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“It’s a fortunate person whose brain 
Is trained early, again and again, 

And who continues to use it 
To be sure not to lose it, 

So the brain, in old age, may not wane.” 
(Rosenzweig  & Bennett 1996) 

Hertzog, Kramer, Wilson & Lindenberger (2009)�

Cognitive Enrichment Hypothesis�

•   levels of performance are malleable 
& open to enhancement throughout 
the human lifespan �

•   Upper levels of performance are 
constrained by the boundaries of 
biological aging (& how malleable are 
these biological constraints … ?) �



Enriched (complex) environments include: �



Lots of  products to “help” us age successfully …..




What	
  do	
  we	
  currently	
  know?	
  

•  Normal Populations 

•  Patient Populations 

•  On the basis of …. 
•  Prospective observational studies 
•  Animal models 
•  Human RCT’s 



Goal:	
  Interven4ons	
  for	
  cogni4ve	
  aging	
  

• 	
  Give	
  up	
  driving	
  
• 	
  Loss	
  of	
  independence	
  
• 	
  Clinical	
  diagnosis	
  of	
  
demen-a	
  

Aerobic	
  exercise	
  
training	
  



What	
  do	
  we	
  currently	
  know?	
  

•  Normal Populations 

•  Patient Populations 

•  On the basis of …. 
•  Prospective observational studies 
•  Animal models 
•  Human RCT’s 



Assessing the effects of exercise 

1

Normal Cage

Running Wheel

+

+BRDU
BRDU

2
Water maze

3
Electrophysiology

Histology

E
X

P
E

R
IM

E
N

TA
L 

D
E

S
IG

N
 

Christie (2010)�



Brown et al, 2003 �

ALSO ……�
�
•       increases in neurotrophins (e.g. BDNF, IGF1, VEGF, etc)�
•       enhanced synaptogenesis�
•       enhanced angiogenesis�
•       increased production of various neurotransmitters�
•       increased telomere length�
•       increased expression of genes associated with plasticity & mitochondrial            

"function, downregulates genes associated with oxidative stress�
•       enhanced learning & memory �



Barnes	
  et	
  al,	
  2003	
  –	
  6	
  yr	
  prospec4ve	
  study	
  
•  349 healthy + 55 year olds 
•  Objective measures of cardiorespiratory fitness * 
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positively with scores on all cognitive tests performed 6
years later (Table 2). Participants in the lowest tertile of
peak VO

 

2

 

 scored 0.7 points lower on the MMSE, com-
pleted 4.6 fewer connections per minute on Trails B, named

8.4 fewer ink colors per minute on the Stroop, filled in 6.3
fewer squares per minute on the Digit Symbol, remembered
1.6 fewer words during immediate recall, named 1.5 fewer
words during delayed recall on the CVLT, produced 1.7

 

Table 1. Baseline Characteristics by Sex-Specific Tertile of Peak VO
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Peak VO
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 (mL/kg*min

 

!

 

1

 

)

Characteristic
Lowest
Tertile

Middle
Tertile

Highest
Tertile

 

P

 

-value 
for trend*

Age, mean 

 

"

 

 standard deviation (SD) 71.4 

 

"

 

 6.4 68.4 

 

"

 

 5.8 66.3 

 

"

 

 5.0

 

#

 

.0001
Education, years, mean " SD 14.3 " 3.3 15.5 " 2.9 15.8 " 3.3 .0003
White, n (%) 109 (97.3) 115 (96.6) 113 (95.8) .52
North American Adult Reading Test literacy score, mean " SD 37.6 " 11.2 39.9 " 9.5 40.2 " 10.3 .06
Annual household income ($1,000) mean " SD† 41.5 " 19.5 46.1 " 25.0 54.1 " 26.7 #.0001
Medical history, n (%)
 Hypertension 49 (43.8) 44 (37.0) 26 (22.0) .0005
 Diabetes mellitus 6 (5.4) 4 (3.4) 3 (2.5) .26
 Thyroid disorder† 25 (22.3) 18 (15.1) 16 (13.7) .08
 Cancer 12 (10.7) 12 (10.1) 13 (11.0) .94
 Lung disease†‡ 25 (22.5) 8 (6.8) 18 (15.2) .13
Depression (CES-D $ 16), n (%) 1 (0.9) 8 (6.7) 4 (3.4) .33
Fair/poor self-rated health, n (%)† 8 (7.2) 3 (2.5) 3 (2.6) §

Current smoker, n (%) 11 (9.8) 4 (3.4) 4 (3.4) §

Modified Mini-Mental State Examination (max % 27), mean " SD 26.3 " 0.8 26.4 " 0.7 26.4 " 0.7 .22

Note: Oxygen consumption at peak exercise (peak VO2) ranges were: women (n % 172) lowest tertile % 12.3–18.6, middle tertile % 18.7–22.7, highest tertile % 22.8–
36.1; men (n % 177) lowest tertile % 14.8–23.4, middle tertile % 23.5–28.9, highest tertile % 29.0–45.7.
* P-values based on analysis of variance adjusted for sex for continuous variables and chi-square tests for categorical variables.
† Data were missing as follows: income (n % 22), thyroid disorder (n % 1), lung disease (n % 2), self-rated health (n % 2).
‡ Lung disease includes chronic obstructive lung disease, emphysema, chronic bronchitis, and asthma.
§ The test for trend does not accurately reflect the differences between groups; therefore, the P-value is not reported.
CES-D % Center for Epidemiologic Studies—Depression Scale.

Table 2. Cognitive Function by Sex-Specific Tertile of Baseline Peak VO2

Peak VO2 (mL/kg*min!1)
P-value

for trend*Cognitive Measure Lowest Tertile Middle Tertile Highest Tertile

Change in mMMSE† from baseline to Year 6, 
mean (95% CI) !0.5 (!0.8–0.3) !0.2 (!0.5–0.0) 0.0 (!0.3–0.2) .002

Performance at Year 6, mean (95% CI)
Global cognitive function 

MMSE† 28.5 (28.3–28.7) 28.9 (28.7–29.1) 29.2 (29.0–29.5) #.0001
Attention/executive function

Trails B,† correct/min 12.4 (11.3–13.4) 14.7 (13.6–15.7) 17.0 (15.9–18.0) #.0001
Stroop,† correct/min 39.8 (37.5–42.2) 44.1 (41.9–46.4) 48.2 (45.9–50.4) #.0001
Digit Symbol, correct/min 23.9 (22.6–25.2) 27.5 (26.3–28.8) 30.2 (28.9–31.4) #.0001

Verbal memory
Immediate recall,† words 6.6 (6.0–7.2) 7.8 (7.2–8.4) 8.2 (7.6–8.8) .0002
Delayed recall,† words 7.3 (6.7–7.9) 8.5 (7.9–9.1) 8.8 (8.2–9.4) .0007

Verbal fluency
Letter “s,” words 11.9 (11.1–12.8) 12.6 (11.8–13.4) 13.6 (12.8–14.4) .005
Animals, words 16.5 (15.6–17.4) 17.2 (16.4–18.1) 18.3 (17.4–19.2) .006

Note: Values are adjusted for sex. Oxygen consumption at peak exercise (peak VO2) ranges were: women (n % 172) lowest tertile % 12.3–18.6, middle tertile % 18.7–
22.7, highest tertile % 22.8–36.1; men (n % 177) lowest tertile % 14.8–23.4, middle tertile % 23.5–28.9, highest tertile % 29.0–45.7.
* P-values based on analysis of variance adjusted for sex.
† Data were missing as follows: modified Mini-Mental State Examination (mMMSE) change (n % 11), Mini-Mental State Examination (MMSE) (n % 8), Trails B (n % 2),
Stroop (n % 3), Verbal memory immediate/delayed recall (n % 4).
peak VO2 % oxygen consumption at peak exercise; CI % confidence interval.



Effect Size Estimates as a Function of Task Type and Group

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Executive Controlled Spatial Speed

Task Type

E
ff

e
c

t 
S

iz
e

 (
g

)
Control

Exercise

•   Across intervention 
studies (with normal 
elderly) that find 
positive effects of 
fitness training on 
cognition the cognitive 
benefits are quite 
broad – with larger 
benefits for some 
cognitive processes …�

Colcombe & Kramer (2003)�



Although much is known about fitness training effects on 
brain function with non-human animals there is a dearth of 
knowledge of fitness training effects with humans …….�

Colcombe 
et al, 2006�

Pereira et al, 2007 �Rodent � Human �



Erickson et al, 2011 �





Effects of fitness training on performance & brain function: �

Percent Decrease in Interference Effect
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Brain “networks” 
Goal:  Characterize how brain regions typically co-
activate to support behavior 

Motor system 

Separate 
systems 

Disconnected 

“functionally connected” 



Cogni4vely	
  relevant	
  brain	
  networks	
  
• 	
  Rapid,	
  online	
  filtering	
  of	
  
aCen-on	
  
• 	
  top-­‐down	
  control	
  
• 	
  working	
  memory	
  

• 	
  stable,	
  sustained	
  
maintenance	
  of	
  task	
  set	
  
• 	
  monitor	
  for	
  errors	
  
• 	
  maintain	
  associa-ons	
  
between	
  ac-on-­‐outcome	
  

• 	
  deac-vated	
  during	
  goal-­‐
directed	
  aCen-on	
  
• 	
  ac-ve	
  at	
  rest,	
  inward	
  thought	
  
• é	
  execu-ve	
  func-ons,	
  speed,	
  
memory	
  processes	
  
• 	
  dysfunc-on	
  linked	
  to	
  AD	
  



Improvements	
  in	
  networks	
  post-­‐exercise?	
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Voss	
  et	
  al.,	
  2010	
  



Brain-­‐Behavior	
  associa4ons	
  

DMN	
  

Voss	
  et	
  al.,	
  2010,	
  Fron&ers	
  in	
  Aging	
  
Neuroscience	
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Short-­‐term	
  memory	
  

Post-­‐interven4on	
  
improvement	
  in:	
  

Post-­‐interven-on	
  change	
  in	
  connec-vity	
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What	
  are	
  the	
  neurobiological	
  mechanisms	
  for	
  
exercise-­‐induced	
  brain	
  plas4city?	
  

Voss,	
  et	
  al.,	
  in	
  prep	
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What about exercise effects on brain & cognitive function of 
children?�

Chaddock et al (2010)�



What do we currently know? 

•  Normal Populations 

•  Patient Populations 

•  On the basis of …. 
•  Prospective observational studies 
•  Animal models 
•  Human RCT’s 



Exercise effects in transgenic mice 

Adlard et al (2005) 



Karp et al (2006)�

•   a study of 776 > 
75 year olds over 
the course of 6 
years - activities at 
time 1, dementia at 
time 2.�



Xu et al (2010 in Neurology)�
Physical activities and future risk of Parkinson disease 

Methods: We evaluated physical activity in relation to PD among 213,701 
participants of the NIH-AARP Diet and Health Study cohort. Physical activities over 
4 periods (ages 15–18, 19–29, and 35–39, and in the past 10 years) were noted in 
1996–1997, and physician-diagnosed PD was reported on the 2004–2006 follow-
up questionnaire. Only cases diagnosed after 2000 (n 767) were included in the 
analyses. 



There have been several RCT’s ….. 
Baker et al (2010) 

•  Small 6 month trial with 33 MCI patients 
•   More robust cognitive effects for women than for men 

unaffected by the exercise manipulation. For Task Switch-
ing, a task with similar set-shifting demands, accuracy
in trials in which the task was switched (eg, from a con-
sonant-vowel discrimination to an odd-even discrimi-
nation), controlling for age, tended to benefit from aero-
bic exercise for both men and women (P=.09).

Tests of verbal declarative memory including List
Learning and Story Recall were unaffected by the exer-
cise manipulation. For Delayed-Match-To-Sample, per-
formance was at or near chance level for all subjects, so
no analyses were conducted. No effects were observed
after 3 months of exercise (MANOVA, P=.33).

GLUCOSE METABOLISM, LIPIDS,
AND ADIPOSITY

Aerobic exercise was associated with sex-specific im-
provements in glucoregulation and insulin sensitivity
(group ! sex MANOVA, F3,19=3.84; P=.03). For women,
glucose disposal during the hyperinsulinemic-
euglycemic clamp increased for aerobic exercisers rela-
tive to controls, an effect that was not apparent for men
(group ! sex ANOVA, F1,22=7.49; P=.01) (Figure 3A).
Similar sex-specific effects were noted for other mea-
sures of glucoregulation including fasting plasma insu-
lin (F1,24=4.10; P=.05) and homeostasis model assess-
ment (F1,24= 5.73; P = .02) (Figure 3B). For women,

6-month changes in insulin sensitivity predicted V̇O2peak
(P=.003) and executive function (P=.01). Total body fat
decreased for women and men in the aerobic relative to
the stretching group (F1,26=4.16; P=.05), primarily ow-
ing to reduced truncal adiposity (P=.08). A similar pat-
tern was observed for body mass index (P=.15). Total
cholesterol levels increased for the stretching group and
were reduced for the aerobic exercise group (F1,27=4.79;
P=.04). An analogous pattern of results described low-
density lipoprotein (P=.08) but not high-density lipo-
protein (P=.87) or triglyceride levels (P=.64). Statin use
did not affect these results.

CORTISOL, BDNF, IGF, AND !-AMYLOID

A sex-specific effect of aerobic exercise vs stretching was
observed for plasma cortisol levels (Figure 3C) (group
! sex ANOVA, F1,25=6.00; P=.02). Cortisol levels in-
creased for women in the control group during the
6-month study period, but not for women in the aerobic
group. For men, cortisol decreased over time for those
in the stretching group while remaining stable for the aero-
bic group. At baseline, cortisol levels trended higher for
women than for men (P=.06) and predicted treatment-
related change in fasting plasma insulin levels. A higher
basal cortisol level was associated with a greater exercise-
induced drop in insulin for men and women in the aero-
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Figure 2. Mean (standard error of the mean) values representing the change from baseline for cognitive measures, expressed as residual scores. A, For the
Symbol-Digit Modalities test, the number of correct responses (in 120 seconds) increased for those in the aerobic group relative to the stretching group (P=.05);
this effect was more pronounced for women (P=.04) than men (P=.33). B, For the Verbal Fluency test, word generation was increased for those in the aerobic
group relative to the stretching group (P=.04). For women only, aerobic exercise increased category fluency (P=.01). C, For the Stroop test, voice onset latencies
to interference stimuli were reduced for women in the aerobic exercise vs stretching group (P=.02). D, For the Trails B test, aerobic exercise reduced the time to
complete the task (P=.04), and this effect was comparable for women (P=.09) and men (P=.05). *P" .05.

(REPRINTED) ARCH NEUROL / VOL 67 (NO. 1), JAN 2010 WWW.ARCHNEUROL.COM
75

©2010 American Medical Association. All rights reserved.
 at University of Illinois-Urbana Champaign, on July 12, 2011 www.archneurol.comDownloaded from 



Heyn et al (2004) �
Early Alzheimer’s Patients�

Multiple Sclerosis Patients�

Prakash et al (2009)�

Parkinson’s Patients� Uc et al, (2008)�

•   Differences in gray matter volume & white 
matter integrity (via DTI) as a function of 
fitness are correlated with processing speed�

•   Fitness related differences in fMRI activation 
pattern are correlated with measures of 
attentional control and inhibition �



Some caveats & ideas for the future 
•  There is some consistency but far from universal agreement 

in most of the effects that were discussed.�
•  Clearly a need to examine boundary conditions with 

regard to: �
•  Length, intensity and type of physical activity / 

exercise�
•  Outcome measures – brain and cognition �
•  Potential moderators – age, gender, health history, 

exercise history, type and stage of dementia�
•  Potential genetic moderators – apoe, thus far�
•  Transfer beyond the lab ….�

•  Need for theoretically-based multimodal assessments�
•  Need for retention assessments – any “free lunch”?�
•  Need to assess potential synergistic effects with other 

lifestyle choices (intellectual, social, diet, other 
behaviors)�



In terms of Parkinson Disease 

Eric Ahlskog in his 2011 review (in Neurology) 
entitled “Does vigorous exercise have a 
neuroprotective effect in Parkinson disease” 
stated that …..�
�
�
�



In terms of Parkinson Disease 

Eric Ahlskog in his 2011 review (in Neurology) 
entitled “Does vigorous exercise have a 
neuroprotective effect in Parkinson disease” 
stated that …..�
�
�
� “ This overall body of evidence 

suggests that vigorous exercise should 
be accorded a central place in our 
treatment of PD”.�
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     Keep on exercising ! 
 
 
 
after all .... 
 
    what do you have to lose ... 
 
 
other than a few joints 
 
      that are 
 
              replaceable anyway .... 

He who limps is still walking.	


-  Stanislaw J. Lec	




