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ABSTRACT 

 Level of physical fitness may be an important factor influencing the effects of 

brain aging and age-related cognitive decline. Multiple measures of aerobic fitness were 

used in a cohort of healthy older adults 50-89 years of age to identify how individual 

differences in fitness relate to brain aging and age-associated cognitive decline. Healthy 

adults (n=123; 65 F and 58 M; mean ± sd age = 67.9 ± 10.0; Mini-Mental State Exam = 

29.1 ± 1.2) were screened to exclude neurological, psychiatric, and medical illnesses that 

could affect cognitive function, including hypertension. The Scaled Subprofile Model 

(SSM) with voxel-based morphometry and Statistical Parametric Mapping version 8 

(VBM; SPM8 Dartel) were performed on T1-weighted 3T volumetric magnetic 

resonance imaging (MRI) scans to identify a gray matter pattern associated with brain 

aging. Performance on aerobic fitness measures, assessed during a graded exercise 

treadmill test (GXT), was evaluated in relation to the age-associated MRI gray matter 

network pattern and indices of neuropsychological function. Multivariate SSM VBM 

network analysis identified a linear combination of patterns that predicted age (R2 = 0.48, 

p = 8.71e-19). This combined pattern was characterized by reductions in bilateral lateral 

and medial frontal, parietal, lateral temporal, and cerebellar regions with relative 

preservations in thalamic, occipital, and medial temporal regions including the 

hippocampus. Higher expression of the age-related network pattern was associated with 

poorer performance on multiple fitness indices. The best combination of fitness measures 

in predicting brain aging included overall treadmill exercise time, ventilatory efficiency, 

and the difference between basal and maximal respiratory rate (p = 6.67e-7). A higher 
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combined fitness index score related to brain aging was associated with better 

performance on measures of memory, executive function, and processing speed in this 

cohort (6.08e-9 ≤ p ≤ 0.05). Those individuals with higher levels of aerobic fitness had 

lower expression of the gray matter brain aging pattern and better performance on 

measures of memory, executive function, and processing speed. Identifying those fitness 

indices that are the best predictors of brain aging and cognitive performance may aid 

efforts in developing and evaluating exercise based interventions for age-related 

cognitive decline. 
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CHAPTER 1 

INTRODUCTION 

Previous research has identified changes in brain and cognition that are associated with 

normal aging (Horn, 1982; Salthouse, 1992; Lezak, 1995; Tisserand & Jolles, 2003; 

Craik & Salthouse, 2008). In both animal and human models, physical fitness has been 

investigated as a factor that has been found to influence the effects of aging on the brain 

(Black, Isaacs, Anderson, Alcantara, & Greenough, 1990; Pereira et al., 2006; Kim et al., 

2010; Kramer et al., 1999; Churchill et al., 2002; Colcombe & Kramer, 2003; Angevaren, 

Aufdemkampe, Verhaar, & Vanhees, 2008).  Thus far, the studies that have looked at the 

effects of fitness on the brain have been limited in what factors they used to 

operationalize the construct of fitness.  Some studies have relied solely on self-reported 

levels of activity, others have looked at the pulmonary measure of maximal oxygen 

consumption during exercise (VO2max), and more recently some have used body mass 

index (BMI) as a global indicator of physical fitness (Walther, Birdsill, Glisky, & Ryan, 

2010; Ho et al., 2010).  These studies have not investigated global indices of physical 

fitness that include multiple cardiovascular and pulmonary measures.  Furthermore, these 

past studies have included participants who have hypertension, which in itself may be 

contributory factor.  Castilllo-Garzón, Ruiz, Ortega, & Gutiérrez (2006) recognize that 

physical fitness includes a range of physical qualities, including aerobic capacity, 

strength, speed, agility, coordination, and flexibility and that the measurement of such 

requires an integration of all of the functions and structures involved in engaging in 

physical activity and/or exercise.  This type of comprehensive view of physical fitness 
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may be more useful in investigating its role in brain aging and cognition. As there is an 

ever growing elderly population in the United States and worldwide, there is increased 

interest in what factors can help to ward off age-associated changes in the brain and  

cognition. 

In this study, multiple measures of physical fitness were used in a cohort of older 

adults who are not diagnosed or treated for hypertension. The overall goal was to identify 

how fitness is associated with individual differences in brain aging and cognition. The 

relative contributions of different fitness measures were tested in predicting age-

associated changes in brain structure. Then the ability of individual fitness measures to 

predict cognitive function was tested. Additionally the best combination of fitness 

variables in predicting brain structure and cognition were established. Further, an index 

of fitness variables most related to brain structure was created that can be potentially 

applied to subsequent aging studies.   

Brain Structure and Cognition in Healthy Aging 

 A “frontal aging hypothesis” has been formulated in which decline in frontal brain 

regions leads to the declines in frontal mediated cognitive functions, constituting what we 

know as cognitive aging. It has been argued that there are regions outside of the frontal 

cortex that are additionally involved in age-related cognitive decline and that a neural 

networks approach may better explain the age-related effects on cognition (Tisserand & 

Jolles, 2003). In healthy aging there have been declines noted in certain domains of 

cognition, including speed of processing, attention, perception, working memory, and 

delayed recall.  General stability in cognitive performance as one ages has been reported 
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in the areas of vocabulary and semantic memory (Dennis & Cabeza, 2008). In terms of 

brain volume, using structural volumetric magnetic resonance imaging (MRI), there is 

preferential decline associated with aging that occurs in the frontal lobes, as well as other 

regions such as the parietal cortices, medial temporal lobes, basal ganglia, cerebellum, 

and the corpus callosum (Dennis & Cabeza, 2008; Raz et al., 1998; Good et al., 2001; 

Jernigan et al., 2001; Tisserand et al., 2002; Tisserand & Jolles, 2003). Multivariate 

network approaches, such as the scaled subprofile model (SSM; Moeller, Strother, Sidtis, 

& Rottenberg, 1987, Alexander & Moeller, 1994) have also reported regionally 

distributed patterns of frontal declines in MRI gray matter associated with aging in 

humans and nonhuman primates, with frontal regions most commonly affected 

(Alexander et al., 2006; 2008; Bergfield et al., 2010).  Using the same SSM network 

method with positron emission tomography (PET), there have also been reports of 

declines in regional cerebral metabolic rate of glucose consumption in frontal and parietal 

regions associated with age, with greater reductions in the frontal regions (Moeller et al., 

1996).  

Exercise Induced Effects on Brain Structure  

Research with animal models have investigated the influence of exercise on the 

brain and performance on cognitive tasks, generally showing it to be beneficial.  Black et 

al. (1990), conducted a study in which rats were placed in an acrobatic condition, where 

they were to complete tasks involving traveling on balance beams, see-saws, and rope 

bridges that were progressively longer and more difficult; a forced exercise condition, in 

which physical activity consisted of walking on a treadmill for progressively longer 
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periods of time; voluntary exercise, in which the rats were free to use a running wheel in 

their cage as they desired; and an inactive condition, in which they were provided with 

minimal opportunities for learning or exercise.  It was found that after thirty days, the 

acrobatic training rats had an increased number of synapses per Purkinje cell in the 

cerebellar cortex compared to the other groups, whereas the forced exercise and 

voluntary exercise rats had a higher density of cerebellar capillaries than the other groups. 

These results are thought to reveal a difference between motor learning, which was 

completed by the rats in the acrobatic condition as they had to learn how to efficiently 

make their way through the course, as compared to more basic repetitive motor activity, 

which while it involved increased blood flow, did show evidence of synaptic plasticity.   

 Another study investigated the correlation between exercise-induced increases in 

dentate gyrus cerebral blood volume and neurogenesis.  Over a two-week time period 

mice exercised on a running wheel with subsequent monitoring of hippocampal 

subregions over the next four weeks. There was also a group of human participants who 

were enrolled in a twelve week aerobic exercise training protocol.  The mice displayed an 

increase in cerebral blood volume in the dentate gyrus that occurred after the exercise 

portion had been completed, suggestive of an exercise-induced model of angiogenesis in 

the dentate gyrus (Pereira et al., 2006).  The increases in the dentate cerebral blood 

volume were found to correlate to postmortem measurements of neurogenesis. At the end 

of training the humans also had increases in dentate gyrus cerebral blood volume that 

correlated with aerobic fitness, as measured by VO2max, and performance on the first 

trial of a list learning task.  Kim et al. (2010) also found evidence that treadmill running 
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decreases apoptosis and increases neurogenesis in the hippocampal dentate gyrus of old-

aged rats. 

 Due to findings that physical activity can increase neurogenesis in the dentate 

gyrus, long-term potentiation (LTP) has been studied in the dentate of mice during such 

physical activity as well.  It was found that mice who were housed with a running wheel 

performed better on the Morris water maze than the non-running controls, independent of 

swimming speed, and the running also selectively enhanced dentate gyrus LTP (van 

Praag, Christie, Sejnowski, & Gage, 1999). Similarily, it was found that increased 

treadmill activity over an eight-month time period in middle-aged rats can prevent age-

related declines in plasticity, brain-derived neurotrophic factor (BDNF) mRNA, and 

nerve growth factor (NGF) expression (O’Callaghan, Griffin, & Kelly, 2009). While the 

exercised older rat group did have enhanced LTP it was not increased to a level 

comparable to that of young rats.   

Cognitive Benefits of Fitness Interventions in Older Adults 

 A number of studies have focused on the cognitive benefits of fitness intervention 

in older adults.  A meta-analysis from 2003 found that the most robust effects from 

fitness interventions were in the domains of executive-control processes (Kramer et al., 

1999; Colcombe & Kramer, 2003) and to a lesser extent visuospatial processes 

(Colcombe & Kramer, 2003). These benefits were also greatest when training sessions 

lasted for more than 30 minutes and when the majority of the sample was female. In their 

analyses they also found that irrespective of the cognitive task, training method, or 

participants’ characteristics, fitness training increased performance an average of 0.5 
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standard deviations.   Studies have also shown that physical activity interventions can 

have lasting impressions on overall activity levels and that even two years after 

intervention completion, the group that had received the aerobic intervention still 

displayed greater psychomotor processing speed and higher activations in the brain 

regions important for that process (Rosano et al., 2010).  

 Smiley-Oyen, Lowry, Francois, Kohut, & Ekkekakis (2008) had older adults 

participate in a ten month aerobic exercise training program or a strength and flexibility 

program. There were more than twice as many women in their study as men.  They found 

that only tasks requiring executive control were improved in the aerobic exercise group 

and there were no improvements noted for the strength-and-flexibility training group. 

Furthermore they suggest that overall fitness level, independent of a fitness intervention, 

is more important and beneficial in cognitive aging. Angevaren et al. (2008) found that in 

eight out of the eleven studies they reviewed, the exercise intervention in older adults led 

to increased cardiorespiratory fitness and a portion of this improvement was correlated 

with gains in cognitive capacity. The largest effects for cognition were for motor function 

and auditory attention, with more moderate effect sizes observed for processing speed 

and visual attention.  

Cognition and Brain Correlates of Fitness Level in Older Adults 

Other studies have researched the differences between physically active older 

adults versus those who are more sedentary.  These studies have focused on differences 

based on lifestyle and not fitness interventions.  Cross sectional studies have repeatedly 

found that reaction time is improved in physically active older adults, in terms of 
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response time in both auditory and visual domains, discrimination, and motor skills 

(Churchill et al., 2002; Newson & Kemps, 2006). More active older adults have also 

performed better on tasks requiring reasoning, working memory, attention, and executive 

functions. These differences have led some to state that the best benefits of fitness on 

cognitive aging are achieved after years and not merely months of training (Churchill et 

al., 2002). Furthermore, short term exercise may be beneficial to a more restrictive set of 

functions, in contrast to the more broad effects seen when it is a longstanding practice.  

Neurogenesis and synaptogensis, in addition to improved vasculature of the brain are all 

cited as possible mechanisms by which exercise is beneficial to the aging brain. Newson 

and Kemps (2006) postulated that cardiorespiratory fitness is an indicator of biological 

aging in the body that is genuinely related to cognition and not just a proxy for 

chronological age.  

 There have also been studies investigating at the relationship between aerobic 

fitness and brain structure in older adults.  Using voxel-based morphometry (VBM), 

differences in regional densities of gray and white matter in healthy older adults as a 

function of their aerobic fitness levels, measured by VO2max scores, have been studied.  

It has been found that in both gray (Gordon et al., 2008) and white matter there were 

declines in inferior frontal, anterior parietal, and mid temporal regions that were 

significantly mitigated by level of cardiovascular fitness (Colcombe et al., 2003). Level 

of education was also predictive of white matter in inferior frontal areas in older adults 

(Gordon et al., 2008). The same general finding was found in older adults who 

participated in an aerobic fitness training program for six months (Colcombe et al., 2006). 
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When reported, the percentage of hypertensives in these groups has been substantial, 

ranging from 24 to 30% of the sample (Colcombe et al., 2003; 2006). It is important to 

exclude hypertensives as it has been found in previous studies that hypertension is related 

to lower cerebellar, temporal lobe, and thalamic volumes and there is an age and 

hypertension interaction where older hypertensives can have even smaller volumes in 

those regions (Strassburger et al., 1997).   In a study looking selectively at white matter, it 

was found that aerobic fitness level, as measured by self-report, yielded results that were 

independent of age and gender, with higher levels relating to greater white matter 

integrity in the uncinate fasciculus and cingulum (Marks et al., 2007).   

The hippocampus specifically has been of interest, as older adults experience 

changes in that structure in healthy and pathological aging and animal models have 

shown benefits from physical activity. Using a region of interest approach in structural 

MRIs of older adults, it was found that there was a triple association in that higher fitness 

levels were associated with larger left and right hippocampi after controlling for age, 

gender and years of education, and that the larger hippocampi and higher fitness levels 

were correlated with better spatial memory performance.  Additionally it was found that 

the relationship between higher fitness levels and better spatial memory were partially 

mediated by hippocampal volume (Erickson et al., 2009).  

There have been a few studies that have investigated the beneficial effects of 

aerobic exercise on older adults who have mild cognitive impairment (MCI) or 

Alzheimer’s disease (AD), two disorders in which the hippocampus is known to be 

affected early in the course (Jack et al., 1992, 2000; de Leon et al., 1989; Killiany et al., 
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1993; Mizuno,  2000; Ryan & Alexander, 2007; Krasuski et al., 1998).  In a sample of 

MCI participants who underwent a six month, high intensity aerobic exercise 

intervention, only women showed beneficial results.  Women in that group had improved 

performance on tests of executive function and a set shifting task, increased glucose 

disposal during metabolic clamp, and reduced fasting plasma levels of insulin, cortisol, 

and BDNF (Baker et al., 2010). While there have not been many aerobic interventions in 

AD patients, it has been found that patients who were physically active for seven weeks 

to three months had gains in global cognition and a lack of functional decline, as well as 

improved health outcomes, behavioral symptoms, sleep disorders, rates of 

institutionalization and the use of hypnotic medications (Yu, Kolanowski, Strumpf, & 

Eslinger, 2006; Landi, Russo, & Bernabei, 2004; Teri et al., 2003).  In AD patients, 

VO2max independent of any exercise intervention was correlated with whole brain 

volume after controlling for age and it was additionally correlated with delayed memory 

and digit symbol in early AD, but not after controlling for age (Burns et al., 2008).  

Interactive Effects of Estrogen, APOE Status, and Exercise 

 There has been interest in the interactive effects of estrogen and exercise. This has 

been investigated in animal models in respect to BDNF mRNA and protein expression in 

the hippocampus. In female rats, physical activity increases the levels of hippocampal 

BDNF mRNA and protein, yet using female rats that had an ovariectomy, in which there 

is no longer estrogen present, the activity level ceased to up-regulate BDNF. In short-

term estrogen deprivation, physical activity was able to increase hippocampal BDNF 

mRNA levels, yet these effects were no longer present after seven weeks of estrogen 
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deprivation. Long-term estrogen replacement paired with physical activity increased 

BDNF levels to a greater extent than only estrogen replacement (Berchtold, Kesslak, 

Pike, Adlard, & Cotman, 2001).  In this set of studies, BDNF protein levels tended to 

closely correlate with mRNA levels in the dentate gyrus, suggestive of the structures 

overall level of importance in hippocampal BDNF.  

 Erickson et al. (2007) researched the interactive effects of fitness, hormone status 

and duration in postmenopausal women.   In summation, it was found that up to ten years 

of hormone replacement therapy (HRT) was correlated with relative sparing of the 

prefrontal cortex and was associated with better performance on executive function tests, 

yet when the HRT was for longer than ten years, the degree of prefrontal deterioration 

was increased as well as decline in performance on executive function tests.  It was also 

found that higher fitness levels heightened the effects of HRT over shorter intervals and 

lessened the declines associated with long term HRT.   

In human and animal studies, apolipoprotein ε4 (APOE ε4) carriers have 

experienced increased benefits from exercise in terms of cognitive function.  Six weeks 

of wheel running, in APOE ε4 transgenic mice, led to improved performance on the 

radial-arm water maze (RAWM) compared to inactive APOE ε4 transgenic mice controls 

(Nichol, Deeny, Seif, Camaclang, & Cotman, 2009).  Furthermore, this level of 

improvement was comparable to APOE ε3 mice and was paired with increased 

synaptophysin. Both the APOE ε3 and ε4 mice had hippocampal BDNF levels post-

exercise that were increased compared to the sedentary mice.  In a study focusing on 

older women, Etnier et al. (2007) found that aerobic fitness was associated with 
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significantly better performance for APOE ε4 homozygotes on tests measuring verbal list 

learning over the course of trials and after a short and long delay, delayed recall for a 

complex figure, and a complex attention task that required serial addition of numbers.  

These studies are suggestive that APOE ε4 carriers are those who may benefit most from 

increased levels of aerobic fitness. 

BMI and Physiological Fitness Measures Influencing Brain Structure and Cognition 

 More recent interest has focused on body composition as it relates to cognitive 

and structural changes in the aging brain.  Greater body mass index (BMI) has been 

found to correlate in women with smaller gray matter volumes in medial and inferior 

frontal, middle temporal, inferior parietal, occipital, brainstem, cerebellum, 

parahippocampal and fusiform areas as well as increased white matter values for frontal, 

temporal, parietal, and occipital lobes (Walther et al., 2010). BMI values that led to 

women being classified as obese performed worse on a test of executive functioning and 

this was associated with decreased gray matter volume in orbitofrontal regions. In 

middle-aged adults increased BMI has also been found to correlate with decreased global 

brain volume, but not cognition (Ward, Carlsson, Trivedi, Sager, & Johnson, 2005). 

Using a group of older men and women, higher education levels were correlated with less 

tissue loss in the temporal lobe gray matter and greater physical activity was associated 

with greater volume in white matter of the corona radiata extending into the parietal-

occipital junction.  Once BMI, which was highly correlated with both physical activity 

(estimated kilocalories of energy expended per week) and education, was entered into the 
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model with the same variables, only BMI remained a significant predicator (Ho et al., 

2010). 

 One method by which BMI may be influencing brain function is through 

association with pulmonary and cardiac function, which may alter the efficiency of 

perfusion to the brain and subsequently the ability of it to receive vital oxygen and 

glucose.  In a study looking at middle aged-adults, a normal-weight range BMI was 

associated with lower systolic blood pressure and higher levels of cardiorespiratory 

fitness as measured by VO2max (Chen, Das, Barlow, Grundy, & Lakoski, 2010). Another 

study of middle to older aged adults with chronic systolic heart failure found that only 

those classified as having a BMI ≥ 40 had decreased peak VO2 levels. Increasing BMI 

category was also related to decreased ventilation/carbon dioxide production (VE/VCO2), 

a measure of ventilatory efficiency (Horwich, Leifer, Brawner, Fitz-Gerald, & Fonarow, 

2009). In studies of recovery after heart failure, VE/VCO2 slope has been found to be a 

stronger predictor of mortality, hospitalization, or both than VO2max (Arena, Myers, & 

Guazzi, 2008). Another graded treadmill exercise test (GXT) measure that has been 

correlated with functional and prognostic evaluation in heart failure patients is partial 

end-tidal CO2 pressure (PetCO2) (Myers, et al. 2008). This measure has also been related 

to ventricular function at rest.  

Elevated diastolic blood pressure has been associated with poorer episodic 

learning in a group of middle-aged adults (Ward, Carlsson, Trivedi, Sager & Johnson, 

2005). Additionally in a group of older men who did not have cardiovascular disease or 

cancer, forced expiratory volume of the lungs was decreased in very lean and obese men, 
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but forced vital capacity of the lungs was decreased with increasing BMI. Furthermore, 

irrespective of BMI, greater measurements in men (Wannamethee, Shaper, & Whincup, 

2005; Rossi et al., 2008) and women (Rossi et al., 2008) of central or abdominal body fat 

were associated with poorer lung functioning, while fat-free body mass, which is 

indicative of muscle mass, was associated with increased lung function (Wannamethee et 

al., 2005).   

While there have been studies investigating certain measures of fitness, for 

example looking at self-report, BMI, or VO2max individually, there have not been studies 

that have researched multiple indicators of fitness level simultaneously to see how they 

influence the aging brain in terms of structure and cognition. In this study, a set of 

aerobic treadmill variables were pre-selected that have been identified as key components 

of a GXT as measures of physical performance. Additionally, unlike past studies, a 

sample of older adults that are not diagnosed or treated for current hypertension were 

selected, as this factor could be contributing to the findings of previous studies in which 

hypertensives were included.  In the current study, the relationship between an 

individual’s physical fitness level, measured by multiple indicators, and brain and 

cognitive changes that are associated with aging was investigated. Specifically, first the 

relative contributions of the individual GXT variables and BMI to age-related brain 

changes were tested. From this it was determined which were significant predictors and 

subsequently were clustered together. Then it was determined which were the best 

combined predictors of brain structure and an index of fitness variables was created. The 

fitness variables were used to individually predict performance on neuropsychological 
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factors measuring memory, executive function, and processing speed in the context of a 

healthy aging cohort. Additionally, the fitness index that best predicted brain structure 

was used to test the relation to performance on the different neuropsychological factors.   

It was hypothesized that 1) lower physical fitness levels, as measured by greater 

BMI, greater increases in heart rate, respiratory rate, systolic and diastolic blood pressure, 

decreased peak oxygen consumption (VO2max) values, more inefficient ventilation as 

indicated by greater values for ventilation/ carbon dioxide production (VE/VCO2max), a 

reduced end-tidal carbon dioxide pressure (PetCO2max), and shorter amount of time on 

the treadmill would be associated with higher expression of an age-related pattern of gray 

matter reductions on MRI that would include frontal and temporal regions; 2) lower 

physical fitness level would be associated with poorer performance on 

neuropsychological factors of executive functioning, processing speed and to a lesser 

extent memory; 3) BMI, VO2max, and VE/VCO2max would provide the best set of 

predictors associated with age-related brain structure.   
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CHAPTER 2 

METHODS AND MATERIALS 

Participants 

One hundred and twenty-three healthy older adults, aged 50-89 years, who have 

been screened for medical, neurological, and psychiatric disorders, were included for 

analysis in this study. Eligible subjects did not meet research NINCDS-ADRDA 

(McKhann et al., 1984) criteria of a diagnosis of probable AD or DMS-IV (American 

Psychiatric Association, 1994) criteria for any type of dementia or research criteria for 

mild cognitive impairment (MCI; Petersen et al., 2001), did not have a significant 

neurological, psychiatric or medical disorder or injury that would affect cognitive 

function or preclude them from safely participating in the GXT test according to criteria 

and guidelines of the American College of Sports Medicine (ACSM, 2000), and did not 

have a history of a psychoactive substance use disorder.  Additionally they had a score on 

the Mini Mental State Exam ≥ 25 (MMSE; Folstein et al., 1975), a score ≤ 10 on the 

Hamilton Depression Rating Scale (Hamilton, 1960), and provided informed consent to 

participate in a longitudinal study of healthy aging. The cohort for this study did not 

include participants who have a history of stroke, diabetes, or diagnosis of hypertension 

or who are taking hypertension medications.  These individuals also had successfully 

completed neuropsychological testing, MRI scanning and treadmill testing. 

 The sample for this archival study were selected from a larger cohort of 210 

healthy older adults who are participating in the Brain Aging and Memory Study 

(BAMS) and for whom informed written consent was obtained at the time of initial 
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enrollment. The BAMS study is a longitudinal study with participants being followed 

every two years. The study has collected an equal number of males and females per age 

decade, from age 50 to 89.  This cohort represents a very homogeneous sample of older 

adults from Tucson, Arizona who are predominately Caucasian (Table 1). 

In the sample of 123 participants selected for the current study, the mean (±s.d.) 

age was 67.87±10.02, the mean years of education was 15.94±2.64, and the mean MMSE 

score was 29.07±1.23. There were 34 (17F/17M) individuals in their 50’s, 39 (22F/17M) 

in their 60’s, 29 (16F/13M) in their 70’s, and 21 (10F/11M) in their 80’s included in this 

study. These individuals did not significantly differ by gender and age decade group 

(F(3,119) = 0.20,  p = 0.90). The age groups did significantly differ in education (F(3,119) = 

6.08,  p = 0.001). Mean education for those in their 50’s was 15.94±2.42, 60’s was 

17.18±2.11, 70’s was 15.31±2.63, and 80’s was 14.52±3.03 (Table 1).  Post-hoc 

bonferroni corrected pairwise contrasts revealed that those in their 60’s were significantly 

more educated than those in their 70’s (p = 0.02) and 80’s (p = 0.001).  

The education difference between age-decade groups was relatively small (within 

a difference range of 2 years) but significant, with means ranging between approximately 

15 and 17 years of education across decade groups. Although the difference is 

statistically significant it does not reflect a substantial difference in terms of peak 

educational attainment. This sample was selected to maximize the number of eligible 

participants who fit the rigorous screening, including not being diabetic, not having 

hypertension or being treated with hypertensive medication, not having any history of 

stroke, and had successful completion of the GXT.   
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Height and weight were obtained at the time of initial screening and BMI was 

calculated for this cohort using an online calculator (http://www.nhlbisupport.com/bmi/). 

Using the classification system from the World Health Organization (WHO; 

http://apps.who.int/bmi/index.jsp), the participants were then classified into four groups: 

underweight (BMI 15-18.49, n = 2), normal weight (BMI 18.5-24.99, n = 68), overweight 

(BMI 25-29.99, n = 41), and obese (BMI ≥ 30, n = 12), the mean BMI was 25.0±3.91 

(Table 1). There was no significant differences in BMI across age decades (F(3,119) = 0.01,  

p = 0.99).  

Neuropsychological Battery 

 After the initial screening in which eligibility for the study was determined, a 

standardized neuropsychological battery was administered.  This battery included tests 

that assessed general cognitive and intellectual function, verbal and visual memory, 

language ability, visuospatial skills, complex attention and executive function, working 

memory,  processing speed, and motor skills. The Mattis Dementia Rating Scale (DRS; 

Mattis, 1976) and Wechsler Adult Intelligence Scale – IV (WAIS-IV; Wechsler, 2008) 

assessed general intellectual functioning as well as other individual cognitive domains. 

The Selective Reminding Test (Buschke, 1973) and the recall and recognition 

components of the Rey Complex Figure Test (Rey, 1964) were used to assess verbal and 

visual memory, respectively.  The Boston Naming Test (Kaplan et al., 1983), the 

Controlled Oral Word Association Test (Benton et al., 1976), and Category Naming 

(Rosen, 1980) were used to assess language ability. 
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Table 1 

Subject characteristics 

Note. N, number in each group; Total, the entire sample used in the study; 50’s, participants aged 50-59; 60’s, participants 

aged 60-69, 70’s, participants aged 70-79; 80’s, participants aged 80-89; s.d., standard deviation; F, female; M, male; C, 

Caucasian; A, Asian; N, Native American; M, Multiethnic; N, no; Y, yes. * significantly different than 60’s p < 0.05. ‡ 

significantly different than 60’s p < 0.001. 

 Total  50s 
 

60s 70s 80s 

N 123 34 39 29 21 

Age (mean±s.d.) 67.87±10.01 55.97±2.71 65.02±2.71 74.63±3.04 83.13±2.42 

Gender (F/M) 65/58 17/17 22/17 16/13 10/11 

Education (mean±s.d.) 15.94±2.64 15.94±2.42 17.18±2.11 15.31±2.63* 14.52±3.03‡ 

Race (C/A/N/M) 115/3/1/4 30/2/1/1 36/1/0/2 28/0/0/1 21/0/0/0 

Hispanic (N/Y) 115/8 30/4 39/0 27/2 19/2 
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To assess visuospatial ability, the copy condition of the Rey Complex Figure Test 

(Rey, 1964) and Block Design from the WAIS-IV (Wechsler, 2008) were used.  Complex 

attention and executive function were measured using the Trail Making Test A and B 

(Reitan, 1958) and the Stroop Color and Word Test (Golden & Freshwater, 1998). 

Working memory and processing speed were assessed using the Paced Auditory Serial 

Addition Task (PASAT; Gronwall, 1977), WAIS-IV Coding, Symbol Search, Digit Span, 

and Letter-Number Sequencing (Wechsler, 2008). The Finger Tapping Test (Reitan et al., 

1993) and Grooved Pegboard Test (Matthews et al., 1964) assessed motor skills. A factor 

analysis was conducted on the full cohort of 210 participants in the BAMS to test for 

clustering of the different tests in the domains of executive functioning, memory and 

processing speed. Z-score equivalents of the factor scores were used for subsequent 

analyses using the neuropsychological data (Glisky, Polster, & Routhieaux, 1995; Glisky, 

Rubin, & Davidson, 2001).   

Aerobic Fitness Test  

 Using the modified Naughton protocol, a GXT measured participants’ aerobic 

fitness (Strzelczyk et al., 2001). During the treadmill test, the participant walked on a 

treadmill that was gradually increased in both speed and incline. As the participant 

engaged in the activity, there were electrocardiogram sensors attached to their chest (to 

measure heart functioning), a pulse oximeter on their index finger (to measure blood 

saturation for oxygen and carbon dioxide), and a mouth piece that they breathed through 

that was connected to oxygen and carbon dioxide analyzers (to measure lung 

functioning). The Naughton protocol is one of the less intense treadmill testing 
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procedures used with elderly adults. It does not require the participant to run at any point 

during testing and at maximum they are walking briskly on an incline. The protocol starts 

with a one minute warm up where the speed is one mile per hour and the incline is set to 

zero. After the warm-up, the speed is increased to one and a half miles per hour and there 

is a one percent incline for the next two minutes. Next the speed is increased to two miles 

per hour with an incline of 3.5 percent for the next four minutes. Then every two minutes 

afterwards, until the end of the test, the incline is increased by 3.5 percent, until the 

maximum graded incline of 15 percent is reached. During these every two-minute incline 

increases, the speed is also increased, until at maximum, it reaches four miles per hour.  

Once criteria for stopping the test is met, there is a cool down period lasting up to six 

minutes in which the incline is zero and the speed is again reduced to one mile per hour.  

Prior to starting the treadmill test, the participants’ resting heart rate (HR), 

systolic (SBP) and diastolic blood pressure (DBP) were measured, as well as 

continuously throughout the course of the GXT. VO2max, VE/VCO2, PetCO2, and 

respiratory rate were measured prior to commencement of the GXT as well as throughout 

testing. The total time of the GXT was recorded. During the GXT, the test was stopped 

for the following reasons: the person could request that it be stopped, the technician 

administering the GXT could determine that due to either pulmonary or cardiac responses 

it was not safe or advised to continue testing, or two of the following three criteria could 

have been met: 1) a plateau in VO2 with an increase in workload (little/no increase in 

VO2 over 2 stages 2) a respiratory exchange ratio of 1.1 or higher or 3) a heart rate 

within 10 beats of the age-predicted maximal heart rate. This is in accordance with the 
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criteria for termination of the American College of Sports Medicine (ACSM, 2000). The 

testing was conducted and overseen by pulmonary technicians and the results were 

reviewed by a cardiologist. All participants included in this cohort met ACSM 

termination criteria for the GXT testing, providing valid test results of pulmonary and 

cardiac function. The GXT variables have been chosen from the available measures 

because they have previously been found to either have low correlations among each 

other or to reflect different measurements of pulmonary and cardiac function obtained by 

the GXT (Table 2).   

Image Acquisition 

 T1-weighted volumetric 3T MRI scans were acquired on a GE Signa MRI scanner 

with an eight-channel phased array coil (HD Signa Excite, General Electric, Milwaukee, 

WI). These images were acquired with a 3D spoiled gradient-echo MRI (3D SPGR) pulse 

sequence with a slice thickness of 1.0 mm, no skip (TR = 5.3 ms, TE = 2.0 ms, TI = 500; 

flip angle = 15 °; matrix = 256 x 256; FOV = 256 x 256 mm 2). 

Image Processing and Analysis 

 Images were pre-processed using a procedure outlined in Pereira et al. (2010) in 

which images first have a skull-stripping procedure performed on them using the 

FreeSurfer v.4.5 (http://surfer.nmr.mgh.harvard.edu) hybrid watershed algorithm (HWA)  

(Ségonne et al., 2004), next the skull stripped brains were bias-corrected using the non-

parametric non-uniform intensity normalization or N3 tool in FreeSurfer (Sled et al., 

1998), and finally images were manually aligned to the SPM8 T1 template.  
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Table 2 

Correlations of Pulmonary and Cardiac Fitness Variables  

Note.  Heart Rate diff, difference between basal and maximal heart rate; Respiratory Rate 

diff, difference between basal and maximal respiratory rate; Systolic BP diff, difference 

between basal and maximal systolic blood pressure; Diastolic BP diff, difference between 

basal and maximal diastolic blood pressure; VO2max ml/kg/min, peak oxygen 

consumption at maximal exercise measured as a relative rate in milliliters of oxygen per 

kilogram of body weight per minute; VO2max ml/min, peak oxygen consumption at 

maximal exercise measured as an absolute rate in litres of oxygen per minute; 

VE/VCO2max, ventilatory efficiency at maximal exercise as measured by pulmonary 

ventilation divided by carbon dioxide production; PetCO2max, end-tidal partial pressure 

of carbon dioxide at maximal exercise; Exercise Duration, total amount of time exercised 

in minutes; BMI, body mass index; BMI Group, body mass index group in terms of 

categories. PCC, Pearson correlation coefficient; P-value, significance of p-value two-

tailed; N, total number. There were two subjects who did not obtain valid heart rate 

measurements during the GXT. * significant, p ≤ 0.05. ** significant, p ≤ 0.01. 
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Table 2 

Correlations of pulmonary and cardiac fitness variables  

 Heart 
Rate diff 

Respiratory 
Rate diff 

Systolic 
BP diff 

Diastolic 
BP diff 

VO2max 
ml/kg/min 

VO2max 
ml/min 

VE/VCO2
max 

PetCO2
max 

Exercise 
Duration BMI 

BMI 
Group 

PCC 1  .203*   .285** .104   .388**   .444**       -.137 .099   .344** .097 .067 
P-value  .026 .002 .257 .000 .000 .135 .281 .000 .289 .468 

Heart Rate 
diff 

N 121 121 121 121 121 121 121 121 121 121 121 
PCC  .203* 1      -.004     -.153   .263**   .240**  .218*     -.341**   .327** .051 .064 
P-value .026  .966 .091 .003 .008 .015 .000 .000 .576 .485 

Respiratory 
Rate diff 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC   .285**        -.004 1  .220*   .345**   .299**       -.066 .081  .198*    -.028 .013 
P-value .002 .966  .014 .000 .001 .470 .373 .028 .762 .890 

Systolic BP 
diff 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC .104        -.153  .220* 1 .002       -.078       -.115 .139       -.136    -.134    -.057 
P-value .257 .091 .014  .979 .391 .206 .126 .133 .139 .534 

Diastolic 
BP diff 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC   .388**   .263**   .345** .002 1   .768**       -.170 .037   .684**    -.198* -.204* 
P-value .000 .003 .000 .979  .000 .060 .686 .000 .028 .023 

VO2max 
ml/kg/min 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC   .444**   .240**   .299**     -.078   .768** 1       -.193* .038   .559**   .305**   .245** 
P-value .000 .008 .001 .391 .000  .033 .673 .000 .001 .006 

VO2max 
ml/min 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC     -.137  .218*      -.066     -.115        -.170       -.193* 1     -.921**       -.190* .016 .081 
P-value .135 .015 .470 .206 .060 .033  .000 .035 .860 .375 

VE/VCO2
max 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC .099        -.341** .081 .139 .037 .038       -.921** 1 .042   -.109    -.148 
P-value .281 .000 .373 .126 .686 .673 .000  .648 .230 .102 

PetCO2max 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC   .344**   .327**  .198*     -.136   .684**   .559**       -.190* .042 1   -.132    -.132 
P-value .000 .000 .028 .133 .000 .000 .035 .648  .145 .145 

Exercise 
Duration 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC .097 .051      -.028     -.134        -.198*   .305** .016     -.109       -.132 1    .901** 
P-value .289 .576 .762 .139 .028 .001 .860 .230 .145  .000 

BMI 

N 121 123 123 123 123 123 123 123 123 123 123 
PCC .067 .064 .013     -.057        -.204*   .245** .081     -.148       -.132   .901** 1 
P-value .468 .485 .890 .534 .023 .006 .375 .102 .145 .000  

BMI Group 

N 121 123 123 123 123 123 123 123 123 123 123 
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The parameters for N3 correction were selected from Boyes et al. (2008) in which 

accuracy is favored over speed.   

Images were processed using voxel-based morphometry (VBM; Ashburner & 

Friston, 2000; Good et al., 2001) with Statistical Parametric Mapping (SPM8) and the 

DARTEL toolbox (Ashburner, 2007; Ashburner & Friston, 2009). SPM8 DARTEL was 

used to segment gray and white matter and simultaneously register and create a 

customized template in the subject’s native image space. The individual segmented gray 

matter images were brought into Montreal Neurological Institute (MNI) space and then 

the smoothed segmented gray matter images were used for subsequent multivariate 

analyses using the scaled subprofile model (SSM). The assumptions and procedures of 

SSM have been previously described in detail (Moeller et al., 1987; Alexander & 

Moeller, 1994). This procedure takes the global mean across all subjects and regions and 

subtracts from each their natural log-transformed regional value. Then it applies a 

modified PCA to each subjects’ natural log transformed data which produces individual 

subject scores which represent the degree to which each subject expresses the identified 

regional patterns of covariance of gray matter volume.  Total intracranial volume was 

estimated (eTIV) by combining the gray, white, and cerebrospinal fluid segments in the 

native space for each subject.  

Once SSM was performed on the gray matter maps, multiple linear regression 

was performed using the Statistical Package for the Social Sciences (SPSS 18.0).  

Patterns which explained at least two percent of the variance in the overall subject by 

region data and that caused the overall Akaike Information Criterion (AIC) value to 
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decrease were included in analyses to create a linear combination of patterns that 

maximally predicted age as a continuous variable (Burnham & Anderson, 2002).  AIC is 

a relative goodness of fit measure for a statistical model. It is an approach that assesses 

the cost benefit between over-fitting the data in a regression versus being too 

conservative. 

After multiple linear regression was used to identify the best combination of 

patterns and a point estimate was created, bootstrap resampling procedures were 

performed to provide reliability estimates for the SSM pattern weights that were 

associated with age (Efron & Tibshirani, 1994; Habeck et al., 2005; Alexander et al., 

2008). Once the bootstrap resampling procedure was completed these regions of relative 

reductions and preservations were reported using a –3 ≥ z and z ≥ 3 threshold. 
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CHAPTER 3 

STATISTICAL ANALYSES 

After the 123 images were processed through SSM VBM SPM8 DARTEL, the principal 

component patterns from the SSM analysis were used to predict age as a continuous 

variable using the Statistical Package for the Social Sciences (SPSS 18.0).  Patterns 

which contributed at least two percent of the variance in subject by region data and which 

caused the overall AIC value to decrease were included in the model. Covariates used 

were eTIV, education, gender, and HRT use in females. After the best linear combination 

of patterns that predicted an age-related pattern was identified, three separate bootstrap 

resampling procedures were applied using the point estimate from the original SSM 

analysis (Efron & Tibshirani, 1994). Each bootstrap contained forty-one participants 

randomly selected without overlap. The three bootstrap procedures were each performed 

with 500 iterations and then the standard deviation maps of these separate bootstraps 

were pooled to create an averaged bootstrap result that identified the robustness of the 

pattern.   

 Using the treadmill data for HR, SBP, DBP, and RR, difference scores were 

calculated by subtracting resting values from the time VO2max was obtained. Difference 

scores have commonly been used for evaluating heart rate recovery post-exercise 

(MacMillan, Davis, Durham, & Matteson, 2006; Leite do Prado et al., 2011) and heart 

rate reserve (Cheng, Macera, Church, & Blair, 2002). VO2max, PetCO2max, and 

VE/VCO2max were investigated using the values obtained at VO2max, reflecting the 

value when the body was working at its peak level of performance. Total time on 
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treadmill, BMI value and BMI categorical group were also used in analyses. Means, 

standard deviations, and range for the fitness data used in analyses are listed in Table 3. 

Individual regression analyses were conducted with each fitness variable predicting the 

age-related network pattern.  From these individual regressions, those variables that were 

predictive of the age-related pattern were selected and placed together in a single 

stepwise regression analysis in which they were combined to predict the age-related 

pattern. The variables that contributed significant and unique components of variance 

were selected and combined to create a fitness index which best predicted the age-related 

pattern.  The standardized predicted value from the regression of the best fitness 

measures predicting the age-related pattern was used, creating a weighted fitness index, 

which was used in subsequent analyses to predict cognitive function.  

 To investigate whether the relation between fitness and the gray matter pattern 

was present after controlling for age effects, a subgroup of the sample, those aged 60 to 

79, were selected because they had a broad range of fitness index scores over a 

diminished age range. Using all of the 60- and 70-year-olds from the sample, linear 

regression was conducted to determine if after controlling for age, the fitness index score 

could predict the gray matter network subject scores. Additional covariates included 

eTIV, gender, and education.  

A factor analysis on the full BAMS 210 subject cohort, consisting of both oblique 

and orthogonal rotations, was applied to the participants’ neuropsychological test scores 

to determine which solution best fit the data, that is whether or not the factors are 

correlated with one another (Glisky et al., 1995; Glisky et al., 2001). The direct oblimin  
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Table 3 

Characteristics of the fitness variables  

Note. N, total number; S.D., standard deviation; Min, minimum value; Max, maximum 

value. Heart Rate diff, difference between basal and maximal heart rate; Respiratory Rate 

diff, difference between basal and maximal respiratory rate; Systolic BP diff, difference 

between basal and maximal systolic blood pressure; Diastolic BP diff, difference between 

basal and maximal diastolic blood pressure; VO2max ml/kg/min, peak oxygen 

consumption at maximal exercise measured as a relative rate in milliliters of oxygen per 

kilogram of body weight per minute; VO2max ml/min, peak oxygen consumption at 

maximal exercise measured as an absolute rate in litres of oxygen per minute; 

VE/VCO2max, ventilatory efficiency at maximal exercise as measured by pulmonary 

ventilation divided by carbon dioxide production; PetCO2max, end-tidal partial pressure 

of carbon dioxide at maximal exercise; Exercise Duration, total amount of time exercised 

in minutes; BMI, body mass index; BMI Group, body mass index group in terms of 

categories; Fitness Index, standardized predicted value of exercise time; Heart Rate Rest, 

resting heart rate; Heart Rate Max; heart rate during VO2max; Respiratory Rate Rest, 

resting respiratory rate; Respiratory Rate Max; respiratory rate during VO2max; Systolic 

BP Rest, resting systolic blood pressure; Systolic BP Max, systolic blood pressure at 

VO2max; Diastolic BP Rest, resting diastolic blood pressure; Diastolic BP Max, diastolic 

blood pressure at VO2max. *One individual’s resting blood pressure was 201/105 at the 

time of the treadmill testing; however, at screening their blood pressure was 155/70 and 

their diurnal mean was 160/80. This individual met all screening criteria for inclusion. 
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Table 3, Characteristics of the fitness variables  

Fitness Variable N Mean S.D. Range Min Max 

Heart Rate diff 121 54.76 19.24 110.00 -13.00 97.00 

Respiratory Rate diff 123 13.53 7.04 38.48 -7.00 31.48 

Systolic BP diff 123 38.43 22.46 142.00 -50.00 92.00 

Diastolic BP diff 123 -1.22 12.14 75.00 -42.00 33.00 

VO2max ml/kg/min 123 25.71 5.70 30.40 16.40 46.80 

VO2max ml/min 123 1841.89 536.35 2653 846 3499 

VE/VCO2max 123 33.28 4.40 23 24.00 47.00 

PetCO2max 123 34.85 4.25 21 24.00 45.00 

Exercise Duration 123 16:33 5:07 20:47 2:15 23:02 

BMI 123 24.99 3.91 21.40 17.90 39.30 

BMI Group 123 0.51 0.69 3.00 -1.00 2.00 

Fitness Index 123 0.00 1.00 5.49 -3.66 1.83 

Heart Rate Rest 123 80.30 11.78 66.00 42.00 108.00 

Heart Rate Max 121 134.87 20.96 110 64 174 

Respiratory Rate Rest 123 20.93 5.67 26 10 36 

Respiratory Rate Max 123 34.46 7.15 44 29 63 

Systolic BP Rest 123 130.35 18.37 111 90 201* 

Systolic BP Max 123 168.78 24.75 130 100 230 

Diastolic BP Rest 123 78.63 9.90 55 52 107 

Diastolic BP Max 123 77.41 13.27 66 48 114 
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rotation, in which components that were weighted below 0.2 were suppressed was 

selected because it provided the best fit to the data. After the unique factors from the 

analysis were established, the factor loadings were used to determine which subtests went 

into the creation of each factor.  Three factors were identified: memory, executive 

functioning, and processing speed. The memory factor was comprised of scores from the 

Buschke Selective Reminding Test. This included the sum recall across all learning trials, 

long-term retrieval, consistent long-term retrieval, long-term delayed recall and 

recognition after a 30 minute delay.  The executive function factor included total words 

generated during the Controlled Oral Word Association Test for the letters ‘F’, ‘A’, and 

‘S’, and scores on WAIS Arithmetic, Digit Span, and Letter-Number Sequencing. The 

processing speed factor was comprised of WAIS Coding and Symbol Search, as well as 

Grooved Pegboard Dominant Hand, and Trail Making Test part A performance. Means, 

standard deviations, and range for the raw scores for measures in the neuropsychological 

composites used in analyses are listed in Table 4. 

The raw scores from each of the subtests that created the three factors were then 

converted to z-scores and averaged across the tests that comprised each factor score to 

create composite factor scores for each participant. For the processing speed composite, 

the inverse of Trail Making Test part A and Grooved Pegboard were used, as a lower 

score on these two variables is indicative of better performance, whereas for all other 

variables a higher score represents a greater performance. For all three 

neuropsychological composite measures a higher score is indicative of better 

performance. These composite z-scores were used for all subsequent analyses. The  
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Table 4 

Characteristics of the neuropsychological measures 

Note. N, total number; S.D., standard deviation; Min, minimum value; Max, maximum 

value. Memory composite, memory composite factor; SRT Sum Recall, selective 

reminding test sum recall; SRT LRT, selective reminding test long-term recall; SRT 

CLTR, selective reminding test consistent long-term recall; SRT Recognition, selective 

reminding test recognition; Executive Composite, executive composite factor; 

Arithmetic, WAIS-IV arithmetic; Digit Span, WAIS-IV digit span; Letter Number, 

WAIS-IV letter number sequencing, FAS Total, Controlled Oral Word Association Test 

total score; Processing Composite, processing speed composite factor; Grooved Pegboard 

DH, grooved pegboard dominant hand; TMT A, trail making test part A; Symbol Search, 

WAIS-IV symbol search; Coding, WAIS-IV coding . *One individual scored zero on the 

SRT delayed recall measure. This individual met all screening criteria for inclusion in the 

study and his neurological exam did not show evidence of significant memory 

impairment during the medical screen. This participant was an 81-year-old male with 12 

years of education. His MMSE score was 28 out of 30 points.  
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Table 4, Characteristics of the neuropsychological measures 

Neuropsychological 
Measure 

N Mean S.D. Range Min Max 

Memory Composite 123 0.06 0.86 4.21 -2.70 1.51 

SRT Sum Recall 123 105.27 19.32 92 48 140 

SRT LTR 123 86.82 29.33 133 7 140 

SRT CLTR 123 64.29 36.38 140 0 140 

SRT Delay Recall 123 8.17 2.86 12 0* 12 

SRT Recognition 123 11.65 0.91 7 5 12 

Executive Composite 123 0.41 0.74 4.56 -2.84 1.72 

Arithmetic 123 15.63 3.05 14 7 21 

Digit Span 123 27.72 4.84 24 14 38 

Letter Number 123 18.82 2.66 18 7 25 

FAS Total 123 44.79 12.64 73 14 87 

Processing Composite 123 0.15 0.77 4.96 -3.37 1.59 

Grooved Pegboard DH 123 87.40 25.82 166 57 223 

TMT A 123 31.47 11.72 88 15 104 

Symbol Search 123 28.59 7.25 39 5 44 

Coding 122 62.70 13.70 70 29 99 
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individual fitness variables were used to predict performance on the three composite 

factors of neuropsychological tests to investigate which were the best predictors for each 

composite factor. Subsequently, the fitness index that was created from the regression 

predicting the age-related pattern was used to predict performance on the 

neuropsychological factors.  Additional covariates that were used in these analyses 

included education, gender, HRT use, and neuropsychological factors.   
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CHAPTER 4 

RESULTS 

Age-Related Differences in MRI Gray Matter 

 A significant age-related pattern was identified after conducting SSM analyses on 

the SPM8 VBM processed MRI data. Using multiple regression on all patterns 

contributing at least two percent of the overall variance and which additionally caused the 

overall AIC value to decrease, a pattern that consisted of the first eight patterns, except 

for the fifth, was identified (F(7,115) = 15.04,  p = 7.94e-14). This linear combined pattern 

explained 48% of the variance in predicting age (F(1,121) = 110.78,  p = 8.71e-19) (Figure 

1). Education (R2= 0.04, F(1,121) = 5.08,  p = 0.03) and eTIV (R2= 0.05, F(1,121) = 6.05,  p = 

0.02) were significantly associated with the age-related pattern, while gender (F(1,121) = 

0.76,  p = 0.38)  and HRT use (F(1,63) = 2.82,  p = 0.10) were not. After controlling for 

eTIV (R2 
change =  0.44, Fchange(1,120) = 102.36, p = 8.99e-18), education (R2 

change =  0.44, 

Fchange(1,120) = 101.95, p = 1.00e-17), gender (R2 
change =  0.48, Fchange(1,120) = 110.63, p = 

9.83e-19), and use of HRT in females (R2 
change =  0.43, Fchange(1,62) = 50.71, p = 1.33e-9), 

the pattern remained significant when predicting age.  

Regional involvement illustrated by the average bootstrap of SSM age-related 

MRI pattern was characterized by gray matter volume reductions mainly occurring 

bilaterally in inferior (-8.14 ≤ z ≤ -3.42), middle (-6.27 ≤ z ≤ -4.01), and superior (-6.88 ≤ 

z ≤ -4.36) frontal regions.  There were also reductions in bilateral parietal (-5.52 ≤ z ≤ -

3.23) and lateral temporal cortices (-6.05 ≤ z ≤  -3.06), as well as superior occipital (-4.85 

≤ z ≤ -3.29), and cerebellar regions (-8.74 ≤ z ≤ -5.96).  Reductions were also located 
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bilaterally in the putamen (-4.72 ≤ z ≤ -4.39) (Figure 2.1, Figure 2.2, and Figure 2.3). 

Detailed regional contributions are listed in Table 5.1. 

Regions of relative preservation were located bilaterally in the hippocampus 

(10.10  ≤ z ≤ 10.50), parahippocampus (7.56 ≤ z ≤ 9.44), and amygdala (3.33 ≤ z ≤ 3.96). 

Preservations were also noted in anterior (3.13 ≤ z ≤ 3.75), mid (3.61 ≤ z ≤ 4.13), and 

posterior cingulate (4.15 ≤ z ≤ 7.90) regions. There were preservations bilaterally in the 

caudate (6.79 ≤ z ≤ 8.84) and thalamus (7.71 ≤ z ≤ 8.94). Inferior temporal (6.29 ≤ z ≤ 

6.33) and parietal (3.17 ≤ z ≤ 4.60) cortices also had bilateral preservations, as well as the 

insula, (5.78 ≤ z ≤ 7.02), superior temporal (5.13 ≤ z ≤ 7.77), inferior parietal (3.17 ≤ z ≤ 

4.60), mid occipital (4.66 ≤ z ≤  6.55), and cerebellar (8.11 ≤ z ≤ 9.44) regions (Figure 

2.1, Figure 2.2, and Figure 2.3). Detailed regional contributions are listed in Table 5.2. 

Relations of Physical Fitness Variables to Age-Related Network Pattern  

The physical fitness variables were individually correlated with the age-related 

network pattern to determine which were significantly related to it. The most significant 

predictors of the age-related pattern were total exercise time (F(1,121) = 17.71, p = 4.96e-

5), VO2max ml/kg/min (F(1,121) = 12.84, p = 4.91e-4), and VO2max ml/min (F(1,121) = 

14.28, p = 2.46e-4). The difference in basal versus maximal heart rate (F(1,119) = 10.14, p 

= 0.002) and respiratory rate (F(1,121) = 8.75, p = 0.004) as well as VE/VCO2max (F(1,121) 

= 11.11, p = 0.001), and PetCO2max (F(1,121) = 6.01, p = 0.02)  were also significantly 

related to the age-related pattern (Table 6). However, inconsistent with the hypothesis, 

BMI, BMI classification group, systolic and diastolic blood pressure differences were not 

significantly related to the age-related pattern (0 ≤ F(1,121) ≤ 3.59, 0.06 ≤ p ≤ 0.93). 
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Figure 1.  Network subject scores predicting age. 

SSM network pattern of gray matter predicting age in 123 healthy elderly, ages 50-89 (R2 

= 0.48, p = 8.71e-19). SSM, scaled subprofile model. 
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Table 5.1 

Locations of local minima for average bootstrap of age-related SSM pattern  

    Talairach   
Region H BA x y z z-score 
Inferior Frontal L 47 -44 42 -5 5.98 
 L 47 -50 17 -1 6.59 
Medial Frontal  R 11 10 61 -13 8.14 
 L 11 -10 61 -17 4.37 
Rectus R 11 8 40 -22 7.97 
 L 11 0 26 -21 3.42 
Middle Frontal  R 9 50 15 29 4.38 
 L 9 -50 15 29 6.27 
 R 9 46 7 33 5.67 
 L 9 -46 10 36 5.77 
 R 11 26 60 -13 5.38 
 L 11 -38 54 -13 6.01 
 R 46 48 34 20 4.01 
 L 46 -46 23 25 5.77 
Superior Frontal R 10 16 55 19 5.35 
 L 10 -28 60 -3 6.88 
 L 8 -44 19 40 5.89 
 R 8 12 50 38 4.92 
 R 6 14 22 58 5.76 
 L 6 -4 1 63 4.36 
Insula L 13 -36 -15 19 3.98 
Precuneus R 7 16 -72 37 4.30 
 L 7 -10 -74 37 3.23 
Inferior Parietal L 40 -46 -34 50 5.52 
Superior Parietal L 7 -22 -56 54 4.88 
Postcentral R 3 38 -23 45 4.22 
Putamen R  20 11 -7 4.72 
 L  -20 9 -7 4.39 
Fusiform L 20 -32 -5 -30 4.12 
Inferior Temporal R 20 55 -15 -26 3.06 
 L 20 -53 -19 -29 3.67 
Mid Temporal R 21  50 10 -27 4.90 
 L 21 -55 3 -17 4.58 
Temporal Pole R 38 48 16 -31 5.06 
 L 38 -46 16 -31 4.75 
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Table 5.1, Continued 

Locations of local minima for average bootstrap of age-related SSM pattern  

    Talairach   
Region H BA x y z z-score 
Superior Temporal  R 22 51 9 -7 3.24 
 L 22 -53 -11 4 6.05 
 R 42 57 -13 8 4.11 
 L 42 -61 -21 12 3.14 
Lingual L 18 -10 -74 0 3.39 
Superior Occipital R 19 26 -82 30 4.85 
 L 19 -20 -86 30 3.29 
Cerebellum R  42 -58 -37 5.96 
 L  -36 -54 -38 8.74 
Note. H, hemisphere; BA, Brodmann area; L, left; R, right; Talairach, Talairach and 

Tournoux’s (1988) anatomical atlas coordinates in x, y, z planes of local minima 

coordinates from the average bootstrap of the SSM point estimate; SSM, scaled 

subprofile model; Region; regions defined by Talairach Daemon Client (Talairach 

Daemon Client; www.talairach.org) identified by the averaged bootstrap of the SSM 

analysis. 
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Table 5.2 

Locations of local maxima for average bootstrap of age-related SSM pattern  

    Talairach   
Region H BA x y z z-score 
Hippocampus R  32 -37 2 10.1 
 L  -24 -41 2 10.5 
Parahippocampus R 35 18 -26 -9 9.44 
 L 35 -34 -9 -16 7.56 
Amygdala R  24 3 -17 3.33 
 L  -20 -1 -13 3.96 
Thalamus R  16 -29 12 7.71 
 L  -14 -29 12 8.94 
Caudate R  2 2 4 8.84 
 L  -16 23 -1 6.79 
Anterior Cingulate R 24 2 26 13 3.41 
  24 0 31 -2 3.75 
 L 32 -4 30 24 3.13 
Mid Cingulate R 32 2 2 33 3.61 
  24 0 12 36 4.13 
 L 24 -4 -6 41 3.63 
Posterior Cingulate R 30 22 -46 10 4.15 
  29 0 -44 13 7.90 
 L 30 -20 -50 10 4.89 
Inferior Frontal R 47 20 20 -21 6.47 
 L 47 -30 23 -15 4.97 
Insula R 13 42 4 -7 5.78 
 L 13 -38 10 -4 7.02 
Angular R 39 42 -65 29 3.90 
 L 39 -40 -71 22 6.28 
Precuneus  7 0 -61 29 4.04 
Inferior Parietal R 40 51 -35 35 3.17 
 L 40 -48 -45 28 4.60 
Inferior Temporal R 37 44 -51 -11 6.33 
 L 36 -38 -32 -9 6.29 
Superior Temporal R 39 53 -50 14 5.65 
 L 39 -48 -57 21 5.13 
 R 38 38 11 -17 6.53 
 L 38 -38 9 -17 7.77 
Middle Occipital R 19 36 -78 -10 4.66 
 L 19 -46 -74 -10 6.55 
Lingual R 18 22 -86 -9 4.13 
 L 18 -8 -86 -9 5.24 
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Table 5.2, Continued 

Locations of local maxima for average bootstrap of age-related SSM pattern  

    Talairach   
Region H BA x y z z-score 
Calcarine  18 0 -93 5 7.71 
Cerebellum R  16 -28 -15 9.44 
 L  -20 -26 -22 8.11 
Note. H, hemisphere; BA, Brodmann area; L, left; R, right; Talairach, Talairach and 

Tournoux’s (1988) anatomical atlas coordinates in x, y, z planes of local minima 

coordinates from the average bootstrap of the SSM point estimate; SSM, scaled 

subprofile model; Region; regions defined by Talairach Daemon Client (Talairach 

Daemon Client; www.talairach.org) identified by the averaged bootstrap of the SSM 

analysis. 
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Figure 2.1. Projection maps of the three individual bootstrap SSM MRI gray matter age-

associated pattern. 

MRI gray matter pattern reflecting the linear combination of the SSM components whose 

subject scores predicted age in the 123 healthy adult participants. There were three 

bootstrap resampling procedures conducted, each had 41 randomly selected participants, 

without overlap. A) Projection map is based on the bootstrap results of the first group of 

41 participants (500 iterations each). B) Projection map is based on the bootstrap results 

of the second group of 41 participants (500 iterations each). C) Projection map is based 

on the bootstrap results of the third group of 41 participants (500 iterations each). Areas 

in blue/green indicate significant gray matter reductions (z ≤ -3), while areas in 

orange/yellow indicate significant relative gray matter preservation (z  ≥ 3).  SSM, scaled 

subprofile model; MRI, magnetic resonance imaging. 
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Figure 2.2. Projection map of the average bootstrap SSM MRI gray matter age-associated 

pattern. 

MRI gray matter pattern reflecting the linear combination of the SSM components whose 

subject scores predicted age in the 123 healthy adult participants. Projection map is based 

on the averaged bootstrap results (500 iterations each). There were three bootstrap 

resampling procedures conducted, each had 41 randomly selected participants, without 

overlap. Areas in blue/green indicate significant gray matter reductions (z ≤ -3), while 

areas in orange/yellow indicate significant relative gray matter preservation (z  ≥ 3).  

SSM, scaled subprofile model; MRI, magnetic resonance imaging. 
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Figure 2.3. Axial slices of the average bootstrap SSM MRI gray matter age-associated 

pattern. 

Axial slices of the MRI gray matter pattern reflecting the linear combination of the SSM 

components whose subject scores predicted age in the full sample of 123 subjects. 

Results are displayed on axial slices of a single brain normalized to MNI space and are 

based on the averaged bootstrap (500 iterations each). There were three bootstrap 

resampling procedures conducted, each had 41 randomly selected participants, without 

overlap. Areas in blue/green indicate significant gray matter reductions (z ≤ -3), while 

areas in orange/yellow indicate significant relative gray matter preservation (z  ≥ 3).  

SSM, scaled subprofile model; MRI, magnetic resonance imaging. 
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The same general findings for individual fitness measures held after controlling 

for eTIV, gender, education, and HRT use in females (Table 6). However the relationship 

between VO2max and the age-related pattern was strengthened after controlling for 

gender and VO2max ml/min became the single best predictor of the age-related pattern.  

There were significant differences between males and females in VO2max ml/min (t(1,121) 

= -8.70, p = 1.97e-14) and ml/kg/min (t(1,121) = -4.49, p = 1.63e-5) values, with males 

having significantly greater values in both cases. The only other fitness measure that 

significantly differed as a function of gender was the difference between basal and 

maximal systolic blood pressure values, (t(1,121) = -2.65, p = 0.009). Exercise time and 

VO2max ml/kg/min were correlated with one another (R2
(1,121) = 0.47, F(1,121) = 106.31, p 

= 2.84e-18).   

 Entering only the individual significant predictors into a stepwise regression 

produced the combination of aerobic fitness factors that best predicted the age-related 

pattern. The best combination of fitness factors were overall exercise time (Fchange(1,119) = 

17.70, p = 5.05e-5 ), VE/VCO2max (Fchange(1,118) = 7.23, p = 0.008 ), and the difference 

between basal and maximal respiratory rate (Fchange(1,117) = 8.23, p = 0.005).  The other 

fitness factors did not significantly contribute above and beyond these three.  These three 

measures were combined to create a fitness index that accounted for 23% of the variance 

in the age related gray matter pattern (F(1,121) = 36.50, p = 1.73e-8) (Figure 3). To 

determine that the combined fitness index significantly predicted the age-related pattern 

more than any other variable, it was force entered into stepwise regressions with the other 

variables, which were no longer significantly related to the age-related pattern once the 
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fitness index was entered into the model. VO2 max ml/min is known as the gold standard 

for fitness measures. This was not included in the fitness index because it did not 

significantly contribute to the model above and beyond any of the fitness variables that 

were initially included. When force entered into a stepwise regression with the fitness 

index, VO2 max did not significantly predict the age-related pattern (F(1,120) = 1.49, p = 

0.22); however, the fitness index remained significantly related (F(1,121) = 36.50, p = 

1.73e-8). The fitness index significantly predicted the age-related MRI pattern after 

controlling for eTIV (F(1,120) = 32.63, p = 8.25e-8), gender (F(1,120) = 36.95, p = 1.48e-8), 

education (Fchange(1,120) = 32.06, p = 1.04e-7 ) and HRT use in females (Fchange(1,62) = 13.78, 

p = 4.42e-4) (Table 6). The fitness index was significantly related to age (F(1,121) = 83.24, 

p = 1.97e-15). 
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Figure 3. MRI network subject score predicting fitness index score.  

SSM network pattern of gray matter predicting fitness index score in 123 healthy elderly, 

ages 50-89 (R2 = 0.23, p = 1.73e-8). MRI, magnetic resonance imaging; SSM, scaled 

subprofile model. 
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Table 6  

Network gray matter subject scores correlated with performance on aerobic fitness 

variables 

Aerobic Fitness Variable Correlation 
Coefficient 

Partial CC 
eTIV 

Partial CC 
Gender 

Partial CC 
Educ 

Partial CC 
HRT₪ 

Heart Rate diff  -0.28†   -0.26†   -0.29‡     -0.25** -0.20 
Respiratory Rate diff  -0.26†   -0.26†   -0.25†     -0.24** -0.21 
Systolic BP diff -0.17 -0.14   -0.19* -0.14 -0.03 
Diastolic BP diff -0.08 -0.08 -0.07 -0.10 -0.05 
VO2max ml/kg/min  -0.31‡   -0.26†   -0.37‡   -0.26†     -0.33** 
VO2max ml/min  -0.33‡   -0.32†   -0.48‡   -0.28†   -0.36† 
VE/VCO2max   0.29‡    0.27†    0.29‡    0.30‡  0.20 
PetCO2max  -0.22*   -0.20*   -0.21*   -0.23* -0.10 
Exercise Duration  -0.36‡   -0.33‡   -0.38‡   -0.31‡   -0.49‡ 
BMI -0.01    0.005 -0.02  -0.02  0.12 
BMI Group -0.02    0.003 -0.03  -0.03  0.14 
Fitness Index   -0.48‡   -0.46‡   -0.49‡    -0.46‡   -0.43‡ 
Note. Correlation Coefficient, Pearson’s correlation coefficient; Partial CC; Pearson’s 

partial correlation coefficient; eTIV, estimated total intracranial volume; Educ, education; 

HRT, hormone replacement therapy; Heart Rate diff, difference between basal and 

maximal heart rate; Respiratory Rate diff, difference between basal and maximal 

respiratory rate; Systolic BP diff, difference between basal and maximal systolic blood 

pressure; Diastolic BP diff, difference between basal and maximal diastolic blood 

pressure; VO2max ml/kg/min, peak oxygen consumption at maximal exercise measured 

as a relative rate in milliliters of oxygen per kilogram of body weight per minute; 

VO2max ml/min, peak oxygen consumption at maximal exercise measured as an absolute 

rate in litres of oxygen per minute; VE/VCO2max, ventilatory efficiency at maximal 

exercise as measured by pulmonary ventilation divided by carbon dioxide production; 

PetCO2max, end-tidal partial pressure of carbon dioxide at maximal exercise; Exercise 
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Duration, total amount of time exercised in minutes; BMI, body mass index; BMI Group, 

body mass index group in terms of categories; fitness index, standardized predicted value 

of exercise time, VE/VCO2max, and respiratory rate difference predicting the age-related 

pattern. *significant, p ≤ 0.05. ** significant, p ≤ 0.01. † significant, p ≤ 0.005. ‡ 

significant, p ≤ 0.001. ₪ Only used females, n = 65. 
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Greater levels of physical fitness, or a higher fitness index score, were associated 

with a lower network subject score, reflecting less of an age-related pattern of gray matter 

volume reductions. Overall exercise time was positively associated with the fitness index, 

meaning the longer one could perform the GXT task, the more physically fit they were 

and additionally a higher score was associated with a lower network subject score.  

Respiratory rate difference was also positively associated with the fitness index, in that a 

greater difference between basal and maximal respiratory rate was associated with greater 

physical fitness and a lower network subject score. VE/VCO2max was inversely related 

to the fitness index, meaning that a higher VE/VCO2max, indicative of more inefficient 

ventilation, was associated with lower levels of fitness and a higher network subject 

score.  

To address whether the relation of fitness scores to gray matter was present 

without the influence of age, a subsample of the participants aged 60-79, were identified 

in which there were equal amounts of those with high, middle and low levels of fitness. 

Using regression, after controlling for age, the fitness index scores significantly predicted 

the gray matter network subject scores in this subsample (Fchange(2,65) = 4.98, p = 0.03) 

(Figure 4). The fitness level significantly predicted the network subject score after 

additionally controlling for eTIV (F(3,64) = 4.49, p = 0.04), gender (F(3,64) = 5.28, p = 

0.03), and education (F(3,64) = 4.76, p = 0.03).  
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Figure 4. MRI network subject score predicted by fitness level in 60- and 70-year-olds 

after controlling for age. 

SSM network subject scores of gray matter after controlling for age, is significantly 

predicted by fitness level in 60- to 79-year olds. MRI, magnetic resonance imaging;  

SSM, scaled subprofile model. 
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Relations of Physical Fitness Variables to Neuropsychological Performance 

 Total exercise time (F(1,121) = 10.16, p = 0.002), VE/VCO2max (F(1,121) = 6.23, p = 

0.01), and the difference in basal versus maximal heart rate (F(1,119) = 5.35, p = 0.02)  

(Table 7.1) were the three fitness variables that were significantly related to the memory 

composite measure on an individual basis. Entering all of the fitness variables together 

into a stepwise regression predicting memory performance produced the most significant 

combination of fitness measures.  This included exercise time (Fchange(1,119) = 10.80, p = 

0.001), VO2max ml/min (Fchange(1,118) = 4.26, p = 0.04), VE/VCO2max (Fchange(1,117) = 4.88, 

p = 0.03), difference in heart rate (Fchange(1,116) = 4.38, p = 0.04)  and systolic blood 

pressure (Fchange(1,115) = 4.25, p = 0.04); these combined accounted for 21% of the variance 

in the memory composite (F(5,115) = 6.14, p = 4.45e-5).  

Total exercise time (F(1,121) = 6.31, p = 0.01), VO2max ml/kg/min (F(1,121) = 8.65, 

p = 0.004), VO2max ml/min (F(1,121) = 5.55, p = 0.02) and the difference in heart rate 

(F(1,121) = 3.77, p = 0.05) were the four exercise variables that were correlated with the 

executive functioning composite measure (Table 7.1). Entering all fitness variables into a 

stepwise regression revealed that VO2max ml/kg/min was the most significant predictor 

of the executive functioning composite (R2 = 0.07, F(1,119) = 8.45, p = 0.004).  

Total exercise time, (F(1,120) = 24.79, p = 2.17e-6), VO2max ml/kg/min (F(1,120) = 

10.40, p = 0.002), VO2max ml/min (F(1,120) = 7.17, p = 0.008), VE/VCO2max (F(1,120) = 

12.29, p = 0.001), PetCO2max (F(1,120) = 5.48, p = 0.02), the difference between basal and 

maximal respiratory rate (F(1,120) = 6.56, p = 0.01) and the difference in basal versus 

maximal heart rate (F(1,118) = 20.43, p = 1.48e-5) (Table 7.1) were significantly related to 
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the processing speed composite measure. The most significant combined fitness 

predictors of the processing speed measure were exercise time (Fchange(1,118) = 27.42, p = 

7.24e-7), heart rate difference (Fchange(1,117) = 9.78, p = 0.002), VE/VCO2max(Fchange(1,116) = 

6.96, p = 0.009), and respiratory rate difference(Fchange(1,115) = 3.98, p = 0.05). Together 

these accounted for 32% of the variance in the processing speed measure (F(4,115) = 13.35, 

p = 5.73e-9).  Similar results were found after controlling for gender, education, and 

HRT use in females (Table 7.2, 7.3, 7.4). 

Relations of Physical Fitness Index to Neuropsychological Performance 

 Using the combined fitness index that best predicted the age-related pattern and 

that was comprised of total exercise time, VE/VCO2max, and the difference in respiratory 

rate, the neuropsychological composites for memory, executive functioning, and 

processing speed were all tested using linear regression. Higher levels of physical fitness 

were associated with better performance on all three measures. The fitness index 

significantly predicted all three: memory (R2
 = 0.11, F(1,121) = 15.38, p = 1.47e-4) (Figure 

5), executive functioning (R2 = 0.03, F(1,121) = 4.01, p = 0.05) (Figure 6), and processing 

speed (R2 = 0.25, F(1,120) = 39.83, p = 4.84e-9) (Figure 7). These correlations remained 

significant after controlling for gender and education, (4.24 ≤ Fchange(1,120) ≤ 43.41, 1.27e-

9 ≤ p ≤ 0.04) and HRT use in females (Fchange(1,62) ≥ 15.87, p ≤ 1.81e-4) (Table 7.2, 7.3, 

7.4), except that the relationship between the fitness index and executive functioning was 

no longer significant after controlling for HRT use and education. The relationship 

between the fitness index and performance on the neuropsychological composite factors 



 65

did not remain significant after controlling for age (0.10 ≤ Fchange(1,120) ≤ 2.98, 0.09 ≤ p ≤ 

0.76). 

 When all three neuropsychological composite factors were entered together in a 

stepwise regression, processing speed was the most strongly related to the fitness index 

(R2
change = 0.25, F(1,120)change = 39.83, p = 4.84e-9). The executive composite had the 

weakest relationship to the fitness value, it was no longer significantly related after 

controlling for memory or processing speed (p ≥ 0.36). The memory composite remained 

significant after controlling for the executive composite (F(1,120)change= 11.26, p = 0.001), 

but not after controlling for processing speed (F(1,120)change = 1.29, p = 0.26). 
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Table 7.1  

Neuropsychological composite scores correlated with performance on aerobic fitness 

variables 

Aerobic Fitness Variable Correlation 
Coefficient 

Correlation 
Coefficient 

Correlation 
Coefficient 

 Memory Executive  Processing 
Heart Rate diff    0.21*    0.18*   0.38‡ 
Respiratory Rate diff  0.13  0.16   0.23* 
Systolic BP diff -0.12  0.13 0.03 
Diastolic BP diff  0.05  0.10 0.01 
VO2max ml/kg/min  0.12    0.26†   0.28† 
VO2max ml/min  0.01    0.21*   0.24† 
VE/VCO2max   -0.22*  0.01  -0.31‡ 
PetCO2max  0.15 -0.10   0.21* 
Exercise Duration    0.28†     0.22**   0.41‡ 
BMI -0.07 -0.04 -0.05 
BMI Group -0.08  0.04 -0.05 
Fitness Index    0.34‡    0.18*    0.50‡ 
Note. Correlation Coefficient, Pearson’s correlation coefficient; Memory, memory 

composite factor; Executive, executive functioning composite factor; Processing, 

processing speed composite factor; Heart Rate diff, difference between basal and 

maximal heart rate; Respiratory Rate diff, difference between basal and maximal 

respiratory rate; Systolic BP diff, difference between basal and maximal systolic blood 

pressure; Diastolic BP diff, difference between basal and maximal diastolic blood 

pressure; VO2max ml/kg/min, peak oxygen consumption at maximal exercise measured 

as a relative rate in milliliters of oxygen per kilogram of body weight per minute; 

VO2max ml/min, peak oxygen consumption at maximal exercise measured as an absolute 

rate in liters of oxygen per minute; VE/VCO2max, ventilatory efficiency at maximal 

exercise as measured by pulmonary ventilation divided by carbon dioxide production; 

PetCO2max, end-tidal partial pressure of carbon dioxide at maximal exercise; Exercise 
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Duration, total amount of time exercised in minutes; BMI, body mass index; BMI Group, 

body mass index group in terms of categories; fitness index, standardized predicted value 

of exercise time, VE/VCO2max, and respiratory rate difference predicting the age-related 

pattern. * significant, p ≤ 0.05. ** significant, p ≤ 0.01. † significant, p ≤ 0.005. ‡ 

significant, p ≤ 0.001. 
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Table 7.2  

Neuropsychological composite scores correlated with performance on aerobic fitness 

variables after controlling for gender 

Aerobic Fitness Variable Partial CC Partial CC Partial CC 
 Memory Executive  Processing 
Heart Rate diff   0.27†   0.18*   0.42‡ 
Respiratory Rate diff 0.11 0.16     0.21** 
Systolic BP diff        -0.03 0.14 0.08 
Diastolic BP diff 0.03 0.10  -0.003 
VO2max ml/kg/min   0.30‡   0.28†   0.40‡ 
VO2max ml/min   0.31‡   0.27†   0.47‡ 
VE/VCO2max    -0.24**         0.01  -0.32‡ 
PetCO2max 0.16        -0.10     0.22** 
Exercise Duration   0.36‡     0.23**   0.47‡ 
BMI        -0.02        -0.04        -0.03 
BMI Group        -0.05 0.04        -0.03 
Fitness Index   0.39‡   0.18*   0.52‡ 
Note. Correlation Coefficient, Pearson’s correlation coefficient; Memory, memory 

composite factor; Executive, executive functioning composite factor; Processing, 

processing speed composite factor; Heart Rate diff, difference between basal and 

maximal heart rate; Respiratory Rate diff, difference between basal and maximal 

respiratory rate; Systolic BP diff, difference between basal and maximal systolic blood 

pressure; Diastolic BP diff, difference between basal and maximal diastolic blood 

pressure; VO2max ml/kg/min, peak oxygen consumption at maximal exercise measured 

as a relative rate in milliliters of oxygen per kilogram of body weight per minute; 

VO2max ml/min, peak oxygen consumption at maximal exercise measured as an absolute 

rate in liters of oxygen per minute; VE/VCO2max, ventilatory efficiency at maximal 

exercise as measured by pulmonary ventilation divided by carbon dioxide production; 

PetCO2max, end-tidal partial pressure of carbon dioxide at maximal exercise; Exercise 
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Duration, total amount of time exercised in minutes; BMI, body mass index; BMI Group, 

body mass index group in terms of categories; fitness index, standardized predicted value 

of exercise time, VE/VCO2max, and respiratory rate difference predicting the age-related 

pattern. * significant, p ≤ 0.05. ** significant, p ≤ 0.01. † significant, p ≤ 0.005. ‡ 

significant, p ≤ 0.001.  
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Table 7.3  

Neuropsychological composite scores correlated with performance on aerobic fitness 

variables after controlling for education 

Aerobic Fitness Variable Partial CC Partial CC Partial CC 
 Memory Executive  Processing 
Heart Rate diff        0.17 0.13    0.35‡ 
Respiratory Rate diff        0.10 0.13    0.21* 
Systolic BP diff       -0.19* 0.09 -0.02 
Diastolic BP diff        0.11 0.13  0.03 
VO2max ml/kg/min        0.08   0.20*      0.23** 
VO2max ml/min       -0.05 0.15    0.18* 
VE/VCO2max       -0.27†        -0.003   -0.32‡ 
PetCO2max 0.18*        -0.09      0.22** 
Exercise Duration 0.22* 0.15    0.37‡ 
BMI       -0.06        -0.03 -0.04 
BMI Group       -0.08 0.05 -0.04 
Fitness Index 0.32‡  0.14    0.47‡ 
Note. Correlation Coefficient, Pearson’s correlation coefficient; Memory, memory 

composite factor; Executive, executive functioning composite factor; Processing, 

processing speed composite factor; Heart Rate diff, difference between basal and 

maximal heart rate; Respiratory Rate diff, difference between basal and maximal 

respiratory rate; Systolic BP diff, difference between basal and maximal systolic blood 

pressure; Diastolic BP diff, difference between basal and maximal diastolic blood 

pressure; VO2max ml/kg/min, peak oxygen consumption at maximal exercise measured 

as a relative rate in milliliters of oxygen per kilogram of body weight per minute; 

VO2max ml/min, peak oxygen consumption at maximal exercise measured as an absolute 

rate in liters of oxygen per minute; VE/VCO2max, ventilatory efficiency at maximal 

exercise as measured by pulmonary ventilation divided by carbon dioxide production; 

PetCO2max, end-tidal partial pressure of carbon dioxide at maximal exercise; Exercise 
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Duration, total amount of time exercised in minutes; BMI, body mass index; BMI Group, 

body mass index group in terms of categories; fitness index, standardized predicted value 

of exercise time, VE/VCO2max, and respiratory rate difference predicting the age-related 

pattern. * significant, p ≤ 0.05. ** significant, p ≤ 0.01. † significant, p ≤ 0.005. ‡ 

significant, p ≤ 0.001. 
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Table 7.4  

Neuropsychological composite scores correlated with performance on aerobic fitness 

variables after controlling for HRT use-only females (n=65) 

Aerobic Fitness Variable Partial CC Partial CC Partial CC 
 Memory Executive  Processing 
Heart Rate diff     0.33**  0.13   0.35† 
Respiratory Rate diff 0.13    0.24* 0.19 
Systolic BP diff        -0.23 -0.01        -0.07 
Diastolic BP diff   0.002 -0.06        -0.14 
VO2max ml/kg/min   0.35†  0.24   0.42‡ 
VO2max ml/min   0.35†    0.35†   0.47‡ 
VE/VCO2max  -0.36† -0.02    -0.32** 
PetCO2max 0.24 -0.15 0.15 
Exercise Duration   0.43‡  0.22   0.53‡ 
BMI        -0.10  0.06        -0.09 
BMI Group        -0.16  0.08        -0.10 
Fitness Index         0.45‡  0.23         0.50‡ 
Note. HRT, hormone replacement therapy; Correlation Coefficient, Pearson’s correlation 

coefficient; Memory, memory composite factor; Executive, executive functioning 

composite factor; Processing, processing speed composite factor; Heart Rate diff, 

difference between basal and maximal heart rate; Respiratory Rate diff, difference 

between basal and maximal respiratory rate; Systolic BP diff, difference between basal 

and maximal systolic blood pressure; Diastolic BP diff, difference between basal and 

maximal diastolic blood pressure; VO2max ml/kg/min, peak oxygen consumption at 

maximal exercise measured as a relative rate in milliliters of oxygen per kilogram of 

body weight per minute; VO2max ml/min, peak oxygen consumption at maximal exercise 

measured as an absolute rate in liters of oxygen per minute; VE/VCO2max, ventilatory 

efficiency at maximal exercise as measured by pulmonary ventilation divided by carbon 

dioxide production; PetCO2max, end-tidal partial pressure of carbon dioxide at maximal 
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exercise; Exercise Duration, total amount of time exercised in minutes; BMI, body mass 

index; BMI Group, body mass index group in terms of categories; fitness index, 

standardized predicted value of exercise time, VE/VCO2max, and respiratory rate 

difference predicting the age-related pattern. * significant, p ≤ 0.05. ** significant, p ≤ 

0.01. † significant, p ≤ 0.005. ‡ significant, p ≤ 0.001. 
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Figure 5. Fitness index score predicting memory composite score.   

Fitness index score predicting memory composite score in 123 healthy elderly, ages 50-

89 (R2 = 0.11, p = 1.47e-4). 
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Figure 6. Fitness index score predicting executive functioning composite. 

Fitness index score predicting executive functioning composite score in 123 healthy 

elderly, ages 50-89 (R2 = 0.03, p = 0.05). 
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Figure 7. Fitness index score predicting processing speed composite.  

Fitness index score predicting processing speed composite score in 122 healthy elderly, 

ages 50-89 (R2 = 0.25, p = 4.84e-9). 
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CHAPTER 5 

DISCUSSION 

Brain Structure in Healthy Aging 

Multivariate SSM network analyses of a group of 123 healthy older adults’ 

structural MRIs produced a regionally distributed age-related pattern of gray matter 

volume reductions that was characterized by reductions in bilateral lateral and medial 

frontal, parietal, lateral temporal and cerebellar regions.  Relative preservations were 

observed throughout the cingulate, thalamus, occipital, and medial temporal regions 

including the hippocampus, amygdala, and parahippocampus. This pattern of reductions 

is reflective of regions that characterize a healthy aging pattern and similar regions of 

reductions and preservations have been associated with age using SSM (Alexander et al., 

2006; Bergfield et al., 2010) and other structural MRI methods (Raz et al., 1998; Good et 

al., 2001; Jernigan et al., 2001; Tisserand et al., 2002; Tisserand & Jolles, 2003; Dennis 

& Cabeza, 2008). The pattern remained significant in predicting age after controlling for 

eTIV, gender, education, and in females, HRT use. Bootstrap re-sampling of the pattern 

illustrated the robustness of the regional contributions to the pattern.  

In our study the hippocampus and parahippocampal regions were local maxima 

for relative preservation, this is consistent with other findings from our laboratory and 

supportive of the notion that hippocampal reductions are not a part of healthy aging, but 

rather pathological aging related to incipient AD (Alexander et al. 2008). In a previous 

study on healthy aging, Alexander et al. (2006) had a group of 26 participants ranging in 

age from 22 to 77. Bergfield et al. (2010) conducted follow-up research to this study, 
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prospectively applying the results from the original group of 26 to another sample of 29 

participants ranging from age 23 to 84. Both of these studies noted medial or temporal 

pole preservations paired with extensive frontal declines. The present study had an older 

cohort, ranging in age from 50-89 and it also had approximately five times the amount of 

participants as the other studies. The larger sample paired with multiple bootstrap 

iterations in addition to using a very healthy sample, in terms of being free from potential 

neurological insults and being physically fit, was able to highlight or maximize the 

reliable findings and helps to explain the robustness of the hippocampal preservations 

noted in this study. There were, however, significant regional reductions noted in lateral 

temporal areas that were not observed consistently with previous studies. The observed 

pattern shows that in those neurologically healthy adults with greater reductions in frontal 

and lateral temporal regions there are also greater hippocampal preservations. It is 

possible that such relative regional differences are related to capacity for compensation in 

healthy cognitive aging. 

Furthermore the sample used in this study was well screened and did not include 

anyone who had a diagnosis of hypertension or that was being treated with hypertensive 

medications.  This was intentionally done because previous studies have illustrated that 

older hypertensives have greater atrophy in temporal and occipital brain regions 

compared to younger hypertensives and age-matched controls (Strassburger et al., 1997). 

The age-related pattern can therefore be said to be reflective of a more pure age-related 

pattern that is not exacerbated or influenced by other common age-related conditions, 

such as hypertension, stroke, or diabetes, all of which were excluded in this study. 
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Consistent with our findings, other studies that have used samples that do not include 

hypertensive older adults have noted similar hippocampal preservations with more 

pronounced declines in frontal regions (Alexander et al., 2006; Bergfield et al., 2010).  

Identifying an age-related pattern using SSM was the benchmark for the further 

applications of it within the study. The novel elements of this study included using the 

age-related pattern to determine which indicators of aerobic fitness level were most 

associated with age-associated brain changes.  Previous studies have used single 

indicators of fitness, for example VO2max, but none have used a comprehensive set of 

indicators obtained from GXT as well as BMI and correlated it to age-related declines in 

gray matter (Colcombe et al., 2003; Colcombe & Kramer 2003; 2006; Marks et al., 2007; 

Gordon et al., 2008; Walther et al., 2010).  

Fitness Level Correlates of Brain Aging in Older Adults  

By using an extensive set of fitness measures not only was the relationship of 

each individual variable to the age-related pattern tested, but additionally it was 

determined which were the best set of fitness variables to predict brain aging. While it 

was originally hypothesized that BMI, VO2 max and VE/VCO2max would be the best set 

of predictors associated with the age-related pattern, this was not the case. Additionally, 

all of the individual fitness measures were not associated with the age-related pattern as 

predicted. Prior literature suggested that VO2max would be the best predictor of brain 

changes related with aging (Colcombe et al., 2003; 2006; Colcombe & Kramer 2003). 

These studies have all used the relative value for maximal oxygen uptake, VO2max 

ml/kg/min, which is adjusted for weight (Angevaren et al., 2008) and not the absolute 
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value of ml/min. VO2max declines with age (Neuberg, Friedman, Weiss, & Herman, 

1988) and VO2max ml/min has been found to be 40 to 60% greater in men than women 

(Hyde & Gengenbach, 2007). After controlling for gender, VO2max ml/min was the 

strongest single predictor of the age-related pattern, whereas VO2max ml/kg/min 

remained third, being less significant than exercise time. This supports the notion that 

there may be strong gender biases in VO2max ml/min values. For this reason it is 

common to use values that are adjusted for age, gender, and/or body size. The more 

appropriate measure to use would be liters per minute per kilogram (Albouaini, Egred, 

Alahmar, & Wright, 2007). Therefore, the use of VO2max ml/min as a variable is 

questionable, as the less biased value of ml/min/kg is the more appropriate to use and 

more commonly used in the literature (Angevaren et al., 2008). Excluding VO2max 

ml/min, exercise time remained the single most predictive variable of the age-related 

pattern, even after controlling for eTIV, gender, education, and HRT use in women.  

BMI was also a variable that was expected to be related to the pattern but it was 

not.  Part of the reason for this may be due to the fact that in our healthy sample of 123 

individuals only 12 were obese. This might not have been enough of an obese subgroup 

to find effects, as the most pronounced effects have been found in severely obese 

individuals (Horwich et al., 2009).  Other studies have suggested that there is an 

association between hypertension and BMI (Chen, Wen, Anstey, & Sachdev, 2006; Raz, 

Rodrigue, & Acker, 2003). Walther et al., (2010) found that gray matter reductions 

associated with increased BMI were greatly reduced when hypertension was included as 
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a covariate. Hence due to our exclusion of hypertensives, we may have removed the 

brain-related association between a high BMI paired with hypertension.  

In this study the set of fitness variables that were most predictive of the age-

related pattern were identified and used to create a fitness index that was representative of 

the relationship of those variables to the age related pattern. On an individual fitness 

measure basis, it was determined that exercise time was the strongest predictor of the 

age-related pattern. Other measures that significantly contributed to the relationship 

included VE/VCO2max and the difference in respiratory rate. 

Hsich et al. (2009) conducted a study in which they were trying to determine the 

best GXT variable that could serve as an initial prognostic screening tool for patients with 

impaired systolic function. In a sample of 2231 adults with a mean follow-up of five 

years, they found that treadmill exercise time was predictive of death and outcome in 

both men and women, above and beyond VO2max. The study suggests the use of exercise 

time for a prognostic screening tool in that population, and not VO2max. Further they 

suggest the treadmill time indicates exercise capacity, which is predictive of survival in 

both healthy adults and those with coronary artery disease (Myers et al., 2002; Gulati et 

al., 2003).  They do caution, however, that exercise time may not be as reproducible of  a 

measure of aerobic fitness compared to VO2max, and that further validation of the 

measure is required (Bensimhon et al., 2008; Hsich et al., 2009). 

There is some indication that the amount of time for which one can conduct a 

GXT is representative of global fitness. It may be that it captures elements of 

cardiovascular and pulmonary functioning, as well as muscular strength and conditioning, 
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coordination, and agility. While the vast majority of our participants stopped because 

they met two out of three of the stopping criteria, 104 out of the 123, there were several 

who stopped due to self-report of fatigue, leg cramping, shortness of breath, or unsafe 

drops in their blood pressure. However, all 123 were considered to be valid GXT tests 

based on the ACSM criteria, reflecting maximal capacity at the time the tests were 

discontinued (ACSM, 2000). In part, because of factors like these, exercise time may be 

capturing more than just cardiorespiratory fitness level. Lakoski et al. (2011) recently 

tested 20,239 healthy adult males and females to investigate which were the best 

determinants of cardiorespiratory fitness, as measured by treadmill exercise time. They 

found that age, gender, BMI, and physical activity (measured by metabolic equivalent 

tasks (METs)/min/week) were the most predictive measures of treadmill exercise time. 

These factors combined explained 56% of the variance.  

 VE/VCO2max was another variable that contributed unique variance in predicting 

the age-related pattern. This measures the ventilatory response at peak exercise, or how 

efficiently the lungs are working. It is determined by the amount of CO2 produced 

(VCO2), the physiological dead space/tidal volume ratio (VD/VT), and the arterial CO2 

partial pressure; which measures the saturation of CO2 in blood stream and is indicative 

of lung functioning (Tumminello, Guazzi, Lancellotti, & Piérard, 2006). VE/VCO2max 

has been cited as an independent prognostic marker in heart failure patients, with some 

reports finding it to be superior to VO2max in that population (Mancini et al., 1991).  A 

high VD/VT ratio, early lactic acidosis of muscles, and impaired breathing control are all 

possible mechanisms for an increased VE/VCO2max value (Tumminello et al., 2006). 
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These are all indicators that the lungs are not working as efficiently as they should be 

during exercise.  While cardiology literature has valued the importance of this variable, 

previous literature has not related this measure to brain structure and function.   

A greater difference between respiratory rate at maximal oxygen uptake versus 

resting was also associated with a lower network subject score on the age-related pattern. 

There are a few factors that led to an increase in respiration during exercise which are 

indicative of healthy pulmonary functioning. High blood carbon dioxide and low oxygen 

content, low blood pH (which can decrease due to blood carbon dioxide content), and 

epinephrine release are all reasons why breathing increases during exercise. The demands 

of the muscles during physical exertion, in terms of increased oxygen consumption and 

carbon dioxide production, causes increases in respiration and often leads to deeper 

breaths as well. It appears that this variable is describing unique information about the 

functioning of the lungs and the body’s functioning during exercise that is independent of 

ventilatory efficicency and overall exercise time in relation to brain aging.   

While exercise duration and VE/VCO2max have been implicated as prognostic 

markers in heart failure patients and for general mortality, they have not been used as 

predictors of successful brain aging.  Our findings reveal that exercise duration, 

ventilatory efficiency, and respiratory rate are stronger predictors of brain aging than 

VO2max. These variables may provide more information about global fitness or exercise 

capacity level than maximal oxygen uptake. It is worthwhile to note though that VO2max 

and exercise time were significantly correlated with one another, though they shared only 

47% of their variance.  Therefore it can be said that exercise time does capture some 
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elements of VO2max, yet it also provides additional information about physical 

functioning and ability. In the future it would be important to use the combined fitness 

index in an independent sample to test its reproducibility in predicting brain aging and to 

use it to predict brain structure and cognition longitudinally.   

Cognitive Correlates of Brain-Related Fitness Level in Older Adults 

After the fitness index was created, we used it to predict performance on the 

neuropsychological test composites for memory, executive functioning, and processing 

speed.  As predicted in the hypothesis, lower physical fitness level was associated with 

poorer performance on the neuropsychological factors. While different clusters of fitness 

variables may have predicted each composite factor better than the index per se, it was 

important to test the fitness index’s ability to do so.  Exercise time independently 

predicted each neuropsychology composite, but VE/VCO2max only predicted memory 

and processing speed, whereas respiratory rate difference was only predictive of 

processing speed.  While the combined fitness index was capable of predicting each 

neuropsychology composite measure, processing speed was most significantly predicted.  

These results differ slightly from the hypothesis and from some previous literature in that 

studies typically find better aerobic fitness to be most predictive of increased executive 

functioning (Kramer et al., 1999; Colcombe & Kramer, 2003).  Some of the prior studies 

are based on changes observed before and after fitness interventions though, and not 

present state fitness level.  Processing-speed and reaction time (Churchill et al., 2002; 

Newson & Kemps, 2006), have been found to be enhanced in physically fit older adults. 

Part of this may be due to more fit older adults being better able to reduce distraction and 
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increase attentional control while performing cognitive tasks (Voelcker-Rehage, Godde, 

& Staudinger, 2010; Prakash et al., 2011). Some would argue that processing speed is the 

most important factor when determining nearly all age-related variance in performance 

on a variety of cognitive tasks (Salthouse, 1991; 1996; Craik & Salthouse, 2008). 

Following this argument, it is reasonable that the fitness index, which was created by 

determining which fitness measures best predicted the age-related brain pattern, is most 

predictive of processing speed, which may be the most age-influenced cognitive factor.  

Recent studies have shown that older adults may use a compensatory scaffolding 

network during selective attention and episodic memory tasks where there is over-

activation in prefrontal cortices to compensate for posterior declines (Grady et al., 1995; 

Madden & Hoffman, 1997; Cabeza et al., 2004; Dennis & Cabeza 2008; Park & Reuter-

Lorenz, 2009). Older adults who are more physically fit may be able to better utilize this 

scaffolding of the prefrontal cortex as they show greater activations in these areas during 

the most difficult condition of a set of Stroop tasks (Prakash et al., 2011). Additionally, 

earlier literature has shown that older adults who have increased activation of attentional 

networks during easy tasks are unable to increase activation in the attentional network 

during more challenging conditions (Prakash et al., 2010). Thus more fit older adults are 

able to respond to the high demand conditions better than their less fit counterparts, who 

are unable to recruit more widespread frontal regions with increasing task difficulty.   

After a twelve-month walking intervention, Voss et al. (2010), found that older 

adults had higher functional connectivity during a resting state between frontal, temporal 

and posterior cortices.  This functional improvement was associated with greater 
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improvement in executive function.  Another recent study by the same group of 

researchers used a larger cohort that had participated in their twelve-month walking 

intervention and found that the exercise intervention bilaterally increased the size of the 

anterior hippocampus in one year by about 2% on each side. This increase in size was 

correlated to improvements in spatial memory tasks (Erickson et al., 2011).  There were 

also increases in serum BDNF levels during the year and they were associated with larger 

anterior hippocampi. Another twelve-month exercise intervention study in older adults 

reported that after both six-months and one year there was decreased activation in 

prefrontal areas while performing a simple executive control task, which led to more 

efficient information processing.  The training was also associated with increased 

activation of the sensorimotor network (Voelcker-Rehage, Godde, & Staudinger, 2011). 

These studies provide indications that more physically fit individuals may have 

functional differences that allow them to be better able to complete more complex tasks 

and structural changes, including hippocampal increases that allow them to function 

better on memory tasks. 

The Role of Covariates in Fitness, Brain Aging, and Cognition 

Age is an inherently embedded element in the fitness index and the 

neuropsychological measures.  The fitness index was created by determining which GXT 

factors best predicted the age-related network pattern, which was created by determining 

which network component patterns best predicted age.  Therefore the fitness index is 

related to chronological age itself.  The neuropsychological composite measures have age 

embedded in them as they are comprised of individual neuropsychological measures that 
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are associated with age.  The raw scores were not adjusted for age, because that is a key 

variable of interest in the study.  

To investigate the impact of fitness in brain aging distinct from chronological age, 

the 60- and 70-year-olds were selected for further analyses after controlling for the 

relationship of age with the gray matter network pattern.  This group was selected to 

restrict the age range and to provide a good distribution of participants who had fitness 

levels that were high, in the middle, and low. The 50-year-olds predominately performed 

in the high and middle fitness ranges, and the 80-year-olds predominately performed in 

the low and middle ranges.  Using only 60- and 70-year-olds, it was found that physical 

fitness level was related to brain aging, even after controlling for chronological age. This 

suggests that fitness level is more than a proxy for age and that these findings are 

important because it provides evidence for the strength of the relationship of fitness to 

brain structure distinct from the general associations with age.   

Most of the participants had at least some college education and the means across 

decades varied from about 15 to 17 years. The difference between a few additional years 

of college education is relatively minimal and is qualitatively quite different than, for 

example, comparing a sample of only grade-school educated to college educated 

individuals.  Nevertheless, I controlled for gender and education in all of the key 

findings, which held up after controlling for these variables as well as eTIV, and HRT 

use in women.  

Effects of Estrogen and APOE Status on Fitness Level 



 88

APOE status was a variable that we did not investigate in this study.  This was a 

limitation and it would be important to understand the role that it has in the relationship 

between fitness level and brain aging and cognition, as it has been implicated by other 

studies to have an influence on the benefits of exercise (Etnier et al., 2007; Nichol et al, 

2009). HRT use did not appear to influence any of the key findings.  It may be that the 

relationships between brain aging and cognition and fitness level are not significantly 

changed by history of HRT use.  Also this study did not consider length of time of HRT 

use, if participants were still presently taking it, or how long ago they stopped taking it. 

Past research has shown that these may be important factors (Erickson et al., 2007).   

Limitations of the Study 

In the future it might be important to determine if there are fitness dose effects, in 

that a certain amount of years or time spent engaging in physical activity leads to 

incrementally more benefit. Also we did not investigate if certain types of physical 

activity were more beneficial than others.  In this study we used only physiological 

measures of fitness as determined by performance on a GXT and BMI.  We did not 

determine what physical activities the participants typically engaged in and try to 

associate those with GXT performance, gray matter structural brain morphometry, or 

cognitive functioning. 

An additional limitation was that we only investigated the relationship of physical 

fitness to gray matter volume.  We did not look at white matter integrity, as measured by 

diffusion tensor imaging, or functional imaging at rest or during the performance of 

cognitive tasks.  White matter integrity would be an important factor to study as prior 
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research has shown the importance of it’s integrity in processing speed tasks and region-

specific degredation is known to occur with aging (Gunning-Dixon & Raz, 2000;  

Sullivan et al., 2001; Bartzokis, 2004).  In our study the biggest effects of fitness level 

were found when associated with processing speed tasks. Functional imaging could help 

us to tease apart if there are functional differences in resting state between low and high 

fitness level individuals.  It would also be interesting to compare the two groups in their 

performance on an executive functioning or memory task with increasing task difficulty 

to determine if in fact the more physically fit individuals are better able to recruit 

additional regions with increasing difficulty and hence perform better.   

Possible Mechanisms Influencing the Results of the Study 

 Angiogenesis may be one of the main mechanisms at work in the relationship 

between physical fitness level and age-related changes in brain structure and cognition.  

The present study investigated overall cardiorespiratory fitness as a general entity as 

defined by one’s ability to complete GXT.  This study did not evaluate specific exercise 

regimes or circulating levels of BDNF or IGF to determine their influence on the 

findings.  Basic aerobic activity is related to increased brain vascularization (Black et al., 

1990; Pereira et al., 2007, Burdette et al., 2010).  During aerobic exercise that is being 

successfully conducted, more blood and oxygen will be reaching the brain.  Consistent 

exercise over many years will be associated with one’s ability to complete a GXT test.  

Therefore, angiogenesis is a plausible explanation for the association between the fitness 

index and age-related brain structure and cognition.  
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 Recently Erickson et al., (2011), found that after one year of an aerobic exercise 

regime, there was an increase in older adults’ hippocampal volume and this was 

correlated to greater serum BDNF levels.  That study suggests that, as it pertains to the 

hippocampus, exercise raises circulating BDNF levels which may be mediating 

neurogenesis and dendritic expansion. They do not, however, rule out increased 

vascularization and dendritic complexity as possible explanations for the findings as well.  

It was also suggested by them that exercise may have the most benefit to regions that are 

known to decline with age, such as the prefrontal cortex.  

 Future studies are necessary to determine the specific mechanisms involved in the 

relationship between fitness level and age-related changes in brain and cognition.  

Additionally, studies in which blood glucose uptake is measured, such as functional 

magnetic resonance imaging (fMRI) or positron emission tomography (PET), are 

required to determine if in fact the more fit older adults have increased perfusion during 

resting state and specific cognitive tasks.  Based on this study, we are unable to determine 

if neurogenesis or dendritic expansion is occurring. In the future, measurement of BDNF 

may be valuable to help determine the mechanism of the relationship as well.  

Implications of the Study 

 This study has shown that there are several GXT measures that relate to age-

associated brain changes in gray matter.  The strongest predictor was exercise time which 

may represent cardiorespiratory fitness in addition to muscular strength, endurance, 

coordination, and physical conditioning level.  This factor is independent of gender 

differences, whereas, the more commonly sited VO2max was shown to vary considerably 
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as a function of gender and was not the best predictor.  An individual’s ability to perform 

GXT for a longer duration portrays more information than just their capacity for maximal 

oxygen uptake.  This is important to note as much of the previous literature has been 

focused on VO2max as the key indicator of aerobic fitness level, when in this cohort of 

older adults, this was not the case.   

 Exercise time is a more widely available and less expensive GXT measure to 

obtain than VO2max, which requires full cardiopulmonary testing equipment (Hsich et 

al., 2009). As a single measure it was the most predictive, but when combined with 

VE/VCO2max and the difference in respiratory rate, a fitness index that was more 

predictive than any one measure was created.  The validation of the fitness index in future 

samples is important to test for its reliability.  However, it may provide a key indicator of 

brain and cognitive changes that are associated with aging. In the future it could be used 

to help develop and evaluate exercise based interventions for cognitive decline.  

 The findings suggest that certain fitness measures were better predictors of 

particular cognitive domains than others.  For example, executive function was predicted 

by the fitness index, but it was best predicted by VO2max ml/kg/min. Additionally the 

difference in heart rate was a key predictor for processing speed, but not executive 

functioning.  VO2max ml/kg/min is clearly more directly related to pulmonary function, 

whereas heart rate is most directly related to cardiac function. This suggests that discrete 

cognitive measures may be influenced by different cardiopulmonary functions. It would 

be interesting to determine what the brain-related patterns are for the best fitness 

predictors for each of the different cognitive domains included in this study.  There are 
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different brain regions associated with the different cognitive measures, so it might be 

that different indices of fitness are more influential for the different cognitive domains.  If 

this were true, then there could be more targeted exercise interventions in which either 

cardiac or pulmonary functions are focused on for improving abilities. In this way, both 

specific and global exercise interventions may help mitigate age-related cognitive 

declines.    
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