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Enhanced Learning through 
Multimodal Training: Evidence 
from a Comprehensive Cognitive, 
Physical Fitness, and Neuroscience 
Intervention
N. Ward1,2, E. Paul1, P. Watson1, G. E. Cooke1, C. H. Hillman1,3,4,5,6,10, N. J. Cohen1,4,5, A. F. 
Kramer1,4,5 & A. K. Barbey  1,4,5,6,7,8,9

The potential impact of brain training methods for enhancing human cognition in healthy and clinical 
populations has motivated increasing public interest and scientific scrutiny. At issue is the merits of 
intervention modalities, such as computer-based cognitive training, physical exercise training, and 
non-invasive brain stimulation, and whether such interventions synergistically enhance cognition. To 
investigate this issue, we conducted a comprehensive 4-month randomized controlled trial in which 318 
healthy, young adults were enrolled in one of five interventions: (1) Computer-based cognitive training 
on six adaptive tests of executive function; (2) Cognitive and physical exercise training; (3) Cognitive 
training combined with non-invasive brain stimulation and physical exercise training; (4) Active control 
training in adaptive visual search and change detection tasks; and (5) Passive control. Our findings 
demonstrate that multimodal training significantly enhanced learning (relative to computer-based 
cognitive training alone) and provided an effective method to promote skill learning across multiple 
cognitive domains, spanning executive functions, working memory, and planning and problem solving. 
These results help to establish the beneficial effects of multimodal intervention and identify key areas 
for future research in the continued effort to improve human cognition.

A longstanding goal of research in the psychological and brain sciences is to enhance brain health and to deliver 
long lasting cognitive benefits that improve the quality of human judgment and reasoning in complex, real-world 
environments. A central question in this effort is whether the exclusive focus on computer-based cognitive train-
ing in science and industry is warranted1–7. A largely unexplored possibility is that skill learning is enhanced by 
the addition of intervention modalities that are designed to promote neuroplasticity and engender changes in 
brain structure and function that promote learning8, 9.

Several recent multimodal training endeavors have shown promise in positively changing cognition when 
supplementing cognitive training with physical exercise8, 10. For example, Fabre and colleagues11 found that a 
group that received combined cognitive training and physical exercise outperformed other unimodal training 
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groups (exercise-only and cognitive training-only) on memory tasks, such as a story memory task and a paired 
associates task. Likewise, Oswald and colleagues12 found that individuals randomly assigned to a combined exer-
cise and cognitive training group showed large improvements in a composite measure of cognitive abilities (i.e., 
processing speed, memory, attention, reasoning) after 30 training sessions compared to exercise-only and cogni-
tive training-only groups, and these improvements were still evident up to five years later compared to individuals 
assigned to cognitive training or exercise in isolation. While the underlying mechanisms for these synergistic 
effects are not fully understood, researchers have suggested that exercise may aid learning via long-term poten-
tiation and hippocampal neurogenesis as well as a variety of other structural and functional brain changes13–16, 
which might then “prime” the brain for subsequent enhancement via cognitive training17, 18. If this is true, then 
one might expect performance on theoretically motivated cognitive games, such as the ones in the current study, 
to be enhanced when paired with exercise compared to cognitive games that have not been supplemented with 
exercise.

An emerging area of research in cognitive neuroscience investigates the combined effects of cognitive training 
and non-invasive brain stimulation (via transcranial direct current stimulation or tDCS). Many argue that active 
(or anodal) tDCS ultimately influences cognition by increasing cortical excitability19. For example, Martin and 
colleagues20 found that individuals in an active stimulation group demonstrated better performance on attention 
and working memory tasks after 10 sessions of dual n-back training compared to those in a sham control group 
due to increased cortical excitability produced by the application of tDCS. Similarly, Ditye and colleagues21 found 
that individuals receiving active tDCS along with cognitive training outperformed individuals in a cognitive 
training-only group on measures of inhibition. To explain these results on a mechanistic level, some have argued 
that pairing tDCS with cognitive training can enhance plasticity and strengthen task related cortical networks, 
which has the potential to generate behavioral improvements on trained and possibly even untrained tasks22, 23.

The widespread advocacy and adoption of brain training software in the public eye – and what we perceive as 
an opportunity to strengthen the effects of computer-based training through the addition of multiple intervention 
modalities24, 25 – motivate a careful investigation of the evidential basis of brain training methods and an exami-
nation of the benefits of multimodal interventions to enhance new skill learning.

Overview. Our investigation examines whether contemporary approaches to brain training – including 
computer-based cognitive training, physical exercise training, and non-invasive brain stimulation – enhance 
learning of trained tasks and improve performance on untrained tests of intellectual ability within healthy, young 
adults. Our cognitive training protocol incorporates several training paradigms from cognitive psychology that 
have shown promise for enhancing executive functions5, 26–31 and is implemented within a software package that 
is adaptive (user-dependent and dynamic task difficulty), novel (training of unfamiliar tasks), engaging (interest-
ing and enjoyable), and comprehensive (designed to improve critical building blocks of cognition relevant to a 
broad array of tasks and skills). In addition to investigating the effects of a 16-week cognitive training intervention 
(Games group; n = 59), we examined multimodal approaches to brain training, including a physical exercise group 
(Exercise and Games: EG group; n = 68) and a group that engaged in physical exercise and then received brain 
stimulation during cognitive training (Exercise, Stimulation, and Games: ESG group; n = 61). Prior research has 
shown that physical exercise and brain stimulation can enhance learning and memory, in both children and older 
adults, and therefore may amplify the effects of brain training in our population of healthy, young adults21, 22, 32, 33.

Methods
The University of Illinois at Urbana-Champaign Institutional Review Board approved all procedures used 
(IRB14212), and all methods were performed in accordance with the relevant guidelines and regulations. Five 
hundred and eighteen participants were recruited from the local community and randomly assigned to one of five 
groups after giving informed written consent. Four of the five groups involved either a unimodal or multimodal 
training regimen that lasted 16 weeks with each week consisting of three, 70 minute sessions (i.e., 48 sessions 
or 210 minutes of training per week). The Games group engaged in six computerized training games based on 
executive function and working memory tasks for all 48 sessions. The EG group engaged in physical exercise for 
28 sessions as well as computerized training games for 20 sessions. The ESG group also engaged in 28 sessions of 
physical exercise similar to the EG group; however, they further received active HD-tDCS during their 20 sessions 
of computerized training games. The Active Control group (AC) engaged in different computerized training 
games based on visual search and change detection for the same duration and frequency as the Games group (i.e., 
48 sessions over 16 weeks). Game order was randomized at each session for all computerized training. Each game 
was played for approximately 10 minutes on tablets in the laboratory each session, and games in both the exper-
imental and active control groups were designed to be adaptive both within and across sessions. Finally, there 
was a no contact control group (Passive Control or PC) that completed pre- and post-tests but did not engage in 
training. In addition, all groups completed a battery of untrained transfer tasks prior to and following the training 
period. On the basis of prior cognitive training research, the battery of tasks measured multiple cognitive abilities, 
including measures of executive function, working memory, episodic memory, and fluid intelligence. In addition 
to this battery of tasks, aerobic fitness was measured at pre-test and post-test for all participants using a graded 
exercise test designed to measure maximal oxygen consumption (VO2 max).

Participants. Of the 518 participants enrolled in the study, 318 finished. Subject attrition was not related 
to condition, χ2(4, n = 518) = 2.85, p = 0.58, nor were there group differences in gender (χ2(4, n = 318) = 7.86, 
p = 0.10), age (F(4, 313) = 1.87, p = 0.12), or education (X2(4) = 1.88, p = 0.76).
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Conditions. Participants in the Games group (27 female|32 male; average age = 24) performed six games all 
based on psychological tasks of executive function and working memory. These games were created as part of a 
cognitive training package in which the component tasks (games) were chosen because they have shown promise 
in engendering training and transfer effects in the extant literature5, though this is the first instance of them being 
used in a multimodal setting. Five of the six games were identical to those used in previous research5, and one of 
the six games was new to this study (i.e., Ante Up, which was based on measures of mental planning).

Participants in the EG group (29 female|39 male; average age = 25) were enrolled in a physical exercise inter-
vention administered in a group setting of up to 20 participants per class. Participants in each class were divided 
into groups of 5 or fewer participants per trainer. During the exercise sessions, heart rate was monitored using 
a Polar heart rate monitor34. Participants completed a total of 28 exercise sessions (12 the 1st month, eight the 
2nd month, four the 3rd month, and four the 4th month). The warm-up included dynamic stretching and light 
activity to prepare the body for exercise. There was a walk/run portion that varied in time and distance among 
the sessions. In addition, there was a high intensity cardiovascular and resistance training (HICRT) protocol that 
was split into two segments of three sets of three-to-four exercises. Participants completed one- to two-minutes 
of jump rope and a four-minute power series between the two segments. The HICRT exercises varied among 
sessions and included exercises involving bodyweight, resistance bands, kettlebells, body bars, and suspension 
training. There was also a drills-and-skills portion that varied among sessions and included whole-body training 
with equipment such as battle ropes, sand bags, ladders, medicine balls, and parachutes. Every exercise session 
finished with dynamic stretching and a cool-down routine. In addition to the physical exercise sessions, partici-
pants in the EG group completed 20 sessions of the same computerized training games as the Games group. These 
game sessions started the 2nd month with four sessions and then increased to eight sessions per month in the 3rd 
and 4th months. During the game sessions, participants received sham tDCS.

Participants in the ESG group (40 female|21 male; average age = 24) engaged in the same 28 group exercise 
sessions, but rather than sham stimulation, they received active tDCS. This involved “high-definition” electrode 
montages (HD-tDCS) to precisely target brain regions by sending a weak current from two small electrodes 
(anodes) on the left and right side of the front of the head to two receiving electrodes (cathodes) on the back of 
the head. Electrode sites were prepared with highly conductive gel. Stimulation was applied via a modified Soterix 
Medical 1 × 1 Transcranial Direct Current Low-Intensity Stimulator (Model 1300 A) to deliver the current to two 
sites. For both groups, anodal electrodes were placed over left and right dorsolateral prefrontal cortex (F3 and F4) 
while the cathodal electrodes were placed over the left and right occipital cortex (O1 and O2) according to inter-
national 10–20 standards35. Participants experienced a short exposure period at the beginning of each session to 
acclimate to the stimulation sensation before the longer stimulation period began. Participants in the ESG group 
received a total of 2.0 mA current over the entire scalp, split between each anode resulting in roughly 1.0 mA to 
each hemisphere. Stimulation ramped up and ramped down over 30 seconds at the beginning and end of each 
session, with continuous current applied over the course of 30 minutes. Participants in the EG group underwent 
all of the same procedures as those in the ESG group except that the current lasted only 30 seconds at the start and 
end of the session. The comparable ramp-up/ramp-down sequence for the EG group was used to elicit the same 
‘tingling’ sensation and to balance expectations about whether or not stimulation had been applied36.

Participants in the AC group (32 female|34 male; average age = 25) performed three versions of a visual search 
task and three versions of a change detection task. In prior research, training on these tasks has not led to changes 
on executive function, working memory, episodic memory, or fluid intelligence; however, participants did show 
substantial enhancements in visual search and change detection performance6, 7. The AC group followed the 
same training schedule as the Games group. Participants in the PC group (32 female|32 male; average age = 27) 
completed the same pre/post tasks at the beginning of the study and then again after 16 weeks; however, they had 
no contact with any of the research team during the 16-week intervention period.

Assessments. Participants completed a battery of tasks both before and after the training intervention. On 
the basis of prior cognitive training research, the battery of tasks measured multiple cognitive abilities, including 
measures of executive function, working memory, episodic memory, and fluid intelligence. At the latent level, 
construct scores were extracted via confirmatory factor analysis (CFA) models that specified a priori the three 
variables in each construct (EF: Garavan37, Keep Track38, Stroop39; WM: Read Span40, Rotation Span41, Symmetry 
Span42; EM: IFR Words7, IFR Pictures43, Paired Associates44; GF: BOMAT45, Number Series46, Letter Sets47). This 
process was repeated at post-test, and both pre- and post-test models converged with acceptable fit indices (Pre: 
RMSEA = 0.06, CFI = 0.91, AIC = 187.71; Post: RMSEA = 0.04, CFI = 0.98, AIC = 153.91). Factor score estimates 
were extracted and analyzed using IBM SPSS AMOS 2248.

In addition to this battery of tasks, aerobic fitness was measured at pre-test and post-test for all participants 
using a graded exercise test designed to measure maximal oxygen consumption (VO2 max). An ANOVA using 
the VO2 max scores yielded a significant Group by Assessment interaction, F(4,305) = 11.46, p < 0.001, ηp

2 = 0.13. 
Pairwise comparisons indicated that only the two groups that engaged in physical exercise (EG and ESG) signif-
icantly increased their cardiorespiratory fitness levels, though they did not significantly differ from each other.

Expectations. At the end of the intervention, participants reported how much their participation in the 
study had changed their abilities. The 14 abilities (e.g., overall intelligence, divided attention, long term memory, 
emotional regulation, etc.) were rated on a scale from 1 (dramatically worse) to 7 (dramatically better) and were 
aggregated into a composite expectation score. The training and transfer results did not differ when this expecta-
tion score was included as a continuous covariate.



www.nature.com/scientificreports/

4Scientific RepoRts | 7: 5808  | DOI:10.1038/s41598-017-06237-5

Results
Training Performance. To examine the time-course of cognitive training, we calculated standardized 
improvement scores at each of the 20 training sessions by converting the average difficulty for each task to a 
standardized score for each of the four active training groups (three experimental groups and an active control 
group). We then subtracted first session performance from subsequent sessions for each participant7. We con-
ducted separate repeated measures analyses of variance on these standardized scores for each training group as a 
function of training session and found that all training groups (including the active control group) significantly 
improved over the course of study (Supplemental Table 1). The active control group (AC; n = 66) received training 
on visual search and change detection tasks that were not designed to transfer to tests of executive function (EF), 
working memory (WM), episodic memory (EM), or fluid intelligence (GF) that were administered before and 
after the interventions. The passive control (PC; n = 64) group did not engage in any training but completed the 
same transfer tasks.

To examine the relative benefits of multimodal approaches to brain training, we compared standardized train-
ing curves across 20 sessions for each of the experimental groups (Fig. 1). Next, we compared these groups in 
terms of their performance at session 20 for each of the cognitive training tasks and found an effect of Group for 
all but one of the tasks (Supplemental Table 2). Planned pairwise comparisons indicated that both multimodal 
groups (ESG and EG) achieved significantly greater performance compared to the unimodal (Games) group on 
Irrigator (based on visuospatial reasoning), Ante Up (based on mental planning), and Supply Run (based on 
working memory updating). Interestingly, the ESG group achieved significantly greater performance than the 
Games and EG group on Sentry Duty (based on dual n-back) and Pen Em Up (based on task switching (Fig. 2).

Figure 1. Enhanced Training Performance Over Time. Standardized improvement units are on y-axis. There 
was a significant group difference in terms of slope and area under the curve for all games except Riding 
Shotgun (alpha = 0.05). Games = computerized game training. EG = Exercise and computerized game training. 
ESG = Exercise, brain stimulation, and computerized game training.

http://1
http://2
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Transfer Performance. In addition to testing for enhancement of learning as a result of multimodal training, 
analyses were conducted to explore whether enhanced training performance led to enhanced performance on 
untrained pre- and post-intervention assessment tasks. A significant effect of Group at post-test while covary-
ing pre-test performance would serve as evidence of transfer7. Comparable post-intervention performance was 
observed across the unimodal and multimodal intervention groups for tests of general intelligence (examined 
for latent constructs of executive function, working memory, episodic memory, and fluid intelligence). In each 
case, evidence for significant transfer to these constructs was not obtained. At the individual task level, one of 
the twelve tasks demonstrated a significant effect of Group at post-test while controlling for pre-test performance 
(Table 1). However, pairwise comparisons revealed that this effect represents superior performance in the ESG 
group relative to the passive (rather than active) control group (p < 0.05). These findings provide clear evidence 
for the strengths but also the limitations of a subset of contemporary brain training methods – establishing the 
beneficial effects of multimodal training on learning while also identifying the need for effective methods to 
engender transfer to general facets of intellectual ability.

Discussion
We have conducted one of the largest and most comprehensive randomized brain training studies performed to 
date and provided novel evidence that a multimodal intervention – based on cognitive training, brain stimulation, 
and exercise training – can enhance learning (i.e., performance during cognitive training). Specifically, game per-
formance was enhanced in five of the six games when exercise and/or exercise and brain stimulation was included 
compared to training that was bound to a single intervention modality. For three of the games (Irrigator, Ante 

Figure 2. Enhanced Training Performance at Session 20. Standardized improvement units on y-axis. 
**Indicates ESG significantly greater than EG and Games (alpha = 0.05); *indicates both ESG and EG 
significantly greater than Games (alpha = 0.05); no significant effect of group at session 20 for Riding Shotgun. 
Error bars represent +/− one standard error of the mean.
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Up, and Supply Run), exercise enhanced learning in terms of training game performance compared to the uni-
modal group. This extends previous training research that has found exercise-related enhancements on learning18,  
though to our knowledge this is the first study to show these enhancements in young adults using executive func-
tion and working memory training tasks.

In addition to the learning enhancements from exercise, adding brain stimulation (as well as exercise) to the 
intervention led to enhanced training performance on two of the games (Sentry Duty and Pen Em Up) com-
pared to the other multimodal group and the unimodal group. Previous research with healthy younger adults has 
found that pairing active brain stimulation with cognitive tasks can enhance performance49. The current research 
extends these findings to multimodal interventions, demonstrating enhanced learning on executive function and 
working memory games using a combination of exercise and brain stimulation.

Our experiment was designed to provide a rigorous investigation of the efficacy of multimodal approaches 
to brain training in healthy, young adults. Specifically, we applied random assignment to groups, investigated 
a large sample (n = 318), implemented 20–48 training sessions over 16 weeks, applied multiple measures per 
cognitive construct, utilized both active and passive control groups50, 51, and examined the role of expectancies. 
Our findings therefore inform scientific and public policy recommendations about the multimodal interventions 
investigated in the present study. Indeed, a key set of issues in the design of brain training methods pertains to 
the specific cognitive skills that are trained (e.g., executive functions) and the length of the intervention protocol 
administered (e.g., 210 minutes per week for 16 weeks). It remains possible, for example, that transfer effects may 
depend on a different cognitive training protocol (not based on executive function) and training for a longer 
duration (more than 20 sessions). Participants may need greater exposure to each of the training games to engen-
der transfer to general intelligence (but see ref. 52). We believe these alternatives should be examined in future 
research given that the majority of studies reporting beneficial effects of cognitive training are consistent with 
the administered protocol (i.e., with a focus on executive functions and training that is less than 20 sessions27, 53).

There are several other limitations that should be considered when evaluating multimodal training effects. 
For instance, given the high level of attrition in the current study, it is possible that those who dropped might 
have been less motivated or had different baseline abilities compared to those who completed the study. If that 
were the case, then perhaps those individuals would have more to gain from multimodal training efforts. For 
those who did complete the study, we observed real-time multimodal training effects but only weak evidence for 
transfer. We used one program of exercise and one type of brain stimulation for our multimodal intervention to 
try to maximize our potential for observing transfer, but it is possible that a different type of exercise program and 
brain stimulation setup might lead to greater evidence of transfer. Indeed, most of the research on the efficacy of 
fitness training for cognition and brain health comes from exercise programs that are focused on improvements 
in cardiorespiratory fitness rather than mixed programs of resistance, skills, and cardiorespiratory fitness training 
as used in the present study15, 54. Also, despite our large sample size and random assignment to training group, it 
is possible that individual differences in cognitive abilities obscured any potential transfer effects.

While previous research has found robust transfer effects26, 27, this has not always been the case4, 7. 
Furthermore, the current study differs from several of the previous studies in that our focus on was the effects of 
multimodal (vs. unimodal) training. We also included a battery of training tasks rather than a single task, and at 
least for our measures of fluid intelligence we used the BOMAT whereas some previous studies have used other 
matrix reasoning tasks. Given the wide variety of training and transfer results in the literature and the lack of 

Task

Group

F p ηp
2

EF 1.91 0.11 0.02

 Garavan 0.75 0.56 0.01

 Keep Track 3.30 0.01 0.04

 Stroop 0.58 0.68 0.01

WM 0.88 0.48 0.01

 Read Span 1.16 0.33 0.02

 Rotation Span 1.28 0.28 0.02

 Symmetry Span 0.34 0.85 0.00

EM 0.94 0.44 0.01

 IFR Words 0.80 0.53 0.01

 IFR Pictures 1.15 0.34 0.02

 Paired Associates 0.38 0.83 0.01

GF 0.38 0.82 0.01

 BOMAT 0.44 0.78 0.01

 Number Series 0.65 0.63 0.01

 Letter Sets 0.35 0.84 0.00

Table 1. ANCOVA Results for Constructs and Individual Transfer Tasks. Note: Values in italics indicate 
significant values (alpha = 0.05). EF = Executive Function. WM = Working Memory. EM = Episodic Memory. 
GF = Fluid Intelligence. IFR = Immediate Free Recall.
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multimodal interventions, further replication and studies of the size, scope, and duration of the present rand-
omized controlled trial are needed.

The importance of establishing methods to enhance cognitive and brain health has been increasingly recog-
nized in the psychological and brain sciences, but the efficacy of state-of-the-art brain training methods remains 
the subject of continued research and debate. Our study provides evidence that the administered multimodal 
training protocol significantly enhances learning across multiple cognitive domains, spanning executive func-
tions, working memory, and planning and problem solving. Our findings therefore motivate further investigation 
of how best to optimize multimodal interventions based on subject-specific tailoring (e.g., to establish the nature 
and duration of training based on cognitive and brain imaging phenotypes of learning) and to advance the scien-
tific effort to improve general facets of intellectual ability.

References
 1. Fernandez, A. et al. The digital brain health market 2012–2020: web-based, mobile and biometrics-based technology to assess, 

monitor, and enhance congition and brain functioning. SharpBrains http://sharpbrains.com/market-report/ (2013).
 2. Sahakian, B. J. & Kramer, A. F. Editorial overview: cognitive enhancement. Curr Opin Behav Sci. 4, v–vii (2015).
 3. Redick, T. S. Working memory training and interpreting interactions in intelligence interventions. Intelligence. 50, 14–20 (2015).
 4. Thompson, T. W. et al. Failure of working memory training to enhance cognition or intelligence. PLoS One. 8, 1–14 (2013).
 5. Baniqued, P. et al. Working memory, reasoning and task switching training: transfer effects, limitations, and great expectations? 

PLoS One. 10, 1–29 (2015).
 6. Gaspar, J. G., Neider, M. B., Simons, D. J., McCarley, J. S. & Kramer, A. F. Change detection: training and transfer. PLoS One. 8(6), 

1–6 (2013).
 7. Harrison, T. L. et al. Working memory training may increase working memory capacity but not fluid intelligence. Psychol Sci. 3, 1–10 

(2013).
 8. Bamidis, P. D. et al. A review of physical and cognitive interventions in aging. Neurosci Biobehav Rev. 44, 206–220 (2014).
 9. Berryhill, M. E., Peterson, D. J., Jones, K. T. & Stephens, J. A. Hits and misses: leveraging tDCS to advance cognitive research. Front 

Psychol. 50, 1–9 (2014).
 10. Ngandu, T. et al. A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control 

to prevent cognitive decline in at-risk elderly people (FINGER): a randomised controlled trial. Lancet. 385(9984), 2255–2263 (2015).
 11. Fabre, C., Chamari, K., Mucci, P., Massé-Biron, J. & Préfaut, C. Improvement of cognitive function by mental and/or individualized 

aerobic training in healthy elderly subjects. Int J Sports Med. 23(6), 415–421 (2002).
 12. Oswald, W. D., Gunzelmann, T., Rupprecht, R. & Hagen, B. Differential effects of single versus combined cognitive and physical 

training with older adults: the SimA study in a 5-year perspective. Eur J Ageing. 3, 179 (2006).
 13. Erickson, K. I. et al. Exercise training increases size of hippocampus and improves memory. Proc Natl Acad Sci. 108(7), 3017–3022 

(2011).
 14. O’Callaghan, R. M., Ohle, R. & Kelly, Á. M. The effects of forced exercise on hippocampal plasticity in the rat: a comparison of LTP, 

spatial- and non-spatial learning. Behav Brain Res. 176(2), 362–366 (2007).
 15. Prakash, R. S., Voss, M. W., Erickson, K. I. & Kramer, A. F. Physical activity and cognitive vitality. Annu Rev Psychol. 66(1), 769–797 

(2015).
 16. Van Praag, H., Shubert, T., Zhao, C. & Gage, F. H. Exercise enhances learning and hippocampal neurogenesis in aged mice. J 

Neurosci. 25(38), 8680–8685 (2005).
 17. Fabel, K. et al. Additive effects of physical exercise and environmental enrichment on adult hippocampal neurogenesis in mice. Front 

Neurosci. 3, 50 (2009).
 18. Kempermann, G. et al. Why and how physical activity promotes experience induced brain plasticity. Front Neurosci. 4, 189 (2010).
 19. Bestmann, S., de Berker, A. O. & Bonaiuto, J. Understanding the behavioural consequences of noninvasive brain stimulation. Trends 

Cogn Sc. 19(1), 13–20 (2015).
 20. Martin, D. M. et al. Can transcranial direct current stimulation enhance outcomes from cognitive training? a randomized controlled 

trial in healthy participants. Int J Neuropsychopharmacol. 16(9), 1927–1936 (2013).
 21. Ditye, T., Jacobson, L., Walsh, V. & Lavidor, M. Modulating behavioral inhibition by tDCS combined with cognitive training. Exp 

Brain Res. 219(3), 363–368 (2012).
 22. Elmasry, C., Loo, C. & Martin, D. A systematic review of transcranial electrical stimulation combined with cognitive training. Restor 

Neurol Neurosci. 33(3), 263–278 (2015).
 23. Jones, K. T., Stephens, J. A., Alam, M., Bikson, M. & Berryhill, M. E. Longitudinal neurostimulation in older adults improves 

working memory. PLoS One. 10(5), e0129751 (2015).
 24. Blazer, D. G., Yaffe, K. & Liverman, C. T. (eds) Cognitive Aging: progress in Understanding and Opportunities for Action (National 

Academies Press, 2015).
 25. Boot, W. R., & Kramer, A. F. The brain games conundrum: does cognitive training really sharpen the mind? Cerebrum. 1–15 (2014).
 26. Dahlin, E., Neely, A. S., Larsson, A., Bäckman, L. & Nyberg, L. Transfer of learning after updating training mediated by the striatum. 

Science. 320, 1510–1512 (2008).
 27. Jaeggi, S. M., Buschkuehl, M., Jonides, J. & Perrig, W. J. Improving fluid intelligence with training on working memory. Proc Natl 

Acad Sci USA. 105(19), 6829–6833 (2008).
 28. Karbach, J. & Kray, J. How useful is executive control training? age differences in near and far transfer of task-switching training. Dev 

Sci. 12(6), 978–990 (2009).
 29. Mackey, A. P., Hill, S. S., Stone, S. I. & Bunge, S. A. Differential effects of reasoning and speed training in children. Dev Sci. 14(3), 

582–590 (2011).
 30. Olesen, P. J., Westerberg, H. & Klingberg, T. Increased prefrontal and parietal activity after training of working memory. Nat 

Neurosci. 7, 75–79 (2004).
 31. Phillips, L. H., Wynn, V. E., McPherson, S. & Gilhooly, K. J. Mental planning and the Tower of London task. Q J Exp Psychol A. 54(2), 

579–597 (2001).
 32. Colcombe, S. & Kramer, A. F. Fitness effects on the cognitive function of older adults: a meta-analytic study. Psychol Sci. 14, 125–130 

(2003).
 33. Erickson, K. I., Hilman, C. H. & Kramer, A. F. Physical activity, brain, and cognition. Curr Opin Behav Sci. 4, 27–32 (2015).
 34. Polar Electro Inc. E600 polar heart rate monitor user’s manual (2002).
 35. Klem, G. H., Lüders, H. O., Jasper, H. H. & Elger, C. The ten-twenty electrode system of the International Federation. The 

International Federation of Clinical Neurophysiology. Electroencephalogr Clin Neurophysiol Suppl. 52, 3–6 (1999).
 36. Gandiga, P. C., Hummel, F. C. & Cohen, L. G. Transcranial DC stimulation (tDCS): a tool for double-blind sham-controlled clinical 

studies in brain stimulation. Clin Neurophysiol. 117(4), 845–850 (2006).
 37. Garavan, H. Serial attention within working memory. Mem Cognit. 26(2), 263–276 (1998).
 38. Yntema, D. B. Keeping track of several things at once. Hum Factors. 5, 7–17 (1963).
 39. Stroop, J. Studies of interference in serial verbal reactions. J Exp Psychol. 18(6), 643–662 (1935).



www.nature.com/scientificreports/

8Scientific RepoRts | 7: 5808  | DOI:10.1038/s41598-017-06237-5

 40. Engle, R. W., Tuholski, S. W., Laughlin, J. E. & Conway, A. R. Working memory, short-term memory, and general fluid intelligence: 
a latent-variable approach. J Exp Psychol Gen. 128(3), 309–331 (1999).

 41. Kane, M. J. et al. The generality of working memory capacity: a latent-variable approach to verbal and visuospatial memory span and 
reasoning. J Exp Psychol Gen. 133(2), 189–217 (2004).

 42. Unsworth, N., Redick, T. S., Heitz, R. P., Broadway, J. M. & Engle, R. W. Complex working memory span tasks and higher-order 
cognition: a latent-variable analysis of the relationship between processing and storage. Memory. 17(6), 635–654 (2009).

 43. Unsworth, N. & Spillers, G. J. Working memory capacity: attention control, secondary memory, or both? A direct test of the dual-
component model. J Mem Lang. 62(4), 392–406 (2010).

 44. Salthouse, T. A., Fristoe, N. & Rhee, S. H. How localized are age-related effects on neuropsychological measures? Neuropsychology. 
10(2), 272–285 (1996).

 45. Hossiep, R., Turck, D., Hasella Bochumer, M. Matrizentest. BOMAT - advanced - short version (1999).
 46. Thurstone, L. L. Primary mental abilities in the measurement of intelligence 131–136 (1973).
 47. Ekstrom, R. B., French, J. W., Harman, H. H., & Dermen, D. Manual for kit of factor-referenced cognitive tests (1976).
 48. IBM Corp. IBM SPSS statistics for windows, version 22.0.
 49. Richmond, L., Wolk, D., Chein, J. & Olsonm, I. R. Transcranial direct current stimulation enhances verbal working memory training 

performace over time and near-transfer outcomes. J Cogn Neurosci. 26(11), 2443–2454 (2014).
 50. Buschkuehl, M. & Jaeggi, S. M. Improving intelligence: a literature review. Swiss Med Wkly. 140(19–20), 266–272 (2010).
 51. Shipstead, Z., Redick, T. S. & Engle, R. W. Does working memory training generalize? Psychol Belg. 50(3–4), 245–276 (2010).
 52. Schneider, W. & Chein, J. M. Controlled & automatic processing: behavior, theory, and biological mechanisms. Cogn Sci. 27, 

525–559 (2003).
 53. Anguera, J. A. et al. Video game training enhances cognitive control in older adults. Nature. 501(7465), 97–101 (2003).
 54. Voss, M. W. et al. Fitness, but not physical activity, is related to functional integrity of brain networks associated with aging. 

Neuroimage. 131, 113–125 (2016).

Acknowledgements
This research is based upon work supported by the Office of the Director of National Intelligence (ODNI), 
Intelligence Advanced Research Projects Activity (IARPA), via Contract 2014-13121700004 to the University 
of Illinois at Urbana-Champaign (PI: A. Barbey). The views and conclusions contained herein are those of the 
authors and should not be interpreted as necessarily representing the official policies or endorsements, either 
expressed or implied, of the ODNI, IARPA, or the U.S. Government. The U.S. Government is authorized to 
reproduce and distribute reprints for Governmental purposes not-withstanding any copyright annotation 
thereon. We thank C. Dickens for computerized training game development. Thanks also to J. Operskalski, M. 
Zamroziewicz, A. Sipolins, and C. Allen for data collection and management.

Author Contributions
All authors designed the experiments; N.W., E.P., P.W., and G.C. analyzed the data; N.W., A.B., A.K., C.H., and 
N.C. wrote the paper. All authors discussed the results.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06237-5
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-06237-5
http://creativecommons.org/licenses/by/4.0/

	Enhanced Learning through Multimodal Training: Evidence from a Comprehensive Cognitive, Physical Fitness, and Neuroscience  ...
	Overview. 
	Methods
	Participants. 
	Conditions. 
	Assessments. 
	Expectations. 

	Results
	Training Performance. 
	Transfer Performance. 


	Discussion
	Acknowledgements
	Figure 1 Enhanced Training Performance Over Time.
	Figure 2 Enhanced Training Performance at Session 20.
	Table 1 ANCOVA Results for Constructs and Individual Transfer Tasks.




