Gait data were

recorded with a scanning frequency of 25 Hz and gait

parameters were reproduced in step duration. Gait vari-

ability then was calculated dividing the standard devi-

ation of step duration with the mean time for step

duration multiplied by hundred (step-to-step variability).

Verbal working memory training

The verbal working memory training session contained a

computer-based n-back training (adapted from [52]) and

serial position training, each of them lasting approxi-

mately 15 minutes. The training was programmed with

E-Prime 2.0 Professional (Psychology Software Tools,

Pittsburgh, PA) and was displayed at a 24-inch monitor

using a standard wireless mouse as input device. During

the n-back training, the participants had to continuously

respond to a series of letters appearing all three seconds

on the computer screen, always comparing the subse-

quent letters with the letter in a given sequence before

(n-back). The letters were presented for 500 milliseconds

each and participants had to press the mouse button ei-

ther once for any new letter or twice for any letter

Table 1 Demographic characteristics of the participants included in the study

Simultaneous training (N = 18) Single cognitive training (N = 12) Control group (N = 21)

Variable M (SD) M (SD) M (SD) p

Age 72.39 (4.19) 73.33 (6.08) 70.90 (4.77) .369

MMSE 28.94 (1.00) 29.25 (0.87) 29.24 (0.89) .550

Education (years) 13.76 (2.95) 14.92 (4.93) 13.18 (2.87) .394

Activity (MET) 112.10 (54.85) 159.57 (36.07) 147.02 (73.57) .036

Notes. MMSE = Mini Mental State Examination, MET = Metabolic Equivalent.
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matching the one n positions before. One trial consisted

of 30 letters and lasted 90 seconds. During the serial pos-

ition training, participants had to learn a sequence of

words in the correct order, each of them presented for

three seconds. The learning phase was followed by a dis-

traction phase in which participants had to decide if

words out of a series of three words were meaningful or

not. At the end, the words of the learning phase were

presented in either the correct or incorrect word order.

Again, they had to respond by pressing the mouse

button either once if the sequence of the words had

changed or twice if the sequence was the same.

Both tasks were adaptive, which means that the diffi-

culty level rose with increasing performance. The n-back

training started with 1-back and the serial position train-

ing started with a sequence of three words. The difficulty

level gradually increased whenever participants achieved

80 percent within a level. As soon as the participants

achieved level six for the first time, a new training ses-

sion started with three levels below the level they

achieved at the end of the last training session. During

the n-back task, the participants also could fall back if

their performance was less than 60 percent within a

level. During the serial position task, they stayed at their

latest level as long as they did not achieve at least 80

percent and a new training session started one level

below the level they achieved during the last training

session. Progress of training was determined by max-

imum level achieved during the training session.

Physical training

The participants walked quickly on a treadmill for about

40 minutes including a warm-up period at a self-selected

speed. The treadmill training was pulse monitored to

make sure that the pulse rate was in an aerobic range of

at least 60 percent and at most 80 percent of their age-

related maximum value (heart rate of 220 minus age)

and the speed of the treadmill was adapted in case the

heart rate went below or beyond this range. For safety

reasons, the participants were fastened with a special

safety belt that was ceiling-mounted above the treadmill

to prevent them from falls in case they lost balance or

stumbled.

Procedure

The participants of the training groups attended to 20

training sessions and three test sessions overall, whereas

the participants of the control group only took part in

these test sessions. The tests were conducted before the

training (pretest), in the middle of the training after five

weeks (interim test), and after the completion of the

training (posttest). The participants of the control group

performed the tests at the same time intervals. The test

sessions lasted between one and a half and two hours

and started with the cognitive test battery, followed by

the motor-cognitive dual task. The participants received

an introduction to the test process and conditions, and

to the handling of the particular tests. They were

allowed to ask questions during the cognitive tests in

case they did not understand the instructions. During

the motor-cognitive dual task, the participants were first

asked to walk at their normal, self-selected speed. Subse-

quently, they were asked to walk the same distance and

count backward in steps of seven from either 501, 502

or 503. They were not instructed to prioritize any of the

tasks.

At the first test session, the test procedure also in-

volved a demographic and medical conditions question-

naire, and the screening for cognitive impairment Mini

Mental State Examination (MMSE), [53]. In addition,

the participants of the simultaneous training condition

walked on the treadmill for 10 minutes at the end of the

first test session to habituate to the treadmill and to de-

termine their optimal walking speed for the subsequent

training sessions. After the test session, the German-

PAQ-50+ [54] was filled out at home. This questionnaire

is designed to estimate the physical activity of older

adults based on different activities, including sport,

housework, yard work, job, and leisure activities. De-

pending on the effort of a specific activity, different

scores of metabolic equivalent (MET-scores) are multi-

plied with the number of hours spent for this activity.

These scores are then added together to give a total

score of metabolic equivalent (MET).

The trainings were conducted in two sequences of 10

training sessions held twice weekly over a period of

10 weeks. Both the single condition and simultaneous

training groups received a detailed instruction to the

cognitive training program before the first training ses-

sion, including a trial run of both cognitive trainings.

The participants of the simultaneous group then

performed the cognitive training on a computer screen

located at eye level approximately one meter in front of

them while simultaneously walking on the treadmill.

The single-condition training group performed the same

cognitive training tasks while sitting at the table. Both

training groups performed the training on the same type

of computer and monitor using a wireless mouse as in-

put device.

Statistical analysis

Results of the metabolic equivalent (MET) score of the

physical activity questionnaire and dual task gait vari-

ability were transformed for calculations with natural

logarithmic transformation to eliminate outliers. Base-

line performance and differences in demographic data

between the groups were compared with Analysis

of Variance (ANOVA) and motor-cognitive dual task
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performance changes from single to dual task were cal-

culated using Analysis of Variance for Repeated Mea-

sures (ANOVAR).

The training progress was analyzed with linear mixed-

effects models (LMM). The random intercept model was

calculated first as baseline model. Subsequently, the

fixed and random factors for slope (training progress)

were added, and eventually the fixed factor for group

and the interaction between group and training. Good-

ness of fit indices between the models were compared

using -2log likelihood (−2LL), and Chi-square tests were

calculated to select the model with the optimal fit.

ANOVA and LMM were also used to compare demo-

graphic data, baseline performance, and training pro-

gress of the participants who completed the study with

those who dropped out during the course of the study.

Training benefits to the cognitive transfer tasks as

well as motor-cognitive dual task were analyzed using

multiple regression analysis with planned comparisons

involving orthogonal contrast and polynomial trend cod-

ing. Contrast coding variables were created according to

the hypotheses. For the cognitive transfer tasks, the con-

trol group was first contrasted against the average of

both training groups with a subsequent comparison be-

tween the two training conditions to analyze the advan-

tage of the simultaneous training compared to the single

cognitive training. For the motor-cognitive dual task, the

simultaneous training group was contrasted against the

average of the single cognitive training and the control

group with a subsequent comparison between the single

cognitive training and the control condition. Based on

the study design with three points of measurement,

polynomial trend coding variables were created for

the linear and quadratic trend. To account for subject

effects, effect code variables were defined for the individ-

uals within each group. For the transfer tasks, a signifi-

cant interaction between both the first and the second

contrasts and the linear trend was expected in order to

illustrate the expected linear training effects for the two

training conditions. For the motor-cognitive dual task,

a significant interaction was expected between the first

contrast and the linear trend but no significant inter-

action between the second contrast and the linear trend

to illustrate the advantage of the simultaneous training

compared to both the single cognitive training and the

control condition. Statistics were calculated using SPSS

20 for Macintosh (SPSS Inc., Chicago, Il.) with a signifi-

cance level of α = .05.

Results
Due to technical problems, the results of the selective at-

tention task of only 39 participants and gait variability of

only 42 participants were analyzed. Data of the executive

control and memory span task from two individuals had

to be excluded due to unauthorized note taking during

the tests. In addition, gait parameters of one individual

were excluded because of the large deviations in both

gait velocity and variability.

Baseline characteristics and performance

The groups did not differ with respect to their demo-

graphic data such as age or education, as well as to their

scores in the MMSE (all p > .05, Table 1). In addition,

they did not show any differences in their baseline per-

formance either in the cognitive test battery or in gait

velocity, gait variability or working memory performance

in the motor-cognitive dual task (all p > .05). However,

the groups differed in the metabolic equivalent (MET)

score of the physical activity questionnaire (p = .036).

Training progress

For both trainings, the linear mixed model with the best

fit was the model with fixed effects for intercept and

training as well as random effects for intercept and slope

(training) with a variance components covariance struc-

ture, but without fixed effects for group or interaction

between group and training (Table 2 and 3). The partici-

pants of both training groups thus showed a significant

increase in the n-back (F (1,34.46) = 22.34, p < .001) as

well as the serial position training tasks (F (1,34.47) =

208.59, p < .001), with no significant group differences in

terms of intercept and change over time, which means

that the two training groups did not differ in their train-

ing progress either in the n-back or the serial position

training. Training curves for both training groups are

displayed in Figure 1.

Cognitive transfer tasks

Training gains on cognitive transfer tasks are displayed

in Figure 2. Compared to the control group, there was a

significant linear improvement in the executive control

task (F (1,92) = 3.284, p = .037, R2 = .011) as a result of

the training, but with no differences between the two

training conditions (F (1,92) = 0.178, p = .337, R2 = .001),

Table 2 Model fit of the linear mixed-effects models for

the training progress during the n-back training

Model −2LL Δdf Δ-2LL AIC BIC

Model 0 2622.67 - 2628.67 2642.01

Model 1 2427.32 1 195.35*** 2435.32 2453.11

Model 2 2096.25 1 331.07*** 2106.25 2128.48

Model 3 2093.12 2 1.80 2107.12 2138.25

Notes. -2LL = −2Log Likelihood, Δdf = Change of degrees of freedom between

the models, Δ-2LL = Change of -2Log Likelihood between the models, AIC =

Akaike’s information criterion, BIC = Bayesian information criterion of Schwarz.

Model 0 = random intercept model, Model 1 = additional fixed effect for slope,

Model 2 = additional random effect for slope, Model 3 = additional fixed

effects for group and interaction between group and slope.

*** < .001.
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indicated by a significant interaction between the first

group contrast and the linear trend (Table 4). There was

a positive but not significant trend for the training gain

of both training groups (F (1,94) = 2.352, p = .064, R2

= .003), with no differences between the two training

conditions (F (1,94) = 0.194, p = .330, R2 = .000). There

was no significant improvement as a result of the two

training groups in performance of the selective attention

task, the subscales of the selective attention task, the

paired-associates task, the reasoning task, and the mem-

ory span task (all p > .05). In addition, the two training

groups did not differ in their training gains in the select-

ive attention task, the subscales of the selective attention

task, the reasoning task, and the memory span task (all

p > .05). However, the two training groups differed with

respect to their paired-associates task performance

change (F (1,96) = 4.570, p = .018, R2 = .015), indicating a

larger training gain for the simultaneous training group

than the single cognitive training condition.

Motor-cognitive dual task

At baseline, participants reduced gait velocity (F (1,58) =

82.469, p < .001, R2 = .587) and increased step-to-step

variability (F (1,53) = 10.417, p = .002, R2 = .164) from

single to dual task condition. There was a significant dif-

ference between the groups in velocity reduction (F

(1,58) = 3.165, p = .05, R2 = .098) but not in increase

of step-to-step variability (F (1,53) = 2.541, p = .088,

R2 = .087). Both main effects of gait velocity and

step-to-step variability for the factor group were not sig-

nificant as well (p > .05). Considering the data of the in-

terim test and posttest, participants still reduced gait

velocity significantly but did not increase gait variability

during dual task, with no significant main effect for

group or interaction (all p > .05). Compared with the sin-

gle task training and control group, the simultaneous

training led to a significant reduction of the step-to-step

variability during dual task (F (1,78) = 2.958, p = .045,

R2 = .018) but not during single task walking (F (1,78) =

0.207, p = .326, R2 = .001), indicated by a significant

interaction of the first contrast with the linear trend dur-

ing dual task (Table 5). There was no different change as

a result of the training between the single cognitive

training condition and the control group with regard to

gait variability change during dual task (F (1,78) = 0.073,

p = .788, R2 = .000) and single task condition (F (1,78) =

0.459, p = .500, R2 = .003). Both gait velocities for single

and dual task walking as well as the difference between

dual and single task velocity did not change over the

three points of measurement either for the simultaneous

training compared to the single cognitive training and

control group or the single cognitive training compared

to the control group (all p > .05). There also was no lar-

ger improvement of the simultaneous training group in

the working memory task in terms of correct calculation

Table 3 Model fit of the linear mixed-effects models for

the training progress during the serial position training

Model −2LL Δdf Δ-2LL AIC BIC

Model 0 3538.07 - 3544.07 3557.41

Model 1 2491.72 1 1046.35*** 2499.72 2517.51

Model 2 1636.05 1 855.67*** 1646.05 1668.28

Model 3 1635.47 2 0.58 1649.47 1680.60

Notes. -2LL = −2Log Likelihood, Δdf = Change of degrees of freedom between

the models, Δ-2LL = Change of -2Log Likelihood between the models, AIC =

Akaike’s information criterion, BIC = Bayesian information criterion of Schwarz.

Model 0 = random intercept model, Model 1 = additional fixed effect for slope,

Model 2 = additional random effect for slope, Model 3 = additional fixed

effects for group and interaction between group and slope.

*** < .001.
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backwards or errors, with no differences between the

single cognitive training and the control group in correct

calculation backwards and errors as well (all p > .05).

Motor-cognitive dual task performance is displayed in

Table 6.

Discussion
The objective of the current study was to investigate

training effects of simultaneously performed working

memory training and physical training on cognitive and

motor-cognitive dual task performance in older adults. It

was hypothesized that the simultaneous performance of

cognitive and physical training would lead to greater

transfer effects in both single and dual task performance

than single-domain training. Therefore, a simultaneous

training group was compared with an active control

group (cognitive training only) and a passive control

group. Results showed that the participants of both

training groups improved their performance substan-

tially and comparably in the trained tasks over the

course of the training. While both training groups im-

proved their performance in the executive control task

106 

108 

110 

112 

114 

116 

118 

120 

Pretest Interim Test Posttest 

P
e

rf
o

rm
a

n
c

e
 

Test Session 

(A) Selective Attention 

SCTG STG CG 

0 0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

Pretest Interim Test Posttest 

P
e

rf
o

rm
a

n
c

e
 

Test Session 

(B) Paired-Associates 

SCTG STG CG 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Pretest Interim Test Posttest 

P
e

rf
o

rm
a

n
c

e
 

Test Session 

(C) Executive Control 

SCTG STG CG 

 0 

24 

26 

28 

30 

32 

34 

36 

38 

40 

Pretest Interim Test Posttest 

P
e

rf
o

rm
a

n
c

e
 

Test Session 

(E) Memory Span 

SCTG STG CG 

 0

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

Pretest Interim Test Posttest 

P
e

rf
o

rm
a

n
c

e
 

Test Session 

(F) Information Processing Speed 

SCTG STG CG 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

Pretest Interim Test Posttest 

P
e

rf
o

rm
a

n
c

e
 

Test Session 

(D) Reasoning 

SCTG STG CG 

Figure 2 Performance in the cognitive transfer tasks (A-F). The participants of the simultaneous training group (STG) and single cognitive

training group (SCTG) showed a larger improvement in the executive control task when compared to the control group (CG) (p = .037), with no

differences between the two training conditions. In addition, the combined training group showed larger training gains in the paired-associates

task compared to the single cognitive training group (p = .018). Bars represent ± standard error of the mean.

Theill et al. BMC Neuroscience 2013, 14:103 Page 8 of 14

http://www.biomedcentral.com/1471-2202/14/103



significantly compared to the passive control group, only

the simultaneous training group demonstrated a signifi-

cant increase in the paired-associates task in the course

of the training when compared to the active control

group. Furthermore, the simultaneous training group re-

duced its gait variability during dual task in the motor-

cognitive task compared to both the active and passive

control group.

Although overall training progress was observed in

both training tasks, it was larger for the serial position

training than the n-back training. This might have been

due to the training material. Since the serial position

task consisted of meaningful words, this type of training

is rather susceptible to the use of strategies or mnemon-

ics than the abstract n-back task with letters. However,

there was no significant difference in the training pro-

gress between the two training groups. On one hand,

this is somewhat unexpected, as older adults usually

adapt to a motor-cognitive dual task by reducing the

performance of at least one of the underlying tasks [44]

and typically tend to prioritize walking and balance

maintenance rather than the cognitive task [55]. As a

consequence, this should affect the cognitive perform-

ance. However, in this specific situation, the participants

could also have focused on the cognitive task, since they

were secured with a safety belt and did not have to fear

to fall. On the other hand, there might be a stimulating

effect of treadmill walking on cognitive performance,

which is consistent with other studies that demonstrated

the immediate positive effect of moderate physical activ-

ity on cognition [33,34,56]. Therefore, physical activation

could counteract the dual task-related reduction of cog-

nitive performance. Regardless of the exact mechanisms,

the similar training progress of both training groups

makes the simultaneous training more efficient, as phys-

ical resources can be trained in parallel without nega-

tively affecting the training progress in the cognitive

task.

Even though the mean training progress did not differ

between the two groups, the performance variance of

the single cognitive training group over the course of

both trainings tended to be larger, and the training per-

formance in the simultaneous training group was more

homogeneous. The physical activation could have helped

to maintain concentration and attention during training,

whereas individual differences could have become more

evident during single cognitive training. In addition, the

single cognitive training condition could have been per-

ceived as more exhausting and less interesting and thus

less motivating. In this case, the training potential of

the single cognitive training actually would be greater at

Table 4 Multiple regression for the interaction between

orthogonal contrasts and linear trend for the cognitive

transfer tasks

Variable B SE β

Selective Attention

Linear Interaction A × BC 0.52 0.59 0.08

Linear Interaction C × B 0.81 1.14 0.06

Paired-Associates

Linear Interaction A × BC 0.04 0.09 0.03

Linear Interaction C × B 0.36 0.17 0.13*

Executive Control

Linear Interaction A × BC 0.43 0.24 0.11*

Linear Interaction C × B −0.20 0.47 −0.03

Reasoning

Linear Interaction A × BC 0.04 0.14 0.01

Linear Interaction C × B −0.09 0.28 −0.01

Memory Span

Linear Interaction A × BC −0.08 0.26 −0.02

Linear Interaction C × B 0.24 0.55 0.02

Processing Speed

Linear Interaction A × BC 0.32 0.21 0.06

Linear Interaction C × B −0.18 0.41 −0.02

Notes. A = Control Group, B = Single Cognitive Training Group, C = Simultaneous

Training Group.

* < .05.

Table 5 Multiple regression for the interaction between

orthogonal contrasts and linear trend for the motor-

cognitive dual task

Variable B SE β

Gait Velocity ST

Linear Interaction AB × C 0.09 0.09 0.05

Linear Interaction B × A 0.09 0.16 0.03

Gait Velocity DT

Linear Interaction AB × C 0.04 0.14 0.02

Linear Interaction B × A 0.35 0.26 0.06

Gait Variability ST

Linear Interaction AB × C −0.04 0.09 −0.04

Linear Interaction B × A 0.11 0.16 0.06

Gait Variability DT

Linear Interaction AB × C −0.05 0.27 −0.13*

Linear Interaction B × A −0.01 0.49 −0.02

WM Correct Calculations

Linear Interaction AB × C −0.06 0.11 −0.03

Linear Interaction B × A 0.04 0.21 0.01

WM Errors

Linear Interaction AB × C 0.14 0.12 0.09

Linear Interaction B × A 0.15 0.23 0.05

Notes. A = Control Group, B = Single Cognitive Training Group, C =

Simultaneous Training Group, ST = Single Task, DT = Dual Task, WM =Working

Memory.

* < .05.
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least for those who are motivated or able to keep fo-

cused, whereas the simultaneous physical activity is able

to enhance motivation and promotes those who lack

concentration or are exhausted after a certain time.

Moreover, Sibley and Beilock [57] found only immediate

positive effects of physical activity on working memory

performance for those with poor baseline performance.

As a conclusion, the simultaneous performance of two

concurrent tasks may impair maximum cognitive per-

formance, whereas the physical activity helps to improve

performance at least to a certain level. A simultaneous

cognitive and physical training then would be most

indicated for those individuals with lower cognitive

performance. In the theoretical framework for plasticity

from Lövdén, Bäckman, Lindenberger, Schaefer and

Schmiedek [43], acute physical activation may increase

the range of flexibility for tasks that actually exceed the

individual capacity limits.

Improvements from pre- to interim- and to posttest

were observed in executive functions for both training

groups. This is not surprising, considering that working

memory capacity is an important component of execu-

tive functions and the constructs of working memory

capacity and executive functions are highly correlated

[58]. Therefore, the training gain in the executive control

task can be interpreted as near transfer. However, there

were no advantages of the simultaneous training over

the single cognitive training. This is rather unexpected,

since physical activity interventions usually show the

strongest effect on executive functions [9]. Due to the

strong correlation between executive functions and

working memory, the potential training effect of physical

activity or dual task performance could be interfered by

the effect of the cognitive training. In this case, there is

no additive or integrative effect of a simultaneous train-

ing on performance in tasks requiring similar abilities as

the trained tasks. However, a recent study could only

find effects of physical activity on executive functions

for inhibition, but not for updating and shifting [59]. In

line with this, different studies reporting on effects of

physical activity on executive functions have only used

inhibition tasks [11,13]. Therefore, the missing add-

itional effect of the simultaneous training could also be

the result of specific task characteristics.

The training groups did not improve their perform-

ance in the memory span task when compared to the

passive control group. This is surprising, since this task

was very similar to the serial position task that was

trained. However, although the memory span task and

the serial position training both aimed at remembering a

series of words in the correct order, they still differed

considerably. In particular, during the memory span

task, the participants had to actively remember a series

of words in the correct order, whereas during the serial

position training, they had to asses whether the words in

the presented word list were in the correct order or not.

The similarity of those tasks with still different require-

ments could have caused interference.

Although there was no general training effect on the

paired-associates task performance, the simultaneous

training group significantly improved their performance

when compared to the cognitive training group. This re-

sult is contrary to the results from the study of Fabre,

Chamari, Mucci, Masse-Biron and Prefaut [30], who

showed a general training effect for the combined and

the mental training on paired-associates learning, but

without any additional effect of the combined training.

On one hand, our findings, therefore, possibly reflect the

additional effect of the simultaneous training compared

to a sequential or single training. On the other hand, the

findings could also highlight the ineffectiveness of work-

ing memory training to improve paired-associates learn-

ing performance. In the study from Fabre, Chamari,

Mucci, Masse-Biron and Prefaut [30], the cognitive

training included a strategy learning of how to associate

new information to a known reference point, which

should definitively provide help in a following paired-

associates learning task. Since in their study the physical

training alone was able to improve paired-associates

learning, the significant effect in the current study could

result from physical activity alone. Unfortunately, given

that the study design did not involve a single physical

Table 6 Performance of motor-cognitive dual task during pretest, interim test, and posttest

Simultaneous training (N = 18) Single cognitive training (N = 12) Control group (N = 21)

Pretest Interim Posttest Pretest Interim Posttest Pretest Interim Posttest

Variable M SD M SD M SD M SD M SD M SD M SD M SD M SD

ST Gait Velocity (m/s) 1.21 0.20 1.24 0.20 1.22 0.19 1.18 0.15 1.17 0.13 1.21 0.17 1.18 0.16 1.17 0.17 1.23 0.15

DT Gait Velocity (m/s) 1.00 0.17 1.07 0.25 1.07 0.20 1.07 0.18 1.12 0.16 1.12 0.20 1.02 0.18 1.08 0.17 1.12 0.14

ST Gait Variability 3.23 1.17 3.23 1.22 3.34 1.40 3.08 0.94 3.12 0.64 3.63 2.13 3.04 0.81 3.17 1.16 3.16 1.17

DT Gait Variability 4.89 3.18 3.80 2.11 3.38 1.02 3.44 1.56 2.78 1.22 3.28 1.04 3.47 1.60 3.62 1.65 3.53 1.31

Correct Calculations 3.33 1.94 4.11 2.37 4.17 2.20 4.33 1.47 6.27 2.00 5.45 2.70 3.58 2.58 4.18 2.04 4.53 2.85

Errors 0.83 1.15 0.83 1.92 1.00 1.14 1.00 1.00 0.27 0.47 0.64 0.67 1.06 1.14 0.82 0.95 0.88 1.22

Notes. ST = Single Task, DT = Dual Task.
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training group, this question cannot be answered with

any certainty.

Performance in the other far transfer tasks such as se-

lective attention task, reasoning task, and information

processing speed task was unaffected by training. These

results did not confirm the findings of other adaptive

working memory training studies in old age [5,6]. How-

ever, training effects at least on reasoning ability in

older adults are rather controversial. Whereas Jaeggi,

Buschkuehl, Jonides and Perrig [60] found effects of

adaptive working memory on reasoning in younger

adults, they only found near but no far transfer effects of

adaptive working memory training in older adults [7].

Moreover, in a recent study, von Bastian, Langer, Jäncke

and Oberauer [61] found no transfer to reasoning ability

neither in younger nor older adults. The missing add-

itional effect of the simultaneous training is more diffi-

cult to interpret, since previous studies with combined

training approaches did not include similar tests or

summarized the results of the separated tests [30,31].

However, physical exercise alone has been shown to suc-

cessfully improve at least attention and processing speed

[10], but these results cannot be compared meaningfully,

since we did not include a single physical exercise condi-

tion. As a consequence, different reasons could account

for the missing training gain on the described tasks in

our study. For instance, high baseline performance

of participants in our study at least in the attention

and processing speed tasks could have prevented any

training progress.

According to our hypothesis, the participants of the

simultaneous training group improved their perform-

ance in the motor-cognitive dual task from pre- to

interim- and to posttest when compared to the partici-

pants of the two other groups. Moreover, only gait vari-

ability under dual task was affected, whereas variability

under single task condition was not, indicating improved

adaptability of the simultaneous training group to the

motor-cognitive dual task condition. Dual task gait train-

ing has already been reported by previous studies, pro-

viding controversial results [62,63]. In these studies,

training was either very similar to the criterion or trans-

fer task or the studies failed to show transfer to new dual

task walking conditions. The training condition in the

current study differed considerably from the transfer

task condition, even though both conditions include a

walking and working memory task. One reason for the

training effect could be the fact that the training was

adaptive with continuously adjusted task difficulty,

which keeps the training always demanding and should

provide more training gains compared to non-adaptive

trainings. As a result, this makes the simultaneous

training of cognitive and motor components a more

functional approach, as the simultaneous utilization of

different resources often rather corresponds to the way

they are required in daily life. Moreover, the current

training approach could help to improve mobility and

even prevent falls in older adults, as gait stability in the

presence of an additional attentionally demanding task is

more impaired with increasing age and related to in-

creased risk of falls [64,65].

Although the findings of the current study are promis-

ing, one important limitation is the absence of a single

physical training group that would allow for even more

distinct comparisons. Ideally, the simultaneous training

should additionally be directly compared to a combined

training with sequential training conditions to clarify

whether a simultaneous training group really performs

better than a separated cognitive and physical training

group. However, at least with respect to the motor-

cognitive dual task performance, the simultaneous train-

ing should have clear advantages. Moreover, even if the

simultaneous training was not superior to the sequential

training, it is more efficient, since both components are

trained at the same time, without impairing the training

progress of the cognitive task.

A further limitation of our study is that the physical

training was pulse-monitored and did not involve mea-

sures of individual fitness level before and after the

training such as maximal O2 uptake (VO2max). There-

fore, we could not determine whether participants’ car-

diovascular fitness was really increased. Nevertheless, it

is not clear if an increase of fitness is required for effects

on cognition or increased cerebral blood volume for in-

stance might be sufficient [20], which is already in-

creased during moderate physical activity [23]. At least

with respect to synergistic effects of simultaneous cogni-

tive and physical training, increase of cardiovascular fit-

ness does not necessarily represent a precondition.

Another limitation relates to the working memory

training tasks, in particular to the serial position train-

ing, which was susceptible to the use of strategies.

Training progress could at least to some extent be

explained by individual differences in the development

of successful strategies. Therefore, the use of strategies

could have weakened the potential of the working mem-

ory training to transfer to other abilities, as strategy

training usually only shows limited transfer [3]. Ideally,

follow-up studies should consider adaptive cognitive

training interventions not only with adjusting task diffi-

culty but also alternating task requests to make the de-

velopment of specific strategies even more difficult. In

addition, the current participants have to be considered

a highly selective sample with an active lifestyle and thus

as not representative for the population at the same age.

When training progress during cognitive task among

those with low baseline performance is driven by add-

itional physical activity, individuals with lower cognitive
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performance particularly should benefit from a simultan-

eous training, whereas those with already higher cogni-

tive performance would not. Therefore, the effect of

the simultaneous training in our study could have

been underestimated. This factor could be addressed by

investigating training progress depending on individual

performance levels or among individuals with lower cog-

nitive performance such as clinical subpopulations. Add-

itionally, the number of participants in the current study

was rather low. Therefore, there might be some difficul-

ties to detect training effects in some of the transfer

tasks. However, the specific contrast analyses based on

the hypotheses should have adequate power to detect

even small effects. This is reflected in the small effect

sizes of the significant training effects in the present

study. These small effect sizes could be the result of the

rather short duration or intensity of the training with

only two training session per week. To provide a stron-

ger effect, the training may have to last longer or at least

the intervals may have to be shortened. In addition to

these rather small effects, the current results also do

not provide any information regarding maintenance of

the training effects and whether there are differences

between the training conditions in terms of long-term

maintenance. Future research is needed to determine

long-term effects of simultaneous cognitive and physical

training. Given the theoretical reflections of simultan-

eous training effects on neural activity and changes, it

would be of great importance to investigate neuronal

changes associated with simultaneous cognitive and

physical training. Only this way, potential for cognitive

plasticity can be completely examined.

Conclusions
In conclusion, simultaneous cognitive and physical train-

ing was able to improve cognitive performance in the

trained working memory task as well as in the executive

control task, pared-associates task, and motor-cognitive

dual task, whereas the single cognitive training only in-

creased performance in the trained working memory

task and executive control task. Therefore, the present

results clearly demonstrate the potential of integrating

cognitive and physical training programs to improve

cognition and adaptation to situations requiring the re-

cruitment of both cognitive and physical resources. The

current results further indicate that trainings integrating

different abilities should have greater effects on daily life

functioning, which usually involves the recruitment of

multiple abilities and resources rather than a single one.

In addition, simultaneous training of cognitive and phys-

ical resources is more efficient, as both resources can be

improved in parallel without affecting the training pro-

gress in the cognitive task. As a result, training programs

should not only involve specific training of cognitive or

physical resources to promote cognition in old age, but

in particular simultaneous training of both resources.
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