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Abstract 

 There is growing interest in the role of vascular disease in accelerating age-related 

decline in cerebrovascular structural and functional integrity. Since an increased 

number of older adults are surviving chronic diseases, of which cardiovascular 

disease (CVD) is prevalent, there is an urgent need to understand relationships 

between cardiovascular dysfunction and brain health. It is unclear if CVD puts the 

brains of older adults, already experiencing natural brain aging, at greater risk for 

degeneration. In this thesis, the role of CVD in accelerating brain aging is explored. 

Because physical activity is known to provide neuroprotective benefits to brains of 

older adults, the role of physical activity in mediating disease effects were also 

explored.  

 Using novel neuroimaging techniques, measures of gray matter volume and 

cerebrovascular hemodynamics were compared between groups of coronary artery 

disease patients and age-matched controls, to describe regional effects of CVD on the 

brain. In a sub-set of patients, imaging measures were repeated after completion of a 

6-month exercise training, part of a cardiac rehabilitation program, to examine 

exercise effects. Differences in cerebrovascular hemodynamics were measured as 

changes in resting cerebral blood flow (CBF) and changes in cerebrovascular 

reactivity (CVR) to hypercapnia (6% CO2) using a non-invasive perfusion magnetic 

resonance imaging technique, arterial spin labelling (ASL). We found decreased brain 

volume, CBF and CVR in several regions of the brains of coronary artery disease 

patients compared to age-matched healthy controls. The reductions in CBF and CVR 
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were independent of underlying brain atrophy, suggesting that changes in 

cerebrovascular function could precede changes in brain structure. In addition, 

increase in brain volume and CBF were observed in some regions of the brain after 

exercise training, indicating that cardiac rehabilitation programs may have 

neurorehabiliation effects as well. 

 Since, CBF measured with ASL is not the [gold] standard measure of functional 

brain activity, we examined the regional correlation of ASL-CBF to glucose 

consumption rates (CMRglc) measured with positron emission tomography (PET), a 

widely acceptable marker of brain functional activity. Simultaneous measurements of 

ASL-CBF and PET-CMRglc were performed in a separate study in a group of older 

adults with no neurological impairment. Across brain regions, ASL-CBF correlated 

well with PET-CMRglc, but variations in regional coupling were found and 

demonstrate the role of certain brain regions in maintaining higher level of functional 

organization compared to other regions.  

 In general, the results of the thesis demonstrate the impact of CVD on brain 

health, and the neurorehabiliation capacity of cardiac rehabilitation. The work 

presented also highlights the ability of novel non-invasive neuroimaging techniques 

in detecting and monitoring subtle but robust changes in the aging human brain.  
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1 CHAPTER 1 

"A good head and a good heart are always a formidable combination" Nelson Mandela 

1.1 Clinical Relevance 

 Cardiovascular disease is one of the most prevalent chronic diseases among older 

adults
1
, accounting for the second highest healthcare cost in Canada

2
. One in five 

Canadians over the age of 65 has a history of coronary artery disease (CAD), which is the 

most prevalent form of cardiovascular disease
3
. As the population of older adults 

continues to climb exponentially
4
 and the survival rate for CAD continue to increase, an 

overwhelming need to understand disease effects and improve quality of life in the 

elderly are imperative. At the societal level, age-related chronic diseases such as CAD 

pose an obvious financial and social burden, while at the individual level, the gradual loss 

of function from chronic diseases pose a threat to successful aging.  

 Rowe and Kahn defined successful aging as a combination of the ability to 

maintain a low risk for disease and disease-related disability, preserve a high mental and 

physical functional capacity and continue an active engagement in life
5
. Considerable 

efforts are being made to achieve successful aging in older adults with CAD, including 

primary and secondary interventions aimed at minimizing risks of recurrence and 

improving overall cardiovascular function
3
. However, recent evidence

6
 points to the 

possibility of comorbid neurological impairments that could threaten the mental capacity 

of CAD patients and curtail their active engagement in life.  

 It is well known that brain atrophy, cerebral hypoperfusion, white matter disease 

and impairments in cognitive function are associated with risk factors for CAD in 

asymptomatic older adults
6
. Longitudinal and epidemiological studies in individuals with 
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increased risk factors for CAD have concluded that risk factors such as hypertension, 

diabetes and high blood cholesterol advance age-related changes in the structure and 

function of the brain
7–12

. Some researchers have gone as far as suggesting that dementia, 

including Alzheimer's disease, could be associated with vascular disease, since chronic 

vascular dysfunction can limit adequate blood supply to the brain and in doing so trigger 

a cascade of events that eventually lead to neurodegeneration
13,14

. However, the direct 

impact of CAD on the structure and function of the aging brain has not yet been 

characterized. Identifying the impact of CAD on the brain could aid in devising strategies  

that facilitate successful aging in these individuals such as cognitive remediation and 

physical activity.    

 The interaction of CAD, age and cerebrovascular degeneration is complex. Non-

invasive neuroimaging techniques are crucial not only in studying this complex 

interaction, but they are becoming clinically relevant for identifying, monitoring and 

assessing clinical outcomes of CAD effects on the brain. This introductory chapter will 

define CAD, discuss concepts of normal brain aging, review premature brain aging 

associated with CAD risk factors, and discuss the role of physical activity in mediating 

successful aging. A section is also dedicated to the discussion of the brain imaging 

techniques used in this thesis to characterize CAD effects on the brain.   

 

1.2 Coronary Artery Disease 

1.2.1 Cardiovascular disease defined 

 The World Health Organisation defines cardiovascular disease as a class of 

diseases that affect the heart and blood vessels within the heart, within the brain and 
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around the body (www.who.int, Fact sheet 317). In 2009 an estimated 1.6 million 

Canadians had heart disease or stroke and 1 in 3 adults over the age of 65 were diagnosed 

with heart disease
2
. The cost of care for cardiovascular diseases in Canada was over 

$22.2 billion in 2000
2
 and is projected to rise as the number of older adults continue to 

increase
15

. Similar enormous economic burden for cardiovascular disease has been 

reported for other industrialized countries such as the United States
15,16

, Europe
15,16

, 

Australia
15

 and Japan
16

. Cardiovascular disease can be grouped into two types; 

I. Diseases due to atherosclerosis, namely, coronary artery diseases including 

myocardial infarction, cerebrovascular diseases such as stroke, and vessel 

diseases such as hypertension and peripheral vascular disease. 

II. Diseases due to damage to the heart or disorder of the heart, namely: cardiac 

arrhythmias, congestive heart failure, cardiomyopathy meaning abnormal heart 

muscle, congenital heart disease, which refers to malformation of the heart from 

birth defect, and rheumatic heart disease, which is due to damage to the heart 

muscle/valve from streptococcal bacteria
4
.  

 Atherosclerotic diseases are the most common form of cardiovascular disease, 

affecting mostly adults over the age of 65 and contributing to almost 80% of the entire 

cardiovascular disease burden
4
. Coronary artery disease, being the most prevalent form is 

an inflammatory response to atherosclerotic lesions in coronary arteries
17

. The rest of this 

section will focus on CAD and discuss the pathogenesis, risk factors, clinical presentation 

and current therapeutic interventions for CAD. First, a brief review of coronary 

circulation is presented, because abnormal circulation is a significant part of CAD 

pathophysiology. 
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1.2.2 Review of coronary circulation 

This review is culled from Principles of Anatomy and Physiology textbook by Tortora and 

Derrickson
18

 and review articles by Ramanathan and Skinner
19

, Feliciano and Henning
20

 and by 

Muller-Delp
21

. 

 All circulation to the heart comes from the aortic root, which branches out to the 

right coronary artery (RCA) and left coronary artery (LCA). The RCA and LCA run on 

the surface of the myocardium and are referred to as the epicardial or conduit vessels, as 

they offer very little resistance (5%)
20

 to coronary flow. The RCA and LCA branch out to 

more epicardial vessels that divide further into smaller branches as the vessels travel 

deeper to supply the transmural myocardium. These subendocardial vessels are the 

resistance vessels that dilate during increased myocardial oxygen demand to increase 

coronary blood flow. The RCA and branches from the RCA supply blood to the right 

atrium, right ventricle, posterior wall of left ventricle, and posterior portion of the 

interventricular septum. On the other hand, the LCA and branches from the LCA supply 

blood to the left atrium, lateral and anterior wall of left ventricle, and reminder of the 

interventricular septum. The junction at the aortic root where the coronary arteries arise 

are controlled by the aortic value which open during systole to allow blood flow to the 

systemic and central arteries, and close during diastole to allow blood flow to the 

coronary arteries. Therefore unlike all arteries in the body, which are perfused during 

systole, the coronary arteries are mostly perfused during diastole. This is because, during 

systole the contraction of heart muscles compresses the cardiac tissue including the 

subendocardial coronary arteries, and only when the heart muscle is relaxed at diastole is 

the myocardium perfused by the coronary arteries. The increased left intraventricular 
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pressure during systole forces the aortic valve to open to the aorta while closing to the 

coronary arteries, and when the pressure in the left ventricle rapidly drops during 

diastole, the aortic valve closes to the aorta and opens to the coronary arteries. The back 

pressure from this pushes blood into the coronary arteries, perfusing the myocardium.   

 At rest, coronary blood flow is approximately 250 ml/min
19

 or 0.8ml/min/g of 

heart muscle
19

, which can increase up to fivefold during exercise. The heart extracts up to 

80% of the oxygen in arterial blood, nearly three times the amount consumed by the rest 

of the body
19

. Hence, the energy demand of the myocardium is met primarily by 

increased blood supply via vasodilation of resistance coronary vessels. The magnitude of 

the increase in coronary blood flow to accommodate increased demand is often referred 

to as coronary reserve. Coronary reserve is governed primarily by coronary vascular tone, 

which in turn is regulated by local metabolic demand, neuronal influences (sympathetic 

and parasympathetic stimulation) and flow-dependent endothelial control (figure 1.1). 

For instance, hypoxia directly triggers vasodilation of coronary arteries and also the 

accumulation of adenosine, a potent vasodilator. At rest, autoregulatory mechanisms 

maintain a constant coronary blood flow over a range of mean arterial pressures from 45 

to 150 mmHg
20

 and is essentially mediated by the same factors mentioned above that 

mediate coronary reserve. If pressure changes beyond this range, coronary blood flow 

becomes directly dependent on perfusion pressure. In general, coronary vascular tone is 

determined by the coordination of all three control mechanisms (figure 1.1 and 1.2) and 

the influence of each mechanism varies along the vascular tree. Aging can modify the 

regulation of coronary circulation inducing gradual reduction in blood flow at rest and 

with increased demand. Endothelial dysfunction, arterial stiffness and left ventricular 
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hypertrophy are some of the age-related changes that can affect coronary circulation
22,23

. 

CAD, on the other hand, exacerbates age-related dysfunction in regulation of coronary 

circulation.   

 

Figure 1.1: Vascular disease modulation of vasodilation mechanisms of coronary 

arteries. 

 

EDRF = Endothelium-derived relaxing factor. Solid lines indicate direct influence, broken lines 

indicate secondary influence and red diagonal crosses indicates impairment of normal regulation.    

Adapted from Ramanathan and Skinner
19 
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1.2.3 CAD impairment to coronary perfusion 

 The impact of CAD on coronary circulation is significant to the function of the 

heart and equally important to the supply of blood to the brain. The brain, much like the 

heart, does not maintain a reservoir of energy substrates to help meet its energy demand. 

Hence, an increase in local metabolic demand will result in rapid hyperaemia to the 

corresponding tissue. As such, the brain and the heart are highly sensitive to insufficient 

supply of blood flow, that is, ischemia. In the heart, ischemia can be a consequence of 

narrowed vessels, referred to as coronary stenosis, or impairment in vasodilatory 

mechanisms due to atherosclerosis, diabetes or hypertension
24

. Vascular disease 

processes affect not only the vasodilation mechanisms, but they can impair the normal 

regulation of coronary circulation at rest and modulate vasoconstriction factors, as shown 

in figures 1.1 and 1.2. Atherosclerosis facilitates endothelial dysfunction by inhibiting the 

release of nitric oxide (NO)
20,21

, blunting vasodilation, and by increasing the production 

of vasoconstrictor factors such as endothelin
20,21

. Furthermore atherosclerosis can cause 

transient narrowing of coronary arteries, known as coronary spasm, by abolishing NO-

mediated vasodilation and by increasing vasomotor tone at rest
20

.   
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Figure 1.2: Vascular disease modulation of vasoconstriction mechanisms of 

coronary arteries 

 

ET-1 = Endothelin-1. Solid lines indicate direct influence, broken lines indicate secondary influence 

and red diagonal crosses indicates impairment of normal regulation. 

Adapted from Ramanathan and Skinner
19 

 

1.2.4 Pathogenesis of coronary artery disease 

 Atherosclerosis is the primary cause of CAD. It often occurs within the epicardial 

coronary arteries and is viewed as an inflammatory process in response to vascular 

injury
25

. Since the mid-19th century, the accumulation of lipids in arterial wall was 

known to produce atherosclerotic lesions
25

, but the notion of vascular injury was only 

proposed in the mid 1980's
25

. Atherosclerosis is a progressive syndrome that starts off 
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with infiltration of lipoproteins in the intima of coronary arteries called fatty streaks, 

advancing to build up of lipids that adhere to smooth muscle lining forming plaques
17,25–

27
. The plaques disrupt the endothelium, finally triggering an inflammatory response to 

the fibrous caps of the plaques which then rupture and occlude vessels
17,25–27

. This 

process is complex and beyond the scope of this thesis. Below, a schematic of the 

simplified atherosclerotic process is shown in figure 1.3.  

 The common clinical outcomes of atherosclerosis in the heart include ischemia, 

tissue necrosis or myocardial infarction (MI), unstable angina, acute coronary syndrome 

and sudden death, to name a few, all of which are symptoms associated with CAD
27

. 

Typical markers of atherosclerosis include measures that detect downstream effects of 

atherosclerosis-mediated inflammation/injury such as plasma high-sensitive C-reactive 

protein (hs-CRP)
28

, interleukin-6 (due to increased level of cytokines) and tumor necrosis 

factor-α
29

. In addition, non-inflammatory markers associated with arterial stiffness such 

as aortic pulse wave velocity
29,30

, ankle-arm index
29

, arterial (brachial) intima media 

thickness
31

 are also usually used in assessing atherosclerosis risk and burden. 
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Figure 1.3: A concise description of the pathogenesis of atherosclerosis 

 

For detailed description consult the following references 17, 25-27. 

 

 These markers have been shown to be effective predictors of CAD
29

. 

Interestingly, recent evidence have also shown that the common carotid intima media 

thickness (CIMT) can be used as surrogate marker of generalized atherosclerosis
31,32

, and 

adding CIMT measurements to typical risk predictors can improve 10-year CAD risk 

stratification
33

. Atherosclerosis is not only significant in pathology of CAD but it is 

associated with abnormal changes in the structure and function of the brain, and will be 

discussed further in section 1.5.  
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1.2.5 Risk factors for coronary artery disease 

 Age is the most important predictor of atherosclerotic diseases. Other well known 

risk factors attributed to CAD are listed in the table 1.1
34–38

. These risk factors are used in 

identifying individuals at increased risk for CAD. In Canada, a comprehensive program 

for diagnosis and treatment of atherosclerosis disease, and prevention of cardiovascular 

disease, based on these risk factors is managed by the Canadian Cardiovascular society
34

. 

It is important to note that these risk factors are also associated with structural and 

functional impairments in brains of older adults, as will be discussed further in section 

1.5.  

 

Table 1.1: Major Risk Factors for Coronary Artery Disease 

Non-modifiable  

Age and Gender: Men ≥ 40 years old or women ≥ 50 years old 

Genetics: Family history of premature CAD in first-degree relative 

Modifiable 

Hyperlipidemia : LDL >5.0mmol/L, total cholesterol to HDL ratio > 5  

Hypertension: systolic > 140 mmHg or diastolic > 90mm Hg 

Diabetes mellitus 

Obesity and physical inactivity: increased waist circumference or BMI >27 kg/m
2
 

Evidence of atherosclerosis: hs-CRP > 2.0 mg/L 

Smoking 

Compiled from references
34–38
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5 Chapter 5 

Conclusions and Future Work 

 

5.1 Summary of Findings 

 This thesis explored the role of cardiovascular disease in advancing pathological 

brain aging using novel neuroimaging techniques. As well as investigated the 

potential neuroprotective benefit of aerobic exercise training performed as part of a 

cardiovascular rehabilitation (CR) program. Magnetic resonance imaging (MRI) 

methods were used to measure gray matter volume (GMV) changes and changes in 

cerebrovascular hemodynamics, specifically CBF and CVR, in a group of coronary 

artery disease patients (CAD). In this final chapter, major findings of the studies 

performed in this thesis are summarized. The clinical relevance of the findings is 

discussed and areas of possible future directions are outlined.  

 

5.1.1 Changes in Brain Structure Associated with Cardiovascular 
Disease 

 Although prior evidence demonstrated decreased brain volume in older adults 

with increased risks for cardiovascular disease
1
, changes in regional brain volume have 

not been previously investigated in individuals diagnosed with cardiovascular disease. 

Chapter 2 describes an exploratory study where regional GMV was compared between 

CAD patients and age-matched controls using voxel-based morphometry, to examine the 

impact of cardiovascular disease on brain structure. CAD patients exhibited decreased 

GMV in the frontal, temporal and parietal lobes, and in the posterior cerebellum. These 
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findings are in line with patterns of brain atrophy previously reported in hypertensive and 

diabetic patients
1
, and support evidence of accelerated cognitive decline in cardiovascular 

disease patients
2
. In general, the results suggest that cardiovascular disease accelerates 

brain aging, affecting regions that are typically stable during normal aging.  

 

5.1.2 Impact of Cardiovascular Disease on Brain Hemodynamics 

 Since CAD is a by-product of atherosclerosis and impaired cerebrovascular 

hemodynamics are associated with markers of atherosclerosis, such as arterial stiffness
3
, 

it follows that brains of CAD patients showing signs of structural decline (chapter 2) 

would also have disruptions in hemodynamics. In chapter 3, cerebrovascular 

hemodynamics (i.e., CBF and CVR) and relationships between hemodynamic changes 

and brain atrophy was studied in the same cohort of CAD patients and controls. 

Continuous measurements of cerebrovascular hemodynamics were performed during 

acquisition of ASL images while subjects breathed room air (baseline) or hypercapnic air 

(6% CO2, 21% O2 and balanced air) for 5 min each. Reduced resting CBF was observed 

in CAD patients in the superior frontal, anterior cingulate, pre-and post-central gyri, and 

superior temporal regions, along with decreased CVR in the anterior cingulate, post 

central and superior temporal regions. These changes were independent of changes in 

brain volume, suggesting that cerebrovascular dysfunction precedes brain atrophy.  

 

5.1.3 Potential Neuroprotective Benefits of Cardiac Rehabilitation 

 Since established exercise-based preventative programs are readily available to 

cardiac patients and a myriad of evidence demonstrates positive effects of exercise
4
, the 
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potential neuroprotective benefits of physical activity on the brains of CAD patients were 

explored. Chapters 2 and 3 describe pre- and post-intervention results from CAD patients 

for whom declines in regional brain volume, CBF and CVR were observed pre-

intervention. The exercise intervention consisted of a moderate intensity aerobic fitness 

training lasting 6 months. Findings of increased brain volume in several regions of the 

brain associated with cognitive control, as well as regions linked to motor coordination, 

showed for the first time, the significance of exercise-based CR programs on brains of 

CAD patients. Equally notable was the discovery of recovery in CBF in the anterior 

cingulate and brain volumes in the superior frontal, superior temporal and posterior 

cerebellum. These findings were in brain regions where a measurable decrease was 

observed before rehabilitation. For instance, a ~33% decrease in CBF was observed at 

baseline in the right anterior cingulate in CAD patients compared to control, while a 

~30% increase in CBF was seen post exercise.  

 

5.1.4 Can CBF Measured with ASL Serve as a Suitable Marker of 
Brain Function 

 Current studies suggest that CBF measured with ASL correlates with cerebral 

glucose consumption (CMRglc) measured with PET-FDG
5–7

, a well established measure 

of brain function, and could serve as suitable alternative to PET-FDG
8
. However these 

studies were performed using separate MRI and PET scanners and, therefore, voxel-wise 

comparison of CBF and CMRglc could be confounded by image registration errors and 

differences in brain physiological state between imaging sessions. Chapter 4 describes 

efforts to correlate ASL-CBF to PET-CMRglc acquired simultaneously on an integrated 

PET and MRI system. Marked regional variations in CBF to CMRglc were observed with 
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the highest associations in the caudate and cingulate and the lowest in the limbic 

structures. All findings were well matched to observations from previous studies, 

suggesting that perfusion and glucose metabolism are well matched, but variable 

distribution of perfusion to glucose metabolism coupling exist in healthy brains.  

 

5.2 Relevance of Findings 

 In this thesis, neuroimaging in cardiovascular disease showed a pattern of brain 

decline that is more severe than changes observed in normal brain aging, but reversible 

with moderate aerobic exercise training. The findings from studies described in this thesis 

bear some clinical relevance. First, the findings challenge the monodisciplinary approach 

currently applied to management of cardiovascular disease in older adults. It is clear that 

the brain is affected from cardiovascular disease, specifically diseases of atherosclerotic 

origin. Individuals with a history of cardiovascular disease or at an increased risk for 

vascular disease are more likely to have stroke and related cerebrovascular disease
9
. If the 

expected increase in population of older adults includes an equal increase in 

cardiovascular disease survivors, a better understanding of the complex interaction 

between cardiovascular dysfunction and brain health is imperative, and will require a 

multidisciplinary approach. The studies in this thesis provide a framework for further 

multidisciplinary investigations, as will be discussed below. Second and more 

importantly, the work presented here emphasizes the clinical significance of exercise-

based CR programs in terms of benefit to both cardio- and cerebrovascular health. In 

Canada, although exercise-based CR programs have been established for over 40 years, 

only 1 in 3 eligible patients participate in CR
10

. A major source for underutilization is the 
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lack of physician referral to CR
11

. The work laid out in thesis demonstrates the need for 

further research in current CR delivery models to see if inclusion of cerebrovascular 

health assessment and monitoring can improve overall efficacy of rehabilitation 

programs.   

 

5.3 Future work 

5.3.1 Longitudinal and Epidemiology studies 

 Although the results presented in chapters 2 and 3 provide strong evidence of 

cardiovascular disease effects on cerebrovascular structure and function, the cross-

sectional nature of study design, provides a snapshot at best of cardiac disease effects. 

Longitudinal studies of disease progression may reveal further information of cardiac 

disease contributions to brain dysfunction. For instance, in the Baltimore Longitudinal 

Study of Aging, regional CBF was measured in healthy older adults and treated 

hypertensive patients over a period of 6 years
12

. The study found an accelerated decrease 

in regional CBF in the frontal, anterior cingulate and occipital regions over time, but the 

duration of hypertension only contributed to decreased CBF in the frontal and anterior 

cingulate regions
12

. Another longitudinal study of older adults with cardiovascular 

disease measured diverse domains of cognitive performance using a battery of 

neuropsychological tests, at study entry, 1 year and 3 years later
2
. The study reported 

worsening of cognitive performance across all measured domain, but varied trajectory of 

decline with faster decay for visuospatial skills and smaller relative rate of decline for 

executive function and psychomotor speed
2
. Both studies demonstrate that certain brain 

regions have a greater vulnerability to vascular disease over time. It would be interesting 
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to observe changes in brains of CAD patients over time and examine the disease effects 

as the brain ages.  

 

5.3.2 Exercise  

 The neurovascular benefits of low-moderate intensity exercise programs 

performed over a short period time (few weeks to 6 months) in healthy older adults are 

still being explored. Current knowledge of long-term effects is limited and has only been 

explored in one study, which found that walking at least 72 city blocks a week was 

associated with preserved GM volume 9 years later, but walking more than 72 blocks did 

not incur any added benefit
13

.   Lingering questions on exercise threshold effects, that is 

the minimum exercise duration and intensity required to detect structural and functional 

brain changes, are yet to be clearly addressed. For individuals with cardiovascular 

disease, exercise can be both beneficial or detrimental to cardiovascular health and 

overall well being
14

, particularly when performed in unsupervised environments. In 

addition, standard pharmacological therapies for management of cardiovascular disease 

such as statins, beta-blockers and aspirin, are known to attenuate exercise effects
15

 and 

modulate CBF
16

. An immediate question to address would be: does a single duration of 

exercise training, for instance a 6-month aerobic exercise regimen such as in CR, confer 

long-term neuronal protection for cardiovascular disease patients?   
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5.3.3 Characterizing white matter structure in coronary artery 
disease patients.  

 White matter (WM) lesions are prevalent in individuals with increased risk for 

vascular disease
17

. Cerebral hypoperfusion is thought to significantly impair WM 

connectivity affecting the speed of cognitive processing
18

. In healthy older adults, higher 

cardiorespiratory fitness is associated with preservation of age-related declined in WM 

microstructure
19

. Associations of vascular disease to disruptions in WM structural 

integrity and subsequent effects on cognitive function are unclear. It is quite possible that 

reports of accelerated cognitive decline in cardiovascular disease patients
2
 could be 

linked to disruptions in WM integrity that are related to vascular disease
20

. In the same 

token, improvements in cognitive performance ascribed to exercise training
21

 could be 

mediated by exercise-induced plasticity of WM structure
22

. Therefore, it would be 

interesting to elucidate WM regions vulnerable to cardiovascular disease, investigate 

relationships of WM abnormalities to cognitive impairments, and explore the role of CR 

in mediating disease effects on WM microstructure.   
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Appendices 

 

Appendix A: An Overview of the Optimized VBM approach as implemented in 

SPM8 

 

Figure A1 : Flow chart of optimized VBM as implemented in SPM8. 

 

 

 In optimized VBM
1
 [1], the original T1 image volume in native space is 

segmented into GM and WM images, followed by the removal of unconnected non-brain 

voxels in skin, skull and dura from the segmented images using fully automated 

morphological operations (erosion and conditional dilation). [2] The resulting GM and 

WM images are spatially normalized to GM/WM templates further eliminating 

contributions of non-brain voxels and improving spatial normalization of GM/WM 

images. [3] The normalization parameters are then applied to the original T1 image 
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volume placing the images in stereotactic standard space. [4] Subsequent segmentation of 

the normalized T1 images into GM, WM and CSF partitions is performed to generate a 

GM concentration map. [5] Spatial smoothing is applied to the GM map by convolving 

the images with an isotropic Gaussian kernel. This renders the data more normally 

distributed and compensates for the inexact nature of the spatial normalization. [6] 

Finally, a generalized linear model fit is applied to the smoothed GM images for group 

comparisons or correlations with covariates of interest.  

 Alternatively, segmented GM images in spatial correspondence to the template 

can be [4a] multiplied ("modulated") by the Jacobian determinant derived from the 

spatial normalization step [2]. This compensates for the non-linear effect of spatial 

normalization and preserves the total amount of GM in the normalized data
1
. Individual 

variations in brain sizes can be accounted for by either including the total intracranial 

volume, which is the sum of GM, WM, and CSF, as covariates of no interest during the 

statistical model fit (i.e. global normalization), or by modulating only the non-linear 

components of the Jacobian determinant, which is recommended (dbm.neuro.uni-

jena.de/vbm/). Hence, unmodulated smoothed normalized GM images represent relative 

concentration of GM while modulated smoothed normalized GM images can represent 

absolute volume of GM or relative volume corrected for differences in brain sizes. In 

chapter 2 and 3, absolute GM volumes corrected for differences in brain sizes were used 

to investigate regional differences in brain structure. 

 To improve signal-to-noise ratio and the sensitivity of detecting local changes in 

gray matter, the T1 images are bias corrected for image intensity non-uniformity prior to 

segmentation and the resultant GM volume or concentration maps are smoothed by 
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convolving the images with an isotropic Gaussian kernel. Bias correction accounts for the 

smooth intensity variations due to spatially-dependent response of the head receiver coils. 

While spatial smoothing renders the data more normally distributed and compensates for 

the inexact nature of the spatial normalization. However, since spatial smoothing can blur 

an image minimizing the ability to detect local changes, the size of the Gaussian kernel 

should match the size of the expected effect.  
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