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Age-related changes in brain morphology have been linked to memory loss, 

declines in executive functioning, and slower reaction time. Furthermore, hypertension is 

a strong risk factor for cognitive decline. However, few studies have examined 

longitudinal relationships between blood pressure, frontal white matter integrity, 

hippocampal grey matter volume, and cognition within a healthy elderly population. This 

study utilized structural MRI and neuropsychological tests administered two years apart 

to examine these relationships in a sample of healthy, community-dwelling older adults 

aged 75-90. Results indicated that increases in frontal white matter disease and, more 

strongly, declines in hippocampal volume were better predictors of cognitive change than 

age and education. No significant associations were observed between blood pressure 

and cognition. These findings suggest tracking trajectories of structural change within 

the brains of elderly individuals over time can facilitate identification of those at risk for 

cognitive decline. 
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The United States is an aging society At the present time, people over 65 equal 

13% of the population Projections indicate that over 20% of the population, or more 

than 70 million people, will be 65 or older by 2030 (U S Census Bureau, 2008) The 

"baby boom" generation (individuals born from 1946-1954) represents the greatest 

demographic spike in the history of this nation, and beginning in 2011 the earliest baby 

boomers will reach 65, greatly altering the demographic composition of the United 

States Many researchers agree that a key challenge for the future will be to ensure that 

good health and quality of life are maintained during this demographic shift 

Diseases such as dementia and cardiovascular disease are commonly associated 

with old age and have substantial fiscal impact For example, the total worldwide 

societal cost of dementia was estimated to be $422 billion in 2009, including $142 billion 

for informal care, and increasing by 34% between 2005 and 2009 (Wimo, Winblad, & 

Jonsson, 2010) Cardiovascular disease has been estimated to cost the European Union 

more than €169 billion annually, with healthcare costs alone accounting for 62% of this 

figure (Leal, Luengo-Fernandez, Gray, Petersen, & Rayner, 2006) Considering these 

great costs, delaying the onset of these diseases could have great benefits, and the 

identification of risk and protective factors is becoming increasingly important in order to 

delay or slow the progression of these diseases 

Aging and Changes in Brain Morphology 

The relationship between aging and declining cognitive function has often been 

tied to the loss of grey matter, or the loss of neurons within the brain Early research 

focused on changes in brain volume throughout the lifespan, and the association between 
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age and reduced brain weight and volume has been well-established A classic paper 

reviewed early studies of human brain volume which, depending on the study, estimated 

that peak brain weight occurs between ages 14-35 with approximately 90g lost by age 80 

(Brody, 1955) According to Brody, these age-associated reductions in brain weight are 

likely related to significant cellular death 

More recent studies have continued to support this paper's finding of reduced 

brain volume Structural MRIs obtained from adults aged 18-97 revealed a strong linear 

pattern of decline in whole-brain volume beginning in early adulthood, with differences 

detected by age 30 (Fotenos, Snyder, Girton, Morris, & Buckner, 2005) In a longitudinal 

study of older adults without dementia, significant changes were found in total brain 

volume, even within a subgroup of very healthy elderly, with frontal and parietal regions 

showing greater decline than temporal and occipital regions (Resnick, Pham, Kraut, 

Zonderman, & Davatzikos, 2003). 

Given this decline in brain volume with age, a debate began to emerge regarding 

whether cortical shrinkage was actually due to grey matter loss Early researchers held 

that that aging was associated with reductions in overall volume but accompanied by 

increases in neuronal density Later researchers expanded upon these papers, suggesting 

that changes in brain weight are explained by changes in the distribution between large 

and small neurons In an examination of 51 normal brains between the ages of 24 and 

100, whole brain weight began to decrease at 55 years of age, but no significant changes 

in neuronal populations within mid-frontal, superior temporal, or inferior parietal sections 

were observed Large cells (those greater than 90 urn ) decreased with age, while small 

neurons (40-90 um ) increased, primarily within the mid-frontal cortex These 
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observations suggest that neuronal counts do not necessarily diminish with age, but 

instead, estimates of volume loss are reflective of the replacement of larger neurons with 

an approximately equal number of smaller ones (Terry, DeTeresa, & Hansen, 1987) 

Considerable research within the field of aging has focused on changes in morphology 

within the hippocampus, as memory decline is stereotypically associated with aging 

Hippocampus. The hippocampus is integral to intact declarative memory, as 

evidenced by repeated findings of reduced hippocampal volume in neurological 

conditions whose central symptom is prominent declarative memory deficits (Bottino et 

al, 2002, Jack et al, 1997) Given that declines in memory are closely tied to aging in 

the absence of neurodegenerative disorders, researchers have turned their attention to 

age-related changes in the hippocampus and, in turn, how these structural changes relate 

to declines in memory 

Increasing age is generally associated with reduced learning and free recall of 

verbal and visual information (Drobny, Anstey, & Andrews, 2005, Jones et al, 2005, 

McCarty, Siegler, & Logue, 1982, Ylikoski et al, 1998) For example, Jones et al 

(1995) found that for every 10-year increase in age, participants recalled approximately 

one fewer word from a word list at delayed recall Age-related declines in memory are 

also observed when the same elderly subjects are followed longitudinally McCarty et al 

(1982) observed significant longitudinal declines on the same figural memory task after 

4, 10, and 16 years for those aged 60-80 years old at initial testing 

In addition to age-related declines in memory, age-related declines in 

hippocampal volume are well documented (Chen, Chuah, Sim, & Chee, 2010, Pruessner, 

Collins, Pruessner, & Evans, 2001, Ystad et al, 2009) Relationships between 
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hippocampal volume and memory performance have also been demonstrated For 

example, in a cross-sectional study of nondemented elderly aged 60-90, participants with 

larger hippocampal heads scored significantly higher on memory tests, most notably on 

delayed recall, with a 0 41 word per SD increase in the left hippocampal head and 0 33 

word per SD increase in the right hippocampal head (Hackert et al, 2002) Similarly, in 

another cross-sectional study of middle-aged and elderly individuals, delayed recall of a 

list positively correlated with hippocampal volume (Ystad et al, 2009) This relationship 

between delayed recall and hippocampal volume was especially strong in women for the 

left hippocampus These findings are not restricted to studies of verbal memory, for 

example, right hippocampal tail volume has been shown to positively correlate with 

spatial memory on a maze learning task (Chen et al, 2010) 

However, not all cross-sectional studies support this finding No association was 

seen between hippocampal volume and total recall in an elderly sample once individuals 

with an Alzheimer's disease diagnosis were removed (Reitz et al, 2009) Similarly, in a 

recent meta-analysis, the evidence for a positive relationship between hippocampal size 

and memory ability in older adults was surprisingly weak (Van Petten, 2004) This 

surprising lack of a strong relationship was attributed to the extreme variability across 

studies associated with statistical methods of normalizing for age and head size, arguing 

for the need for more methodologically rigorous studies 

Most longitudinal studies, however, support a relationship between declining 

hippocampal volume and poorer memory An annual 1 1% rate of decline in 

hippocampal volume over an average of 3 4 years in a study of nondemented adults aged 

58-87, the rate of loss accelerated in individuals with cognitive complaints (Mungas et 
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al, 2005) Furthermore, the change in hippocampal volume was significantly related to 

changes in memory, with greater hippocampal volume loss associated with poorer 

memory performance 

However, the loss of grey matter cannot solely explain cognitive decline with age, 

in a comparison of white and gray matter volumes in prefrontal regions between young 

healthy elderly (mean age = 70) and older healthy elderly (mean age = 90) individuals, 

grey matter differences were not significant, whereas white matter volume was 

significantly less in the older group (Salat, Kaye, & Janowsky, 1999) Age-related 

changes in white matter have taken the lead in explaining cognitive changes experienced 

by non-demented elderly (Hinman & Abraham, 2007) 

White Matter Disease. White matter represents bundles of myelinated axons 

connecting neurons throughout the brain Myelination of axons allows the conduction of 

action potentials to occur at up to 10 times the speed of unmyelinated axons Myelin 

volume and integrity typically reach their peak by mid-age and then begin to decline with 

advancing age (Bartzokis, Beckson, Nuechterlein, Edwards, & Mintz, 2001, Davatzikos 

& Resnick, 2002, Ge et al, 2002) 

Historically, white matter abnormalities were referred to as Binswanger's disease 

(Babikian & Ropper, 1987) Some argue this terminology evolved from an inaccurate 

and over-reaching description of white matter abnormalities to describe not only the 

pathology relating to a vascular dementia but also including more common and benign 

incidents of white matter abnormalities that did not produce the cognitive changes 

associated with dementia (Hachinski, Potter, & Merskey, 1987) The term leukoaraiosis 
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was introduced to reflect a more "neutral" characterization of white matter changes 

without necessarily implying an underlying dementing condition 

Leukoaraiosis (LA) is often reflected by regions of white matter hyperintensities 

(WMH) on MRI imaging These regions of hyperintensity within the cerebral white 

matter of T2-weighted and fluid-attenuated inversion recovery (FLAIR) techniques 

provide macrostructural assessment of white matter changes Diffusion tensor imaging 

(DTI), an extension of MRI techniques which provides information about the 

microstructural integrity of existing white matter by measuring the magnitude and 

direction of water diffusion, has also been used to examine damage to nerve fibers 

Evidence suggests LA may contribute to the mild age-related cognitive declines 

found within the healthy older adult population For example, it has been estimated that 

about 10%o of people aged 50-75 without cognitive complaints show regions of WMH on 

MRI (O' Sullivan, 2008), and longitudinal analysis of nondemented older adults in the 

Baltimore Longitudinal Study of Aging revealed widespread white matter changes, with 

an average of 3 1 cm3 of white matter lost annually (Resnick et al, 2003) 

Numerous studies have tied the presence of WMH to cognitive decline A recent 

meta-analysis (Gunning-Dixon & Raz, 2000) found that increased WMH were associated 

with reductions in performances on tasks of processing speed, memory, executive 

functions, and indices of global functioning within an elderly population without 

cognitive complaints No relationship was found between WMH and measures of 

intelligence or fine motor skills Across multiple studies, the strongest relationships 

between WMH and cognition are typically found on tasks requiring speed and executive 

functions Executive functions are defined as higher-level cognitive skills such as 
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planning, problem solving, inhibition, working memory, and set-shifting These skills are 

typically localized to the frontal lobe, supported by studies of patients who have sustained 

injuries to this region and experience decline in these aspects of cognition (Badre, 

Hoffman, Cooney, & D'Esposito, 2009, Muller & Knight, 2006, Picton et al, 2007) 

Within the healthy elderly population, patterns of executive dysfunction begin to 

emerge with increased age A population-based epidemiological study among 

individuals over the age of 60 found that 1 in 3 people had at least mild impairments in 

executive functions, while 1 in 6 had moderate to severe deficits, with greater impairment 

associated with advancing age (Grigsby et al, 2002) Declines in executive functions 

were also found in a longitudinal study of WWII veteran twins over a 13-year follow-up 

period (Lessov-Schlaggar, Swan, Reed, Wolf, & Carmelli, 2007) 

These reductions in executive functions with advancing age have led some to 

propose a frontal lobe hypothesis of aging This theory speculates that cognitive 

functions subsumed by the frontal cortex will be the first to decline with age, and the 

hallmark of this decline is the failure of these higher level skills This decline in 

executive functioning is often tied to changes in white matter integrity Age-related 

increases in WMH generally appear more robust in frontal regions compared to other 

areas (Brickman et al, 2006, Pfefferbaum, Adalsteinsson, & Sullivan, 2005, Salat et al, 

2009) It has been proposed that age-related vulnerability in frontal areas may reflect the 

pattern of white matter development and follow the rule of "last in, first out" (Raz, 2000) 

In other words, the white matter tracts that are the last to myelinate are in turn the most 

vulnerable to age-related decline 
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The relationship between WMH and decreased cognitive function exists across 

the lifespan. In a sample of adults aged 34-88 years without a history of stroke or 

dementia, individuals with WMH volumes more than 1.5 standard deviations above the 

age-predicted mean performed worse on tasks of visuospatial memory and organization 

and visual scanning and motor speed (Au et al., 2006). Furthermore, studies restricted to 

the elderly population have demonstrated the relationship between increased WMH 

volumes and poorer performances on executive skills such as cognitive set-shifting, 

problem solving, inhibition, and phonemic fluency (Geerlings, Appelman, Vincken, Mali, 

& van der Graaf, 2009; Jokinen et al., 2005; Kramer, Reed, Mungas, Weiner, & Chui, 

2002; Prins et al., 2005; Verdelho et al., 2007; Wright et al, 2008). 

DTI studies have also added additional information about white matter integrity 

within both WMH and normal-appearing white matter. Microstructural alterations in 

white matter were correlated with declines in executive function, working memory, and 

speed in a study of healthy adults aged 50-90 (Charlton et al., 2006). Microstructural 

WM deterioration was associated with reduced performances on a composite index which 

included measures of working memory, inhibition, and phonemic fluency in adults over 

61 years of age without dementia or serious heart disease (Ziegler et al., 2010). In a 

population-based study of individuals over the age of 60 without dementia, higher 

diffusivities within both WMH and normal-appearing white matter were related to worse 

performances on tasks of information processing speed and global cognition. In addition, 

diffusivity within WMH on MRI related to memory function, while in normal-appearing 

white matter it also related to executive functions. These relationships held regardless of 

the extent of white matter atrophy and white matter lesion volume, further lending 
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support to the importance of examining microstructural changes within "normal" white 

matter (Vernooij et al, 2009) 

Cognitive Impairment and Cerebrovascular Disease 

"Dementia" is a generic term characterizing declines in brain function resulting in 

impairments in completing activities of daily living and potentially accompanied by 

changes in personality and mood Although dementia is not a natural consequence of 

aging, its incidence and prevalence increase dramatically with age For example, the 

prevalence of dementia is 1-2% among those aged 65-74 but rises to over 30% for those 

85 or older (Chapman, Williams, Strine, Anda, & Moore, 2006) Several different 

subtypes of dementia have been established based upon clinical presentation and 

neuropathology, and after Alzheimer's disease, vascular dementia is the next most 

common form of dementia in the United States (Onyike, 2006) 

In the 1970s the term multi-infarct dementia was introduced (Hachinski, Lassen, 

& Marshall, 1974) and reflected the idea that the cumulative effect of multiple strokes 

was key to the development of dementia Within the last 20 years, the term multi-infarct 

dementia has been replaced by vascular dementia (VD) in order to account for cases with 

etiology due to a single stroke or progressive microcerebrovascular changes 

VD is the most common form of dementia after Alzheimer's disease, accounting 

for approximately 18% of dementia cases (Plassman et al, 2007) VD is a heterogeneous 

condition, clinical presentation is determined by the precise location of infarcts Current 

DSM-IV criteria indicate that VD is diagnosed in the context of cognitive and functional 

decline in close temporal association with a stroke or series of strokes However, 
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approximately 40% of patients with VD do not have specific evidence of a stroke 

(Bowler, 2002) Researchers have argued argued that patients with VD can be separated 

into two groups one group with "typical" VD with an acute onset characterized by multi-

infarct or intracranial hemorrhagic presentation, and a second group with VD caused by 

subcortical small-vessel disease with an insidious onset linked to gradually progressive 

microvascular changes (Meyer, Xu, Thornby, Chowdhury, & Quach, 2002) 

Increasingly, researchers and clinicians have recognized that vascular disease can 

be associated with more insidious and milder forms of cognitive impairment than that 

required for a diagnosis of dementia, and the term vascular cognitive impairment (VCI) 

was developed in order to provide a diagnostic label for patients with these milder 

impairments Similarly to the conceptualization of mild cognitive impairment (MCI) as a 

potential precursor to Alzheimer's disease, mild VCI is thought to represent the earliest 

stages of cognitive decline and may represent a potential window of intervention prior to 

the onset of vascular dementia However, there are currently no universally accepted 

formal criteria for this disorder and criteria for VCI are quite broad In general, although 

the cognitive changes associated with VCI have been less well studied, they are generally 

conceptualized as similar to but less severe than those associated with VD VCI is 

typically associated with declines in executive functions, visuospatial skills, and 

information processing speed (Garrett et al, 2004, Sachdev et al, 2004) 

Both VD and VCI can be viewed as the end-result of cerebrovascular and 

cardiovascular disease (CVD) CVD is quite prevalent among the U S population, with 

over 80 million American adults (1 in 3) having one or more types of CVD Of these, 

over 38 million are estimated to be over 60 years of age (Rosamond et al, 2008) Age is 

11 



one of the most significant predictors of CVD, so significant increases in the prevalence 

of CVD are expected given the United States' aging population Physiological changes 

that occur with increasing age, such as decreased elasticity of blood vessel walls, make 

older individuals more susceptible to CVD and lead to higher prevalence rates among the 

geriatric population For example, more than half of those aged 60-69 and three-quarters 

of those over 70 years of age have hypertension (Kearney et al, 2005) Other risk factors 

for CVD include physical inactivity, diabetes, and smoking In addition, some forms of 

CVD (e g , hypertension, hypercholesterolemia, and coronary artery disease) are 

themselves risk factors for more serious cardiovascular and cerebrovascular events such 

as myocardial infarction and stroke 

Unfortunately, most research has focused on cognitive deficits that emerge 

following stroke, and it is only recently that researchers have begun to examine the 

effects of vascular disease risk factors on cognitive functions in the absence of stroke 

(Roman, 2005) Numerous vascular disease risk factors have been linked to cognitive 

impairment, including hypertension, diabetes mellitus, atrial fibrillation, atherosclerosis, 

hypercholesterolemia, alcohol use, and smoking 

Several studies have shown hypertension is a strong risk factor for cognitive 

decline (Birns & Kalra, 2009, Kilander, Nyman, Boberg, Hansson, & Lithell, 1998, 

Knecht et al, 2008) The risk for hypertension increases with increasing age, and 

despite pharmacological treatments, blood pressure control in older adults remains less 

than ideal With only 50% of elderly patients with hypertension being treated (Ong, 

Cheung, Man, Lau, & Lam, 2007), hypertension may represent a key point of 

intervention Hypertension is associated with decreases over time in cerebral blood flow 
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in prefrontal, anterior cingulate, and occipital areas (Beason-Held, Moghekar, 

Zonderman, Kraut, & Resnick, 2007) Furthermore, hypotension and resultant 

hypoperfusion states in later life may also be risks for cognitive decline (Zuccala et al, 

2001) 

Mechanisms for Effects of CVD on Cognition 

Several methods have been proposed to explain why vascular risk factors may 

impair cognitive performance in the absence of a stroke It has been hypothesized that 

these risk factors lead to subclincal vascular disease, and even individuals in relatively 

good health are believed to experience vascular changes in the brain before development 

of clinical cerebrovascular disease (Elias et al, 2004) 

Conditions such plaque build-up lead to blood vessel narrowing or closure, and 

these occlusions can lead to subsequent infarction of surrounding cerebral tissue 

Chronic hypertension also leads to the thickening of blood vessel walls and reduced 

vessel diameter, potentially leading to the same outcomes In addition, heart failure and 

atrial fibrillation are more prevalent in hypertensive patients, and the resultant thrombotic 

material can become unstable, break down into circulating microemboh, and lodge in and 

occlude cerebral arteries, also leading to infarction 

The aging of the vasculature and subsequent changes in mechanical and structural 

properties of cell walls is thought to contribute to cerebrovascular changes and 

subsequent cerebral damage The loss of arterial elasticity and reduced arterial 

compliance is likely to lead to a decline in the autoregulatory abilities of arteries which 

typically maintain cerebral perfusion at a constant level despite changes in blood pressure 
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(Jani & Rajkumar, 2006) The loss of this ability may make the brain more vulnerable to 

ischemic insults when blood pressure dips below some critical threshold, leading to 

hypoperfusion Evidence suggests that hypoperfusion leads to the activation of 

amyloidogenesis as well as neuronal dysfunction and death, which may ultimately lead to 

the presentation of diseases such as Alzheimer's disease (Onyike, 2006) 

A common pathway for several vascular risk factors has been described as their 

impact upon the presence of white matter disease, grey matter is relatively unaffected by 

the presence of hypertension The integrity of white matter tracts depends on intact 

vasculature to provide a continuous supply of oxygen and nutrients to myelinated fibers 

throughout the brain The vessels feeding the white matter are typically very small, 

measuring between 20 and 50 mm in length with an average diameter of 100 to 200 um 

(Moody, Bell, & Challa, 1990) The association between white matter lesions and 

vascular risk factors may be mediated through several different pathways, but other than 

age, hypertension is consistently reported as one of the central risk factors for the 

development of white matter lesions (de Leeuw et al, 2002) Hypertension places 

additional strain on the already vulnerable aging vascular system, increasing the risk of 

hemorrhage In addition, hypertension may also lead to alterations in the blood-brain 

barrier which may cause white matter lesions via cerebral edema, activation of astrocytes, 

or destructive enzymes and other matter which pass through damaged vessel walls 

(Girouard & Iadecola, 2006) WML may additionally be caused by mechanisms such as 

arteriosclerosis directly occluding small arteries nourishing the white matter as well as 

subclinical ischemia in the form of repeated transient events characterized by moderate 

drops in blood flow (Pantoni & Garcia, 1997) 
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Utility of Examining Vascular Risk Factors 

The early identification of cognitive impairment may have several important 

benefits First, by identifying patients at risk for VCI or in the early stages of this 

disease, primary prevention efforts, such as better medical management of vascular risk 

factors, may be started As conditions such as hypertension, diabetes, and 

hypercholesterolemia are treatable, it may be possible to postpone or even prevent more 

severe cognitive decline in the future In addition, existing pharmacological treatments 

for cognitive impairment, such as cholinesterase inhibitors which have been shown to 

effectively treat VCI (Erkinjuntti, Roman, & Gauthier, 2004, Erkinjuntti, Roman, 

Gauthier, Feldman, & Rockwood, 2004), as well as non-pharmacological interventions 

(e g , cognitive remediation) can be started in order to maximize the length of time 

patients have relatively good cognitive function 

Limitations of Previous Studies 

Many studies attempting to examine relationships between vascular risk factors 

and cognitive decline have utilized cross-sectional rather than longitudinal designs 

While useful for examining correlations between these variables, causal links between 

vascular risk factors and cognitive performance cannot be drawn In addition, several 

studies are limited by their failure to control for potentially confounding factors such as 

education in their analyses Furthermore, few connections have been made between the 

medical literature, which focuses on biological factors potentially related to cognitive 

aging, and the psychological literature which has examined the role of psychosocial and 

behavioral factors These factors do not exist in isolation but instead interact in a 

15 



complex manner, emphasizing the need for studies which comprehensively examine their 

impact on cognitive functioning 

Finally, a substantial number of investigations have not utilized comprehensive 

measures of cognitive functioning, instead often relying on screening tests that are 

limited in their ability to detect fine changes in specific cognitive functions and lack the 

sensitivity and specificity of a comprehensive neuropsychological evaluation Even in 

studies utilizing more comprehensive measures, many fail to thoroughly investigate 

cognitive functions sensitive to the presence of vascular disease such as processing speed 

and executive functions 

Purpose 

This study aims to explore longitudinal relationships between frontal white matter 

integrity, hippocampal grey matter volume, blood pressure and cognition within a healthy 

elderly population Since this is a largely healthy group without neurological disease but 

with cardiovascular risk factors, it was hypothesized there would be a small yet 

detectable deterioration in specific cognitive functions over a two-year period Tests of 

executive functioning were predicted to decline while memory skills would remain 

largely intact 

Based on prior research suggesting a relationship between the integrity of frontal 

lobe anatomy and executive functions, it was hypothesized that there would be a 

relationship between increases in frontal WMH and declines in executive functions, with 

no relationship between frontal WMH and memory Conversely, declines in 
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hippocampal volume were hypothesized to predict declines in memory functions but not 

changes in executive functions. 

Finally, the role of changes in blood pressure on cognition was examined. Blood 

pressure was hypothesized to predict changes in cognitive functioning, with WMH 

changes mediating this relationship. Blood pressure was not expected to impact 

hippocampal volume as grey matter is much less dependent upon cerebrovascular 

integrity. 
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METHODS 

Participants 

Healthy older adult participants were part of the "Brain Changes and Risk Factors 

Causing Impaired Mobility" study, a longitudinal cohort study of community-dwelling 

older adults residing in the Farmington, CT area This parent study was designed to 

examine links between vascular risk factors, white matter signal abnormalities, mobility 

impairments, and cognitive sequelae of normal aging The parent study was approved by 

the University of Connecticut Health Center Institutional Review Board, and the present 

investigation was approved by the Institutional Review Boards of the University of 

Connecticut Health Center and Starrs Campus 

To be eligible for enrollment in the parent study, volunteers could not meet any of 

the following exclusion criteria (a) history of systemic conditions or neurological 

diseases comprising mobility (e g , arthritis, peripheral vascular disease, Parkinson's 

disease), (b) sensory deficit (e g , vestibular impairment and corrected distance vision 

greater than 20/70), (c) medication impairing motor function, (d) unstable cardiovascular 

disease (e g , myocardial infarct within six months or unstable angina), (e) pulmonary 

disease requiring oxygen, (f) inability to walk 10 meters independently in 50 seconds or 

less, (g) lower extremity amputation, (h) weight greater than 250 pounds, (i) excessive 

alcohol intake, (j) expected lifespan of less than four years 

The current study focused on data collected at the initial visit and two-year 

follow-up time points Of the 107 participants originally recruited in the protocol, 81 had 

valid MRI images and a full complement of cognitive data at both time points and were 

included in this sample Sample characteristics are reported in Table 1 Overall, the 81 
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participants were well-educated, non-Hispanic Caucasians They ranged in age from 75-

89 (M= 81 71, SD = 4 00) and included 50 women (a significant difference in 

proportions X2 (1) = 4 46, p = 05) However, there were no differences between men 

and women in age, education level, or verbal IQ 

Procedures 

Screening Measures and Physical Exam 

After consent was obtained, participants were screened for dementia with the 

Mini-Mental State Examination (Folstein, Folstein, & McHugh, 1975) A score of at 

least 24 out of 30 at the initial visit was required for continued study participation 

Presence of depression was determined using the Center for Epidemiologic Studies 

Depression Scale (Radloff, 1977), all volunteers were enrolled regardless of depression 

status 

A neurologist conducted a physical examination and medical history review at the 

University of Connecticut Health Center Clinical Trials Unit A primary goal of this visit 

was to collect information regarding participants' history of vascular risk factors, 

including hypertension, arrhythmia, hypercholesterolemia, congestive heart failure, 

coronary artery disease, transient ischemic attacks, stroke, and diabetes mellitus To 

qualify as having a history of these risk factors, participants must have been previously 

diagnosed by a physician In addition, various physiological measures were obtained to 

confirm diagnoses Participants were asked about their current and past alcohol use, 

smoking history, and current medications Participants also received a 24-hour blood 
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pressure monitor at this visit Average systolic blood pressure over 24-hours was used as 

the measure of participants' blood pressure for this study 

Neuropsychological Evaluation 

All participants underwent a brief semi-structured clinical interview and a one-

hour neuropsychological test battery which occurred within one week of the physical 

examination The neuropsychological evaluation included the following measures 

Wechsler Test of Adult Reading (Psychological Corporation, 2001), Repeatable Battery 

for the Assessment of Neuropsychological Status (Randolph, 1998, Randolph, Tierney, 

Mohr, & Chase, 1998), Trail Making Test A & B (Lezak, Howieson, Loring, Hannay, & 

Fischer, 2004), Stroop Color and Word Test (Golden & Freshwater, 2002), and California 

Computerized Assessment Package (Miller, 2001) 

The Wechsler Test of Adult Reading (WTAR, Psychological Corporation, 2001) 

was used as an estimate of participants' verbal IQ This test involves asking examinees 

to pronounce a list of 50 words with atypical grapheme to phoneme translations, which 

helps assess previous knowledge of the words rather than measuring their current ability 

to apply standard pronunciation rules 

The Repeatable Battery for the Assessment of Neuropsychological Status 

(RBANS, Randolph, 1998) is a commonly used neuropsychological screening 

instrument This test is comprised of twelve subtests that are combined to form five 

Index Scores as well as a Total Scale Score In order to minimize practice effects while 

allowing retesting to examine changes over time, Form A was administered at the initial 

visit and Form B was administered at the two-year follow-up appointment A description 
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of the subtests utilized in the present investigation follows The RBANS list learning 

task involves the oral presentation of a list of 10 semantically unrelated words four times 

in succession (maximum score = 40) The list recall subtest involves the delayed free 

recall of this list (maximum score =10) The story recall subtest requires the free recall 

of a previously heard story with 12 elements for a maximum score of 12 

The Trail Making Test (TMT) involves two components Part A requires 

examinees to draw lines connecting consecutively numbered circles and is often 

considered to be a measure of visuomotor processing speed Part B requires examinees 

to alternate between numbers and letters in sequential order (e g , 1-A-2-B-3-C, etc ) In 

addition to involving processing speed, Part B also adds executive function demands as 

participants must both switch between cognitive sets (numbers and letters) and hold 

information on-line in working memory The score for this measure is the completion 

time in seconds 

The Stroop Color and Word Test (Golden & Freshwater, 2002) consists of three 

pages, each consisting of 100 items presented in five columns On the Word reading 

page, the words "RED," "GREEN," and "BLUE" are printed in black ink and distributed 

randomly, and participants are asked to read aloud down the columns as quickly as they 

can The Color page consists of 100 groups of "XXXX" printed in red, green, or blue 

ink, and examinees are asked to name the colors aloud as rapidly as they can On the 

Color-Word page, the words from the Word page are printed in the colors from the color 

page In all cases, the words and ink colors do not match (i e , there is no case in which 

the word "BLUE" is printed in blue ink) Examinees are asked to name the color of the 

ink words are printed in (e g , saying "blue" when they see the word "RED" printed in 
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blue ink) as quickly as they can. The raw score for each of the three parts of the Stroop 

Test is the number of correct responses provided in 45 seconds. 

The California Computerized Assessment Package (CalCAP; Miller, 2001) is a 

computerized program that assesses reaction time. The Simple Reaction Time (SRT 

Base) subtest requires examinees to press a key as soon as they seen any number appear 

on the screen, providing a basal measure of reaction time. The Choice Reaction Time 

(CRT base) subtest involves pressing a key as soon as the examinees see a specific 

number, adding a simple element of memory to the task. For the Sequential Reaction 

Time One (Seq RT) subtest, examinees are asked to press a key only when they see two 

of the same number in sequence (e.g., if the number "4" is followed by a second "4"). 

This final task adds a more complex element of memory since participants must keep in 

mind the last number that was seen. 

All neuropsychological testing was conducted at the Clinical Trials Unit or the 

Balance and Gait Enhancement Laboratory at the University of Connecticut Health 

Center, and tests were administered by graduate students enrolled in a clinical 

psychology doctoral program. Standard administration procedures were followed, and 

tests were scored according to the procedures outlined in their respective manuals. 

Brain MR Imaging 

Imaging was performed on a Siemens 3T Allegra Scanner located at the Olin 

Neuropsychiatry Research Center at the Institute of Living, Hartford, CT. Three brain 

MR series were acquired for this analysis: the Tl-weighted magnetization prepared rapid 

gradient echo (MPRAGE), T2-weighted 3D fast spin echo (FSE), and T2-weighted fluid 
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attenuated inversion recovery (FLAIR) The main acquisition parameters are as follows 

MPRAGE 176 contiguous 1-mm-thick axial slices, TR/TE = 2500/2 74-3 19 ms, matrix 

size = 258x208, voxel size = lxlxl mm, FOV = 25 6x20 8 cm T2 176 contiguous 1 

mm-thick sagittal slices, TR/TE = 2500/353-355 ms, matrix size = 256x220, voxel size = 

lxlxl mm, FOV = 25 6x22 cm FLAIR 128 contiguous 1 3 mm-thick sagittal slices, 

TR/TE = 6000-6800/353 ms, Tl = 2200 ms, matrix size = 256x208, voxel size = lxlxl 3 

mm, FOV = 25 6x20 8 The variations in some parameters were due to the scanner 

system's update by the manufacturer The digital image data were transferred to the 

Brigham and Women's Hospital for further processing 

Tl-weighted Probabilistic Brain Atlas (ICBM) 

A reference brain atlas (International Consortium on Brain Mapping, ICBM) was 

obtained from the Laboratory of Neuroimaging (LONI, UCLA) The ICBM provided 

probabilistic maps of brain white matter (WM), gray matter (GM), and cerebrospinal 

fluid (CSF) which were used for calibrating the segmentation method (as described 

below) 

Brain Tissue Segmentation 

Semi-automated segmentation of MPRAGE and FLAIR images from individual 

subjects classified the brain into WM, GM, CSF and T2 white matter hyperintensities 

(WMH) Two applications, 3D-Slicer (Pohl, Bouix, Kikinis, & Grimson, 2004) and 

Freesurfer (Fischl et al, 2002, Fischl, Sereno, & Dale, 1999), were used to automatically 

segment the images WMH volumes were normalized by the volume of the intracranial 
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cavity (ICC) and expressed as fractions in order to correct for differences in head size 

ICC maps were obtained by using in-house software that identified non-brain tissues 

(skull, skin) from the T2 image set of each subject 

Regional WMH Burden 

For regional analysis the ICBM DTI-81 WM panellation atlas (WMPA) was used 

(Mori et al, 2008) WMPA combines DTI-based white matter and anatomical 

information to provide a functional map of approximately 32% of total brain WM 

WMPA was first co-aligned to the WMH segmentation map of each subject and then was 

used as a mask to measure WMH burden within selected regions of interest (ROIs) 

WMH burdens were calculated by dividing the regional WMH volume by the volume of 

the region, and expressed as fractions Frontal regions were manually outlined on the 

ICBM atlas brain to include frontal WM anterior to the precentral gyrus comprising 

association areas as well as parts of premotor areas and did not include the anterior 

cingulate cortex These maps were subsequently warped to align them to each individual 

brain and used as mask to determine the frontal regional WMH volumes These volumes 

were normalized and expressed as fraction of the subject ICC 

Statistical Analyses 

The overall plan of data analysis involved five steps, carried out first for memory 

indices and then repeated for measures of executive functioning The first step involved 

examining relationships between age and the memory measures collected two years apart 

The second step involved assessing relationships cross-sectionally among demographic 
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factors (i e , age and education), blood pressure, imaging variables, and performance on 

selected neuropsychological assessments by correlational and regression analyses This 

assessment was conducted for separate sets of data collected at the initial assessment and 

follow-up, respectively The third step involved longitudinal assessment of mean 

changes over time via paired /-test comparisons of data collected between the two time 

periods The fourth step involved a two stage assessment of the rate of change across the 

two assessment periods This analysis involved computation of standardized residual 

change scores for outcome data and then predicting these performance indices from 

predictor residual change scores This analysis addresses the possibility that the rate of 

change in various predictors (e g , white matter lesions) would predict the rate of decline 

in outcome variables The fifth and final step involved evaluating the extent to which 

imaging variables mediated relationships between blood pressure and changes in 

cognitive function These mediation analyses used standardized residual change scores 
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RESULTS 

Table 2 shows baseline and follow-up data for neuropsychological testing and 

neuroimaging variables Scores on individual neuropsychological measures were highly 

correlated at both time points (r = 58- 77, ally's < 001) Age correlated significantly 

and negatively with tests of memory and executive functioning, indicating that 

performance was lower as age increased Cognition in these participants remained 

relatively stable over 2 years, with a significant decline in performance occurring only on 

Trails B performance In contrast to their largely stable cognition, participants 

experienced a significant increase in frontal white matter hyperintensities as well as a 

significant decrease in the volume of their hippocampal grey matter 

MEMORY 

Cross-Sectional Relationships Among Memory, Blood Pressure, Neuroimaging Variables 

A hierarchial multiple regression analysis was used to examine the utility of 

demographic, blood pressure, and MRI measures in predicting memory function at each 

time point (see Tables 3 and 4) In these analyses, age and education were always 

entered in the first block as these have repeatedly been shown to be strong predictors of 

cognitive function 

When age and education alone were regressed on list learning, 17% of the 

variance was accounted for at baseline and 9% of the variance was accounted for at 

follow-up The inclusion of SBP did not reliably improve the proportion of explained 

variance at either time point However, addition of frontal WMH volume and 
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hippocampal GM volume significantly increased the proportion of explained variance to 

23% and 31% at baseline and follow-up, respectively. At baseline, only age was a 

significant predictor, although there was a trend for hippocampal GM volume (p = .08) to 

serve as significant predictors. At follow-up, however, only hippocampal GM volume 

significantly predicted list learning and a trend for age and frontal WMH was observed (p 

= .09 and .08, respectively). 

For delayed list recall, age and education accounted for 12% and 14% of the 

variance at baseline and follow-up, respectively. The addition of SBP in the next step did 

not reliably improve the proportion of explained variance at either time point. However, 

the addition of frontal WMH volume and hippocampal GM volume in the final step 

significantly improved prediction of list recall with 17% of the variance accounted for at 

baseline and 26% of the variance accounted for at follow-up. At baseline, only age was a 

significant predictor of list recall, but there was a trend for hippocampal GM volume to 

add significantly to the model (p = .06). At follow-up, both age and hippocampal GM 

volume were significant predictors of list recall. 

For delayed story recall, age and education accounted for 12%> and 19% of the 

variance at baseline and follow-up, respectively. The addition of SBP in the next step did 

not reliably improve the prediction of story recall. The addition of frontal WMH volume 

and hippocampal GM volume did not significantly improve model fit at baseline but did 

improve model fit at follow-up. Overall, the final model accounted for 15% and 29% of 

the variance at baseline and follow-up, respectively. At baseline, only age was a 

significant predictor of story recall, while at follow-up, education and hippocampal GM 

volume were significant predictors of story recall. Taken together, for all three measures 
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of memory, age was the most frequent predictor of memory function at baseline while 

hippocampal volume was the most frequent predictor at follow-up 

Longitudinal Changes over Two Years 

Mean changes over time for the group on memory measures was assessed via 

paired /-test comparisons of data collected between the two time periods None of these 

comparisons were significant, suggesting that as a group, these participants did not 

experience significant changes in mean memory scores over two years 

While the comparison of raw test scores at the two time points provides some 

information regarding changes in cognition within the normal older adult population, of 

interest is how the rate of change in brain structures impacts the rate of change in 

cognition, and also how blood pressure plays a role as a risk factor for change To 

explore these relationships, the influence of baseline scores on follow-up scores was first 

examined utilizing regression analyses, with baseline scores used as predictors and scores 

at follow-up used as criterion variables As expected, significant correlations were found 

between measures at both time points, with higher scores at baseline associated with 

higher scores at follow-up 

These regression analyses yielded difference scores for each participant that 

subtracted the predicted score from the actual outcome score These residual differences 

were normalized to adjust for differences in the scalar values of the various 

neuropsychological and MRI outcome measures Resultant residual difference scores 

could be either positive or negative in value A positive score indicated that a 

participant's follow-up score was better than what would be expected given that person's 
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baseline score (relatively less decline compared to the group was experienced), whereas a 

negative score indicated their performance at follow-up was poorer than would have been 

predicted (relatively greater decline compared to the group was experienced) 

Relationships Among Rates of Brain Deterioration and Cognitive Impairment 

A regression analysis was then used to examine the utility of relative rate of 

change in frontal WMH and hippocampal GM volumes in predicting relative rate of 

change in memory functions (Table 7) In these analyses, age at initial visit and 

education were always entered in the first step as these have repeatedly been shown to be 

strong predictors of cognitive function For list learning, when age and education alone 

were entered in the model, only 2% of the variance in rate of change in list learning was 

explained The addition of the rate of change in frontal WMH and hippocampal volumes 

in the second step significantly increased the proportion of explained variance to 17% 

However, the only significant predictor was rate of change in hippocampal volume, with 

individuals experiencing a relatively faster rate of hippocampal volume loss experiencing 

a relatively greater rate of decline in list learning 

For list recall, when age and education alone entered the model, only 6%> of the 

variance in rate of change in list recall was explained The addition of the rate of change 

in frontal WMH and hippocampal GM volumes in the second step did not significantly 

increase the proportion of explained variance, although there was a trend for the model to 

significantly explain the rate of change in list recall (p = 09) There was a trend for rate 

of change in hippocampal GM volume to serve as a significant predictor of rate of change 

in list recall performance (p = 06), with individuals experiencing a relatively faster rate 
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of hippocampal volume loss experiencing a relatively greater rate of decline in list recall 

performance 

For story recall, age and education alone predicted 4% of the variance in rate of 

change in story recall performance The addition of rate of change in frontal WMH and 

hippocampal GM volume in the second step significantly improved the model, with 16% 

of the variance in rate of change in story recall performance explained The rate of 

change in hippocampal GM volume was the only significant predictor of rate of change 

in story recall, although there was a trend toward significance for education (p = 07), 

individuals with slower rates of hippocampal GM volume loss and greater education 

experienced a relatively slower rate of decline in story recall performance 

Finally, these standardized residuals were utilized in a meditational procedure to 

examine how changes in frontal WMH and hippocampal GM volume mediate the 

relationship between blood pressure and change in cognitive function However, as 

expected, the relationship between change in BP and change in hippocampal volume was 

found to be non-significant, so only frontal white matter disease was tested as a potential 

mediator For all memory measures no mediation was present between BP, frontal 

WMH, and cognition 

EXECUTIVE FUNCTIONS 

Cross-Sectional Relationships Among Executive Function, Blood Pressure, and 

Neuroimaging Variables 

Similarly to the procedure utilized for memory tests, a hierarchial multiple 

regression analysis was used to examine the utility of demographic, blood pressure, and 
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MRI measures in predicting memory function at each time point (see Tables 5 and 6) 

For Trails B, age and education accounted for 9% and 17% of the variance at baseline 

and follow-up, respectively The addition of SBP in the next step did not reliably 

improve the proportion of explained variance at either time point However, the addition 

of frontal WMH volume and hippocampal GM volume in the final step significantly 

improved the prediction of Trails B performance with 16%> of the variance accounted for 

at baseline and 28% of the variance accounted for at follow-up Although none of the 

predictors were individually significant at baseline, age, education, frontal WMH volume, 

and hippocampal GM volume all emerged as significant predictors at follow-up 

For SeqRT, age and education accounted for only 1% and 4% of the variance in 

performance at baseline and follow-up, respectively The addition of SBP in the next 

step did not reliably improve prediction of SeqRT at either time point Frontal WMH 

volume and hippocampal GM volume significantly improved the model when added to 

the final step, increasing explained variance to 10%> and 15% at baseline and follow-up, 

respectively At baseline, only frontal WMH volume and age were significant predictors 

of SeqRT performance, while at follow-up only frontal WMH volume was significant 

For Stroop CW, age and education alone accounted for 23% and 28% of the 

variance in performance at baseline and follow-up, respectively The addition of SBP in 

the second step did not reliably improve model fit at either time point When added to 

the final step, frontal WMH volume and hippocampal GM volume significantly improved 

model fit at both time points Overall, the final model explained 37% and 40% of the 

variance in Stroop CW performance at baseline and follow-up, respectively At baseline, 

age, education, and hippocampal GM volume were all significant predictors At follow-
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up, age, frontal WMH volume, and hippocampal GM volume were significant predictors 

of Stroop CW performance. 

Longitudinal Changes over Two Years 

Mean changes over time for the group on tests of executive functioning were 

assessed via paired /-test comparisons of data collected between the two time periods. 

Trails B showed a significant decline over time [/(79) = -2.428, p < .05]; neither Stroop 

CW nor SeqRT comparisons were significant. 

Similarly to the procedure utilized with memory measures, a regression analysis 

was conducted with cognitive scores at baseline used to predict cognitive scores at 

follow-up. These analyses yielded difference scores for each participant that subtracted 

the predicted score from the actual outcome score, and these differences were then 

normalized yielding a measure of relative rate of change. A positive score indicated a 

participant's performance at follow-up was better than what would be expected given 

their baseline performance (relatively less decline compared to the group was 

experienced) while a negative score indicated the reverse pattern. 

Relationships among Rates of Brain Deterioration and Cognitive Impairment 

A regression analysis was then used to examine the utility of relative rate of 

change in frontal WMH and hippocampal GM volumes in predicting relative rate of 

change in executive functions (Table 8). In these analyses, age at the initial visit and 

education were always entered in the first step as these have repeatedly been shown to be 

strong predictors of cognitive function. For Trails B, when age and education alone 
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entered the model, only 3%> of the variance in rate of change in performance was 

explained. The addition of rate of change in frontal WMH volume and hippocampal GM 

volume in the second step significantly increased the proportion of variance explained to 

12% , and there was a trend for the overall model to be significant (p = .06). Only the 

rate of change in hippocampal GM volume was a significant predictor of the rate of 

change in Trails B performance, with individuals experiencing a relatively greater rate of 

hippocampal volume loss experiencing a relatively greater rate of decline in Trails B 

performance. 

For SeqRT, age and education alone explained only 3% of the variance in rate of 

change in performance on this measure. Although there was a trend for the addition of 

rate of change in frontal WMH and hippocampal GM volume in the second step to add 

significantly to the model, the overall model was not significant. No predictors were 

individually significant, although a trend toward significance for change in frontal WMH 

volume was observed, with individuals experiencing a relatively greater rate of frontal 

WMH increase experiencing a relatively greater rate of decline in SeqRT performance. 

For Stroop CW, when age and education were entered into the first step of the 

model, 13% of the variance in the rate of change in performance on this measure was 

explained. There was a trend for the addition of rate of change in frontal WMH and 

hippocampal GM volume to add significantly to the model. Only age was a significant 

predictor of the rate of change in Stroop CW performance, although there was a trend 

toward significance observed for rate of change in hippocampal GM volume; older 

individuals and those with relatively greater hippocampal GM volume loss experienced a 

relatively greater rate of decline in Stroop CW performance. 
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Finally, these standardized residuals were utilized in a meditational procedure to 

examine how changes in frontal WMH and hippocampal GM volume mediate the 

relationship between blood pressure change and change in cognitive function However, 

as expected, the relationship between change in BP and change in hippocampal volume 

was found to be non-significant, so only frontal white matter disease was tested as a 

potential mediator. For all measures of executive functioning, no mediation was present 

between BP, frontal WMH, and cognition 
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DISCUSSION 

This study focused on the relationships between frontal white matter integrity, 

hippocampal grey matter volume, blood pressure and cognition within a healthy elderly 

population The major findings are as follows (1) within this group of healthy elderly 

individuals, age and education were significant cross-sectional predictors of cognition, 

(2) a detectable group deterioration in specific cognitive functions over a two-year period 

was not observed, with the exception of declining performance on one measure of 

executive functioning, despite declines in hippocampal volume and increases in frontal 

white matter disease, (3) systolic blood pressure did not significantly predict cognitive 

status nor did it serve as a mediator between structural and cognitive change over two 

years, and (4) greater relative rates of physiologic deterioration (i e , increased frontal 

white matter disease and decreased hippocampal grey matter volume) were associated 

with greater relative rates of cognitive decline 

The observed negative correlations between age and cognition are in line with 

what has been reported by many other researchers Increasing age is correlated with 

reduced learning and free recall of both verbal and visual information in many studies 

(Drobny et al, 2005, Jones et al, 2005, Ylikoski et al, 1998), and studies have also 

observed relationships between increased age and declining executive functions (Grigsby 

et al, 2002, Lessov-Schlaggar et al, 2007) Interestingly, cross-sectional analyses 

revealed that the proportion of variance in cognitive performance accounted for by age 

and education alone increased from baseline to follow-up As education remains constant 
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at both time points, this finding suggests the influence of age upon cognitive performance 

accelerates as people grow older 

In line with expectations, memory was found to remain stable over two years 

while slight deteriorations in executive functions (i e , Trails B performance) were 

observed in this sample of healthy older adults This finding is in line with the frontal 

lobe hypothesis of aging which posits that cognitive functions subsumed by the frontal 

cortex will be the first to decline with age Raz (2000) proposed that age-related 

vulnerability in frontal areas may reflect the pattern of white matter development, with 

the white matter tracts that are the last to myelinate also the tracts that are the most 

vulnerable to age-related decline However, white matter disease was not found to be an 

especially strong predictor of cognitive change, suggesting that within this particular 

sample of older adults another physiological mechanism may also be playing a role 

In this study's cross-sectional analyses, hippocampal volume was repeatedly 

associated with memory performance Given the well documented role of the 

hippocampus in supporting memory function (Bottino et al, 2002, Jack et al, 1997, 

Mungas et al, 2005), this finding is not surprising In addition, results from this study 

indicated hippocampal volume was also associated with some measures of executive 

function A growing literature points to the role of the hippocampus in modulating 

activity within the prefrontal cortex (Rieckmann et al, 2011, Takahashi et al, 2007, 

2008) In a sample of healthy male young adults, dopamine D2 receptor binding in the 

hippocampus, but not the prefrontal cortex, was positively correlated with both memory 

and frontal lobe functions, suggesting dopaminergic modulation of connections between 

the hippocampus and prefrontal cortex (Takashi et al, 2007) Systemic administration of 
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dopamine D2 receptor agonists have been reported to improve some functions subserved 

by frontal regions (McDowell, Whyte, & D'Esposito, 1998), and administration of 

antagonists have impaired these functions (Mehta, Sahakian, McKenna, & Robbins, 

1999), although the exact mechanisms of these effects remain unclear and warrant further 

exploration 

A novel feature of this study was its analysis of rate of change In this sample of 

healthy older adults, greater relative rates of deterioration in frontal white matter and 

hippocampal grey matter volumes were strong predictors of relatively greater decline in 

memory and executive functioning above and beyond the effects of age and education 

In particular, cognitive function appears to be more affected by hippocampal volume loss 

than by increased frontal white matter disease in this sample This suggests that even 

within this population of individuals with greater cognitive reserve (represented by higher 

educational attainment), reserve cannot completely spare individuals from increased rates 

of cognitive decline if physiological deterioration is occurring at a more rapid pace 

Future studies should include a group of individuals with lower levels of cognitive 

reserve (i e , lower educational levels) to see whether this results in greater rates of 

cognitive decline with equivalent rates of physiological decline 

The failure of this study to find an association between blood pressure and 

performance on neuropsychological tests was somewhat surprising given a number of 

previously published reports supporting this relationship For example, a study of 999 

men in a Swedish population-based cohort study found elevated blood pressure was 

associated with cognitive impairment 20 years later, even after excluding men with a 

history of stroke (Kilander et al, 1998) The deleterious and cumulative effects of 
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hypertension occur over many years, but the present study simply used a single 

measurement of blood pressure A lifetime history of hypertension, rather than 

hypertension at the present time, may be a more useful variable to examine in the future 

However, an alternative explanation for the observed lack of relationship between 

blood pressure and cognitive change should also be considered The participants in this 

study may have the pathology caused by elevated blood pressure, but that pathology may 

not yet have reached the level necessary for clinical expression of cognitive decline 

associated with vascular risk factors These threshold models suggest that functional 

deficits emerge only when brain reserve capacity is depleted past a critical level (Satz, 

1993, Stern, 2009) Higher levels of intelligence, socioeconomic status, and years of 

education are thought to be good predictors of which individuals may be able to sustain 

greater levels of brain damage before demonstrating cognitive declines Therefore, the 

study's affluent, high average intelligence, and well-educated participants may have the 

cognitive reserve capacity to compensate for vascular disease pathology without showing 

declines on measures of cognition 

Limitations 

The neuropsychological measures used in this study may have limited the ability 

to detect a decline in cognitive function over time as certain cognitive functions (e g , 

visual memory, attention, visuospatial skills, and language were not examined) A more 

comprehensive battery may have been better able to detect the subtle changes that are 

likely to occur in a healthy sample of highly-functioning older adults, although the 
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selected measures improve upon past research in that they are more thorough and 

sensitive to the changes thought to be associated with aging and vascular disease. 

In addition, participants in this study were racially homogeneous, well-educated, 

and affluent. Participants scored within the high average range on a measure of verbal IQ 

and were also highly educated; participants had an average of at three years of post-

secondary education, suggesting that these individuals may not be representative of the 

elderly population as a whole. High IQ and high levels of education are associated with 

increased cognitive reserve that may serve to mask early signs of cognitive dysfunction 

(Scarmeas & Stern, 2003). In addition, higher levels of education and socioeconomic 

status play a role in the awareness of illness, treatment-seeking behavior, ability to pay 

for medications, and likelihood of engaging in preventative healthcare programs, and 

these factors likely combine to produce a healthier cohort of individuals than the larger 

community. Furthermore, older adults who volunteer for research projects and attend 

wellness programs in an academic medical center may represent a group of "super­

normal" elderly. 

Finally, this sample was racially homogeneous, with all subjects identifying as 

Caucasian. There are well-documented disparities in cardiovascular health among 

different racial and ethnic groups (Mensah, Mokdad, Ford, Greenlund, & Croft, 2005), 

suggesting that studying an all Caucasian sample considerably limits the general izability 

of findings especially with respect to the null findings related to blood pressure. Overall, 

these limitations suggest the findings of this study may not generalize to other elderly 

populations with more diverse demographic characteristics. Yet despite the sample's 

homogeneity, especially with regard to health, relationships were found between 
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neuroimaging and cognitive variables, and with a more heterogeneous sample, even 

stronger relationships among the rate of change measures, as well as stronger moderating 

influences, are likely to be found 

Despite these limitations, this study adds to a growing literature exploring factors 

associated with cognitive decline in the elderly Results of this study suggest that within 

the healthy elderly population, declines in hippocampal grey matter volume, and to a 

lesser extent increases in frontal white matter disease, are associated with greater relative 

rates of cognitive decline Furthermore, findings also suggest tracking the trajectories of 

structural change within the brains of elderly individuals over time can facilitate 

identification of those at risk for cognitive decline, which will become increasingly 

important as treatments to slow, or even prevent, cognitive deterioration are developed in 

the coming years Future research should aim not only to examine whether these 

relationships continue to hold over a longer follow-up period, but should also expand to 

examine the predictive utility of structural changes in other regions of the brain 
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Table 1: Sample demographic information by sex and total sample 

Men 

(« = 31) 

Mean SD 

Age (years) 81.71 (4.23) 

Education (years) 15.55 (2.92) 

Verbal IQ 111.71 (12.53) 

Women Total 

(w = 50) (w = 81) 

Mean SD Mean SD 

81.71 (3.89) 81.71 (4.00) 

14.72 (2.63) 15.04 (2.76) 

112.58 (12.08) 112.25 (12.19) 
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Table 2 Baseline and Follow-up Clinical and Neuroimaging Data 

Memory 

List Learning 

List Recall 

Story Recall 

Executive Functions 

Stroop CW 

Trails B (sec) 

Seq RT (msec) 

Frontal WMH+ 

Hippocampal GM+ 

Systolic BP 

Baseline 

Mean 

23 65 

4 48 

7 86 

27 07 

113 43 

605 75 

0 20 

0 44 

129 44 

SD 

5 27 

2 54 

2 65 

9 14 

65 61 

97 82 

0 24 

0 10 

11 85 

Follow-

Mean 

23 84 

4 40 

8 14 

26 24 

130 05 

602 58 

0 32 

0 34 

129 85 

-up 

SD 

5 47 

2 76 

2 59 

9 37 

75 62* 

118 43 

0 33*** 

Q Q"7*** 

13 13 

Note: WMH = white matter hyperintensities, GM = grey matter, BP = blood pressure 

percentage of intracranial cavity 

*p< 05, **p< 01, ***p< 001 
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Table 3 Sequential Regression of Memory, Blood Pressure, and Neuroimaging Variables at Baseline 

(Step) Predictor Beta3 R2 R2 change F change F model 

List Learning 

List Recall 

Story Recall 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH+ 

(3) HGM+ 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH 

(3) HGM 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH 

(3) HGM 

-276* 
193 

-092 

- 102 

204 

- 2 5 1 * 
092 

-019 

-094 

222 

-270* 
118 

- 123 

-001 

140 

17 

18 

23 

12 

12 

17 

12 

13 

15 

17 

01 

05 

12 

00 

06 

12 

01 

02 

F(2,67) = 6 87** 

F(l,66) = 56 

F(2,64) = 2 23 

F(2,67) = 4 33* 

F(l,66) = 02 

F(2,64) = 2 30 

F(2,67) = 4 58* 

F(l,66) = 1 05 

F(2,64) = 70 

F(2,67)= 

F(3,66)= 

F(5,64)= 

F(2,67) = 

F(3,66) = 

F(5,64)= 

F(2,67) = 

F(3,66)= 

F(5,64) = 

= 6 8 1 * * 

= 4 69** 

= 3 82** 

= 4 3 3 * 

= 2 85* 

= 2 70* 

= 4 58* 

= 3 4 1 * 

= 2 30 

Note: SBP = systolic blood pressure, WMH = white matter hyperintensities, HGM = hippocampal grey matter 

a refers to beta weight at final step in each analysis 

+ expressed as a percentage of intracranial cavity 

*p< 05, **/?< 01, ***p< 001 



Table 4 Sequential Regression of Memory, Blood Pressure, and Neuroimaging Variables at Follow-Up 

-t̂  

(Step) Predictor Betaa R2 R2 change F change F model 

List Learning (1) Age - 186 09 09 F(2,70) = 3 46* F(2,70) = 3 46* 
(1) Education 043 
(2) SBP -111 09 00 F(l ,69)= 11 F(3,69) = 2 31 
(3) Frontal WMH+ - 192 31 22 F (2,61) = 10 66*** F(5,67) = 6 04*** 

**# (3) HGM+ 429 

ListRecall (1) Age -281* 14 14 F(2,70) = 5 67** F(2,70) = 5 67** 
(1) Education 024 
(2) SBP 003 14 00 F(l,69)= 17 F(3,69) = 3 79* 
(3) Frontal WMH+- 128 26 12 F(2,67) = 5 33*** F(5,67) = 4 70*** 

^ (3) HGM+ 321 * * 

Story Recall (1) Age -161 19 19 F(2,70) = 8 18*** F(2,70) = 8 18*** 
(1) Education 315** 
(2) SBP - 101 20 01 F(\,69) = 71 F(3,69) = 5 67** 
(3) Frontal WMH+ 058 29 10 F(2,67) = 4 40* F(5,67) = 5 50*** 
(3) HGM+ 321 * * 

Note: SBP = systolic blood pressure, WMH = white matter hyperintensities, HGM = hippocampal grey matter 
a refers to beta weight at final step in each analysis 
+ expressed as a percentage of intracranial cavity 

*p< 05, **/?< 01, ***p< 001 



Table 5 Sequential Regression of Executive Function, Blood Pressure, and Neuroimaging Variables at Baseline 

(Step) Predictor Beta3 R2 R2 change F change F model 

Trails B 

SeqRT 

Stroop CW 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH+ 

(3) HGM+ 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH+ 

(3) HGM+ 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH+ 

(3) HGM+ 

164 
- 158 

-062 

173 

- 178 

255 
101 

-200 

307 

047 

-244* 
295** 

- 172 

- 113 

326** 

09 

010 

16 

04 

08 

10 

23 

25 

37 

09 

00 

07 

04 

04 

09 

23 

03 

12 

F(2,67)= 

F(l,66)= 

F(2,64) = 

F(2,60)= 

F(l,59) = 

F(2,57)= 

F(2,67)= 

F(l,66) = 

F(2,64)= 

= 3 46* 

= 58 

= 2 52 

= 122 

= 2 65 

= 3 15* 

= 9 76*** 

= 2 25 

= 6 14** 

F(2,67)= 

F(3,66)= 

F(5,64)= 

F(2,60)= 

F(3,59)= 

^ 5 , 5 7 ) = 

F(2,67) = 

F(3,66) = 

F(5,64)= 

= 3 46* 

= 2 39 

= 2 5 1 * 

= 1 22 

= 172 

= 2 37* 

= 9 76*** 

= 7 3R*** 

= 7 58*** 

Note: Seq RT = sequential reaction time, WMH = white matter hyperintensities, HGM = hippocampal grey matter 
a refers to beta weight at final step in each analysis 
+ expressed as a percentage of intracranial cavity 

*p< 05, **p< 01, ***/?< 001 



Table 6 Sequential Regression of Executive Function, Blood Pressure, and Neuroimaging Variables at Follow-Up 

(Step) Predictor Beta3 R2 R2 change F change F model 

Trails B 

SeqRT 

Stroop CW 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH+ 

(3) HGM+ 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH+ 

(3) HGM+ 

(1) Age 
(1) Education 

(2) SBP 

(3) Frontal WMH+ 

(3) HGM+ 

216* 
-216* 

000 

325** 

-216* 

071 
054 

- 103 

366** 

- 110 

- 423*** 
074 

-030 

-214* 

246* 

17 

18 

28 

01 

01 

15 

28 

29 

40 

17 

01 

15 

01 

00 

14 

28 

01 

11 

F(2,69)= 

F(l,68) = 

F(2,66)= 

F(2,66)= 

F(l,65) = 

F(2,63)= 

F(2,70)= 

F(l,69) = 

F(2,67) = 

= 6 92** 

= 88 
: 7 43*** 

= 36 

= 04 

= 5 03** 

= 13 50*** 

= 10 

= 5 86** 

F(2,69)= 

F(3,68)= 

F(5,66)= 

F(2,66)= 

F(3,65)= 

F(5,63)= 

F(2,70)= 

F(3,69) = 

F(5,67) = 

= 6 92** 

= 4 89** 

= 6 47*** 

= 36 

= 25 

= 2 19 

= 13 50*** 

= 9 33*** 

= 8 73*** 

Note: Seq RT = sequential reaction time, WMH = white matter hyperintensities, HGM = hippocampal grey matter 
3 refers to beta weight at final step in each analysis 
+ expressed as a percentage of intracranial cavity 

*p< 05, **p< 01, ***p< 001 



Table 7 Sequential Regression of Standardized Memory and Neuroimaging Residual Difference Scores 

(Step) Predictor Beta3 R2 R2 change F change F model 

4^ 

List Learning 

List Recall 

Story Recall 

(1) Age 
(1) Education 
(2) Frontal WMH+ 

(2) HGM+ 

(1) Age 
(1) Education 
(2) Frontal WMH4 

(2) HGM+ 

(1) Age 
(1) Education 
(2) Frontal WMH+ 

(2) HGM+ 

-085 
046 

- 170 
429*** 

- 178 
068 

-058 
221 

-010 
207 
124 
-7 1 7 * * 

02 

17 

06 

11 

04 

16 

02 

15 

06 

05 

04 

11 

** 

F(2,72) = 0 85 

F(2,70) = 6 28 

F(2,72) = 2 08 

F(2,70) = 2 01 

F(2,72) = 1 68 

F(2,70) = 4 59* 

F(2,72) = 0 85 

F(4,70) = 3 63** 

F(2,72) = 2 08 

F(4,70) = 2 07 

F(2,72) = 1 68 

F(4,70) = 3 22* 

Note: WMH = white matter hyperintensities, HGM = hippocampal grey matter 

a refers to beta weight at final step in each analysis 

+ expressed as a percentage of intracranial cavity 

*p< 05, **p< 01, ***/?< 001 



Table 8 Sequential Regression of Standardized Executive Function and Neuroimaging Residual Difference Scores 

(Step) Predictor Beta3 R2 R2 change F change F model 

Trails B 

SeqRT 

Stroop CW 

(1) Age 

(1) Education 

(2) Frontal WMH4 

(2) HGM4 

(1) Age 
(1) Education 

(2) Frontal WMH4 

(2) HGM4 

(1) Age 
(1) Education 

(2) Frontal WMH4 

(2) HGM4 

132 
007 
141 

-273* 

-098 
167 

205 

- 168 

-326** 
- 151 

- 124 

195 

03 

12 

03 

10 

13 

18 

03 

10 

03 

07 

13 

05 

F(2,71) = 1 01 

F(2,69) = 3 76* 

F(2,61) = 1 03 

F(2,59) = 2 26 

F(2,72) = 5 42** 

F(2,70) = 2 30 

F(2,71)= 

F(4,69)= 

F(2,61)= 

F(4,59) 

F(2,72)= 

F(4,70)= 

= 101 

= 2 43 

= 1 03 

= 1 66 

= 5 42** 

= 3 95** 

Note • Seq RT = sequential reaction time, WMH = white matter hyperintensities, HGM = hippocampal grey matter 

3 refers to beta weight at final step in each analysis 

4 expressed as a percentage of intracranial cavity 

*p< 05, **p< 01, ***p< 001 
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