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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: �



Roadmap for Today 
…..�

•   What do we currently know about the 
molecular and cellular brain mechanisms 
of physical activity – animal models. �

•  Exercise versus cognitive training – and 
human performance and cognition. �

•   Exercise and physical activity effects 
on older human minds & brains – 
structure, function and functional 
connectivity.�

•    Is there a point of no-return for 
exercise effects on brain & cognition?�

•    Fitness effects across the lifespan. �

•   What studies need to be done to 
further advance our understanding of 
the link between exercise & cognition ?�
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Assessing the effects of exercise 
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Van Praag et al, 1999 



Brown et al, 2003�

ALSO ……�
�
•       increases in neurotrophins (e.g. BDNF, IGF1, VEGF, etc)�
•       enhanced synaptogenesis�
•       enhanced angiogenesis�
•       increased production of various neurotransmitters�
•       reduced beta amyloid protein in mouse knock out models�
•       increased telomere length�
•       increased expression of genes associated with plasticity & mitochondrial 
function, downregulates genes associated with oxidative stress�
•       enhanced learning & memory�
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Effect Size Estimates as a Function of Task Type and Group
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•   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)�



An illustration of the specificity of cognitive training effects, 
with the training of individual processes, from the largest 
randomized trial of cognitive training programs.�

Some transfer to self-reported IADL’s after 5 years (reasoning group)�

Ball et al (2002)�
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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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 (mL/kg*min
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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.

See	
  also:	
  	
  Middleton	
  et	
  al,	
  2011	
  –	
  for	
  the	
  value	
  of	
  objec4ve	
  fitness	
  measures	
  in	
  observa4onal	
  studies	
  



Physical activity predicts gray matter
volume in late adulthood
The Cardiovascular Health Study
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ABSTRACT

Objectives: Physical activity (PA) has been hypothesized to spare gray matter volume in late adult-
hood, but longitudinal data testing an association has been lacking. Here we tested whether PA
would be associated with greater gray matter volume after a 9-year follow-up, a threshold could
be identified for the amount of walking necessary to spare gray matter volume, and greater gray
matter volume associated with PA would be associated with a reduced risk for cognitive impair-
ment 13 years after the PA evaluation.

Methods: In 299 adults (mean age 78 years) from the Cardiovascular Health Cognition Study, we
examined the association between gray matter volume, PA, and cognitive impairment. Physical
activity was quantified as the number of blocks walked over 1 week. High-resolution brain scans
were acquired 9 years after the PA assessment on cognitively normal adults. White matter hyper-
intensities, ventricular grade, and other health variables at baseline were used as covariates.
Clinical adjudication for cognitive impairment occurred 13 years after baseline.

Results: Walking amounts ranged from 0 to 300 blocks (mean 56.3; SD 69.7). Greater PA pre-
dicted greater volumes of frontal, occipital, entorhinal, and hippocampal regions 9 years later.
Walking 72 blocks was necessary to detect increased gray matter volume but walking more than
72 blocks did not spare additional volume. Greater gray matter volume with PA reduced the risk
for cognitive impairment 2-fold.

Conclusion: Greater amounts of walking are associated with greater gray matter volume, which is
in turn associated with a reduced risk of cognitive impairment. Neurology® 2010;75:1415–1422

GLOSSARY
3MSE ! modified Mini-Mental State Examination; CHS-CS ! Cardiovascular Health Study Cognition Study; DSST ! Digit
Symbol Substitution Test; GM ! gray matter; MCI ! mild cognitive impairment; OR ! odds ratio; PA ! physical activity;
SPM ! Statistical Parametric Mapping; TIV ! total intracranial volume; VBM ! voxel-based morphometry; WM ! white
matter.

Gray matter (GM) volume shrinks in late adulthood, often preceding and leading to cognitive
impairment.1 Participation in physical activity (PA) and exercise, however, has been hypothesized to
protect against the deterioration of brain tissue, but this hypothesis has not been tested in longitudi-
nal studies.2,3 Limited support for this hypothesis comes from cross-sectional neuroimaging research
demonstrating that older adults who are more fit have greater GM volume in the prefrontal and
temporal lobes,4-6 and larger hippocampal volumes,7 than their less fit peers. Randomized controlled
trials over 6 months have also shown increased cortical volume in response to a moderate-intensity
exercise regimen.8

e-Pub ahead of print on October 13, 2010, at www.neurology.org.
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Prospective longitudinal studies have iden-
tified physical inactivity as a risk factor for
dementia,9-17 while others have found that
greater PA predicts stable cognitive function
over an 8-year period.18 This research suggests
that participation in PA earlier in life might
be predictive of less cortical shrinkage in late
adulthood. Although a linear association be-
tween cognition and PA is likely, it is also pos-
sible that there is little benefit of additional
PA past a certain threshold.17 Similarly, a
minimal amount of PA may be necessary for
any long-term protection on brain function to
be detected.2,3,19

In this study, we investigated whether PA,
assessed at baseline, predicted GM volume 9
years later. Because brain MRI measures were
unavailable at baseline and the design was not
a randomized intervention, we cannot con-

clude a causal association between PA and
GM volume. However, an association be-
tween PA and brain volume could be clini-
cally meaningful. Therefore, we also predicted
that greater GM volume related to PA would
be associated with a reduced risk of develop-
ing cognitive impairment. In addition, we
tested whether a threshold could be identified
to establish a minimal amount of PA neces-
sary to protect against the loss of GM volume
and the development of cognitive impair-
ment. We hypothesized that after controlling
for several baseline measures of health and
function, those participants who were more
physically active would have greater GM vol-
ume at follow-up than those less active, and
that greater GM volume would be associated
with a reduced risk of developing cognitive
impairment.

METHODS Participants. Participants were part of the
Pittsburgh component of the Cardiovascular Health Study Cog-
nition Study (CHS-CS). The CHS-CS is derived from the larger
multisite CHS, a population-based longitudinal study of coro-
nary heart disease and stroke in individuals 65 and older. Details
of the CHS design are described elsewhere.20,21 Participants were
recruited from a Medicare database and sent a letter of invitation
for participation and were enrolled if they were over 65 years of
age, ambulatory, and noninstitutionalized. Baseline measures of
PA were collected in 1989–1990. Low-resolution MRI were ac-
quired 2–3 years after baseline. Acquisition of high-resolution
MRI began in 1998, approximately 9 years after the baseline
assessment of PA. Clinical adjudication for cognitive impair-
ment and dementia occurred in the same year of, and 4 years
after, the MRI (13 years after baseline). Detailed information
about the clinical adjudication process has been previously
described.22

Characteristics of the 1,479 CHS Pittsburgh participants
have been described.20 Beginning in 1988–1989, participants
completed the modified Mini-Mental State Examination
(3MSE) and the Digit Symbol Substitution Test (DSST). From
this sample, 924 met criteria (e.g., no pacemaker) for MRI. In
1998–1999, participants from the first MRI session were re-
cruited for another MRI session. A total of 516 individuals com-
pleted this assessment. Of this number, 299 participants
(mean age ! 78; 182 female) met or surpassed all criteria for this
study, including cognitively normal clinical status (identified by
a detailed neurologic and neuropsychological assessment22), ab-
sence of strokes or neurologic diseases (e.g., Parkinson disease) at
the time of the second scan, and valid white matter (WM) hyper-
intensity measures from the first MRI scan (figure 1). Therefore,
all participants were cognitively normal at the time of the high-
resolution MRI scan. At the time of adjudication for cognitive
impairment 13 years after the baseline assessment, 116 were di-
agnosed with dementia or mild cognitive impairment (MCI).
This number is consistent with reported incidence rates for cog-
nitive impairment.23 For logistic regression analyses, individuals
with either dementia or MCI were combined into a single group
that we label here as cognitive impairment.

Figure 1 Subject inclusionary criteria and sample sizes

We demonstrate the longitudinal design beginning in 1989–1990 and ending with the
voxel-based morphometry (VBM) analysis on high-resolution MRI data collected in 1998–
1999. All participants in this sample were free of dementia and mild cognitive impairment
(MCI). Originally, 1,479 individuals had physical activity assessed and 924 had a low-
resolution MRI. A total of 516 of these individuals returned 5 years later for a follow-up MRI
session. From these individuals, we excluded 61 with dementia, 150 with MCI, and 6 be-
cause of missing white matter grades from the first MRI assessment. Our final sample size
for the VBM analysis was 299 elderly individuals between 70 and 90 years of age. *Visual
rating of white matter lesions, ventricular size, atrophy, and MRI-identified infarcts.
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tion to the brain. Second, we used only a single as-
sessment of brain volume. Future research should
examine the effect of PA on brain morphology using
multiple neuroimaging time points to determine
whether PA moderates the rate of GM decay. Third,
given the observational nature of the study, we are
unable to conclude that PA causes greater GM vol-
ume. Despite controlling for several health factors
that could have explained the GM–walking relation-
ship, there remains a possibility that reduced
amounts of walking is a result of ill health and that ill
health leads to both reduced amounts of walking and
GM volume loss. Fourth, the results from this study
are restricted to survivors over the 9-year period who
were free from cognitive impairment at the time of
the MRI assessment. Thus, our sample was a health-
ier sample than those originally enrolled in the CHS
study.

Strengths include the large sample size, a well-
characterized cohort followed for over 13 years, and

clinical adjudication of dementia. Based on our re-
sults, we can conclude that there is a relation between
the amount of walking earlier in life and brain vol-
ume in later adulthood and that greater volume of
tissue related to walking is associated with a reduced
risk of cognitive impairment. Greater walking dis-
tances are associated with greater GM volume in a
time period of life in which cortical deterioration and
risk for dementia is greatest.

AUTHOR CONTRIBUTIONS
Statistical analysis was conducted by Dr. Erickson and Dr. Raji.

COINVESTIGATORS
Jean Olson, MD, MPH (National Heart, Lung, and Blood Institute,
Project Office), Richard Kronmal, PhD (University of Washington, CHS
Coordinating Center), John Robbins, MD, MHS (University of Califor-
nia, Davis, CHS Field Center), Paulo H. Chaves, MD, PhD (The Johns
Hopkins University), Linda P. Fried (The Johns Hopkins University,
CHS Field Center), Gregory Burke, MD (Wake Forest University School
of Medicine, CHS Field Center), Russell Tracy, PhD (University of Ver-
mont, CHS Collaborating Center), John Gottdiener, MD (University of

Figure 3 Threshold effects on brain volume

Mean volumes (and SEM) of 4 brain regions (precentral gyrus [A], supplementary motor area [B], precuneus [C], and hippocampus [D]) adjusted for variance
due to age, total intracranial volume, gender, body mass index, race, white matter grade, presence of MRI infarcts, and education split into quartiles based
on the amount of physical activity (Q1: 0–12 blocks, n ! 91; Q2: 13–24 blocks, n ! 57; Q3: 25–70 blocks, n ! 78; Q4: 72–300 blocks, n ! 73). The highest
quartile group (Q4) had greater volume in all regions examined compared with the lower 3 quartiles. No significant differences were found among the lower
3 quartiles.
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And …. Walking (and subsequent 
brain volume differences) 
reduced the risk of cognitive 
impairment twofold at 13 year 
follow-up �



TYPICAL FITNESS INTERVENTIONS�



Physical activity interventions in humans have positive 
effects on brain function & structure – and in turn 
cognition?�



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 �







Voss et al, 
In press 



Effects of fitness training on performance & brain function: �

Percent Decrease in Interference Effect
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Is	
  aerobic	
  fitness	
  associated	
  with	
  be>er	
  
Func.onal	
  connec.vity?	
  

Voss	
  et	
  al.,	
  2010,	
  Neuropsychologia	
  



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	
  
a>en.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	
  a>en.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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Brain-­‐Behavior	
  associa4ons	
  

DMN	
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What	
  about	
  networks	
  modeled	
  as	
  one	
  complex	
  system?	
  

Complex	
  network	
  systems	
  analysis	
  –	
  mathema*cal	
  
models	
  based	
  on	
  graph	
  theory	
  for	
  characterizing	
  
large	
  systems	
  of	
  interac*ng	
  components	
  
	
  
	
  	
   Airline	
  travel	
  

Social	
  networks	
  
Networks:	
  
Node	
  
Edge/link	
  
Distance/path	
  length	
  
Cliques	
  
Hubs	
  

Bullmore	
  et	
  al,	
  2011,	
  review	
  	
  

Hubs	
  have	
  MANY	
  
connec4ons,	
  but	
  most	
  
other	
  nodes	
  don’t	
  



	
  

Assortativity correlation of degree of two nodes on end of an edge; 
       measure of network resilience 

Network	
  topology	
  measures	
  from	
  graph	
  theory	
  

assor.ve	
   dissassor.ve	
  

Newman	
  et	
  al.,	
  2002	
  

assorta.vity	
  	
  greater	
  capacity	
  for	
  
redistribu4ng	
  workload	
  in	
  hubs	
  if	
  
damaged	
  
	
  



Effects	
  of	
  exercise	
  on	
  network	
  resilience	
  

pr	
  =	
  .19*,	
  p<.05	
  (2-­‐tailed)	
   pr	
  =	
  .21*,	
  p<.05	
  (1-­‐tailed)	
  



What	
  are	
  the	
  neurobiological	
  mechanisms	
  for	
  
exercise-­‐induced	
  brain	
  plas4city?	
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Roadmap for Today 
…..�

•   What do we currently know about the 
molecular and cellular brain mechanisms 
of physical activity – animal models. �

•  Exercise versus cognitive training – and 
human performance and cognition. �

•   Exercise and physical effects on older 
human minds & brains – structure, 
function and functional connectivity. �

•    Is there a point of no-return for 
exercise effects on brain & cognition?�

•    Fitness effects across the lifespan. �

•   What studies need to be done to 
further advance our understanding of 
the link between exercise & cognition ?�



Is there a point of no-return with regard to exercise 
benefits on cognition and brain?�

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 �



Is it known what kinds of physical activity & what durations 
& frequencies of such activities produce the greatest 
changes in brain & cognition?�

•   Aerobic activities have been main focus  of fitness training 
research (given link to animal research) but … (resistance training)�

Copyright @ 200  by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.7

preintervention period. Table 1 shows the descriptive
variables of the sample. Therefore, statistically speaking,
the three groups were similar at the beginning of the study.
However, we did observe a higher increase in lean mass of
the EHIGH group in relation to the CONTROL group (P =
0.05) (Table 2). No significant alterations were observed in
the other body composition variables (Table 2).

As Table 3 shows, 1 RM test scores for the groups
studied (delta means for the EMODERATE and EHIGH
groups) were statistically higher than those of the CON-
TROL (P G 0.001) on all tests.

Neuropsychological test scores are shown in Table 4. The
EMODERATE group presented higher delta means than
the CONTROL group for the following tests: digit span
forward (P G 0.001), Corsi_s block-tapping task backward
(P = 0.01), similarities (P = 0.02), and Rey–Osterrieth
complex figure immediate recall (P = 0.02) (Table 4). The
results were similar for the EHIGH group, which showed
higher delta means than the CONTROL group for digit span
forward (P G 0.001), Corsi_s block-tapping task backward
(P = 0.001), similarities (P = 0.03), and Rey–Osterrieth
complex figure immediate recall (P = 0.02) (Table 4).
Again, EMODERATE delta means for Toulouse–Pieron
test item errors (P = 0.01) were lower than those of the
CONTROL group (Table 4). No differences were detected
across groups for the other variables (Table 4).

The sample_s mood profile and quality-of-life assess-
ment are shown in Table 5. In relation to the SF-36
questionnaire, the EMODERATE group showed signifi-

cant improvement in the delta means on general health
(P = 0.005) and vitality (P = 0.006), whereas EHIGH
showed improvement only in relation to the general health
domain (P = 0.04). As for the POMS questionnaire, the
EMODERATE group showed greater improvement of
the delta means than the CONTROL group in relation to
the mood factors tension–anxiety (P = 0.001), depression–
dejection (P = 0.006), anger–hostility (P = 0.006), fatigue–
inertia (P = 0.02), confusion–bewilderment (P = 0.02),
and total mood disorder (P = 0.001). The EHIGH group
also presented improvement in the delta means of some
domains of the POMS in relation to the CONTROL group,
such as tension–anxiety (P = 0.04), depression–dejection
(P = 0.03), and total mood disorder (P = 0.03) (Table 5).
No differences in relation to the other aspects evaluated
were detected between the groups after the intervention
(Table 5).

The sample_s hemodynamic measures did not show
statistically significant differences for the variables studied
(Table 6).

Table 7 shows the IGF-1 serum concentration after
intervention. We found higher IGF-1 in both experimental
groups (EMODERATE, P = 0.02; EHIGH, P G 0.001) in
relation to the CONTROL group.

DISCUSSION

The consensus view is that physical exercise benefits the
health of the elderly by reducing the risk of developing

TABLE 3. One-repetition maximum tests.

Change (post j pre)
Experimental Moderate Experimental High Experimental Moderate

vs vs vs
Control Experimental Moderate Experimental High Control Control Experimental High
(N = 23) (N = 19) (N = 20) P P P

Chest press 1.08 T 2.26 25.52 T 4.13 31.75 T 2.69 G0.001* G0.001* 0.25
Leg press j13.91 T 10.62 94.73 T 10.24 127.00 T 15.78 G0.001* G0.001* 0.67
Vertical traction j25.87 T 17.27 46.05 T 4.28 50.00 T 5.73 G0.001* G0.001* 0.85
Abdominal crunch 10.21 T 2.12 23.68 T 2.83 30.00 T 3.36 G0.001* G0.001* 0.82
Leg curl j2.39 T 2.45 28.68 T 3.35 34.75 T 3.61 G0.001* G0.001* 0.87
Lower back 3.04 T 1.49 27.10 T 4.26 39.75 T 4.60 G0.001* G0.001* 0.28

* P G 0.05. ANCOVA test values expressed as mean change T SE.

TABLE 4. Neuropsychological tests.

Change (post j pre)
Experimental Moderate Experimental High Experimental Moderate

vs vs vs
Control Experimental Moderate Experimental High Control Control Experimental High
(N = 23) (N = 19) (N = 20) P P P

Digit span (score)
Forward j0.47 T 0.19 0.51 T 0.20 0.50 T 0.19 G0.001* G0.001* 0.78
Backward j0.14 T 0.18 j0.12 T 0.17 j0.10 T 0.19 0.18 0.20 0.10

Corsis block-tapping (score)
Forward 0.18 T 0.24 0.29 T 0.20 0.30 T 0.23 0.87 0.25 0.22
Backward 0.0 T 0.24 0.97 T 0.25 0.95 T 0.22 0.01* 0.001* 0.30
Similarities (score) j2.75 T 0.18 1.08 T 1.32 1.05 T 1.45 0.02* 0.08* 0.82

Toulouse–Pieron (score)
Cancellations numbers 6.67 T 3.48 4.85 T 6.27 6.90 T 5.69 0.17 0.32 0.11
Errors 5.52 T 1.40 0.15 T 0.22 j4.85 T 6.27 0.28 0.01* 0.10

Rey Osterrieth figure (score)
Copy 6.10 T 1.28 6.45 T 0.90 6.45 T 0.89 0.18 0.54 0.41
Immediate recall 5.17 T 0.98 8.38 T 1.26 8.31 T 1.22 0.02* 0.02* 0.28

* P G 0.05 . ANCOVA test values expressed as mean change T SE.

http://www.acsm-msse.org1404 Official Journal of the American College of Sports Medicine

AP
PL
IED

SC
IEN

CE
S

Cassilhas et al, 
2007�

Central Executive Functions

The mean values and standard deviations for the test
measures at baseline and 6 months for the 52 participants
who completed both the baseline and 6-month follow-up
neuropsychological assessment sessions are shown in Table
3. There was a significant between-group difference in
response inhibition (i.e., Stroop Color-Word Test; P5.05).
Specifically, the OEP group demonstrated 12.8% improve-
ment, and the control group demonstrated 10.2% deteri-
oration in response inhibition. There were no significant
differences between the two groups in set shifting and
working memory after 6 months (P!.09).

Falls

Sixty-seven percent of the standard care group and 43% of
the OEP group fell at least once (Table 4). Using negative
binomial regression, the unadjusted and adjusted incidence
rate ratios of falls in the OEP group compared with the
control group were 0.65 (95% CI50.25–1.70) and 0.68
(95% CI50.26–1.70), respectively.

A falls histogram revealed two outliers. These two par-
ticipants experienced at least 18 falls each over the 1-year
period of observation. Clinically, one participant was sus-
pected of having carotid sinus syndrome, and one patient
had severe residual effects from a previous stroke that
resulted in right foot scuffing and repeated falls over a step
at home. With these cases removed, the unadjusted inci-
dence rate ratio of falls in the OEP group compared with the

control group was 0.56 (95% CI5 0.26–1.2). The adjusted
incidence rate ratio was 0.47 (95% CI5 0.24–0.96).

DISCUSSION

It was found that the OEP, a home-based resistance and
balance training program that has been shown to reduce
falls,13,14,40 also significantly improved executive function-
ing, specifically response inhibition, after 6 months. To the
authors’ knowledge, this study is the first to demonstrate
that an exercise program aimed at reducing falls can sig-
nificantly benefit executive functioning in older adults with
MMSE scores of 24 or greater.

Although previous intervention have improved physi-
ological functions and reduced falls,13,14 the novelty of the
current study is the indication that an exercise program, the
OEP, may reduce falls by improving cognitive performance.
The OEP reduced the incidence of falls in the OEP group by
47% after 1 year even though it did not significantly reduce
physiological falls risk (PPA z-scores) and improve func-
tional mobility (TUG) after 6 months. Although not statis-
tically significant, the OEP group demonstrated a mean 5%
improvement in PPA z-scores, whereas the control group
demonstrated a mean 0% change. It is conceivable that, in
frail older adults such as the participants in the study, a 5%
improvement in PPA z-scores may reduce the incidence of
falls. If a 5% improvement in the PPA z-score represents a
clinically significant change, a minimum sample size of 236
persons (118 per study arm) would be required to detect this
between-group difference. In addition, in the meta-analysis

Table 2. Physiological Falls Risk, Functional Mobility, and Executive Functions at Baseline and 6-Month Follow-Up
(N5 52)

Outcome Measures

OEP Group (n5 28) Control Group (n524)

Baseline Six Months Baseline Six Months

Mean " Standard Deviation

Physiological Profile Assessment z-score 2.0 " 1.3 1.9 " 1.2 1.9 " 1.3 1.9 " 1.2

Timed Up and Go Test, seconds 14.2 " 4.6 13.6 " 4.3 17.4 " 10.4 18.1 " 10.5

Trail Making Test Part B, seconds 222.4 " 200.1 203.1 " 262.3 224.7 " 106.4 232.9 " 127.1

Verbal Digits Backward Test (maximum 14 points) 3.8 " 2.0 3.9 " 2.3 3.1 " 1.8 2.8 " 1.8

Stroop Color-Word Test, seconds 157.6 " 83.0 137.4 " 49.5 151.7 " 44.0 167.2 " 103.4!

!Significantly different from Otago Exercise Program (OEP) group at P5.05.

Table 3. Physiological Falls Risk Subcomponents at Baseline and 6-Month Follow-Up (N5 50)

Physiological Profile
Assessment Subcomponents

Otago Exercise ProgramGroup (n527) Control Group (n523)

Baseline Six Months Baseline Six Months

Mean " Standard Deviation

Edge contrast sensitivity, dB 20.2 " 2.1 20.4 " 2.2 20.6 " 1.8 20.1 " 2.2

Hand reaction time, ms 304.9 " 74.4 313.9 " 70.4 309.5 " 65.6 306.5 " 68.8

Proprioception, 1 2.1 " 1.5 1.4 " 1.3 2.3 " 1.4 1.7 " 1.4

Dominant quadriceps strength, kg 21.7 " 9.5 22.0 " 10.0 21.3 " 9.6 21.3 " 7.5

Postural sway, mm 360.3 " 318.8 305.7 " 204.1 285.2 " 230.1 289.6 " 203.3
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Roadmap for Today 
…..�

•   What do we currently know about the 
molecular and cellular brain mechanisms 
of physical activity – animal models. �

•  Exercise versus cognitive training – and 
human performance and cognition. �

•   Exercise  and physical activity effects 
on older human minds & brains – 
structure, function and functional 
connectivity.�

•    Is there a point of no-return for 
exercise effects on brain & cognition?�

•    Fitness effects across the lifespan. �

•   What studies need to be done to 
further advance our understanding of 
the link between exercise & cognition ?�



What about exercise effects on brain & cognitive function of 
children?�

Chaddock et al (2010)�



To summarize: 
Relatively brief fitness interventions (with older 

couch potatoes – and hi & low fit kid’s ….): 
–  Improves a variety of perceptual & cognitive abilities  
–   Increases brain volume in regions which normally show 

age-related decline - including the hippocampus (and 
increases are correlated with performance 
improvements) 

–  Changes functional brain networks, often in the direction 
of younger adults, associated with improvements in 
cognition & performance. 

–  Promising fitness cognitive & brain effects with children. 
–  Not covered today but …. exercise decreases anxiety 

and depression and increase self esteem & self efficacy 


