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FINAL REPORT 
 
Description of the problem 
 

The notion that cognitive and motor skills are plastic and can be improved with 
training is very exciting because it opens up the possibility for rehabilitation and amelioration 
of declines that occur with age, disease, or brain injury.  It has been shown that with training, 
young adults can increase working memory (Jaeggi et al., 2008; Olesen et al., 2004), older 
adults can improve speed of processing (Ball et al., 2007), attention (Bherer et al., 2006), 
and memory (Buschkuehl et al., 2008), and stroke patients can improve functional motor 
performance with physical therapy (cf. Hornby et al., 2008).  A crucial litmus test of the 
success of such training programs is whether they transfer to improvements in everyday 
functional behaviors such as driving. 

 
The aging of the baby boomers will bring about new challenges for the safety of older 

drivers.  Individuals over the age of 75 years have higher driver death rates per vehicle-mile 
of travel than drivers between the ages of 30 - 59 (Li et al., 2003), pointing to a clear need 
for interventions.  A recent review suggests, however, that prior intervention programs, 
including physical retraining and visual perception training, have had only limited 
effectiveness on driving performance (Kua et al., 2007).  While educational programs have 
been shown to improve driving awareness, they do not reduce the number of crashes for 
older adults (Kua et al., 2007).  Marotolli and colleagues (2007) have recently shown that a 
fitness training program was associated with maintained driving performance for older adults 
across a period during which controls exhibited declines, but it did not improve driving 
performance.  

 
In the current project, we evaluated whether progressive working memory training 

results in improved performance on driving simulator tests for both young and older adults.  
We had two lines of evidence leading us to believe that we might observe such transfer.  
The first is that we have already shown that training-related improvements in working 
memory transfer to other cognitive tasks, including measures of fluid intelligence (Jaeggi et 
al., 2008) and memory (Buschkuehl et al., 2008).  Secondly, research demonstrates that the 
interdependence between the cognitive and motor systems increases with age (Huxhold et 
al., 2006; Lindenberger et al., 2000).  Thus, we predicted that working memory training 
benefits would transfer to the performance of complex motor tasks including driving.  That is, 
we believe that this type of cognitive training may be an efficient rehabilitation approach 
because it has the capacity to improve performance in a range of domains.    

 
We evaluated whether a five week cognitive training intervention improves measures 

of cognition, complex motor control, and performance in a driving simulator task for both 
young and older adults.  Identifying an intervention which allows older adults to extend their 
safe driving years would have immense societal benefits.  Moreover, it is of theoretical 
interest to determine whether cognitive training improvements transfer to tasks that are both 
“near to” and “far from” the training task, because it would provide insight into which aspects 
of cognition are malleable with practice.  It is not clear whether training enhances plasticity 
in general, or if transfer will only occur to tasks that rely on behavioral and neural processes 
which overlap with those of the trained task (Dahlin et al., 2008). 
 
 
 
 



 

Approach 
 

The literature on both cognitive and sensorimotor training has been rapidly 
expanding, opening new avenues for rehabilitation and self-improvement.  Recent work has 
demonstrated that aspects of cognition previously thought to be unmalleable, such as fluid 
intelligence, can be improved with training (Jaeggi et al., 2008).  Moreover, training benefits 
have been observed in older adults in a number of domains (Mahncke et al., 2006; Seidler, 
2007; Buschkuehl et al., 2008), when it was originally thought that aging was associated 
with reduced adaptive capacity.  Our approach was to build upon this burgeoning literature 
by determining whether improvements in working memory performance transfer to driving 
ability.  We initially utilized a single blind randomized assignment of participants to control 
and training groups, but midway through the study we observed large group differences in 
pre test performance on the driving simulator.  We then switched to a blind assignment 
procedure aimed at equalizing pre test scores.  The control condition was a knowledge 
training intervention in which participants practiced vocabulary definitions and answered 
trivia questions in a format that was visually similar to that of the working memory training 
software.  We addressed the following aims and hypotheses: 

 
Aim 1:  Determine whether a five week working memory training program improves working 
memory performance for young and older adults. 
We have previously shown that working memory training is effective for young (Jaeggi et al., 
2008) and older (Buschkuehl et al., 2008) adults; we hypothesized that we would replicate 
these effects with the currently proposed training parameters. 
 
Aim 2:  Determine whether benefits associated with a five week working memory training 
program transfer to other cognitive and motor tasks thought to rely on working memory 
processes, including measures of fluid intelligence and complex motor tasks. 
We hypothesized that young and older adults would show similar transfer magnitudes.  
Although older adults have reduced plasticity, this effect may be counteracted by an 
increase in shared processing resources with age. 
 
Aim 3:  Determine whether benefits associated with a five week working memory training 
program transfer to the complex, real-world skill of driving. 
We hypothesized that training would transfer to a driving task for both young and older 
adults. 

 
 
Methodology 
 
Participants 
 

Twenty-nine young adults (mean age 21.4 years, 15 women) and 18 older adults (11 
have completed training and post testing thus far; mean age 68.4 years, 7 women) were 
assigned to the dual task working memory training intervention group.  Twenty-seven young 
adults (mean age 20.2 years, 12 women) and 18 older adults (13 have completed training 
and post testing thus far; mean age 70.4 years, 9 women) were assigned to the knowledge 
training control group.  Individuals were paid for their participation.  Recruitment and 
enrollment for older adults is continuing beyond the expiration of the project support.   

 
 
 



 

Training tasks 
 
The intervention groups engaged in the dual n-back working memory training task 

that we have previously shown to be successful in increasing working memory capacity, 
which shows transfer benefits to fluid intelligence (Jaeggi et al., 2008, see Figure 1).  During 
this demanding task, participants are presented two series of stimuli that occur 
simultaneously at a rate of 3 s per stimulus.  One series consists of auditory presentation of 
single letters (lower row in Figure 1), while the other consists of visual presentation of spatial 
locations (upper row in Figure 1).  Participants are instructed to decide, for each series, 
whether the current stimulus matches the one that was presented n items back in the series 
(Figure 1 depicts the task for n = 2).  Participants respond with a left finger keypress for a 
visual stimulus location match, and with a right finger keypress for an auditory stimulus 
match.  The task changes adaptively based on each individual participant’s performance.  
That is, if performance improves (declines), then n increases (decreases) for the subsequent 
block, with each block lasting just over one minute.  Control group participants performed a 
knowledge training task, which consisted of answering multiple choice questions about 
vocabulary words and general knowledge.  The control task was designed to provide 
participants with the same experience coming into the lab, interacting with experimenters, 
and performing computerized tasks as the intervention group. 

 
 
 
 
 
Figure 1.  The dual n-
back training task, 
illustrated for the case of 
n =  2 (taken from 
Jaeggi et al., 2008). 
 
 
 
 
 
 
 

 
 
Working memory training sessions comprised 20 blocks of 20 + n trials, resulting in 

approximately 20 - 25 minutes of training per day.  Knowledge training sessions were 
determined by time, that is, participants trained 23 minutes per training session. Participants 
were asked to engage in one training session each day, five days per week, for five weeks, 
resulting in a total of 25 training sessions.  All participants completed a minimum of 17 
training sessions, with several completing up to the full 25. 

 
Pre and post test assessments 

 
We assessed performance on a variety of measures prior to initiation of the training 

regimen, at the completion of the five week training period, and at a one month follow up 
test point.  The total assessment battery lasted approximately 3 hours and was conducted in 
two different sessions (i.e. morning and afternoon in a counterbalanced fashion or over two 



 

days).  We conducted three types of pre and post test assessments: 1) tests that are 
functionally close to the working memory training program, allowing us to determine whether 
improvements in working memory transfer to other working memory measures (Type 1 
tests); 2) tests that are functionally less similar to the working memory training program, 
including measures of fluid intelligence and motor learning, allowing us to determine 
whether improvements in working memory transfer to other cognitive and motor behaviors 
(Type 2 tests), and 3) driving simulator tests, allowing us to determine whether working 
memory improvements transfer to complex, real-world behaviors (Type 3 tests).   

 
Type 1 tests included card rotation (Ekstrome et al., 1976), operation span 

(Unsworth et al., 2005), and visual array comparisons (Luck & Vogel, 1997), which are three 
neuropsychological assessments of working memory, and the digit symbol substitution task 
(from WAIS-R), which is a measure of sensorimotor processing speed.  In addition, 
participants performed single and dual n-back tasks, a visual array comparison test of 
working memory, the operation span working memory test, and the ANT test of attention 
(Fan et al., 2005). 

 
Type 2 tests included Raven’s matrices (Raven et al., 1990), which is a standardized 

test of fluid intelligence, and the BOMAT and verbal analogies tests of intelligence (Hossiep 
et al., 1995).  We have previously shown that working memory training transfers to 
performance on this task (Jaeggi et al., 2008), and we included it here for the sake of 
replication.  Participants also performed a motor sequence learning task and a sensorimotor 
adapation test as part of the type 2 test items.  We have previously shown that measures of 
working memory correlate with the rate of learning both types of tasks (Anguera et al., in 
press, Bo & Seidler, 2009), and that aging is associated with declines in both types of skill 
learning (Seidler 2006).  The administration of type 2 tests allows us to determine whether 
working memory training benefits are restricted to measures of working memory and related 
cognitive tasks, or if they transfer to tasks which purportedly rely on working memory 
mechanisms as well. 

 
The Type 3 tests were assessments performed with an STISIM Drive driving 

simulator.  Recent studies have shown that tests and training with this system are correlated 
with real-world, in-car driving performance (Akinwuntan et al., 2005; Freund et al., 2002; Lee 
et al., 2003).  Participants were first given a practice course and then two course driving 
tests, each lasting approximately 10 minutes.  One course included both straight and curved 
roads, with varying speed limits and traffic requiring steering and braking for avoidance and 
other complex traffic events.  The other course was simpler.  Both the easy and hard 
courses were performed alone and under divided attention conditions.  The divided attention 
condition required pressing a button in response to cues that appeared occasionally on the 
screen.  Performance metrics included number of traffic violations and crashes, speed 
deviation and lane position deviation, response time to events, and response time and 
number of missed versus correct responses for the divided attention task.  
 
Findings 
 
Training Gains 
 
 Improvements on the dual n-back training task for the two training intervention 
groups are plotted in Figure 2.  Both young and older adults exhibited training-related gains, 
despite the fact that older adults had poorer performance at the outset. 
 



 

 
 
Figure 2.  Training curves for the two dual n-back training groups.  The red line indicates the 
point at which reducing numbers of participants completed additional sessions.  That is, all 
participants completed a minimum of 17 sessions, and some completed up to 25.   

 
 
Young and older adults in the knowledge training groups had comparable performance, with 
both groups answering approximately 65% correct on the vocabulary and general 
knowledge questions throughout the five week training period. 
 
Performance on Type I Assessments- Near Transfer to Other Working Memory Measures 
 

For the young adults, there were significant group (working memory intervention, 
knowledge training control) by test session (pre, post training) interactions for several of the 
working memory measures.  The dual n-back training group exhibited significantly greater 
improvements than the knowledge trainer group on the operation span test (P < .05), single 
and dual n-back tests (P < .05), and a trend for an interaction on the card rotation test (P = 
.07).  There is insufficient data in the older adult participant groups to evaluate transfer at 
this point.   
 
Performance on Type II Assessments- Far Transfer to Measures of Intelligence and 
Complex Motor Performance 
 
 There were no significant group by test session interactions for the intelligence 
measures or complex motor tasks for the young adults, although one of the intelligence 
measures exhibited a trend for transfer effects that scaled with training task gains.  Again, 
there is insufficient data to statistically evaluate these transfer effects for older adults at this 
point in the study.  Figure 3 shows a promising trend in the Walking While Talking task 
(Verghese et al., 2002), however, with the older adults in the intervention group exhibiting 
larger improvements on this measure of dual tasking while walking.  This is particularly 
significant given that scores on this assessment are predictive of falls in older adults. 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.  Pre- to post-test change in the walking while talking test for older adults.  The dual 
n back training group (blue) shows greater positive transfer than the knowledge training 
control group (green), particularly for more the more complex conditions of this test. 
 
 
Performance on Type III Assessments- Transfer to Driving Simulator Tests 
 
 For the young adults, there were no significant transfer effects to the driving courses, 
either under single or dual task conditions.  This was assessed using a composite driving 
performance measure that takes into account a number of factors including maintaining 
posted speeds, number of crashes, lane deviations, etc. We are conducting more detailed 
analyses for the young adults to determine whether any measures in isolation provide 
evidence for transfer. 
 
 The number of older adult participants that have completed pre and post testing on 
the driving simulator is quite small at this point (N= 6, 7 per group).  Unfortunately several of 
the older participants complained of dizziness and nausea when driving the courses and 
had to cease testing.  We are still training and testing older adult participants to increase this 
number.  For those that have completed testing thus far, there is a trend for improvement on 
the composite measure when driving under dual task conditions for the working memory 
training versus the knowledge control group (Figure 4).   
  
 
 
 
 
 
 
 
 
 



 

Figure 4.  Older participants in the working memory training group (depicted in red) show 
positive transfer of training to driving under dual task conditions, while those in the control 
group (depicted in blue) do not. 
 

 
Conclusions 
 
 In summary, young adults exhibited substantial performance gains on the dual n-
back training task, as we have shown previously (Jaeggi et al., 2008).  The training effects 
transferred to differential improvements for the training group on other measures of working 
memory and speed of processing.  Unlike in our previous work (Jaeggi et al., 2008) we did 
not observe transfer to measures of intelligence.  This may have been a by-product of the 
rather extensive pre and post test battery of assessments that we performed, particularly 
given that one of the intelligence measures was always performed last in the sequence of 
tests.  Given this, participants may have been too fatigued and / or unmotivated to perform 
these tests well.  It was somewhat disappointing that training benefits for the young adults 
did not transfer more broadly to improvements on the complex motor tasks and performance 
on the driving simulator courses.  However, performance for this group on these tasks was 
quite high to begin with and they may have less room for improvement than the older adults. 
  

We have insufficient power at this point to statistically examine transfer effects for the 
older adults, but we have a large number of older adult participants that will be completing 
training and post testing over the next month.  The fact that the participants who have 
completed the intervention thus far exhibit significant training gains and trends for transfer to 
the complex motor tasks and driving simulator tests is promising.  These effects appear to 
be the largest for dual tasking mobility measures- walking while talking and driving under 
divided attention.    
 
 



 

Recommendations 
 
 We are unable to make concrete recommendations at this time, given that we have 
not quite completed data collection and analysis with the older adult participants.  However, 
if significant transfer to the driving simulator assessments is observed, then further studies 
which examine transfer to on-road driving situations will be warranted. 
 



 

References 
Akinwuntan, A.E., De Weerdt, W., Feys, H. Pauwels, J. Baten, G., Arno, P., & Kiekens, C. 

(2005).  Effect of simulator training on driving after stroke: a randomized controlled trial. 
Neurology, 65: 843-850. 

Anguera, J. A., Reuter-Lorenz, P.A., Willingham, D.T., & Seidler, R.D. (in press).  
Contributions of spatial working memory to visuomotor learning.  Journal of Cognitive 
Neuroscience.  

Ball, K., Edwards, J.D., & Ross, L.A. (2007). The impact of speed of processing training on 
cognitive and everyday functions. J Gerontol B Psychol Sci Soc Sci. 62 Spec No 1:19-
31. 

Bherer, L., Kramer, A.F., Peterson, M.S., Colcombe, S., Erickson, K., & Becic, E. (2006). 
Testing the limits of cognitive plasticity in older adults: application to attentional control. 
Acta Psychol (Amst). 123(3):261-78. 

Bo, J. & Seidler, R. D. (2009).  Visuospatial working memory capacity predicts the 
organization of acquired explicit motor sequences.  Journal of Neurophysiology, 101(6): 
3116-25. 

Buschkuehl, M. et al. (2008).  Impact of working memory training on memory performance in 
old-old adults.  Psychology & Aging, 23: 743-753. 

Dahlin, E., Neely, A. S., Larsson, A., Backman, L., & Nyberg, L. (2008). Transfer of learning 
after updating training mediated by the striatum. Science, 320 (5882), 1510-1512. 

Ekstrome, R., French, J., and Harman, H. (1976). Manual for kit of factor referenced 
cognitive tests. Eductional Testing Service, Princeton, New Jersey. 

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. I., & Posner, M. I. (2005). The 
activation of attentional networks. Neuroimage, 26(2), 471-479. 

Freund, B., Gravenstein, S., Ferris, R., & Shaheen, E. (2002). Evaluating driving 
competence of cognitively impaired and healthy older adults: a pilot study comparing 
on-road and driving simulation performance. JAGS 50: 1309-1310. 

Hornby, T.G., Campbell, D.D., Kahn, J.H., Demott, T., Moore, J.L. & Roth, H.R. (2008). 
Enhanced gait-related improvements after therapist- versus robotic-assisted locomotor 
training in subjects with chronic stroke: a randomized controlled study. Stroke, 
39(6):1786-92. 

Hossiep, R., Turck, D., & Hasella, M. (1999). Bochumer Matrizentest. BOMAT - advanced - 
short version. Göttingen: Hogrefe. 

Huxhold, O., Li, S. C., Schmiedek, F., & Lindenberger, U. (2006). Dual-tasking postural 
control:  Aging and the effects of cognitive demand in conjunction with focus of 
attention. Brain Research Bulletin, 69, 294-305. 

Jaeggi, S.M., Buschkuehl, M., Jonides, J., Perrig, W.J. (2008). Improving fluid intelligence 
with training on working memory. Proc Natl Acad Sci U S A. 105(19):6829-33. 

Kua, A., Korner-Bitensky, N., Desrosiers, J., Man-Son-Hing, M., Marshall, S. (2007). Older 
driver retraining: a systematic review of evidence of effectiveness. Journal of Safety 
Research 38: 81-90. 

Lee, H.C., Cameron, D., & Lee, A.H. (2003). Assessing the driving performance of older 
adult drivers: on-road versus simulated driving. Accid Anal Prev. 35: 797–803. 

Li, G., Braver, E.R., Chen, L.H. (2003). Fragility versus excessive crash involvement as 
determinants of high death rates per vehicle-mile of travel among older drivers. Accid 
Anal Prev 35(2):227-35. 

Lindenberger, U., Marsiske, M., & Baltes, P. B. (2000). Memorizing while walking: Increase 
in dual-task costs from young adulthood to old age. Psychology and Aging, 15, 417-
436. 

Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working memory for features and 
conjunctions. Nature, 390(6657), 279-281. 



 

Mahncke, H.W., Connor, B.B., Appelman, J., Ahsanuddin, O.N., Hardy, J.L., Wood, R.A., 
Joyce, N.M., Boniske, T., Atkins, S.M., Merzenich, M.M. (2006). Memory enhancement 
in healthy older adults using a brain plasticity-based training program: a randomized, 
controlled study. Proc Natl Acad Sci U S A. 103(33):12523-8. 

Marotolli, RA et al. (2007). A randomized trial of a physical conditioning program to enhance 
the driving performance of older persons.  Journal of General Internal Medicine 22: 590-
597.  

Olesen, Westerberg & Klingberg (2004). Increased prefrontal and parietal activity after 
training of working memory. Nat Neurosci 7(1): 75-79. 

Raven, JC, Court, JH, & Raven, J (1990).  Coloured progressive matrices.  Oxford, England: 
Oxford Psychologists Press.  

Seidler, R. D. (2006).  Differential effects of age on sequence learning and sensorimotor 
adaptation.  Brain Research Bulletin 70: 337-346. 

Seidler, R.D. (2007). Older adults can learn to learn new motor skills. Behav Brain Res. 
183(1) :118-22. 

Unsworth, N., Heitz, R. P., Schrock, J. C., & Engle, R. W. (2005). An automated version of 
the operation span task. Behavior Research Methods, 37(3), 498-505. 

Verghese, J., et al., (2002).  Validity of divided attention tasks in predicting falls in older 
individuals: a preliminary study. J Am Geriatr Soc, 50(9): 1572-6. 

 



Report No. M-CASTL 2010-01





1,2Rachael D. Seidler, 1Jessica A. Bernard, 1Martin Buschkuehl, 1Susanne Jaeggi, 1John Jonides, 2Jennifer Humfleet

University of Michigan


1Department of Psychology, 2School of Kinesiology

February 8, 2010




Disclaimer

The contents of this report reflect the views of the authors, who are responsible for the facts and the accuracy of the information presented herein. This document is disseminated under the sponsorship of the Department of Transportation’s University Transportation Centers Program, in the interest of information exchange.  The U.S. Government assumes no liability for the contents or use thereof.


		1.  Report No.


M-CASTL 2010-01

		2.  Government Accession No.




		3.  Recipient’s Catalog No.






		4.  Title and Subtitle


Cognitive Training as an Intervention to Improve Driving Ability in the Older Adult

		5.  Report Date


February 8, 2010



		

		6.  Performing Organization Code






		7.  Author(s)



Rachael D. Seidler, Jessica A. Bernard, Martin Buschkuehl, Susanne Jaeggi, John Jonides & Jennifer Humfleet

		8.  Performing Organization Report No.






		9.  Performing Organization Name and Address


University of Michigan


401 Washtenaw Ave.


Ann Arbor, MI 48109-2214

		10.  Work Unit no. (TRAIS)



		

		11.  Contract or Grant No.






		12.  Sponsoring Agency Name and Address


Michigan Center for Advancing Safe Transportation Throughout the Lifespan


2901 Baxter Rd., Room #111,


Ann Arbor, MI 48109-2150  U.S.A

		13.  Type of Report and Period Covered


Final



		

		14.  Sponsoring Agency Code






		15.  Supplementary Notes






		16.  Abstract


The notion that cognitive and motor skills are plastic and can be improved with training is very exciting, because it opens up the possibility for rehabilitation and amelioration of age-related declines in performance.  It has been shown that older adults can improve cognitive processes such as attentional control, memory, and speed of processing with training.  Although transfer to other tasks has been reported, it is not clear whether benefits transfer to real-world tasks such as driving.  The aging of the baby boomers will bring about new challenges for the safety of older drivers.  In the current study, we evaluated whether a five week cognitive training intervention resulted in improvements in measures of cognition, complex motor control, and performance in a driving simulator task for both young and older adults.  Young and older adults were assigned to the cognitive training intervention group (young n=29, older adult n =18) and to a knowledge training (vocabulary and trivia) control group (young n = 27, older adult n=18).  We have completed enrollment and testing of young adults at this time; enrollment and testing for the older adults is ongoing.  Both training groups exhibited improvement on the cognitive training protocol across five weeks of practice.  Significant transfer effects were observed for other measures of working memory and processing speed.  Although the results for older adults are preliminary as participants are still completing the intervention, they show transfer to the complex motor tasks and the driving simulator measures, particularly under dual task conditions.  These results suggest that working memory training may be a useful intervention to improve driving in older adults, but has minimal impact in relatively high functioning young adults.



		17.  Key Words



Cognitive training, motor, driving, older adult




		18.  Distribution Statement


Unlimited



		19.  Security Classification (of this report)


Unclassified

		20.  Security Classification (of this page)


Unclassified

		21.  No. of Pages


13

		22.  Price








Technical Report Documentation Page


FINAL REPORT

Description of the problem

The notion that cognitive and motor skills are plastic and can be improved with training is very exciting because it opens up the possibility for rehabilitation and amelioration of declines that occur with age, disease, or brain injury.  It has been shown that with training, young adults can increase working memory (Jaeggi et al., 2008; Olesen et al., 2004), older adults can improve speed of processing (Ball et al., 2007), attention (Bherer et al., 2006), and memory (Buschkuehl et al., 2008), and stroke patients can improve functional motor performance with physical therapy (cf. Hornby et al., 2008).  A crucial litmus test of the success of such training programs is whether they transfer to improvements in everyday functional behaviors such as driving.

The aging of the baby boomers will bring about new challenges for the safety of older drivers.  Individuals over the age of 75 years have higher driver death rates per vehicle-mile of travel than drivers between the ages of 30 - 59 (Li et al., 2003), pointing to a clear need for interventions.  A recent review suggests, however, that prior intervention programs, including physical retraining and visual perception training, have had only limited effectiveness on driving performance (Kua et al., 2007).  While educational programs have been shown to improve driving awareness, they do not reduce the number of crashes for older adults (Kua et al., 2007).  Marotolli and colleagues (2007) have recently shown that a fitness training program was associated with maintained driving performance for older adults across a period during which controls exhibited declines, but it did not improve driving performance. 

In the current project, we evaluated whether progressive working memory training results in improved performance on driving simulator tests for both young and older adults.  We had two lines of evidence leading us to believe that we might observe such transfer.  The first is that we have already shown that training-related improvements in working memory transfer to other cognitive tasks, including measures of fluid intelligence (Jaeggi et al., 2008) and memory (Buschkuehl et al., 2008).  Secondly, research demonstrates that the interdependence between the cognitive and motor systems increases with age (Huxhold et al., 2006; Lindenberger et al., 2000).  Thus, we predicted that working memory training benefits would transfer to the performance of complex motor tasks including driving.  That is, we believe that this type of cognitive training may be an efficient rehabilitation approach because it has the capacity to improve performance in a range of domains.   


We evaluated whether a five week cognitive training intervention improves measures of cognition, complex motor control, and performance in a driving simulator task for both young and older adults.  Identifying an intervention which allows older adults to extend their safe driving years would have immense societal benefits.  Moreover, it is of theoretical interest to determine whether cognitive training improvements transfer to tasks that are both “near to” and “far from” the training task, because it would provide insight into which aspects of cognition are malleable with practice.  It is not clear whether training enhances plasticity in general, or if transfer will only occur to tasks that rely on behavioral and neural processes which overlap with those of the trained task (Dahlin et al., 2008).


Approach


The literature on both cognitive and sensorimotor training has been rapidly expanding, opening new avenues for rehabilitation and self-improvement.  Recent work has demonstrated that aspects of cognition previously thought to be unmalleable, such as fluid intelligence, can be improved with training (Jaeggi et al., 2008).  Moreover, training benefits have been observed in older adults in a number of domains (Mahncke et al., 2006; Seidler, 2007; Buschkuehl et al., 2008), when it was originally thought that aging was associated with reduced adaptive capacity.  Our approach was to build upon this burgeoning literature by determining whether improvements in working memory performance transfer to driving ability.  We initially utilized a single blind randomized assignment of participants to control and training groups, but midway through the study we observed large group differences in pre test performance on the driving simulator.  We then switched to a blind assignment procedure aimed at equalizing pre test scores.  The control condition was a knowledge training intervention in which participants practiced vocabulary definitions and answered trivia questions in a format that was visually similar to that of the working memory training software.  We addressed the following aims and hypotheses:

Aim 1:  Determine whether a five week working memory training program improves working memory performance for young and older adults.


We have previously shown that working memory training is effective for young (Jaeggi et al., 2008) and older (Buschkuehl et al., 2008) adults; we hypothesized that we would replicate these effects with the currently proposed training parameters.


Aim 2:  Determine whether benefits associated with a five week working memory training program transfer to other cognitive and motor tasks thought to rely on working memory processes, including measures of fluid intelligence and complex motor tasks.


We hypothesized that young and older adults would show similar transfer magnitudes.  Although older adults have reduced plasticity, this effect may be counteracted by an increase in shared processing resources with age.


Aim 3:  Determine whether benefits associated with a five week working memory training program transfer to the complex, real-world skill of driving.


We hypothesized that training would transfer to a driving task for both young and older adults.


Methodology


Participants

Twenty-nine young adults (mean age 21.4 years, 15 women) and 18 older adults (11 have completed training and post testing thus far; mean age 68.4 years, 7 women) were assigned to the dual task working memory training intervention group.  Twenty-seven young adults (mean age 20.2 years, 12 women) and 18 older adults (13 have completed training and post testing thus far; mean age 70.4 years, 9 women) were assigned to the knowledge training control group.  Individuals were paid for their participation.  Recruitment and enrollment for older adults is continuing beyond the expiration of the project support.  


Training tasks


The intervention groups engaged in the dual n-back working memory training task that we have previously shown to be successful in increasing working memory capacity, which shows transfer benefits to fluid intelligence (Jaeggi et al., 2008, see Figure 1).  During this demanding task, participants are presented two series of stimuli that occur simultaneously at a rate of 3 s per stimulus.  One series consists of auditory presentation of single letters (lower row in Figure 1), while the other consists of visual presentation of spatial locations (upper row in Figure 1).  Participants are instructed to decide, for each series, whether the current stimulus matches the one that was presented n items back in the series (Figure 1 depicts the task for n = 2).  Participants respond with a left finger keypress for a visual stimulus location match, and with a right finger keypress for an auditory stimulus match.  The task changes adaptively based on each individual participant’s performance.  That is, if performance improves (declines), then n increases (decreases) for the subsequent block, with each block lasting just over one minute.  Control group participants performed a knowledge training task, which consisted of answering multiple choice questions about vocabulary words and general knowledge.  The control task was designed to provide participants with the same experience coming into the lab, interacting with experimenters, and performing computerized tasks as the intervention group.



Figure 1.  The dual n-back training task, illustrated for the case of n =  2 (taken from Jaeggi et al., 2008).


Working memory training sessions comprised 20 blocks of 20 + n trials, resulting in approximately 20 - 25 minutes of training per day.  Knowledge training sessions were determined by time, that is, participants trained 23 minutes per training session. Participants were asked to engage in one training session each day, five days per week, for five weeks, resulting in a total of 25 training sessions.  All participants completed a minimum of 17 training sessions, with several completing up to the full 25.

Pre and post test assessments


We assessed performance on a variety of measures prior to initiation of the training regimen, at the completion of the five week training period, and at a one month follow up test point.  The total assessment battery lasted approximately 3 hours and was conducted in two different sessions (i.e. morning and afternoon in a counterbalanced fashion or over two days).  We conducted three types of pre and post test assessments: 1) tests that are functionally close to the working memory training program, allowing us to determine whether improvements in working memory transfer to other working memory measures (Type 1 tests); 2) tests that are functionally less similar to the working memory training program, including measures of fluid intelligence and motor learning, allowing us to determine whether improvements in working memory transfer to other cognitive and motor behaviors (Type 2 tests), and 3) driving simulator tests, allowing us to determine whether working memory improvements transfer to complex, real-world behaviors (Type 3 tests).  


Type 1 tests included card rotation (Ekstrome et al., 1976), operation span (Unsworth et al., 2005), and visual array comparisons (Luck & Vogel, 1997), which are three neuropsychological assessments of working memory, and the digit symbol substitution task (from WAIS-R), which is a measure of sensorimotor processing speed.  In addition, participants performed single and dual n-back tasks, a visual array comparison test of working memory, the operation span working memory test, and the ANT test of attention (Fan et al., 2005).


Type 2 tests included Raven’s matrices (Raven et al., 1990), which is a standardized test of fluid intelligence, and the BOMAT and verbal analogies tests of intelligence (Hossiep et al., 1995).  We have previously shown that working memory training transfers to performance on this task (Jaeggi et al., 2008), and we included it here for the sake of replication.  Participants also performed a motor sequence learning task and a sensorimotor adapation test as part of the type 2 test items.  We have previously shown that measures of working memory correlate with the rate of learning both types of tasks (Anguera et al., in press, Bo & Seidler, 2009), and that aging is associated with declines in both types of skill learning (Seidler 2006).  The administration of type 2 tests allows us to determine whether working memory training benefits are restricted to measures of working memory and related cognitive tasks, or if they transfer to tasks which purportedly rely on working memory mechanisms as well.


The Type 3 tests were assessments performed with an STISIM Drive driving simulator.  Recent studies have shown that tests and training with this system are correlated with real-world, in-car driving performance (Akinwuntan et al., 2005; Freund et al., 2002; Lee et al., 2003).  Participants were first given a practice course and then two course driving tests, each lasting approximately 10 minutes.  One course included both straight and curved roads, with varying speed limits and traffic requiring steering and braking for avoidance and other complex traffic events.  The other course was simpler.  Both the easy and hard courses were performed alone and under divided attention conditions.  The divided attention condition required pressing a button in response to cues that appeared occasionally on the screen.  Performance metrics included number of traffic violations and crashes, speed deviation and lane position deviation, response time to events, and response time and number of missed versus correct responses for the divided attention task. 


Findings


Training Gains



Improvements on the dual n-back training task for the two training intervention groups are plotted in Figure 2.  Both young and older adults exhibited training-related gains, despite the fact that older adults had poorer performance at the outset.

Figure 2.  Training curves for the two dual n-back training groups.  The red line indicates the point at which reducing numbers of participants completed additional sessions.  That is, all participants completed a minimum of 17 sessions, and some completed up to 25.  




Young and older adults in the knowledge training groups had comparable performance, with both groups answering approximately 65% correct on the vocabulary and general knowledge questions throughout the five week training period.

Performance on Type I Assessments- Near Transfer to Other Working Memory Measures


For the young adults, there were significant group (working memory intervention, knowledge training control) by test session (pre, post training) interactions for several of the working memory measures.  The dual n-back training group exhibited significantly greater improvements than the knowledge trainer group on the operation span test (P < .05), single and dual n-back tests (P < .05), and a trend for an interaction on the card rotation test (P = .07).  There is insufficient data in the older adult participant groups to evaluate transfer at this point.  

Performance on Type II Assessments- Far Transfer to Measures of Intelligence and Complex Motor Performance


There were no significant group by test session interactions for the intelligence measures or complex motor tasks for the young adults, although one of the intelligence measures exhibited a trend for transfer effects that scaled with training task gains.  Again, there is insufficient data to statistically evaluate these transfer effects for older adults at this point in the study.  Figure 3 shows a promising trend in the Walking While Talking task (Verghese et al., 2002), however, with the older adults in the intervention group exhibiting larger improvements on this measure of dual tasking while walking.  This is particularly significant given that scores on this assessment are predictive of falls in older adults.



Figure 3.  Pre- to post-test change in the walking while talking test for older adults.  The dual n back training group (blue) shows greater positive transfer than the knowledge training control group (green), particularly for more the more complex conditions of this test.


Performance on Type III Assessments- Transfer to Driving Simulator Tests



For the young adults, there were no significant transfer effects to the driving courses, either under single or dual task conditions.  This was assessed using a composite driving performance measure that takes into account a number of factors including maintaining posted speeds, number of crashes, lane deviations, etc. We are conducting more detailed analyses for the young adults to determine whether any measures in isolation provide evidence for transfer.



The number of older adult participants that have completed pre and post testing on the driving simulator is quite small at this point (N= 6, 7 per group).  Unfortunately several of the older participants complained of dizziness and nausea when driving the courses and had to cease testing.  We are still training and testing older adult participants to increase this number.  For those that have completed testing thus far, there is a trend for improvement on the composite measure when driving under dual task conditions for the working memory training versus the knowledge control group (Figure 4).  

Figure 4.  Older participants in the working memory training group (depicted in red) show positive transfer of training to driving under dual task conditions, while those in the control group (depicted in blue) do not.




Conclusions



In summary, young adults exhibited substantial performance gains on the dual n-back training task, as we have shown previously (Jaeggi et al., 2008).  The training effects transferred to differential improvements for the training group on other measures of working memory and speed of processing.  Unlike in our previous work (Jaeggi et al., 2008) we did not observe transfer to measures of intelligence.  This may have been a by-product of the rather extensive pre and post test battery of assessments that we performed, particularly given that one of the intelligence measures was always performed last in the sequence of tests.  Given this, participants may have been too fatigued and / or unmotivated to perform these tests well.  It was somewhat disappointing that training benefits for the young adults did not transfer more broadly to improvements on the complex motor tasks and performance on the driving simulator courses.  However, performance for this group on these tasks was quite high to begin with and they may have less room for improvement than the older adults.

We have insufficient power at this point to statistically examine transfer effects for the older adults, but we have a large number of older adult participants that will be completing training and post testing over the next month.  The fact that the participants who have completed the intervention thus far exhibit significant training gains and trends for transfer to the complex motor tasks and driving simulator tests is promising.  These effects appear to be the largest for dual tasking mobility measures- walking while talking and driving under divided attention.   


Recommendations



We are unable to make concrete recommendations at this time, given that we have not quite completed data collection and analysis with the older adult participants.  However, if significant transfer to the driving simulator assessments is observed, then further studies which examine transfer to on-road driving situations will be warranted.
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