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ABSTRACT 

Blood pressure (BP) in healthy individuals typically exhibits normal diurnal 

variation (“nocturnal dipping”), with nighttime systolic reductions of 10-20%. Having 

sustained BP levels, without normal nocturnal dipping, has been associated with 

increased risk for cardiovascular disease and poorer performance on memory measures 

especially within the context of hypertension. A positive family history of hypertension 

has also been related to poorer performance on neuropsychological tests of 

visuospatial/constructional ability, verbal learning, attention, and memory. The present 

study investigated the effect of nocturnal BP dipping status in hypertensive and 

normotensive individuals, with and without a family history of hypertension, to 

determine if these factors contributed to declines in cognition and brain atrophy over a 

two-year period in otherwise healthy older adults. Eighty-one neurologically healthy 

older adults aged 68-89 received a battery of neuropsychological tests, 24-hour 

ambulatory BP monitoring, structural magnetic resonance imaging, health screening and 

questionnaires at baseline. Two-years later participants received follow-up 

neuropsychological testing and structural magnetic resonance imaging. Analysis of 

variance investigated the effects of age, nocturnal BP dipping status, hypertension, and 

family history of hypertension on residualized change scores for measures of memory, 

executive function, and processing speed. Additionally, multivariate analysis of variance 

was used with region of interest measures of brain structure to evaluate the effects of age, 

nocturnal BP dipping status, hypertension, and family history of hypertension on brain 

atrophy. Results indicated main effects for dipping status with non-dippers showing 

poorer performance on measures of memory compared to dippers. An interaction 
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between nocturnal BP dipping and hypertension status was also observed on a test of 

executive functioning, with non-dipping hypertensives performing more poorly than the 

dipping groups, indicating that the combination of hypertension and non-dipping 

nocturnal BP was associated with poorer cognitive performance. Results indicated that 

non-dipping BP status was related to greater decline in cingulate volume and the 

combination of non-dipping and hypertension was related to greater decline in right 

hemisphere frontal surface area measures. These results provide some support indicating 

that having sustained diurnal systolic BP without normal nocturnal reductions in 

hypertension may be an important vascular risk factor influencing the course of cognitive 

and brain aging.  
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CHAPTER 1 

 

INTRODUCTION 

We are experiencing substantial increases in the proportion of older adults in the 

population due to decreases in birth rates and infant mortality, in addition to increased 

longevity among older adults. By 2050 there will be more older adults in developed 

countries (26%) than children under the age of 15 (16% of the total population) (J. E. 

Cohen, 2003). This growth in the older adult population represents an increasing public 

health concern when considering that, at present, nearly 50% of adults aged 85 and older 

have dementia (Hebert  et al., 2005). The rapid growth within the oldest age group will 

also have a major impact on health care costs and estimates predict a six-fold increase in 

Medicare costs by the year 2040 (E. L. Schneider & Guralnik, 1990). Thus, the 

preservation of cognitive function is an important factor in maintaining quality of life 

with increasing age (Swainson et al., 2001), providing for full participation in the 

workplace, and in society as a whole (Ritchie, Artero, & Touchon, 2001).  

Despite decades of research, it still remains unclear why some older adults 

experience “successful aging,” in which they remain relatively free of disease and 

disability, maintain an active social and productive lifestyle, and experience well 

preserved cognitive and physical functioning (Rowe & Kahn, 2000), while others do not. 

There is great variability in the older adults population with regard to preservation of 

cognitive function, and this heterogeneity has often been described as a continuum 

ranging from successful to pathological aging (Baltes, 1993). Further research is needed 

to enhance our understanding of the mechanisms of cognitive decline in aging and to 

identify those individuals at greatest risk for cognitive dysfunction. Such research can 
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provide a foundation for developing and testing effective, focused treatments to prevent 

or delay the brain changes that can lead to cognitive decline and decreased independence; 

thereby decreasing health care costs and providing opportunities for greater overall life 

satisfaction with advancing age.  

 

Cognitive Aging  

 Advancing age is associated with selective declines in cognition function (Lezak, 

2004). Results from lifespan samples of adults across the age range has shown that the 

normal aging process often involves decreased efficiency in many aspects of information 

processing including greater difficulties with speed of processing, working memory 

capacity, inhibitory function, and long-term memory (for reviews see Alexander et al., 

2012; Glisky, 2007; Kaszniak & Newman, 2000; Park & Reuter-Lorenz, 2009). At the 

same time, other aspects of cognitive ability, such as implicit memory and vocabulary, or 

the storage of knowledge and information acquired over time, can remain relatively 

preserved or improve over the lifespan (Park et al., 2002). This pattern of age-related 

cognitive differences has been replicated across a number of large scale, community-

based cohorts and is generally considered to represent the prototypical normal cognitive 

aging profile.  

Given the cross-sectional design in much of previous research, this prototypical 

normal cognitive aging profile could reflect cohort differences related to age and may not 

be an accurate characterization of the declines associated with advancing age. This 

possibility has been further supported by studies showing that cross-sectional estimates of 

age-related cognitive decline have not always replicated when studied longitudinally. 
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Previous research by Sliwinski & Buschke (1999) found that when examined cross-

sectionally, processing speed differences accounted for 70 – 100% of the age difference 

in cognitive abilities, but when measured longitudinally processing speed only accounted 

for 6-29% of the variance. Another study looking at cross-sectional versus 5-year 

longitudinal changes in semantic and episodic memory (Rönnlund, Nyberg, Bäckman, & 

Nilsson, 2005) found that comparisons of the cross-sectional and longitudinal differences 

revealed both convergence and divergence of cross-sectional effects depending on 

baseline age. Taken together, this body of research provides some indication that cross-

sectional analyses may overestimate cognitive aging.  

Potential explanations for some of the discrepancies between cross-sectional and 

longitudinal analyses include differences between age cohorts (Schaie, 2005), the 

influence of a prior testing experience (Salthouse, 2010), and attrition of participants with 

significant decline at follow-up (Hultsch, Hertzog, Small, McDonald-Miszczak, & Dixon, 

1992). Nonetheless, there is some convergence between cross-sectional and longitudinal 

studies including results from the Victoria Longitudinal Study (Hultsch et al., 1999) 

which found that similar cognitive domains were age-associated in both cross-sectional 

and longitudinal observations, including speed of processing, working memory, memory 

recall, and verbal fluency, with preservation of intellectual ability. Another study by 

Hultsch et al. (1992) examined changes in cognitive performance on measures of 

memory, processing speed, and intellectual ability over a 3-year period and found 

significant longitudinal declines on measures of working memory, verbal fluency, 

processing speed, and world knowledge. Similarly, more recent work has also found age-

related changes in cognition over time. The Berlin Aging Study (Singer et al., 2003) 
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followed 132 older adults age 70 – 100 for 6-years and found decline in perceptual speed, 

memory, and verbal fluency, with preservations in measures assessing intellectual ability. 

While similarities are found within cognitive domains studied cross-sectionally and 

longitudinally, the magnitude of longitudinal decline has not always been of the same 

extent as cognitive aging estimates from cross-sectional observations.  

  

Aging and Brain Structure 

Advances in neuroimaging techniques have allowed observations of convergence 

between brain structural magnetic resonance imaging (MRI) data and neuropsychological 

data on aging and cognition. When measured across the entire brain with whole brain 

volume estimates, the brain exhibits a nonlinear decline that becomes steeper with older 

age (Raz et al., 2006), with a whole brain volume decline of 0.35% per year in adults 

over the age of 50. Although global reduction in total volume has been apparent across 

studies, not all brain regions show similar rates of decline, and particular areas appear to 

be preferentially affected by the aging process. 

A number of different methods have been used to measure age-related differences 

in specific brain regions, including region of interest, voxel-based, and surface-based 

methodologies. Previous research with manually traced anatomical volumes of brain 

structures have suggested that healthy aging involves declines in the frontal lobes along 

with some reductions in other brain regions including the temporal, parietal, occipital, 

and cerebellar regions (for a review, see Raz, 2000).  

Voxel-based methodologies (Raz et al., 1998; Good et al., 2001; Jernigan et al., 

2001; Tisserand et al., 2003) have shown cross-sectional age-related reductions in frontal 
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gray matter, with some variability across studies in the specific subregions involved. 

Changes in frontal lobe volume has also been correlated with deficits on cognitive 

measures thought to be mediated by that area. For example, Gunning-Dixon & Raz 

(2003) showed that perseverative errors on the Wisconsin Card Sorting Test were 

negatively correlated with declines in prefrontal volume. Using whole-brain voxel-based 

gray matter volume comparisons across the lifespan, regions outside the frontal cortex 

have also been associated with adult age-group differences including the temporal and 

parietal regions, cingulate cortex, cerebellum, thalamus, and white matter regions 

(Alexander et al., 2006; Bergfield et al., 2010; Good et al., 2001; Jernigan et al., 2001; 

Tisserand & Jolles, 2003).  

In examining longitudinal rates of decline, some studies have shown steeper 

atrophy rates in frontal lobe volume. In addition to the frontal lobes, the parietal lobes 

have been shown to have the second fastest longitudinal rate of decline, with inferior 

subregions showing the steepest decline rates. The temporal lobes have also been shown 

to change with advancing age, but significant controversy surrounds whether these 

changes are related to an incipient dementing process, like Alzheimer’s disease, or reflect 

the normal aging process. A longitudinal study by Raz (2005) found that subregions 

within the temporal lobes exhibited differential rates of decline, with the hippocampus 

showing substantial nonlinear atrophy rates with advancing age, with no age-related 

differences found in the entorhinal cortex.  

Another commonly used method for investigating brain aging is surface-based, 

where morphometric measures are computed from geometric models of the cortical 

surface, which is modeled as a mesh composed of triangles. This parametrization of the 
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cortex allows for studying the effects of age on distinct morphometric components of 

cortical volume: cortical thickness and surface area. Cortical thickness is an estimate of 

the distance between the gray/white boundary and the pial surface, resulting in a 

continuous estimate across the cortical mantle (Dale & Sereno, 1993), whereas surface 

area is the total area over the cortical surface of the brain. Previous studies have 

demonstrated age-group-related cortical thinning in the superior and inferior frontal gyri, 

as well as the superior portions of the temporal lobe (Fjell et al ., 2009; Salat et al., 2004) 

when studied cross-sectionally over the lifespan. 

In addition to cortical thickness, measures of surface area have recently become 

more prevalent in the literature. According to the radial unit hypothesis, it has been 

postulated that cortical surface area is largely determined by the number of ontogenetic 

columns that run perpendicular to the surface of the brain, while cortical thickness is 

influenced by the number of cells within a column (Rakic, 1988). Within the context of 

advancing age, it has been suggested that age-related volume loss is more closely related 

to changes in surface area than cortical thickness (Hutton et al., 2009; Dickerson et al, 

2009). However, other work has found that age-related volume loss may be more related 

to differences in cortical thickness than surface area (Lemaitre et al., 2012), indicating 

some inconsistencies in the field regarding which of the two morphometric measures are 

most affected by advancing aging. Interestingly, recent evidence suggests that some of 

the inconsistencies in morphometric measures could be related to the differential impacts 

of genetics across the cortex. For example, Eyler et al., (2012) found that heritability for 

surface area and thickness measures differed across the cortex, with frontal surface area 



21 

 

measures exhibiting greater genetic contributions than the surface area measures within 

the medial temporal lobe. 

A recent cross-sectional study by Hogstrom , Westlye, Walhovd, & Fjell (2012), 

sought to characterize the aging pattern in 322 adults, aged 20 – 85 years, on three 

separate cortical measures: cortical surface area, local gyrification index (LGI), and 

cortical thickness. They found age-related decreases in surface area, which was 

particularly significant in the temporal lobes, dorsomedial prefrontal cortex, lateral 

orbitofrontal cortices, and the fusiform gyrus, that were unrelated to total white matter 

loss. Another cross-sectional study by Lemaitre et al. (2012), found that the three 

morphometric measures (e.g. surface area, thickness, and volume) exhibited nearly-

ubiquitous global reductions with age, with the prefrontal cortex showing significant 

accelerations in age-related atrophy rates in volume and thickness when compared to the 

global average.   

More recent evidence has emerged regarding age-related longitudinal changes, 

using surface-based methodologies. Jiang et al. (2014) evaluated longitudinal age-related 

brain changes in a cohort of 345 community-dwelling older adults aged 70 – 90 years and 

found age-related increased rates of atrophy within the entorhinal cortex, hippocampus, 

putamen, and precentral gyrus. Another recent longitudinal study by Storsve et al. (2014), 

found bilateral declines in the occipital and temporal cortices, with the entorhinal, 

fusiform, retrosplenial, and precuneus preferentially affected. This study also investigated 

the relationship between the three cortical measures on annual percent change. The 

results showed that for large portions of the cortex, there were either no significant 

relationship or no relationship between surface area and thickness measures. In terms of 
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the relationship between changes in surface area and volume, results found a mixture of 

both positive and negative relationships with positive relationship seen within fronto-

temporal regions and negative associations in occipital-parietal regions. The relation 

between thickness and volume indicated a positive relationship between the two 

measures. 

Research on age-related brain changes has also noted that cross-sectional age-

group differences do not always correspond with age-related longitudinal declines. 

Substantial discrepancies across studies have been seen regarding the precise localization 

and magnitude of the effects of advancing age on brain structures (Raz & Rodrigue, 

2006). While there remain inconsistencies and discrepancies in the field, cross-sectional 

and longitudinal surface-based analyses have typically shown age-related changes in 

cortical measures, with consistent effects seen within frontal cortices and some evidence 

for changes within temporal structures. However, additional research is needed to better 

characterize age-related brain changes across the three main morphometric measures of 

thickness, area and volume over time, and the regional associations between these three 

measures. 

When comparing surface-based and voxel-based methods for measuring cortical 

change longitudinally, some studies have indicated that surface-based approaches, like 

FreeSurfer, may provide more reliable measures of change over time than voxel-based 

methods, due to better segmentation accuracy for scanning sequences acquired by MRI 

over time, and improved spatial normalization and visualization of between-group 

differences (Clarkson et al., 2011; Rajagopalan and Pioro, 2015). This may be related to 

differences in signal intensity over time, due to MRI scanner variation and drift, which 
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are unrelated to structural changes. With voxel-based methods, changes in signal 

intensity may potentially reduce the accuracy of volumetric segmentation, whereas 

methods like FreeSurfer are less dependent on intensity variation and use surface models 

to define segmentation boundaries. Additionally, longitudinal analyses using FreeSurfer 

reduce the confounding effect of inter-individual variability by using each participant as 

their own control.  

 

Effects of Hypertension on Cognition and Brain Structure 

 Essential hypertension is a chronic, age-related condition associated with multiple 

alterations in the vascular system for which there is no known, single underlying cause 

(Marin & Rodriguez-Martinez, 1999). Hypertension is prevalent in older adults, affecting 

over 55% of adults aged 70 years and older (Ong, Cheung, Man, Lau, & Lam, 2007). It 

has been estimated that more than 90% of individuals who are free of hypertension at 65 

years of age will develop hypertension during their remaining lifetime (Mosley & Lloyd-

Jones, 2009). Hypertension is defined as an average diastolic blood pressure (BP) above 

90mm Hg and/or systolic BP above 140 to 160 Hg (Chobanian et al., 2003). 

Hypertension has been shown to be a major risk factor for cerebrovascular disease, 

increased risk of total mortality, cerebrovascular mortality, coronary heart disease 

mortality, myocardial infarction, congestive heart failure, atrial fibrillation, 

stroke/transient ischemic attack, peripheral vascular disease, and renal failure (Franklin et 

al., 2001; Haider, Larson, Franklin, & Levy, 2003; Lewington, Clarke, Qizilbash, Peto, & 

Collins, 2002; Psaty et al., 2001). 
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 In addition to being a major risk factor for other diseases and conditions, 

hypertension also has an effect on cognition. Previous studies have demonstrated that 

uncontrolled hypertension produces cognitive deficits beyond those attributed to age 

alone (Brady et al., 2005). Hypertension has been associated with cognitive deficits in 

memory, attention, and abstract reasoning (Elias et al., 2007; Harrington, Saxby, 

McKeith, Wesnes, & Ford, 2000; Waldstein, Ryan, Polefrone, & Manuck, 1994). In 

uncontrolled hypertension, poorer neuropsychological test performance has been related 

to reduction in gray matter volume (Gianaros et al., 2006) and increased prevalence of 

white matter abnormalities (Papademetriou, 2005). Raz and colleagues, (2003) also found 

smaller prefrontal cortex gray matter volume and greater prevalence of white matter 

hyperintensities in frontal regions among middle aged and older hypertensives.  

Although treatment for hypertension may provide some protection against its 

cognitive effects, it remains unclear whether treatment is sufficient to prevent brain and 

cognitive changes. When compared to undiagnosed or untreated hypertension, controlled 

hypertension confers decreased risk for cognitive decline (Dufouil et al., 2001; van 

Swieten et al., 1991). However, a review by Raz and Rodrigues (2006), found when 

compared to normotensives, treated hypertensive participants had a higher prevalence of 

white matter hyperintensities and greater reductions in prefrontal and hippocampal 

volume. Notably, exclusion of controlled hypertensive participants from a sample of 

otherwise healthy older adults significantly reduces the age-related effects on brain and 

cognition (Raz et al., 2005; Head et al., 2002).  

In regard to longitudinal changes associated with hypertension, studies have 

shown that among individuals over the age of 60, higher systolic blood pressure is 
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associated with poorer performance over time on confrontation naming, and among 

individuals over the age of 80, higher systolic blood pressure is related to poorer 

performance over time on tests of nonverbal memory and confrontation naming 

(Waldstein et al., 2005). Studies have also found that the presence of mid-life 

hypertension has been related to increased rates of cortical thinning in frontal and 

temporal cortices when compared to normotensives over a six to eight-year period 

(Gonzalez, Pacheco, Beason-Held, & Resnick, 2015; Korf et al., 2004)). Other 

longitudinal volumetric studies have also shown greater rates of cortical decline in frontal 

and hippocampal volumes compared to other cortical regions due to controlled 

hypertension (Raz et al., 2007).  

 

Impact of Nocturnal Blood Pressure on Cognition and Brain Structure 

 Blood pressure varies over a 24-hour period in a diurnal manner with higher 

blood pressure levels during the day and lower levels at night. Normal blood pressure 

variation is typically characterized by 10-20% reductions at night. Those with essential 

hypertension are more likely to show a lack of normal dipping in blood pressure during 

nocturnal hours. It has been estimated that approximately 25% of individuals with 

essential hypertension do not exhibit a 10% reduction in night-time blood pressure 

(Pickering & Kario, 2001); however, prior research has shown that in older adults over 

the age of 70, the prevalence may be closer to 50% (Haws et al., 2011). Although the 

exact mechanism for a non-dipping nocturnal BP profile remains unclear, some have 

theorized that non-dipping blood pressure status may be due to increased sympathetic 

nervous system activity (Kohara et al., 1995; Sherwood et al., 2002; Pickering et al., 
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2001) and a decrease in parasympathetic activity at night (Nakano et al, 2001), which 

may then lead to disturbances in cerebral perfusion (Jennings & Zanstra, 2009). Several 

studies have indicated that health factors like sleep apnea (Kanbay et al. 2008) and 

obesity (Landsberg & Young, 1978; Scherrer et al., 1994) can contribute to a nocturnal 

non-dipping blood pressure pattern. 

 Evidence suggests that a nocturnal non-dipping blood pressure profile is 

associated with higher risk of stroke, myocardial infarction, transient cerebral ischemia, 

congestive heart failure, and cardiac death (Kario, Shimada, & Pickering, 2003; 

Verdecchia, Schillaci, Reboldi, de Simone, & Porcellati, 2001). Previous studies indicate 

a relationship between non-dipping nocturnal systolic blood pressure and larger lateral 

ventricles (Goldstein, Bartzokis, Guthrie, & Shapiro, 2002) and greater brain atrophy, 

preferentially affecting the fronto-parietal regions (Hajjar et al., 2010; Nagai, Hoshide, 

Ishikawa, Shimada, & Kario, 2008). Ambulatory blood pressure profiles are also 

predictive of cerebral lesion type in untreated hypertension (van Boxtel et al., 2006). 

However, it is important to note that many of the previous studies had participants with a 

mean age of 66 years and included few participants in their 70s and 80s (Goldstein et al., 

2002). In a study with largely normotensive participants age 28-82, elevated nocturnal 

blood pressure was associated with poorer performance on memory and sensorimotor 

speed tasks (van Boxtel et al., 1998); however, these results did not replicate in a later 

study when constrained to newly diagnosed, untreated hypertensives (van Boxtel et al., 

2006).  

My previous research (Haws et al., 2011) has shown that cognitive performance 

in neurologically healthy older adults is adversely affected by the lack of typical 
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nocturnal systolic blood pressure reductions. More specifically, the results showed a main 

effect of nocturnal dipping status on several memory measures, with nocturnal non-

dippers showing poorer performance. Testing the interactive effects of sex, hypertension 

and nocturnal blood pressure dipping status on measures of cognitive performance 

revealed a nocturnal blood pressure dipping status by hypertension interaction on several 

memory measures and one measure of processing speed, in which non-dipping 

hypertensives performed more poorly than dippers, but did not differ on any measures of 

executive function.  

In evaluating the impact of nocturnal blood pressure dipping on brain structures 

cross-sectionally, nocturnal non-dipping blood pressure was related to greater severity of 

periventricular and basal ganglia white matter hyperintensities. The severity of 

periventricular white matter hyperintensities among the non-dipping group was correlated 

with poorer performance on memory measures (Haws et al., 2013). Additionally, the non-

dipping group showed greater surface area within frontal, cingulate, and parietal regions. 

The increases in surface area in the non-dipping group was also related to poorer 

performance, which may suggest a neural compensatory brain response to the effects of 

non-dipping BP status. Thus, initial findings with cross-sectional data suggested that 

sustained diurnal systolic blood pressure without normal nocturnal reductions may be 

associated with greater age-related cognitive impairment and brain aging within the 

context of controlled hypertension. 

Longitudinal studies investigating the role of diurnal blood pressure on brain and 

cognitive aging have been limited. However, one study by Guo et al., (2010) found an 

association between nocturnal blood pressure profiles and a transition from normal 
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cognitive functioning to a diagnosis of mild cognitive impairment in community-dwelling 

older adults. Additionally, another study found that increased blood pressure levels and 

diurnal variability at baseline and five years later resulted in greater brain atrophy and 

greater prevalence of subcortical white matter hyperintensities (Goldstein, Bartzokis, 

Guthrie, & Shapiro, 2005). These findings provide some evidence that the absence of the 

typical nocturnal blood pressure variation may be related to impaired cognition and 

accelerated brain aging.  

 

Family History of Hypertension, Cognition, and Brain Structure 

A positive family history of hypertension has been defined as having a first-

degree relative who developed hypertension. It has been viewed as an important risk 

factor for future development of the condition with the risk increasing progressively with 

an increasing number of affected parents and younger parental age of onset (Hunt, 

Williams, & Barlow, 1986). Positive family history of hypertension has been associated 

with pre-clinical pathological changes in a number of physiological characteristics 

including endothelial dysfunction, abnormalities in arterial vascular compliance, 

alterations in renal function, insulin resistance, and heightened reactivity to stress 

(Brinton et al., 1996; Grunfeld, Perelstein, Simsolo, Gimenez, & Romero, 1990; 

Kailasam, Parmer, Tyrell, Henry, & O'Connor, 2000; Li, Geng, & Yu, 2005; G. M. 

Schneider, Jacobs, Gevirtz, & O'Connor, 2003).  

A positive family history of hypertension has also been related to poorer 

performance on neuropsychological tests of visuospatial/constructional ability, verbal 

learning, attention, and memory (Ditto, Seguin, & Tremblay, 2006; Thyrum, Blumenthal, 
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Madden, & Siegel, 1995; Waldstein et al., 1994). This relationship has been found to be 

independent of psychological state and health (e.g., anxiety, depression), as well as other 

common confounds, such as age, sex, ethnicity, education, and current blood pressure. 

Other research has found that the subtle cognitive deficits in working memory among 

younger adults with a family history of hypertension also correlate with lower task-

related activation in the inferior parietal lobe and inferior temporal gyrus (Haley et al., 

2008). Previous studies have mainly focused on young and middle-aged adults with little 

research done on individuals over the age of 60, and few have longitudinally evaluated 

the effect of family history of hypertension on brain and cognitive aging (Ditton, Sequin, 

& Tremblay, 2006; Thyrum, Blumenthal, Madden, & Siegel, 1995). Taken together 

research indicates that a family history of hypertension may identify a potential sub-

group of individuals at high risk for developing cognitive impairment. Additionally, 

despite evidence for physiological, cognitive, and brain effects in younger adults with a 

family history of hypertension, research has been lacking in investigating the effects on 

brain structures and the longitudinal impacts on both brain and cognition, thus indicating 

an area in need of additional research.  

 

Overview of Goals and Hypotheses 

Though several health-related factors have been shown to be associated with brain 

and cognitive decline as people age, with one such factor being hypertension, few studies 

have investigated the impact of nocturnal blood pressure variation and hypertension on 

longitudinal age-related decline in brain and cognition. My previous cross-sectional 

research in neurologically healthy older adults showed that cognitive performance was 
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adversely affected by a lack of the typical 10-20% dip in nocturnal blood pressure, and 

the combination of nocturnal non-dipping blood pressure and hypertension may 

preferentially affect performance on memory and processing speed measures. I have 

shown that a nocturnal non-dipping blood pressure pattern was related to greater severity 

of periventricular and basal ganglia white matter hyperintensities, and the severity of 

white matter hyperintensities was correlated with poorer performance on memory tasks 

among the non-dipping group. Yet, the relationship between nocturnal non-dipping and 

hypertension has not been previously studied longitudinally. The present study sought to 

investigate the effects of hypertension and nocturnal blood pressure variation on two-year 

decline in cognitive function and brain structures.   

In addition to the effects of hypertension and nocturnal non-dipping blood 

pressure, a family history of hypertension has also been shown to be related to cognitive 

change in adults. Previous studies have shown that a positive family history of 

hypertension is related to changes in cardiovascular physiology and poorer cognitive 

performance on measures of working memory in younger and middle-aged adults (Haley 

et al., 2008), yet little research has been done on the long-term impacts of a family 

history of hypertension on brain and cognitive aging in older adults. Additionally, no 

studies have examined the possible interactive effects of a family history of hypertension 

with other health-related factors like hypertension and nocturnal blood pressure on brain 

and cognitive declines in older adults.  Another goal of the present study was to evaluate 

the effects of a family history of hypertension on cognitive and brain aging, and to 

investigate how a family history of hypertension may be interacting with other health 

factors.  
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Previous research on brain aging has typically relied on volumetric measures of 

brain structure. Recent research has suggested that the two morphometric measures that 

assess cortical volume, surface area and cortical thickness, may be differentially affected 

by genetics and aging (Hogstrom et al., 2012; Rimol  et al., 2010; Winkler et al, 2010). 

The use of these two morphometric measures together could provide a method to better 

understand the impact of health-related factors that may be affecting the course of brain 

aging. It has been suggested that age-related volume loss appears to be more closely 

related to changes in surface area rather than cortical thickness (Hutton et al., 2009; 

Dickerson et al, 2009), but the research has been inconsistent (Storsve et al., 2014). 

Research on the impact of hypertension has found increased rates of cortical thinning in 

regions in the frontal and temporal lobes (Gonzalez, Pacheco, Beason-Held, & Resnick, 

2015), though the influence of hypertension on cortical surface area has not been 

evaluated previously. Given that nocturnal blood pressure status, hypertension, and a 

family history of hypertension could be impacting different morphometric measures, the 

present study sought to determine the two-year longitudinal decline rates on surface area, 

cortical thickness, and volume of the gray matter.  

Lastly, previous research has suggested that hypertension among older adults has 

been related to greater longitudinal impairment on executive function measures 

(Goldstein et al., 2004). Accelerated age-related brain shrinkage has also been shown 

with elevated blood pressure and the exclusion of medically controlled hypertensives can 

significantly reduce the age effects on the brain and cognition (Raz et al., 2005; Head et 

al., 2002). As previously mentioned, age may exert its impact on particular morphometric 

measures (i.e. cortical surface area), while the influence of hypertension could impact 
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another (i.e. cortical thickness). To investigate how longitudinal brain aging may be 

similar or different from the effects of health-related factors, the present study also sought 

to classify the effects of age on brain and cognitive declines, to evaluate whether health-

related factors accelerate age-related brain shrinkage or have their own influence on brain 

structures over time.  

Overall, the goal of this study was to investigate the effects of hypertension, 

nocturnal BP variation, and family history of hypertension on two-year declines in 

cognitive function and brain structures using structural magnetic resonance imaging 

(MRI) to measure surface area, cortical thickness, and volume of gray matter in older 

healthy adults age 68 years and older at baseline evaluation. In terms of cognitive decline, 

it was hypothesized that 1) hypertension, nocturnal blood pressure, and having a family 

history of hypertension would each be associated with greater two year cognitive declines 

in the memory and executive function domains; and 2) the combination of hypertension 

with nocturnal non-dipping blood pressure would lead to greater cognitive decline in 

memory and executive functions than in dipping hypertensives, dipping non-

hypertensives, and non-dipping non-hypertensives.  

With regard to changes in brain structure, it was hypothesized that 1) this cohort 

of healthy older adults would show increases in brain atrophy over two years, including 

in cortical thickness, surface area, and volume; 2) hypertension, nocturnal non-dipping 

blood pressure status, and family history of hypertension would each be associated with 

greater two year declines in brain structure, as measured by cortical thickness, surface 

area, and volume in the frontal and temporal brain regions; and 3) the combination of 

hypertension with nocturnal non-dipping blood pressure would lead to greater brain 
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atrophy over two years, as measured by cortical thickness, surface area, and volume 

compared to dipping hypertensives, dipping non-hypertensives, and non-dipping non-

hypertensives. 
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CHAPTER 2 

 

METHODS 

Participants 

A cohort of 210 participants were recruited from a longitudinal study of healthy 

cognitive aging, of which there were 82 individuals between the ages of 68 and 89 with 

baseline and follow-up evaluations two years later (M = 1.965, SD = 0.22). One 

participant was excluded from the analyses due to being an extreme outlier and 

performing more than 2 standard deviations better during follow-up neuropsychological 

testing. After exclusion of this participant, analyses were performed on a total of 81 

individuals. Forty-one participants were men (50.6%). Thirty-two participants had a 

history of hypertension diagnosis and 49 participants had no history of a hypertension 

diagnosis.  

All participants underwent a medical screen to exclude any history of illness or 

injury that could affect cognitive function. These procedures included a review of 

medical history, medication status, the Mini Mental Status Exam (MMSE; Folstein et al., 

1975), the Hamilton Depression Rating Scale (HAM-D; Hamilton, 1960), assessment of 

functional capacity with the Instrumental Activities of Daily Living Scale (Lawton & 

Brody, 1969), the Family History Questionnaire, the Structured Clinical Interview for the 

DSM-IV (SCID; First et al., 2002), Hachinski Ischemic Score (Hachinski et al., 1975), 

Geriatric Depression Scale (GDS 15 item version; Sheikh & Yesavage, 1986), Pittsburgh 

Sleep Quality Inventory (PSQI; Buysse, Reynolds, Monk, Berman, & Kupfer, 1989), and 

a physical and neurological examination. Individuals with a significant neurological, 

psychiatric, or medical disorder or injury that would affect cognitive function were 
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excluded from participation, based on a review of the medical screen by a neurologist 

specializing in aging. All participants in this study were generally medically healthy with 

no evidence of significant cognitive impairment or complaints. All participants provided 

informed consent to participate in a longitudinal study of healthy aging, and the study 

was approved by the Institutional Review Board at the University of Arizona.  

 

Neuropsychological Battery 

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

standardized neuropsychological battery was administered. The battery included 

measures of general cognitive functioning, verbal and visual memory, visuospatial 

ability, complex attention and executive function, processing speed, and language ability. 

The Mattis Dementia Rating Scale (DRS; Mattis, 1976) and Wechsler Adult Intelligence 

Scale – IV (WAIS-IV; Wechsler, 2008) assessed general cognitive and intellectual 

functioning. Verbal and visual memory were measured by the 12-item, 12-trial version of 

the Selective Reminding Test (SRT; Buschke, 1973) and the Rey Complex Figure Test 

(RCFT; Rey, 1964) including the immediate and 30-minute delayed recall. Visuospatial 

ability was assessed by the RCFT initial copy task, the Block Design, Matrix Reasoning, 

and Visual Puzzles subtests of the Wechsler Adult Intelligence Scale - IV (WAIS-IV; 

Wechsler, 2008). Complex attention and executive functions were measured by 

performance on the Trail Making Test, part B (Reitan, 1958), the Controlled Oral Word 

Association Test (FAS; Benton & Hamsher, 1989), the Wisconsin Card Sorting Test 

(Puente, 1985), the Arithmetic, Digit Span, and Letter-Number Sequencing subtests of 

the WAIS-IV. Processing speed was determined by performance on the Trail Making 
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Test, part A, and the Coding, and the Symbol Search subtests of the WAIS-IV. Language 

ability was assessed by the Boston Naming Test (Kaplan, 1983), a measure of category 

fluency (Animals; Rosen, 1980), and performance on the Similarities subtest of the 

WAIS-IV.  

Cross-sectional analyses with this cohort found deficits in memory performance 

as a function of dipping status, and the combination of non-dipping status and 

hypertension was associated with impairments in memory and processing speed (Haws et 

al., 2011). Other research has also shown that hypertension has been related to changes in 

executive functioning and psychomotor speed, especially in older adults (Waldstein, 

2005). A subset of cognitive measures was selected for analysis to limit the cognitive 

tests for planned comparisons, including those reflecting the three cognitive domains of 

memory, executive function, and processing speed, which have previously been shown to 

be affected by aging and the cerebrovascular risk factors studied here.  Within the domain 

of memory, the BSRT Consistent Long Term Recall, BSRT Delayed Recall, BSRT 

Recognition, RCFT Immediate Recall, and RCFT Delayed recall were selected. For the 

domain of executive functioning, the Controlled Word Oral Test (FAS), WAIS-IV Digit 

Span, WAIS-IV Letter-Number Sequencing, Trail Making Test, part B, WCST Number 

of Categories, WCST total errors, and Stroop Color Word Interference were used as 

dependent variables. Lastly, the tests included for processing speed were the WAIS-IV 

Coding, WAIS-IV Symbol Search, and Trail Making Test, part A.    

 

Blood Pressure Measurement 
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Blood pressure was recorded using the Oscar2 Ambulatory Blood Pressure 

Monitoring System (SunTech Medical, Morrisville, NC). The clinical validity of this 

blood pressure monitor has been established previously (Goodwin, Bilous, Winship, 

Finn, & Jones, 2007; Jones, Bilous, Winship, Finn, & Goodwin, 2004). The device was 

programmed to record systolic blood pressure, diastolic blood pressure, and heart rate at 

1-hour intervals during the daytime (6:00 AM - 9:59 PM) and nighttime (10:00 PM - 5:59 

AM) for a 24-hour period. Participants with 50% or more of the programmed blood 

pressure measurements during both daytime and nighttime periods were included in the 

analysis. Systolic blood pressure nocturnal dipping was determined from the percent 

difference in average nocturnal relative to diurnal systolic BP: (daytime blood pressure – 

nighttime blood pressure)/(daytime blood pressure) x 100. Participants are grouped into 

dippers (≥10% nocturnal reductions; n=42) and non-dippers (<10% nocturnal reductions; 

n=39) for analysis.  

 

Family History of Hypertension 

 Participants were contacted over the phone to obtain detailed family histories of 

hypertension using the Ohio Blood Pressure History Survey, which is a brief instrument 

used to document family history of hypertension in previous studies (Haley et al., 2008). 

Compared to medical records, this measure has been shown to have an overall accuracy 

of 94.2%, and the sensitivity and specificity of the Ohio Blood Pressure History Survey 

has been noted at 95.6% and 92.4%, respectively (Page & France, 2001). In addition, 

participants were administered a Family History of Hypertension Questionnaire that was 

adapted from the MIRAGE family history protocol (Farrer et al., 1994) and a 
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questionnaire used the Mayo Clinic Jacksonville for a family history of dementia 

(Demissie et al., 2001). The Family History of Hypertension Questionnaire (Appendix A) 

obtained detailed information about family history of hypertension in parents, siblings, 

children, grandparents, aunts, uncles, and cousins, and provides estimates of the relative’s 

age of hypertension onset. Family history of hypertension was quantified by whether or 

not the participant had any first-degree relatives diagnosed with hypertension.  

 

Image Acquisition 

 Volumetric T-1 weighted Spoiled Gradient Echo (SPGR) MRI scans (slice 

thickness = 1.0 mm, TR = 5.3 ms, TE = 2.0 ms, TI = 500; flip angle = 15°, matrix = 256 

x 256; FOV = 25.6 cm) and T2 Fluid-Attenuation Inversion Recovery (FLAIR) scans 

(slice thickness = 2.6 mm, TR = 11000 ms, TE = 120 ms, TI = 2250 ms, flip angle = 90°, 

matrix = 256 x 256, FOV = 25.0 cm) were acquired on a GE 3T Signa scanner with an 

eight-channel phased array coil (HD Signa Excite, General Electric, Milwaukee, WI).  

 

Image Processing and Analysis 

Cortical reconstruction and volumetric segmentation was performed with the 

Freesurfer image analysis suite (version 5.3.0), which is documented and freely available 

for download online (http://surfer.nmr.mgh.harvard.edu/). Technical details of these 

procedures are described in prior publications (Dale, Fischl, & Sereno, 1999; Dale & 

Sereno, 1993; Fischl & Dale, 2000; Fischl, Liu, & Dale, 2001; Fischl et al., 2002; Fischl, 

Salat, et al., 2004; Fischl, Sereno, & Dale, 1999; Fischl, Sereno, Tootell, & Dale, 1999; 

Fischl, van der Kouwe, et al., 2004; Han et al., 2006; Jovicich et al., 2006; Segonne et al., 

http://surfer.nmr.mgh.harvard.edu/
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2004). Briefly, this processing included motion correction, removal of non-brain tissue 

using a hybrid watershed/surface deformation procedure (Segonne et al., 2004), 

automated Talairach transformation, segmentation of the subcortical white matter and 

deep gray matter volumetric structures (including hippocampus, amygdala, caudate, 

putamen, ventricles) (Fischl et al., 2002; Fischl, Salat, et al., 2004), intensity 

normalization (Sled, Zijdenbos, & Evans, 1998), tessellation of the gray matter white 

matter boundary, automated topology correction (Fischl et al., 2001; Segonne, Pacheco, 

& Fischl, 2007), and surface deformation following intensity gradients to optimally place 

the gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift 

in intensity defines the transition to the other tissue class (Dale et al., 1999; Dale & 

Sereno, 1993; Fischl & Dale, 2000).  

Once the cortical models were complete, a number of deformable procedures 

were performed in further data processing and analysis, including surface inflation 

(Fischl, Sereno, & Dale, 1999), registration to a spherical atlas which utilizes individual 

cortical folding patterns to match cortical geometry across participants (Fischl, Sereno, 

Tootell, et al., 1999), parcellation of the cerebral cortex into units based on gyral and 

sulcal structure (Desikan et al., 2006; Fischl, van der Kouwe, et al., 2004), and creation of 

several surface based measures including maps of curvature and sulcal depth. This 

method used both intensity and continuity information from the entire three dimensional 

MR volume in segmentation and deformation procedures to produce representations of 

cortical thickness, calculated as the closest distance from the gray/white boundary to the 

gray/CSF boundary at each vertex on the tessellated surface (Fischl & Dale, 2000). The 

maps were created using spatial intensity gradients across tissue classes and were 
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therefore not simply reliant on absolute signal intensity. The maps produced were not 

restricted to the voxel resolution of the original data and thus are capable of detecting 

submillimeter differences between groups. Procedures for the measurement of cortical 

thickness have been validated against histological analysis (Rosas et al., 2002) and 

manual measurements (Kuperberg et al., 2003; Salat et al., 2004). Data processing was 

visually inspected for segmentation accuracy and observed errors were corrected by the 

additional placement of algorithm seed points and reprocessed as needed.  

Surface area maps of the gray matter-white matter boundary were computed for 

each participant by calculating the area of every triangle in a cortical surface tessellation. 

The surface area at each vertex in native space was calculated as the average of the 

triangles surrounding it. This value was then compared with the area of the analogous 

points in the registered space to give an estimate of surface area expansion or contraction 

continuously along the cortical surface (Fischl et al., 1999; Rimol et al., 2010).  

To extract reliable surface area, cortical thickness, and volume estimates for brain 

change over time, images were processed automatically with the longitudinal stream 

(Reuter, Schmansky, Rosas, & Fischl, 2012) in FreeSurfer. Specifically an unbiased 

within-subject template space and image (Reuter & Fischl, 2011) were created using 

robust, inverse consistent registration (Reuter, Rosas, & Fischl, 2010). Several processing 

steps, including skull stripping, Talairach transforms, atlas registration, as well as 

spherical surface maps and parcellations were then initialized with common information 

from the within-subject template, significantly increasing reliability and statistical power 

(Reuter et al., 2012).  
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Longitudinal analyses to test the relationship between age and cortical surface 

measures were performed in Freesurfer with the longitudinal reconstruction and the 

Query, Design, Estimate, Contrast (QDEC) toolbox to investigate the symmetrical 

percentage of atrophy rate (defined as the difference in surface area, cortical thickness, or 

volume between the baseline and follow-up visit, divided by the average of the two time 

points and by the time interval in years between initial and follow-up visits) in order to 

conservatively control for scanner bias between time-points.  

To test the effect of hypertension, nocturnal non-dipping, and family history of 

hypertension on cortical surface area measures, a priori defined planned comparisons for 

cortical regions were selected based on prior structural imaging studies that have been 

shown to exhibit age-related decline or cerebrovascular risk effects (see Greenwood, 

2007; Raz, 2005; Reuter-Lorenz & Lustig, 2005 for recent reviews). These regions 

included: the superior frontal, rostral middle frontal, caudal middle frontal, medial 

orbitofrontal regions within the frontal lobe; the rostral anterior cingulate, caudal anterior 

cingulate, posterior cingulate, isthmus cingulate regions from the cingulate cortex; the 

superior temporal, middle temporal, entorhinal, parahippocampal regions from the 

temporal lobe; and the precuneus, superior parietal, inferior parietal, and supramarginal 

regions within the parietal lobe.  

For each participant, the symmetrical percent change for surface area, cortical 

thickness, and volume were calculated for each region within the left and right 

hemisphere listed and the metrics were extracted and transferred into the Statistical 

Package for the Social Sciences (IBM SPSS for Mac version 23.0, Chicago, IL, USA) for 

data analysis. Each region was nested within either the frontal, temporal, parietal, or
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Figure 2.1 FreeSurfer Desikan-Killiany cortical structural parcellation atlas 

 

 

Note. Inflated (top) and pial (bottom) cortical representations of the regions of interests 

per Desikan-Killany cortical atlas. A priori defined cortical regions used in the analyses 

included the superior frontal, rostral middle frontal, caudal middle frontal, medial 

orbitofrontal regions within the frontal lobe; the rostral anterior cingulate, caudal anterior 

cingulate, posterior cingulate, isthmus cingulate regions from the cingulate cortex; the 

superior temporal, middle temporal, entorhinal, parahippocampal regions from the 

temporal lobe; and the precuneus, superior parietal, inferior parietal, and supramarginal 

regions within the parietal lobe. 
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cingulate cortex and evaluated with multivariate omnibus tests before examining 

univariate between-subject effects in order to provide for additional statistical protection 

for multiple regional comparisons.  

 

White Matter Hyperintensity Volumes 

 Baseline white matter hyperintensity volumes were obtained using an automated 

method validated by a colleague in the lab (Bharadwaj et al., 2015). As a brief review, 

automated segmentation of white matter hyperintensities was performed using the lesion 

growth algorithm (Schmidt et al., 2012), which was implemented in the LST toolbox 

version 2.0.6 (www.statisticalmodelling.de/lst.html) for SPM12.  

First, the algorithm segmented T1-weighted images into the three main tissue 

classes (cerebrospinal fluid, gray matter, and white matter). Native SPM routines were 

then used to bias correct and co-register the FLAIR image to the corresponding T1 image 

for calculating the FLAIR intensity distributions of the three tissue classes. A 

hyperintensity belief value for each voxel in the T2 FLAIR image was then computed by 

weighting its distance from the mean intensity of its tissue class, by the probability of it 

belonging to white matter. Next, lesion belief maps consisting of the hyperintensity belief 

values from each tissue class were merged together, to generate a unified lesion belief 

map. In a modification of the original method, as implemented by Birdsill and colleagues, 

(2014), both the gray matter and white matter lesion belief maps were combined and 

binarized at multiple thresholds (kappa range: 0.05 to 1.00), to create a set of initial seed 

regions of white matter hyperintensities. Finally, a region growing algorithm, applied 

iteratively to these seed regions, expanded it towards the unified lesion belief map, to 

http://www.statisticalmodelling.de/lst.html
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generate lesion probability maps. These maps were further thresholded at a probability of 

1, to create binary lesion maps whose voxels are summed to compute the total lesion 

volumes (TLV; (Bharadwaj et al., 2015).  

Lesion maps produced by a manual WMH segmentation method by a trained rater 

served as the “ground truth” for evaluating the performance of the SPM12-LST 

automated TLV. Spatial similarity to the ground truth segmentation as determined by the 

dice coefficient was the primary measure used to select an appropriate kappa threshold. 

The highest spatial similarity was obtained at a kappa of 0.35 (Mean Dice Index: 0.70 ± 

0.13).  Average dice Index values of 0.7 or higher indicate strong correspondence. The 

resulting baseline white matter hyperintensity volumes were used as covariates in 

subsequent analyses.  

 

Statistical Analyses 

Comparisons of demographic and clinical characteristics between the nocturnal 

dipping groups were performed with unpaired t tests, chi-square tests, and fisher’s exact 

test where appropriate. Additionally, two-factor analyses of variance (ANOVA) with 

hypertension history and dipping status, family history of hypertension and dipping 

status, and hypertension status and family history of hypertension were used as the 

between-group factors to test for interactions in the demographic and clinical variables.  

To investigate the specific hypotheses about the relation between hypertension, 

24-hour blood pressure measurement, and a family history of hypertension on 

longitudinal cognitive performance, only a select number of neuropsychological tests 

within the domains of memory, executive functioning, and processing speed were 
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included. Previous research has implicated specific domains of cognition affected by 

aging and vascular factors and given the limited number of participants only a subset of 

neuropsychological measures were tested in order to avoid increasing the probability of a 

Type I error. The a priori selected domains of cognition used in the planned comparisons 

included memory, executive functioning, and processing speed measures.  

To assess for change over time in cognitive performance, several methods have 

been used in the literature. Difference scores have been previously criticized for being 

potentially unreliable and biased measures of true change (Cohen, Cohen, West, & 

Aiken, 2003) Therefore, residual change scores using regression were created for 

cognitive measures within the domains of memory, executive function, and processing 

speed. Residual change scores were calculated by predicting follow-up cognitive 

performance from baseline performance for each cognitive measure and saving the 

residual scores as a new variable. The residual change scores were used as the dependent 

variable in subsequent analyses. 

To evaluate the relationship between age and cognitive decline, a linear regression 

approach was used with residualized cognitive change as the dependent variable and 

baseline age as the independent variable. To investigate main effects and interactions for 

hypertension, family history of hypertension, and dipping status groups on planned 

comparisons of neuropsychological test score decline, a three-factor ANOVA was used 

with family history of hypertension, hypertension status, and dipping groups as the 

between-group factors and the cognitive residual change scores as the dependent variable. 

Simple effects for significant interactions were tested using independent sample t tests. 

Interpretation of statistical significance was made if p < 0.05, two-tailed.   
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Follow-up analyses used ANCOVA with age, gender, education, and follow-up 

interval duration as covariates. Additional follow-up analyses used other health factors 

including BMI, duration of hypertension, and history of diabetes to further investigate 

how other cardiovascular risk factors may have influenced the effects to assess for their 

impact on the observed effects. Simple effects for all significant main effects and 

interactions were tested using independent sample t test or ANCOVA, where appropriate. 

Interpretation of statistical significance was made if p < 0.05, two-tailed. 

To evaluate the effect of age on longitudinal change in brain measures, 

symmetrical percentage change was calculated for cortical area, thickness, and volume in 

each hemisphere. Multivariate analyses of variance (MANOVA) was performed with a 

priori brain measures to determine if dipping status, history of hypertension, and a family 

history of hypertension were related to differences in cortical thickness, surface area, and 

volume. Secondary analyses for investigating the effect of age on regions of interest 

changes also used a MANOVA approach with a median age split as the between-subject 

factor. The left and right hemispheres were analyzed separately, and the within-subject 

effects included four a priori defined regions within each lobe (frontal lobe: the superior 

frontal, rostral middle frontal, caudal middle frontal, and medial orbitofrontal regions; 

parietal lobe: the precuneus, superior parietal, inferior parietal, and supramarginal 

regions; cingulate cortex: the rostral anterior cingulate, caudal anterior cingulate, 

posterior cingulate, and isthmus cingulate; temporal lobe: the superior temporal, middle 

temporal, entorhinal, and parahippocampal regions). Systolic dipping status, history of 

hypertension, and family history of hypertension were entered as the between-subject 

factors, and cortical thickness, surface area, or volume were included as the dependent 
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variable.  

Wilk’s criterion (Λ) was used as the omnibus test statistic for all MANOVAs. 

MANCOVAs were used in follow-up analysis with age, sex, and automated white matter 

hyperintensity lesion volumes as covariates. While the symmetrized percent change value 

for each of the cortical structures from FreeSurfer provides a measure of the annual rate 

of change with respect to the average cortical measure across the two time-points and 

should not vary as a function of follow-up duration, previous studies (Storsve et al., 

2014) have used a more conservative approach and included the follow-up duration as a 

covariate in subsequent analysis. Follow-up analyses therefore also use follow-up 

duration time as a covariate. For significant multivariate effects, individual protected 

univariate ANOVAs were performed for each region within the lobe. Simple effects for 

all significant interactions were tested using independent sample and paired t tests or 

ANCOVA where appropriate. Interpretation of statistical significance was made if p < 

0.05, two-tailed. 

Correlations were computed to assess the relation between brain measures and 

significant cognitive change over time. To limit the number of comparisons, only brain 

measures found to be related to age, dipping status, hypertension, or family history of 

hypertension in this cohort were selected. Additionally, only cognitive measures found to 

be significantly different as a function of age, dipping status, hypertension status, family 

history of hypertension were used to correlate with significant brain regions. Subsequent 

analyses used partial correlations in order to evaluate if the relationship remained 

significant after controlling for follow-up duration, white matter hyperintensity lesion 

volume, and sex. Interpretation of statistical significance was made if p < 0.05. 
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CHAPTER 3 

 

RESULTS 

Demographic and Clinical Characteristics 

Group demographic and clinical characteristics for the nocturnal dipping and non-

dipping BP groups are shown in Table 3.1. The two groups did not differ in demographic 

characteristics, including age (t(79) = 0.94, p = 0.35), years of education (t(79) = -0.50, p 

= 0.62), or sex distributions (X²(1, N = 81) = 0.03, p = 0.58). They also did not differ 

significantly on measures of clinic systolic BP (t(79) = -0.39, p = 0.70), clinic diastolic 

BP (t(79) = -0.65, p = 0.52), and clinic heart rate (t(79) = -1.40, p = 0.17), but there was a 

significant difference for mean 24-hour ambulatory systolic BP (t(79) = 2.03, p = 0.047) 

and a trend for mean 24-hour ambulatory diastolic BP (t(79) = 1.93, p = 0.06) with the 

non-dipping group having slightly higher 24-hour BP values than dipping group. A 

significant difference in the distribution of individuals with controlled diabetes was found 

between the two groups, with 26% of the non-dipping group diagnosed with controlled 

diabetes (N = 4) and none of the dipping group (Fisher’s Exact Test two-sided, p = 0.03). 

There were no significant differences between the two groups on duration of 

hypertension (t(79) = 0.77, p = 0.45), hypertension status (X²(1, N = 81) = 0.73, p = 0.79), 

or the presence of a family history of hypertension (X²(1, N = 81) = 0.60, p = 0.44). The 

dipping and non-dipping groups did not differ in body mass index (t(79) = -0.23, p = 

0.82), PSQI sleep quality scale (t(79) = -0.34, p = 0.74), reported hours of sleep per night 

(t(79) = 1.38, p = 0.17), number of drinks consumed per week (t(79) = 0.51, p = 0.61), or 

history of smoking (t(79) = -0.22, p = 0.82). The groups did show a significant difference 

on the MMSE (range 25 – 30) with the nocturnal non-dipping group having lower scores 
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Table 3.1 Summary of participant demographic and clinical characteristics by dipping status.  

 

 

Non-dipping Group Dipping Group 

 
 

 

(n = 39)  (n = 42) 
  

Variables Mean (SD) Mean (SD) 
Statistic t or 

χ² 

p 

values 

Age, yrs. (baseline) 78.08 (5.84) 76.82 (6.13)  0.94 0.35 

Education, yrs. 15.41 (2.62) 15.71 (7.79) -0.50 0.62 

Sex (%M) 54 48   0.03† 0.58 

Hypertension Status (%HTN) 41 38   0.73† 0.79 

Duration of hypertension (yrs) 7.43 (11.52) 5.60 (10.01)  0.77 0.45 

Family History of hypertension (%positive) 46 55   0.60† 0.44 

Diagnosis of diabetes (%diabetic) 10 0 
 

0.03A 

High cholesterol (% with hx) 51 55   0.10† 0.76 

Mini Mental State Exam 28.31 (1.49) 28.90 (1.12) -2.05 0.04 

Body Mass Index 25.37 (3.41) 25.55 (3.73) -0.23 0.82 

Clinic systolic blood pressure 145.34 (16.09) 146.76 (16.29) -0.39 0.70 

Clinic diastolic blood pressure 79.05 (9.35) 80.48 (10.10) -0.65 0.52 

Clinic heart rate 68.46 (10.42) 71.90 (11.32) -1.40 0.17 

24 hr ambulatory systolic BP 139.55 (17.84) 132.69 (12.52)  2.01 0.047 

24 hr ambulatory diastolic BP 73.88 (7.06) 70.98 (6.45)  1.93 0.06 

Geriatric Depression Scale 1.51 (2.27) 0.69 (1.16)  2.03 0.047 

Hours of sleep per night  7.26 (1.29) 6.91 (0.94)  1.38 0.17 

PSQI Sleep Quality 0.62 (0.63) 0.67 (0.72) -0.34 0.74 

Cigarette smoking (yrs smoking) 9.16 (14.45) 9.88 (14.40) -0.22 0.82 

Alcohol consumption (drinks per week) 2.18 (1.62) 2.00 (1.53)  0.51 0.61 

Note. †χ².  A Fisher’s Exact Test. Dipping Group = participants with ≥10% reduction of nocturnal 

systolic blood pressure relative to average diurnal systolic blood pressure; Non-dipping group = 

participants with <10% reduction of nocturnal systolic blood pressure relative to average diurnal 

systolic blood pressure; %M= percentage of male participants; %HTN = percentage with a 

diagnosis of hypertension; yrs = years;  %positive = percentage with a positive family history of 

hypertension; % with hx = percentage with a history of high cholesterol; BP = blood pressure; 

PSQI = Pittsburgh Sleep Quality Inventory; % with hx = percent of participants with a history of 

high cholesterol.  
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than the dippers (t(70) = -2.05, p = 0.04, d = -0.435). There was also a significant 

difference between the two groups on the Geriatric Depression Scale (GDS; t(79) = 2.03, 

p = 0.047, d = 0.454) with the non-dipping group showing a slightly higher GDS total 

score (M = 1.51, SD = 2.27) than the dipping group (M = 0.69, SD = 1.16).   

The group demographics and clinical characteristics for hypertension status are 

shown in Table 3.2. The two groups did not differ on any demographic variables 

including age (t(79) = -0.77, p = 0.44), education (t(79) = -1.39, p = 0.17), or sex (X² (1, 

N = 81) = 0.13, p = 0.72). There was no significant difference between the groups on 

health factors including family history of hypertension (X²(1, N = 81) = 0.67, p = 0.41) or 

history of diabetes (X²(1, N = 81) = 0.37, p = 0.54). However, there was a significant 

difference between the two groups on measures of clinic diastolic BP (t(79) = -2.19, p = 

0.04), clinic systolic BP (t(79) = -3.13, p = 0.002), clinic heart rate (t(79) = -2.63, p = 

0.01), mean ambulatory diastolic BP (t(79) = -2.31, p = 0.02), and mean ambulatory 

systolic BP (t(79) = -2.31, p = 0.01), with the hypertensive group having high blood 

pressure and heart rate values than the normotensive group. The normotensive and 

hypertensive groups did not differ in MMSE (t(79) = 1.15, p = 0.25), GDS (t(79) = 1.12, 

p = 0.27), PSQI sleep quality scale (t(79) = 0.52, p = 0.61), number of drinks consumed 

per week (t(79) = 0.11, p = 0.91), or history of smoking (t(79) = 0.09, p = 0.93). There 

was a trend for number of hours reported of sleep per night (t(79) = -1.90, p = 0.06), body 

mass index (t(79) = -1.71, p = 0.09), and history of high cholesterol (X² (1, N = 81) = 

3.34, p = 0.06). 

A two-factor ANOVA for hypertension by dipping status interactions showed no 

significant interactions for age (F(1,77) = 0.91, p = 0.34), education (F(1,77) = 0.32, p =  
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Table 3.2 Summary of participant demographic and clinical characteristics by hypertension 

status.  

 

NHT HTN 

 
 

 

 (n = 49) (n = 32) 
  

Variables Mean (SD) Mean (SD) 
Statistic t 

or χ² 
p values 

Age, yrs. (baseline) 77.01 (6.01) 78.07 (5.98) -0.77 0.44 

Education, yrs. 15.24 (2.85) 16.06 (2.41) -1.39 0.17 

Sex (%M) 49 53   0.13† 0.72 

Family History of hypertension (%positive) 47 56   0.67† 0.41 

Dipping status (% non-dippers) 47 50   0.07† 0.79 

High cholesterol (% with hx) 45 66   3.34† 0.06 

Diagnosis of diabetes (%diabetic) 6 3  0.37 0.54 

Mini Mental State Exam 28.76 (1.30) 28.41 (1.39)  1.15 0.25 

Body Mass Index 24.93 (3.65) 26.29 (3.31) -1.71 0.09 

Clinic systolic blood pressure 141.84 (16.06) 152.81 (13.95) -3.13 0.002 

Clinic diastolic blood pressure 77.78 (7.55) 82.00 (11.85) -2.19 0.038 

Clinic heart rate 67.84 (9.68) 74.30 (11.93) -2.63 0.01 

24 hr ambulatory systolic BP 132.20 (14.18) 141.80 (16.10) -2.82 0.01 

24 hr ambulatory diastolic BP 70.99 (6.09) 74.50 (7.52) -2.31 0.02 

Geriatric Depression Scale 1.24 (2.19) 0.84 (0.99)  1.12 0.27 

Hours of sleep per night  6.89 (0.91) 7.37 (1.36) -1.90 0.06 

PSQI Sleep Quality 0.67 (0.69) 0.59 (0.67)  0.52 0.61 

Cigarette smoking (yrs smoking) 9.65 (14.15) 8.85 (14.54)  0.09 0.93 

Alcohol consumption (drinks per week) 2.10 (1.54) 2.06 (1.63)  0.11 0.91 

Note. †χ².  NHT = no previous diagnosis of hypertension; HTN = hypertensive; yrs = years; 

%M= percentage of male participants; hr = hour; BP = blood pressure; PSQI = Pittsburgh 

Sleep Quality Inventory; % with hx = percent of participants with a history of high 

cholesterol.  
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0.57), MMSE score (F(1,77) = 0.95, p = 0.33), BMI (F(1,77) = 0.01, p = 0.94), GDS 

score (F(1,77) = 1.77, p = 0.19), and average hours of sleep reported per night on the 

PSQI (F(1,77) = 0.25, p = 0.62). There were no significant interactions for the 

hypertension and dipping groups on clinic systolic BP (F(1,76) = 1.03, p = 0.31), 

diastolic BP (F(1,76) = 0.42, p = 0.52), clinic heart rate (F(1,75) = 0.17, p = 0.68), years 

smoking (F(1,76) = 0.01 p = 0.91), and number of alcoholic beverages consumed per 

week (F(1,77) = 2.49 p = 0.12). For the mean 24-hour ambulatory BP measurements, 

there were no significant hypertension by dipping status interactions in systolic (F(1,77) 

= 1.59, p = 0.21) or diastolic BP (F(1,77) = 0.57, p = 0.45). There was a significant 

interaction between hypertension and dipping status on PSQI ratings of overall sleep 

quality (F(1,77) = 4.47, p = 0.038). Testing the simple effects of the interaction, there 

was a significant difference between the non-dipping hypertensives and non-dipping 

normotensives (t(37) = -2.06, p = 0.046) with the non-dipping hypertensives having 

lower PSQI sleep quality ratings (M = 0.38, SD = 0.50) than the non-dipping 

normotensives (M = 0.78, SD = 0.67). There was also a trend for differences between the 

dipping and non-dipping hypertensive group (t(31) = -1.808, p = 0.080) again showing 

that the non-dipping hypertensive group had lower PSQI sleep quality (M = 0.38, SD = 

0.50) compared to dipping hypertensives (M = 0.81, SD = 0.75).  

The group demographics and clinical characteristics for family history of 

hypertension groups are shown in Table 3.3. The two groups did not differ on education 

(t(79) = 0.52, p = 0.61), but there was a significant difference between the groups on sex 

distribution (X²(1, N = 81) = 6.54, p = 0.01) indicating there were more men without a 

family history of hypertension. There was also a trend for age (t(79) = 1.84, p = 0.07)
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Table 3.3 Summary of participant demographic and clinical characteristics by family 

history of hypertension.  

 

Negative Family 

History 

Positive Family 

History 

 
 

 

(n = 40)  (n = 41) 
  

Variables Mean (SD) Mean (SD) 
Statistic t 

or χ² 

p 

values 

Age, yrs. (baseline) 78.65 (6.18) 76.24 (5.62)  1.84 0.07 

Education, yrs. 15.23 (2.95) 15.90 (2.42) -1.13 0.26 

Sex (%M) 65 37   6.54† 0.01 

History of hypertension (%HTN) 35 44   0.67† 0.41 

Duration of hypertension (yrs) 4.19 (8.13) 8.72 (12.48) -1.94 0.06 

Dipping status (% non-dippers) 53 44   0.60† 0.44 

Diagnosis of diabetes (%diabetic) 5 5   0.00† 0.98 

High cholesterol (% with hx) 53 54   0.01† 0.92 

Mini Mental State Exam 28.35 (1.59) 28.88 (0.98) -1.79 0.08 

Body Mass Index 25.93 (3.91) 25.01 (3.17)  1.16 0.25 

Clinic systolic blood pressure 146.05 (17.75) 146.13 (14.51) -0.02 0.98 

Clinic diastolic blood pressure 79.45 (9.78) 80.15 (9.77) -0.32 0.75 

Clinic heart rate 68.80 (10.20) 71.82 (11.65) -1.23 0.22 

24 hr ambulatory systolic BP 133.98 (13.80) 137.96 (17.12) -1.15 0.25 

24 hr ambulatory diastolic BP 71.65 (6.46) 73.09 (7.25) -0.95 0.35 

Geriatric Depression Scale 0.93 (1.40) 1.24 (2.15) -0.79 0.43 

Hours of sleep per night  7.17 (1.20) 6.99 (1.07)  0.72 0.47 

PSQI Sleep Quality 0.60 (0.71) 0.68 (0.65) -0.55 0.58 

Cigarette smoking (yrs smoking) 11.58 (15.30) 7.50 (13.18)  1.28 0.21 

Alcohol consumption (drinks per week) 2.28 (1.63) 1.90 (1.50)  1.07 0.29 

Note. †χ².  Negative Family History = no family history of hypertension; Positive Family 

History = presence of a family history of hypertension in first degree relatives; yrs = 

years; %M= percentage of male participants; hr = hour; BP = blood pressure; PSQI = 

Pittsburgh Sleep Quality Inventory; % with hx = percent of participants with a history of 

high cholesterol.  
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with the group without a family history of hypertension being slightly older (M = 78.65, 

SD = 6.18) than the group with a family history of hypertension (M = 76.24, SD = 5.62). 

There was no significant difference between groups on health factors including history of 

high cholesterol (X²(1, N = 81) = 0.01, p = 0.92), hypertension status (X²(1, N = 81) = 

0.67, p = 0.41), history of diabetes (X²(1, N = 81) = 0.00, p = 0.98), or body mass index 

demographic (t(79) = -1.16, p = 0.25). There was a trend for a difference between the two 

groups on duration of hypertension (t(79) = -1.94, p = 0.06) with the positive family 

history of hypertension group (M = 8.72, SD = 12.48) having more years since a 

diagnosis of hypertension than the group without a family history (M = 4.19, SD = 8.13). 

There were no significant differences on measures of clinic diastolic BP (t(79) = -0.32, p 

= 0.75), clinic systolic BP (t(79) = -0.02, p = 0.98), clinic heart rate (t(79) = -1.23, p = 

0.22), mean ambulatory diastolic BP (t(79) = -0.95, p = 0.35), and mean ambulatory 

systolic BP (t(79) = -1.15, p = 0.25). The two groups did not differ on MMSE (t(79) = -

1.79, p = 0.08), GDS total (t(79) = -0.79, p = 0.43), PSQI sleep quality scale (t(79) = -

0.55, p = 0.58), reported hours of sleep per night (t(79) = 0.72, p = 0.47), number of 

drinks consumed per week (t(79) = 1.07, p = 0.29), or history of smoking (t(79) = 1.28, p 

= 0.21). 

A follow-up two-factor ANOVA with hypertension status and family history of 

hypertension as between group factors indicated no significant interactions for age 

(F(1,77) = 0.55, p = 0.46), years of education (F(1,77) = 0.25, p = 0.62), MMSE (F(1,77) 

= 0.19, p = 0.67), GDS total (F(1,77) = 0.06, p = 0.80), and BMI (F(1,77) = 0.14, p = 

0.71). There were no significant interactions for clinic systolic BP (F(1,76) = 0.32, p = 

0.57), clinic diastolic BP, (F(1,76) = 0.55, p = 0.46), clinic heart rate (F(1,75) = 1.16, p = 
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0.29), mean 24-hour systolic BP (F(1,77) = 0.48, p = 0.49), hours of sleep at night 

(F(1,77) = 0.42, p = 0.52), quality of sleep (F(1,77) = 0.16, p = 0.69), years smoking 

(F(1,76) = 0.68, p = 0.41), and the amount of alcohol consumed per week (F(1,77) = 

0.27, p = 0.60) between hypertension status and family history of hypertension. A trend 

was present for mean 24-hour diastolic BP (F(1,77) = 3.15, p = 0.080). Simple effects 

analysis for the interaction showed a significant difference between the hypertensive and 

normotensive group without a family history of hypertension (t(38) = 3.24, p = 0.002) 

with the hypertensive group having higher 24-hour diastolic BP (M = 75.70, SD = 7.17) 

compared to the normotensive group (M = 69.47, SD = 4.93). There was a trend for mean 

24-hour diastolic BP differences in the normotensive group with and without a family 

history of hypertension (t(39) = 1.874, p = 0.068), with the normotensive group with a 

positive family history of hypertension having higher diastolic BP (M = 72.71, SD = 

6.88) than those without a family history of hypertension (M = 69.47, SD = 4.93). There 

was also a trend for differences between the hypertensive group with a positive family 

history of hypertension and the normotensive group without a family history of 

hypertension (t(26) = 1.967, p = 0.060), with the hypertensive positive family history 

group having higher 24-hour diastolic BP (M = 75.35, SD = 7.03) than the normotensive 

group without a family history (M = 69.47, SD = 4.93). 

A follow-up two-factor ANOVA with dipping status and family history of 

hypertension as between group factors indicated no significant interactions for age 

(F(1,77) = 0.17, p = 0.69), years of education (F(1,77) = 2.11, p = 0.15), duration of 

hypertension (F(1,77) = 1.43, p = 0.24), MMSE (F(1,77) = 0.93, p = 0.34), years 

smoking (F(1,77) = 0.08, p = 0.77), and the amount of alcohol consumed per week 
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(F(1,77) = 1.13, p = 0.29). There were no significant family history of hypertension by 

dipping status interaction for BMI (F(1,77) = 0.29, p = 0.59), GDS score (F(1,77) = 0.00, 

p = 0.99), 24-hour ambulatory systolic BP (F(1,77) = 0.15, p = 0.70), and 24-hour 

ambulatory diastolic BP (F(1,77) = 0.00, p = 1.00). There was a significant interaction for 

average hours of sleep reported per night on the PSQI (F(1,77) = 5.25, p = 0.025). Simple 

effects for hours of sleep showed significant differences between the non-dipping group 

and dipping group without a family history of hypertension (t(37) = 2.53, p = 0.02) with 

the dipping group without a family history of hypertension reporting slightly less sleep 

(M = 6.70, SD = 0.69) than the non-dipping group without a family history of 

hypertension (M = 7.60, SD = 1.40). There was also a trend for differences in hours of 

sleep between the non-dipping group and the non-dipping group with a positive family 

history of hypertension (t(38) = -1.82, p = 0.08) with the non-dipping positive family 

history group (M = 6.86, SD = 1.05) having less sleep than the non-dipping negative 

family history group (M = 7.60, SD = 1.40). A significant interaction was also found for 

the PSQI ratings of overall sleep quality (F(1,77) = 4.44, p = 0.038), testing the simple 

effects showed significant differences between the non-dipping group with a positive 

family history of hypertension and the non-dipping group with a negative family history 

of hypertension (t(37) = 2.08, p = 0.045), with the non-dipping, positive family history 

group having better sleep quality (M = 0.83, SD = 0.71) than the non-dipping, negative 

family history group (M = 0.43, SD = 0.51).  

There were no significant interactions for family history of hypertension and 

dipping groups in the clinic heart rate (F(1,75) = 2.23, p = 0.14). There were trends for 

significance in clinic systolic BP (F(1,76) = 3.03, p = 0.09) and diastolic BP (F(1,76) = 
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3.33, p = 0.07). For clinic systolic BP, simple effects showed a trend for a difference 

between the dipping and non-dipping, positive family history group (t(38) = -1.72, p = 

0.09) with the dipping group with a family history having higher clinic systolic BP (M = 

149.43, SD = 15.37) than the non-dipping, positive family history of hypertension group 

(M = 141.65, SD = 12.30). For clinic diastolic BP, simple effect for the interaction 

showed a trend for a significant difference between the dipping and non-dipping groups 

with a positive family history of hypertension (t(38) = -1.77, p = 0.09) with the dipping 

group with a positive family history of hypertension having higher diastolic BP (M = 

82.43, SD = 10.51) than the non-dipping, positive family history group (M = 77.06, SD = 

7.96).  

In summary, significant interactive differences were noted between dipping status 

and hypertension on PSQI overall sleep quality rating. For the interactive effects between 

family history of hypertension and a diagnosis of hypertension trends were noted for 24-

hour diastolic BP. Lastly, there were significant interactive effects between the dipping 

group and family history of hypertension group for average hours of sleep per night and 

overall sleep quality, and trends for the interaction were found for clinic systolic and 

clinic diastolic BP. Given the number of statistical comparisons performed, it is possible 

that some of the differences found between the groups were due to Type I error; 

nonetheless, to be conservative these variables were used as covariates in subsequent 

analyses.  

Changes in Cognitive Performance over Time  

Table 3.4 provides the means and standard deviations for the residualized change 

scores for neuropsychological measures. To investigate whether the residual change
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Table 3.4 Mean and standard deviations for neuropsychological measures 

residual change scores 

Variable Residual Change 

  Mean SD 

Memory 

  Selective Reminding Task 

  Consistent Long-Term Retrieval -0.075 0.938 

Delay Recall   -0.203† 0.960 

Recognition -0.137 1.097 

Rey Complex Figure Test   

Immediate Recall -0.092 1.056 

Delay Recall -0.091 1.022 

Executive Function   

Letter Fluency (FAS total) -0.176 0.993 

WAIS-IV Digit Span  0.022 1.005 

WAIS-IV Letter-Number Sequencing   -0.270* 1.075 

Trail Making Test (Part B, sec) -0.040 1.109 

WCST Number of Categories -0.172 1.108 

WCST Total Errors    0.261* 0.975 

Stroop Color Word Interference -0.142 1.025 

Processing   

WAIS-IV Coding -0.228* 0.892 

WAIS-IV Symbol Search -0.200† 0.938 

Trail Making Test (Part A, sec)    -0.160 1.198 

Note. One-sample t test for cognitive measures; * = significance p < 0.05; † 

= trend for significance.   
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scores for the cognitive variables were significantly different from zero, a one-sample t 

test was performed for cognitive measures within the domains of memory, executive 

functioning, and processing speed.  The results indicated that WAIS-IV Letter-Number 

Sequencing subtest (t(80) = -2.264, p = 0.026), Wisconsin Card Sort Test, total errors 

(t(78) = -2.377, p = 0.020), and WAIS-IV Coding subtest (t(79) = -2.284, p = 0.030) were 

significantly different from zero and showed a decline in cognitive performance over 

time. A trend was noted for BSRT Delayed Recall (t(80) = -1.903, p = 0.061) and WAIS-

IV Symbol Search subtest (t(80) = -1.919, p = 0.059) both showing nominally decreased 

performance over time.   

 

Age-Related Differences in Cognitive Performance over Time  

 In order to compare the declines in this cohort to other longitudinal cohort studies 

of aging, multiple linear regressions were conducted to predict changes in cognitive 

performance related to age. Baseline age predicted a change in performance over time on 

the WAIS-IV Coding (β = -.238, t(1,80) = -2.160, p = 0.034), WAIS-IV Symbol Search 

(β = -.262, t(1,80) = -2.415, p = 0.018), Trail Making Test, part A (β = -.228, t(1,80) = -

2.083, p = 0.041), and the Trail Making Test, part B (β = -.426, t(1,80) = -4.157, p = 

0.00008), indicating that increased age was related to greater decreases in cognitive 

performance over time (Figure 3.1 - Figure 3.4).  

Results remained significant after controlling for sex and education: WAIS-IV 

Coding (β = -.243, t(3,76) = -2.227, p = 0.034), WAIS-IV Symbol Search (β = -.273, 

t(3,77) = -2.562, p = 0.012), Trail Making Test, part A (β = -.227, t(3,77) = -2.062, p = 

0.043), and the Trail Making Test, part B (β = -.422, t(3,77) = -4.147, p = 0.00009).
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Figure 3.1 Relation between changes in cognitive performance on WAIS-IV Symbol 

Search subtest and baseline age.  
 

 

 

Note. Regression plots showing the relation between residualized change scores on the 

WAIS-IV Symbol Search and baseline age showing decreased performance over two-

years with increasing age. 

 

 

 

 

 

 

 

 

 

 

 

 

r2 = 0.07 

p = 0.02 

N= 81 
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Figure 3.2 Relation between changes in cognitive performance on WAIS-IV Coding 

subtest and baseline age.  

 

 
 

Note. Regression plots showing the relation between residualized change scores on the 

WAIS-IV Coding and baseline age showing decreased performance over two-years with 

increasing age. 

 

 

 

 

 

 

 

r2 = 0.06 

p = 0.03 

N= 81 
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Figure 3.3 Relation between changes in cognitive performance on Trail Making Test, part 

A and baseline age.  

 

 
 

Note. Regression plots showing the relation between residualized change scores on the 

Trail Making Test, part A and baseline age showing decreased performance over two-

years with increasing age. 

 

 

 

 

 

 

 

 

r2 = 0.06 

p = 0.04 

N= 81 
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Figure 3.4 Relation between changes in cognitive performance on Trail Making Test, part 

B and baseline age.  

 

 
 

Note. Regression plots showing the relation between residualized change scores on the 

Trail Making Test, part B and baseline age showing greater decreased performance over 

two-years with increasing age. 

 

 

 

 

 

 

 

r2 = 0.19 

p = 0.00008 

N= 81 
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Results also remained significant after controlling for duration to follow-up (M = 1.965, 

SD = 0.22): WAIS-IV Coding (β = -.235, t(2,78) = -2.067, p = 0.041), WAIS-IV Symbol 

Search (β = -.268, t(2,78) = -2.396, p = 0.019), Trail Making Test, part A (β = -.230, 

t(2,78) = -2.031, p = 0.046), and the Trail Making Test, part B (β = -.406, t(2,78) = -

3.861, p = 0.0002). 

 

Effects of Dipping Status on Cognitive Performance over Time 

The results of the three-factor ANOVA showed main effects for dipping status on 

two memory measures, RCFT Immediate (F(1,73) = 4.95, p = 0.029) and Delayed Recall  

(F(1,73) = 5.10, p = 0.027), with the nocturnal non-dippers showing greater differences 

compared to dippers on these two memory measures over time (Figure 3.5 and Figure 

3.6). No differences for dipping status were observed for tests of executive function 

(0.107 ≤ F(1,73) ≤ 2.731) and processing speed (0.103 ≤ p ≤  0.745). One-sample t tests 

were performed to test if the change in cognitive performance over time for each group 

was significantly different from zero, results indicated that the non-dipping group 

exhibited significant decline over time on the RCFT Immediate (t(38) = -2.092, p = .043) 

and Delayed Recall (t(38) = -2.413, p = .021). For the dipping group, cognitive change 

over time was not significantly different from zero on the RCFT Immediate (t(41) = 

0.699, p = .489) and Delayed Recall (t(41) = 0.801, p = .428).  

For RCFT Immediate recall, the results remained significant when controlling for 

age (F(1,72) = 4.247, p = 0.043), sex (F(1,72) = 4.875, p = 0.030), education (F(1,72) = 

4.619, p = 0.035), and follow-up duration (F(1,72) = 4.657, p = 0.034). Furthermore, the 

results were significant when controlling for duration of hypertension (F(1,72) = 4.755, p 
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Figure 3.5 ANOVA main effects for dipping status on residual change scores for Rey 

Complex Figure Test Immediate Recall.  

 

 

 

Note. Nocturnal systolic blood pressure dipping status group differences on residual 

change for the Rey Complex Figure Test Immediate Recall (standard error bars are 

shown) showing a significant main effect for dipping status (F(1,73) = 4.95, p = 0.029) 

with the nocturnal non-dippers showing greater decline compared to dippers over time. 

Non-dipping = participants with <10% reduction of nocturnal systolic blood pressure 

relative to average diurnal systolic blood pressure; Dipping = participants with ≥10% 

reduction of nocturnal systolic blood pressure relative to average diurnal systolic blood 

pressure. * = significance p < 0.05. 

 

 

 

 

* 
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Figure 3.6 ANOVA main effects for dipping status on residual change scores for Rey 

Complex Figure Test Delayed Recall.  

 

 

Note. Nocturnal systolic blood pressure dipping status group differences on residual 

change scores for the Rey Complex Figure Test Delay Recall (standard error bars are 

shown), showing a significant main effects for dipping status (F(1,73) = 5.10, p = 0.027) 

with the nocturnal non-dippers showing greater decline compared to dippers over time. 

Non-dipping = participants with <10% reduction of nocturnal systolic blood pressure 

relative to average diurnal systolic blood pressure; Dipping = participants with ≥10% 

reduction of nocturnal systolic blood pressure relative to average diurnal systolic blood 

pressure. * = significance p < 0.05. 

 

 

 

* 
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= 0.032), BMI (F(1,72) = 5.636, p = 0.020), and history of diabetes (F(1,72) = 4.118, p = 

0.046). For RCFT Delayed Recall, the results remained significant after controlling for 

age (F(1,72) = 4.467, p = 0.038), sex (F(1,72) = 5.019, p = 0.028), education (F(1,72) = 

4.733, p = 0.033), and follow-up duration (F(1,72) = 5.014, p = 0.028). When including 

additional cardiovascular risk factors as covariates, the results remained significant for 

duration of hypertension (F(1,72) = 5.386, p = 0.023) and BMI (F(1,72) = 5.725, p = 

0.019); however, the results were reduced to a trend when history of diabetes was added 

as a covariate (F(1,72) = 3.270, p = 0.075).   

To insure the effects were not explained by demographic and clinical 

characteristic differences between the groups, additional follow-up analyses controlled 

for these variables. For RCFT Immediate Recall, the results remained significant after 

controlling for GDS total (F(1,73) = 4.737, p = 0.033), MMSE (F(1,73) = 4.026, p = 

0.049), 24-hour mean systolic BP (F(1,73) = 4.683, p = 0.034), and 24-hour mean 

diastolic BP (F(1,73) = 4.044, p = 0.048). For RCFT Delayed Recall, the results 

remained significant after controlling for GDS total (F(1,73) = 5.297, p = 0.024), MMSE 

(F(1,73) = 4.538, p = 0.037), 24-hour mean systolic BP (F(1,73) = 5.469, p = 0.022), and 

24-hour mean diastolic BP (F(1,73) = 5.069, p = 0.027). Also given the high prevalence 

of diabetes in the non-dipping group, follow-up analyses excluded the 4 participants 

diagnosed with diabetes. With the exclusion of these 4 participants, follow-up ANOVA 

showed that for RCFT Immediate Recall the results remained significant (F(1,69) = 

4.605, p = 0.035); however, the results were reduced to a trend with RCFT Delayed 

Recall (F(1,69) = 3.736, p = 0.057). 
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Effects of Hypertension Status on Cognitive Performance over Time 

There was a significant main effect for hypertension status on one test of 

executive functioning, the WAIS-IV Digit Span subtest (F(1,73) = 9.95, p = 0.002), with 

the hypertensive group performing better over time than the group with no history of 

hypertension (Figure 3.7). One-sample t tests were performed to test if the change in 

cognitive performance over time for each group was significantly different from zero, 

results indicated that the hypertensive group exhibited significant improvement over time 

on WAIS-IV Digit Span (t(32) = 2.221, p = .034) while the normotensive group was not 

significantly different from zero (t(48) = -1.690, p = .098) indicating no significant 

change over time.  

This main effect remained significant after controlling for age (F(1,72) = 10.424, 

p = 0.002), sex (F(1,72) = 9.618, p = 0.003), education (F(1,72) = 8.936, p = 0.004), and 

follow-up duration (F(1,72) = 9.940, p = 0.002). With the addition of other 

cardiovascular risk factors as covariates, the main effects for hypertension remained 

significant: BMI (F(1,72) = 10.042, p = 0.002) and history of diabetes (F(1,72) = 9.583, p 

= 0.003). When controlling for demographic and clinical variable differences between 

hypertensive and normotensive groups, the results remained significant for clinic systolic 

BP (F(1,71) = 8.332, p = 0.005), clinic diastolic BP (F(1,71) = 8.569, p = 0.005), history 

of cholesterol (F(1,72) = 9.494, p = 0.003), 24-hour mean systolic BP (F(1,72) = 9.304, p 

= 0.003), 24-hour mean diastolic BP (F(1,72) = 8.151, p = 0.006), and number of hours 

of sleep (F(1,73) = 8.720, p = 0.004).   
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Figure 3.7 ANOVA main effects for hypertension on residual change scores for WAIS-

IV Digit Span subtest.  

 

 
 

Note. Hypertension status group differences on the residual change scores for WAIS-IV 

Digit Span subtest (standard error bars are shown), showing a significant main effect for 

hypertension status on one test of executive functioning, the WAIS-IV Digit Span subtest 

(F(1,73) = 9.95, p = 0.002), with the hypertensive group performing better over time than 

the group with no history of hypertension. HTN = hypertension status; NHT = No 

previous diagnosis of hypertension. * = significance p < 0.05. 

 

 

 

 

 

* 
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Effect of Family History of Hypertension on Cognitive Performance over Time 

There was a significant main effect for family history of hypertension on one 

measure of executive function, WAIS-IV Letter-Number Sequencing subtest (F(1,73) = 

5.19, p = 0.026), with the negative family history of hypertension group performing 

worse  over time than the group with a positive family history of hypertension (Figure 

3.8). One-sample t tests were performed to test if the change in cognitive performance 

over time for each group was significantly different from zero, results indicated that the 

group without a family history of hypertension exhibited significant decline over time on 

the WAIS-IV Letter-Number Sequencing (t(3) = -2.546, p = .015) while the group with a 

family history of hypertension was not significantly different from zero (t(40) = -0.434, p 

= .666) indicating no significant change over time.  

The main effect for family history of hypertension and WAIS-IV Letter-Number 

Sequencing remained significant after controlling for age (F(1,72) = 4.186, p = 0.044), 

follow-up duration (F(1,72) = 5.385, p = 0.023), and education (F(1,72) = 4.775, p = 

0.032), but was reduced to a trend when sex was added as a covariate (F(1,72) = 3.082, p 

= 0.083) and when MMSE was added as a covariate (F(1,72) = 3.930, p = 0.051). After 

controlling for duration of hypertension the effects were reduced to a trend (F(1,72) = 

3.576, p = 0.063). The results remained significant after controlling for history of 

diabetes (F(1,72) = 5.103, p = 0.027) and BMI (F(1,72) = 4.338, p = 0.041).  

A trend for a main effect for family history of hypertension was observed on the 

WAIS-IV Digit Symbol Coding subtest (F(1,73) = 3.52, p = 0.065) and one measure of 

memory, RCFT Immediate Recall (F(1,73) = 3.53, p = 0.064), with the group with a 

positive family history of hypertension performing more poorly over time (WAIS-IV
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Figure 3.8 ANOVA main effects for family history of hypertension on residual change 

scores for WAIS-IV Letter-Number Sequencing subtest.  
 

 
 

Note. Family history of hypertension status group differences on the residual change 

scores for WAIS-IV Letter-Number Sequencing subtest (standard error bars are shown), 

showing a significant main effect for family history of hypertension on one measure of 

executive function, WAIS-IV Letter-Number Sequencing subtest (F(1,73) = 5.19, p = 

0.026), with the negative family history of hypertension group performing more poorly 

over time. Negative = negative family history of hypertension; Positive = Positive family 

history of hypertension. * = significance p < 0.05. 

  

 

 

 

 

* 
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Digit Coding: M = -0.134, SD = 1.02; RCFT Immediate Recall: M = -0.262, SD = 1.24) 

compared to the group with a negative family history of hypertension (WAIS-IV Digit 

Coding: M = 0.182, SD = 0.97; RCFT Immediate Recall: M = 0.083, SD = 0.79).  

 

Interactive Effects of Dipping Status, Hypertension, and Family History of Hypertension 

on Cognitive Performance over Time  

Testing the interactive effects for family history of hypertension, nocturnal blood 

pressure dipping status, and hypertension status on measures of cognitive performance 

revealed a nocturnal dipping status by hypertension interaction for one executive function 

measure, WCST total errors (F(1,73) = 4.24, p = 0.043). Simple effects analysis of the 

interaction for the executive function measure, WCST total errors, showed no significant 

differences between any of the groups (see Figure 3.9), but there was a trend between the 

non-dipping group with and without hypertension (t(36) = -1.71, p = 0.096) with non-

dipping hypertensive group showing less increases over time, likely reflecting diminished 

practice effects (M = -0.05, SD = 0.74) compared to the dipping hypertensive group (M = 

0.51, SD = 1.31).  One-sample t tests were performed to test if the change in cognitive 

performance over time for each group was significantly different from zero, the non-

dipping hypertensive group (t(15) = -0.293, p = .774) and the dipping normotensive 

group (t(24) = 0.942, p = .356) were both not significantly different from zero, indicating 

no significant change over time. There was a significant difference for the dipping 

hypertensive group (t(14) = 2.177, p = .047), and a trend for the non-dipping 

normotensive group (t(22) = 1.869, p = .075) indicating better performance over time.  
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Figure 3.9 Interactive effects for dipping status and hypertension on Wisconsin Card Sort 

Test – total errors residual change scores.  
 

 
 

 

Note. Nocturnal systolic blood pressure dipping status and history of hypertension group 

effects for mean residual change on the Wisconsin Card Sort Test - Total Errors (standard 

error bars are shown). Simple effects analysis of the interactions for WCST total errors 

showed no significant differences between any of the groups, but there was a trend in the 

non-dipping group with and without hypertension (t(36) = -1.71, p = 0.096) with non-

dipping hypertensive group showing greater decline compared to the dipping 

hypertensive group. BP = blood pressure; HTN = hypertension; NHT = No history of 

hypertension. Simple effects comparisons were not significant. † = trend for significance. 

* = significance p < 0.05.  

† 
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The interactive effects of dipping status and hypertension on WCST total errors 

remained significant after controlling for age (F(1,72) = 4.415, p = 0.039), sex (F(1,72) = 

4.201, p = 0.044), and education (F(1,72) = 4.300, p = 0.042). The results also remained 

significant with the addition of other cardiovascular factors covariates including duration 

of hypertension (F(1,72) = 4.144, p = 0.046), BMI (F(1,72) = 4.176, p = 0.045), and 

history of diabetes (F(1,72) = 4.177, p = 0.045). When controlling for follow-up duration 

the results were reduced to a trend (F(1,72) = 3.750, p = 0.057). When controlling for 

demographic and clinical variable differences between either dipping or hypertensive 

groups as an additional follow-up for the interaction of hypertension and dipping status 

on WCST total errors, the results remained significant when controlling for PSQI sleep 

quality (F(1,70) = 3.828, p = 0.049), history of cholesterol (F(1,70) = 4.334, p = 0.041), 

24-hour mean diastolic BP (F(1,70) = 4.331, p = 0.041), number of hours of sleep 

(F(1,70) = 4.076, p = 0.047), MMSE (F(1,70) = 5.207, p = 0.026), and GDS total 

(F(1,73) = 4.451, p = 0.038). The results were reduced to trends when controlling for 

clinic systolic BP (F(1,69) = 2.875, p = 0.094), clinic diastolic BP (F(1,69) = 3.527, p = 

0.065), and 24-hour mean systolic BP (F(1,72) = 3.534, p = 0.064).  

There were no significant family history of hypertension by nocturnal dipping 

interactions (0.001 ≤ F(1,73) ≤ 1.466, 0.230 ≤ p ≤  0.979), but there was a trend for 

family history of hypertension by dipping interaction on one measure of processing 

speed, WAIS-IV Coding subtest (F(1,73) = 3.33, p=0.072). Exploratory simple effects 

analysis of the interaction showed a trend between the dipping group with and without a 

family history of hypertension (t(39) = -1.89, p = 0.067) with the dipping, positive family 

history of hypertension group showing greater decline in performance (M = -0.48, SD = 
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0.93) compared to the dipping group with a negative family history of hypertension (M = 

0.03, SD = 0.75). There was also an exploratory trend for simple effect differences 

between the dipping and non-dipping groups with a positive family history of 

hypertension (t(37) = -1.79, p = 0.082) with the dipping, positive family history of 

hypertension group showing decreased performance (M = -0.48, SD = 0.93) compared to 

the non-dipping group with a positive family history of hypertension (M = 0.03, SD = 

1.09). 

There were no significant family history of hypertension by hypertension status 

interactions (0.012 ≤ F(1,73) ≤ 2.651, 0.108 ≤ p ≤  0.915), but there was a trend for 

family history of hypertension by hypertension interaction on one measure of executive 

functioning, Stroop Color-Word Inhibition (F(1,73) = 3.61, p=0.061). Exploratory simple 

effects analysis of the interaction for the executive function measure, Stroop Color-Word 

Inhibition, showed significant differences between the hypertensive group with and 

without a family history of hypertension (t(30) = 2.17, p = 0.038) with the hypertensive, 

negative family history of hypertension group showing greater decline in performance (M 

= -0.59, SD = 0.96) compared to the hypertensive group with a positive family history of 

hypertension (M = 0.15, SD = 0.95).  

In addition, a single 3-way hypertension by dipping status by family history of 

hypertension interaction was observed for the SRT Recognition (F(1,73) = 5.31, 

p=0.024), indicating that within the group without a family history of hypertension there 

was a significant difference between the non-dipping group with hypertension and the 

non-dipping group without hypertension (t(17) = -4.05, p = 0.001) with the normotensive, 

non-dipping group with a negative family history of hypertension showing greater 
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decline (M = -0.73, SD = 1.23) than the hypertensive, non-dipping group with a negative 

family history of hypertension (M = 0.72, SD = 0.34). Furthermore, within the 

normotensive group there was a significant difference between the dipping group with 

and without a family history of hypertension (t(22) = -2.307, p = 0.031) with the 

normotensive, dipping group without a family history of hypertension showing greater 

decline (M = -0.73, SD = 1.23) than normotensive, dipping group with a family history of 

hypertension (M = 0.13, SD = 0.66). A trend was noted within the hypertensive group for 

a difference between the dipping group with and without a family history of hypertension 

(t(14) = 1.995, p = 0.066) with the hypertensive, dipping group with a family history 

group having greater decline (M = -0.03, SD = 0.66) than the hypertensive, dipping group 

without a family history of hypertension (M = -0.72, SD = 0.34). There was a trend 

between the hypertensive, positive family history group and the normotensive, negative 

family history of hypertension group (t(22) = 2.06, p = 0.052) with the normotensive, 

negative family history group having greater decline (M = -0.73, SD = 1.23) than the 

hypertensive, positive family history of hypertension (M = -0.03, SD = 0.66).  

The 3-way interactive effect remained significant after controlling for age 

(F(1,72) = 4.861, p = 0.031), sex (F(1,72) = 5.252, p = 0.025), and education (F(1,72) = 

5.330, p = 0.024). When controlling for other cardiovascular factors such as duration of 

hypertension (F(1,72) = 4.976, p = 0.029), BMI (F(1,72) = 6.183, p = 0.015), history of 

diabetes (F(1,72) = 6.018, p = 0.017), and follow-up duration  (F(1,72) = 4.784, p = 

0.032) the results remained significant.   

 

Symmetrized Percent Change in Cortical Surface Area, Thickness, and Volume  
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Tables 3.5 and 3.6 provide the means and standard deviations for the right and left 

hemisphere symmetrized percent change for cortical surface area, thickness, and volume. 

To investigate whether the percent change for cortical measures was significantly 

different from zero, a one-sample t test was performed for a restricted number of cortical 

areas within the frontal, temporal, parietal, and cingulate cortex.  The results indicated 

that for the left hemisphere surface area, percent change in superior frontal (t(80) = -

2.899, p = 0.005),  caudal middle frontal (t(80) = -2.078, p = 0.041), parahippocampal 

(t(80) = -2.072, p = 0.041), precuneus (t(80) = -4.429, p = 0.00003),  superior parietal 

(t(80) = -3.268, p = 0.002), inferior parietal (t(80) = -4.128, p = 0.00009),  supramarginal 

(t(80) = -3.740, p = 0.0003), caudal anterior cingulate (t(80) = -4.333, p = 0.00004), and 

posterior cingulate(t(80) = -5.395, p = 6.7e-7) were significantly different from zero and 

indicated decreases in cortical surface area over two-years. For the right hemisphere 

surface area, percent change was significantly different than zero in precuneus (t(80) = -

2.571, p = 0.012), caudal anterior cingulate (t(80) = -3.181, p = 0.002), posterior 

cingulate (t(80) = -4.094, p = 0.0001), and isthmus cingulate (t(80) = -3.904, p = 0.0002), 

showing regional declines in right hemisphere surface area over time.  

For the left hemisphere change in thickness was significantly different than zero 

in the superior temporal (t(80) = -2.649, p = 0.010),  entorhinal (t(80) = -2.873, p = 

0.005), parahippocampal (t(80) = -2.653, p = 0.010), precuneus (t(80) = -3.282, p = 

0.002), and posterior cingulate (t(80) = -2.306, p = 0.024) with regional declines in 

cortical thickness. For the right hemisphere change in thickness was significantly 

different from zero in the superior frontal (t(80) = -3.452, p = 0.001),  rostral middle 

frontal (t(80) = -3.311, p = 0.001), medial orbitofrontal (t(80) = -2.808, p = 0.006),  



78 

 

 

Table 3.5 Means and standard deviations for symmetrized percent change for cortical 

structures in the left hemisphere.   

Region Percentage Annual Longitudinal Cortical Change 

 

Thickness 

 

Surface Area 

 

Volume 

  Mean SD   Mean SD   Mean SD 

Frontal 

        Superior Frontal -0.189 1.079  -0.285** 0.884  -0.456** 1.331 

Rostral Middle Frontal -0.059 1.370  -0.169 1.467  -0.191 1.916 

Caudal Middle Frontal -0.212 1.891  -0.280* 1.213  -0.420 2.144 

Medial Orbitofrontal -0.361 1.682  -0.526 3.269  -0.478 2.779 

Temporal 

        Superior Temporal -0.396** 1.346  -0.192 0.938  -0.575** 1.470 

Middle Temporal -0.051 1.638  -0.182 1.485  -0.257 2.020 

Entorhinal -0.748** 2.345  0.045 4.253  -0.523 4.315 

Parahippocampal -0.638** 2.164  -0.315* 1.366  -0.737* 2.697 

Parietal 

        Precuneus -0.555** 1.523  -0.428** 0.870  -0.766** 1.959 

Superior Parietal -0.384 1.759  -0.322** 0.887  -0.567* 2.055 

Inferior Parietal -0.301 1.692  -0.414** 0.903  -0.531* 2.001 

Supramarginal -0.233 1.512  -0.316** 0.759  -0.458* 2.027 

Cingulate 

        Rostral Anterior Cingulate 0.050 1.824  -0.489 2.236  -0.145 2.001 

Caudal Anterior Cingulate -0.138 2.337  -0.803** 1.667  -0.715** 1.922 

Posterior Cingulate -0.451** 1.762  -1.025** 1.710  -0.996** 2.139 

Isthmus Cingulate -0.324 2.114   -0.278 1.809   -0.474* 2.002 

Note. One-sample t test for changes in cortical measures over time; * = significance p < 

0.05; ** = significance p < 0.01 
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Table 3.6 Means and standard deviations for symmetrized percent change for cortical 

structures in the right hemisphere.   

Region Percentage Annual Longitudinal Cortical Change 

 

Thickness 

 

Surface Area 

 

Volume 

  Mean SD   Mean SD   Mean SD 

Frontal 

        Superior Frontal -0.503** 1.312 

 

-0.162 0.934 

 

-0.596** 1.478 

Rostral Middle Frontal -0.643** 1.748 

 

0.230 1.119 

 

-0.568** 1.934 

Caudal Middle Frontal -0.166 1.565 

 

-0.078 1.458 

 

-0.098 1.939 

Medial Orbitofrontal -0.544** 1.743 

 

-0.157 2.327 

 

-0.224 2.216 

Temporal 

        Superior Temporal -0.634** 1.307 

 

-0.016 0.912 

 

-0.565** 1.498 

Middle Temporal -0.365* 1.343 

 

0.289 1.892 

 

-0.162 1.944 

Entorhinal -0.931** 2.732 

 

-0.095 5.272 

 

-0.970 4.973 

Parahippocampal -0.528* 2.150 

 

-0.459 2.822 

 

-0.679* 3.041 

Parietal 

        Precuneus -0.446** 1.456 

 

-0.222** 0.777 

 

-0.551** 1.859 

Superior Parietal -0.210 1.749 

 

-0.123 0.851 

 

-0.210 2.082 

Inferior Parietal -0.059 1.680 

 

-0.087 0.748 

 

-0.068 2.093 

Supramarginal 0.029 2.008 

 

-0.054 0.988 

 

0.133 2.580 

Cingulate 

        Rostral Anterior Cingulate -0.321 2.267 

 

-0.318 2.588 

 

-0.293 2.248 

Caudal Anterior Cingulate -0.699** 1.769 

 

-0.542** 1.535 

 

-0.815** 1.615 

Posterior Cingulate -0.459* 1.676 

 

-0.651** 1.430 

 

-0.790** 1.902 

Isthmus Cingulate -0.168 1.878   -0.733** 1.690   -0.603** 1.710 

Note. One-sample t test for changes in cortical measures over time; * = significance p < 

0.05; ** = significance p < 0.01 
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superior temporal (t(80) = -4.266, p = 0.00004), middle temporal (t(80) = -2.443, p = 

0.017), entorhinal (t(80) = -3.068, p = 0.003), parahippocampal (t(80) = -2.212, p = 

0.030), precuneus (t(80) = -2.756, p = 0.007), caudal anterior cingulate (t(80) = -3.558, p 

= 0.001), and posterior cingulate (t(80) = -2.464, p = 0.016) and indicated decreases in 

cortical surface thickness over a two-year period. 

 The results for cortical volume within the left hemisphere indicated that percent 

change in superior frontal (t(80) = -3.085, p = 0.003),  superior temporal (t(80) = -3.523, 

p = 0.001), parahippocampal (t(80) = -2.460, p = 0.016), precuneus (t(80) = -3.517, p = 

0.001),  superior parietal (t(80) = -2.484, p = 0.015), inferior parietal (t(80) = -2.390, p = 

0.015), supramarginal (t(80) = 2.034, p = 0.045), caudal anterior cingulate (t(80) = -

3.347, p = 0.001), posterior cingulate (t(80) = -4.189, p = 0.00007), and isthmus cingulate 

(t(80) = -2.130, p = 0.036) were significantly different from zero with declines in cortical 

volume over time. For the right hemisphere cortical volume, percent change was 

significantly different than zero in superior frontal (t(80) = -3.629, p = 0.001), rostral 

middle frontal (t(80) = -2.644, p = 0.010), superior temporal (t(80) = -3.396, p = 0.001), 

parahippocampal (t(80) = -2.008, p = 0.048), precuneus (t(80) = -2.667, p = 0.009), 

caudal anterior cingulate (t(80) = -4.543, p = 0.00002), posterior cingulate (t(80) = -

3.736, p = 0.0004), and isthmus cingulate (t(80) = -3.175, p = 0.002), showing regional 

declines in right hemisphere cortical volume over time. 

 

Effects of Age on Symmetrized Percent Change in Cortical Surface Area, Thickness, and 

Volume  
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To assess for the effect of age on rates of decline in cortical surface area, 

thickness, and volume, MANOVA analyses were performed with a median age split as 

the independent factor. Differences between age groups (Younger group M = 68.19, SD = 

2.58; Older group M = 77.72, SD = 2.55) in symmetrized percent change rates for the 

three structural measures (cortical thickness, surface area, and volume) are shown in 

Table 3.7. Multivariate omnibus effects showed significant differences between age 

groups in cortical volume changes within the left temporal lobe (Λ = 0.874, F(1, 80) = 

2.751, p = 0.034). Univariate between-subject effects showed a significant relationship 

between age and change in cortical volume in the left parahippocampus (F(1,79) = 

12.349, p = 0.001), indicating that the older group had greater declines in volume 

compared to the younger group. There was also significant multivariate omnibus effects 

of age on change in cortical thickness in the left temporal lobe (Λ = 0.817, F(1, 80) = 

4.253, p = 0.004), and univariate between-subject effects showed a significant 

relationship with age in the left parahippocampus (F(1,79) = 11.446, p = 0.001), again 

showing that older age group had greater declines in thickness compared to the younger 

age group (Figures 3.10 and 3.11).  

  After controlling for white matter hyperintensity lesion volume at baseline and 

sex, both the left parahippocampal volume (F(1,77) = 11.149, p = 0.001) and left 

parahippocampal thickness (F(1,77) = 10.351, p = 0.002) remained significant. When 

controlling for follow-up duration the results were significant: left parahippocampal 

volume (F(1,78) = 8.633, p = 0.004) and left parahippocampal thickness (F(1,78) = 

11.245, p = 0.001). 
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Table 3.7 Multivariate analysis of variance (MANOVA) comparing age groups on 

changes in regional cortical structure measures. 

 

Right Hemisphere Age Split Left Hemisphere Age Split 

  F p-value   F p-value 

Frontal 

  

Frontal 

  Thickness 0.429 NS Thickness 0.720 NS 

Surface Area 0.729 NS Surface Area 1.146 NS 

Volume 0.385 NS Volume 0.887 NS 

Temporal 

  

Temporal 

  Thickness 0.885 NS Thickness 4.253 0.004 

Surface Area 0.211 NS Surface Area 0.721 NS 

Volume 1.889 NS Volume 2.751 0.034 

Parietal 

  

Parietal 

  Thickness 0.294 NS Thickness 1.535 NS 

Surface Area 2.444 0.054 Surface Area 0.444 NS 

Volume 1.181 NS Volume 1.635 NS 

Cingulate 

  

Cingulate 

  Thickness 0.495 NS Thickness 0.555 NS 

Surface Area 0.707 NS Surface Area 0.449 NS 

Volume 0.955 NS Volume 0.320 NS 

Note. NS = Not significant; Age Split = median age split. 
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Figure 3.10 Effects of age on symmetrized percent change for left hemisphere 

parahippocampal thickness.  

 

 
 

Note. Age median split group differences on the symmetrized percent change for left 

hemisphere parahippocampal thickness (standard error bars are shown), showing a 

significant difference between the younger and older groups (F(1,79) = 11.446, p = 

0.001), with the older group having greater decline over time. * = significance p < 0.05. 

 

 

 

 

 

 

 

* 
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Figure 3.11 Effects for age median split on symmetrized percent change for left 

hemisphere parahippocampal volume.  

 

 
 

Note. Age median split group differences on the symmetrized percent change for left 

hemisphere parahippocampal volume (standard error bars are shown), showing a 

significant difference between the younger and older groups (F(1,79) = 12.349, p = 

0.001), with the older group having greater decline over time. * = significance p < 0.05. 

 

 

 

 

 

 

* 
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A multivariate omnibus trend was noted in the right parietal surface area (Λ = 

0.886, F(1, 80) = 2.444, p = 0.054). Exploratory univariate between-subject effects for 

the right parietal surface area showed a significant relationship between age and right 

inferior parietal cortex (F(1,79) = 5.970, p = 0.017), indicating that the older group had 

greater decline in surface areas than the younger group. The results were reduced to a 

trend after controlling for sex and white matter hyperintensity lesion volume at baseline 

(F(1,77) = 3.558, p = 0.063). The results were significant when controlling for follow-up 

duration (F(1,78) = 7.890, p = 0.006). There were no significant difference between the 

younger and older age groups for thickness, surface area, and volume in the left and right 

frontal lobes and within the left and right cingulate (0.006 ≤ F(1,79) ≤ 1.126, 0.292 ≤ p ≤  

0.940).  

 

Effects of Nocturnal Blood Pressure Status on Symmetrized Percent Change in Cortical 

Surface Area, Thickness, and Volume 

Associations between dipping status and symmetrized percent change rates for the 

three structural measures (cortical thickness, surface area, and volume) are shown in 

Table 3.8. Multivariate omnibus effects showed significant differences between dipping 

status and cortical volume within the right cingulate (Λ = 0.856, F(6, 74) = 3.159, p = 

0.019). Univariate between-subject effects showed a significant relationship between 

dipping status and surface area in the right caudal anterior cingulate volume (Figure 3.12; 

F(1,74) = 6.924, p = 0.010), indicating significant differences in caudal anterior cingulate 

volume between the dipping (M = -1.184, SD = 1.61) and the non-dipping group (M = -

0.417, SD = 1.52). One-sample t tests were performed to test if the change in the right  
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Figure 3.12 Main effects for dipping status on symmetrized percent change for right 

hemisphere caudal anterior cingulate volume.  

 

 
 

Note. Nocturnal systolic blood pressure dipping status group differences on symmetrized 

percent change for right hemisphere caudal anterior cingulate volume (standard error bars 

are shown), showing a significant main effect for dipping status with the nocturnal non-

dippers showing greater decline compared to dippers over time. Non-dipping = 

participants with <10% reduction of nocturnal systolic blood pressure relative to average 

diurnal systolic blood pressure; Dipping = participants with ≥10% reduction of nocturnal 

systolic blood pressure relative to average diurnal systolic blood pressure. * = 

significance p < 0.05. 

 

* 
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Table 3.8 Multivariate analysis of variance (MANOVA) results for hypertension, dipping status, and family history of hypertension on 

regional structural symmetrized percent change. 

 
Right 

Hemisphere Hypertension   Dipping Status   

Family 

History 

Left 

Hemisphere Hypertension   Dipping Status   

Family 

History 

  F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value 

Frontal 

        

Frontal 

        Thickness 0.774 NS 

 

0.675 NS 

 

0.358 NS Thickness 1.057 NS 

 

1.393 NS 

 

0.329 NS 

Surface Area 2.869 0.029 

 

1.379 NS 

 

2.320 0.065 Surface Area 1.214 NS 

 

1.108 NS 

 

0.451 NS 

Volume 0.231 NS 

 

0.410 NS 

 

1.651 NS Volume 0.584 NS 

 

1.093 NS 

 

0.515 NS 

Temporal 

        

Temporal 

        Thickness 1.733 NS 

 

0.672 NS 

 

0.658 NS Thickness 0.513 NS 

 

1.988 NS 

 

0.094 NS 

Surface Area 0.917 NS 

 

0.315 NS 

 

0.600 NS Surface Area 0.348 NS 

 

2.096 NS 

 

2.024 NS 

Volume 2.425 0.056 

 

0.722 NS 

 

0.211 NS Volume 1.313 NS 

 

1.220 NS 

 

0.799 NS 

Parietal 

        

Parietal 

        Thickness 0.319 NS 

 

1.557 NS 

 

0.283 NS Thickness 0.745 NS 

 

2.262 0.071 

 

0.673 NS 

Surface Area 1.480 NS 

 

1.724 NS 

 

2.008 NS Surface Area 2.190 0.079 

 

1.117 NS 

 

0.163 NS 

Volume 0.338 NS 

 

1.896 NS 

 

0.304 NS Volume 0.566 NS 

 

1.352 NS 

 

1.083 NS 

Cingulate 

        

Cingulate 

        Thickness 0.083 NS 

 

1.104 NS 

 

1.138 NS Thickness 0.818 NS 

 

1.104 NS 

 

1.555 NS 

Surface Area 0.841 NS 

 

0.247 NS 

 

1.137 NS Surface Area 1.544 NS 

 

0.717 NS 

 

1.033 NS 

Volume 0.308 NS   3.159 0.019   0.723 NS Volume 0.363 NS   0.497 NS   0.809 NS 

Note. NS = Not significant; Dipping Status = participants with ≥10% reduction of nocturnal systolic blood pressure relative to average systolic diurnal 

systolic blood pressure; Family History = family history of hypertension in first degree relatives.  
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Table 3.9 Multivariate analysis of covariance (MANCOVA) results for hypertension, dipping status, and family history of 

hypertension on regional structural symmetrized percent change after controlling for age, sex, and white matter hyperintensity volume.  

 
Right 

Hemisphere Hypertension   Dipping Status   

Family 

History 

Left 

Hemisphere Hypertension   Dipping Status   

Family 

History 

  F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value 

Frontal 

        

Frontal 

        Thickness 1.129 NS 

 

1.005 NS 

 

0.319 NS Thickness 1.116 NS 

 

1.904 NS 

 

0.143 NS 

Surface Area 2.761 0.034 

 

0.989 NS 

 

1.685 NS Surface Area 1.291 NS 

 

0.665 NS 

 

0.557 NS 

Volume 0.156 NS 

 

0.957 NS 

 

1.720 NS Volume 0.390 NS 

 

1.128 NS 

 

0.432 NS 

Temporal 

        

Temporal 

        Thickness 1.896 NS 

 

0.685 NS 

 

0.609 NS Thickness 0.655 NS 

 

2.057 NS 

 

0.160 NS 

Surface Area 1.234 NS 

 

0.603 NS 

 

1.152 NS Surface Area 0.336 NS 

 

1.945 NS 

 

2.216 0.076 

Volume 2.524 0.049 

 

0.366 NS 

 

0.241 NS Volume 1.590 NS 

 

1.581 NS 

 

0.491 NS 

Parietal 

        

Parietal 

        Thickness 0.374 NS 

 

2.274 0.070 

 

0.251 NS Thickness 0.671 NS 

 

3.469 0.012 

 

0.757 NS 

Surface Area 1.404 NS 

 

0.937 NS 

 

2.483 0.052 Surface Area 1.187 NS 

 

1.205 NS 

 

0.295 NS 

Volume 0.291 NS 

 

2.776 0.034 

 

0.148 NS Volume 0.404 NS 

 

2.020 NS 

 

1.213 NS 

Cingulate 

        

Cingulate 

        Thickness 0.170 NS 

 

0.797 NS 

 

1.860 NS Thickness 1.092 NS 

 

1.526 NS 

 

1.999 NS 

Surface Area 1.113 NS 

 

0.235 NS 

 

0.905 NS Surface Area 1.692 NS 

 

0.375 NS 

 

0.866 NS 

Volume 0.518 NS   3.641 0.010   1.293 NS Volume 0.322 NS   0.980 NS   0.971 NS 

Note. NS = Not significant; Dipping Status = participants with ≥10% reduction of nocturnal systolic blood pressure relative to average systolic diurnal 

systolic blood pressure; Family History = family history of hypertension in first degree relatives.  
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hemisphere caudal anterior cingulate volume for each group was significantly different 

from zero, results indicated that the non-dipping group exhibited significant decline in 

brain volume over time (t(38) = -4.716, p = .00003) while the dipping group did not 

significantly different from zero (t(41) = -1.712, p = .095) indicating no change over 

time. Multivariate omnibus effects after controlling for age, sex, and white matter 

hyperintensity lesion volume are presented in Table 3.9. The univariate between-subject 

results for the right caudal anterior cingulate remained significant after controlling for 

age, sex, and white matter hyperintensity lesion volume (F(1,72) = 9.333, p = .003), and 

when controlling for follow-up duration (F(1,73) = 6.191, p = 0.015).  

There was a multivariate omnibus trend within the left hemisphere parietal 

thickness (Λ = 0.887, F(6, 74) = 2.262, p = 0.071) and there were no significant 

exploratory univariate between-subject effects (0.013 ≤ F(6,73) ≤ 1.431, 0.235 ≤ p ≤  

0.911). The results for surface area measures with nocturnal dipping status showed no 

significant relationships (0.247 ≤ F(6,73) ≤ 2.096, 0.090 ≤ p ≤  0.911).  

Given the differences on some of the demographic and clinical characteristic 

variables between the dipping and the non-dipping groups, additional follow-up analyses 

controlled for these variables. For the right caudal anterior cingulate volume, the results 

remained significant after controlling for GDS total (F(1,72) = 6.916, p = 0.010), MMSE 

(F(1,72) = 5.947, p = 0.017), 24-hour mean systolic BP (F(1,72) = 7.713, p = 0.007), and 

24-hour mean diastolic BP (F(1,72) = 7.080, p = 0.010). Given the high prevalence of 

diabetes in the non-dipping group, follow-up analyses excluded the 4 participants 

diagnosed with diabetes and the results remained significant (F(1,69) = 7.829, p = 0.007). 

 



90 

 

Hypertension Status Differences in Symmetrized Percent Change in Cortical Surface 

Area, Thickness, and Volume 

Multivariate omnibus effects showed significant differences as a function of 

hypertension status on cortical surface area within the right frontal lobe (Λ = 0.861, F(6, 

74) = 2.869, p = 0.029). Univariate between-subject effects showed a significant 

relationship between hypertension and surface area in the right medial orbital frontal 

(Figure 3.13; F(1,74) = 4.572, p = 0.036), indicating a significant difference between the 

normotensive group (M = -0.400, SD = 2.15) and hypertensive group (M = 0.103, SD 

=2.64). One-sample t tests were performed to test if the change in the right hemisphere 

medial orbitofrontal surface area was significantly different from zero, results indicated 

that the hypertensive group exhibited significant increases over time (t(31) = 2.221, p = 

.034) while the normotensive group did not significantly change over time (t(48) = -

1.690, p = .098). After controlling for age and white matter hyperintensity lesion volume 

at baseline, the univariate between-subject effect for the right medial orbitofrontal area 

remained significant (F(1,72) = 4.389, p = 0.040), and were significant after controlling 

for follow-up duration (F(1,73) = 4.512, p = 0.037).  

When controlling for demographic and clinical variable differences between 

hypertensive and normotensive groups as an additional follow-up, the results for the right 

medial orbital frontal surface area remained significant when controlling for clinic 

systolic BP (F(1,71) = 5.893, p = 0.018), clinic diastolic BP (F(1,71) = 5.825, p = 0.018), 

history of cholesterol (F(1,72) = 7.173, p = 0.009), 24-hour mean systolic BP (F(1,72) = 

7.938, p = 0.006), 24-hour mean diastolic BP (F(1,72) = 5.371, p = 0.023), and number of 

hours of sleep (F(1,72) = 6.872, p = 0.011). 
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Figure 3.13 Main effects for hypertension status on symmetrized percent change for right 

hemisphere medial orbitofrontal surface area. 

 

 
 

Note. Hypertension status group differences on symmetrized percent change for right 

hemisphere medial orbitofrontal surface area (standard error bars are shown), showing a 

significant main effects for hypertension status with the hypertensive group having 

increased surface area over time compared to the group without a diagnosis of 

hypertension. HTN = hypertension status; NHT = No previous diagnosis of hypertension. 

* = significance p < 0.05. 

 

 

 

 

* 
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A trend was observed for cortical volume within the right temporal lobe (Λ = 

0.961, F(6, 74) = 2.425, p = 0.056) and surface area in the left parietal lobe (Λ = 0.890, 

F(6, 74) = 2.190, p = 0.079). There were no significant univariate between-subject effects 

for right temporal lobe volume. Exploratory univariate between-subject effects for the left 

parietal lobe surface area revealed significant differences in the superior parietal (F(1,74) 

= 7.703, p = 0.007) and supramarginal area (F(1,74) = 4.102, p = 0.046) with a trend 

noted for theinferior parietal (F(1,74) = 3.047, p = 0.085), all showing the hypertensive 

group had greater differences (superior parietal: M = -0.650, SD = 0.89; supramarginal: 

M = -0.542, SD = 0.83; inferior parietal: M = -0.660, SD = 1.01) compared to the 

normotensive group (superior parietal: M = -0.108, SD = 0.88; supramarginal: M = -

0.167, SD = 0.68; inferior parietal: M = -0.254, SD = 0.80). The results for cortical 

thickness and hypertension status showed no significant relationships with any of the 

regions (0.083 ≤ F(6,73) ≤ 1.733, 0.152 ≤ p ≤  0.987). 

 

Family History of Hypertension Differences in Symmetrized Percent Change in Cortical 

Surface Area, Thickness, and Volume 

Multivariate omnibus effects for family history of hypertension showed a trend 

with right frontal lobe surface area (Λ = 0.884, F(6, 74) = 2.320, p = 0.065). Exploratory 

between-subject effects showed a trend for the medial orbitofrontal surface area (F(1,74) 

= 3.714, p = 0.058). The results for cortical thickness and cortical volume with 

hypertension status showed no significant relationships with any of the regions for family 

history of hypertension (0.094 ≤ F(1,73) ≤ 1.651, 0.171 ≤ p ≤  0.984). 
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Interactive Effects of Nocturnal Blood Pressure Status and Hypertension on Symmetrized 

Percent Change within Cortical Surface Area, Thickness, and Volume 

There were no interactive effects between hypertension status and nocturnal 

dipping status for cortical thickness or volume measures (0.192 ≤ F(1,73) ≤ 1.536, 0.201 

≤ p ≤  0.942; Table 3.10). For surface area, there was a significant multivariate omnibus 

interaction between dipping and hypertensive status in right frontal regions (Λ = 0.884, 

F(6, 74) = 3.814, p = 0.007). The univariate between-subject effects for the right frontal 

regions showed a significant interaction in rostral middle frontal (F(1,74) = 7.867, p = 

0.006), the caudal middle frontal (F(1,74) = 5.863, p = 0.018), and the medial orbital 

frontal (F(1,74) = 5.597, p = 0.021).  

For the right rostral middle frontal area (Figure 3.14), simple effects analysis 

revealed significant differences between the non-dipping group with and without 

hypertension (t(37) = 2.443, p = 0.019) with the non-dipping group without hypertension 

having increases in surface area (M = 0.658, SD = 1.41) and the non-dipping hypertensive 

group having decreases in surface area (M = -0.338, SD = 0.98). Significant differences 

were noted between the dipping and non-dipping group with hypertension (t(30= -2.584, 

p = 0.015) showing the non-dipping group with hypertension have less surface area (M = 

-0.338, SD = 0.98) compared to the dipping, hypertensives (M = 0.50, SD = 0.84). A 

trend was noted between the dipping and non-dipping groups without hypertension (t(47) 

= 1.861, p = 0.069) with the non-dipping, normotensive group having more surface area 

(M = 0.657, SD =1.41) compared to the dipping, normotensive group (M = 0.038, SD = 

0.90). One-sample t tests were performed for each group, to test if the change in right 

hemisphere rostral middle frontal surface area was significantly different from zero,
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Table 3.10 Multivariate analyses of variance (MANOVA) interactive effect for hypertension, dipping status, and family history of 

hypertension on regional structural symmetrized percent change.  

 
Right 

Hemisphere Dip x HTN   

HTN x Fam 

Hx   Dip x Fam Hx 

Left 

Hemisphere Dip x HTN   

HTN x Fam 

Hx   Dip x Fam Hx 

 

F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value 

Frontal 

        

Frontal 

        Thickness 1.159 NS 

 

0.280 NS 

 

0.371 NS Thickness 0.761 NS 

 

1.667 NS 

 

0.685 NS 

Surface Area 3.814 0.007 

 

1.296 NS 

 

4.718 0.002 Surface Area 0.735 NS 

 

1.292 NS 

 

0.704 NS 

Volume 0.578 NS 

 

0.690 NS 

 

1.928 NS Volume 1.536 NS 

 

0.282 NS 

 

0.410 NS 

Temporal 

        

Temporal 

        Thickness 0.757 NS 

 

0.636 NS 

 

1.221 NS Thickness 0.724 NS 

 

2.099 NS 

 

0.111 NS 

Surface Area 0.850 NS 

 

1.782 NS 

 

0.854 NS Surface Area 0.933 NS 

 

2.086 NS 

 

0.578 NS 

Volume 0.393 NS 

 

0.929 NS 

 

0.711 NS Volume 0.599 NS 

 

1.058 NS 

 

0.323 NS 

Parietal 

        

Parietal 

        Thickness 0.455 NS 

 

1.330 NS 

 

0.537 NS Thickness 0.987 NS 

 

2.943 0.026 

 

0.460 NS 

Surface Area 1.251 NS 

 

1.026 NS 

 

0.344 NS Surface Area 1.143 NS 

 

0.291 NS 

 

0.474 NS 

Volume 0.738 NS 

 

1.362 NS 

 

0.689 NS Volume 1.226 NS 

 

2.125 NS 

 

0.295 NS 

Cingulate 

        

Cingulate 

        Thickness 0.891 NS 

 

1.352 NS 

 

0.882 NS Thickness 0.724 NS 

 

0.335 NS 

 

0.056 NS 

Surface Area 1.017 NS 

 

1.948 NS 

 

2.822 0.031 Surface Area 0.874 NS 

 

1.083 NS 

 

0.277 NS 

Volume 0.192 NS   1.350 NS   0.102 NS Volume 0.272 NS   0.878 NS   0.261 NS 

Note. NS = Not significant; Dip = Dipping Status (participants with/without ≥10% reduction of nocturnal systolic blood pressure relative to average systolic 

diurnal systolic blood pressure; HTN = history of hypertension status; Fam Hx = Family history of hypertension.  
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Table 3.11 Multivariate analyses of covariance (MANCOVA) interactive effects for hypertension, dipping status, and family history 

of hypertension on regional structural symmetrized percent change after controlling for age, sex, and white matter hyperintensity 

volume.  

 
Right 

Hemisphere Dip x HTN   

HTN x Fam 

Hx   Dip x Fam Hx 

Left 

Hemisphere Dip x HTN   

HTN x Fam 

Hx   Dip x Fam Hx 

  F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value   F 

p-

value 

Frontal 

        

Frontal 

        Thickness 0.976 NS 

 

0.333 NS 

 

0.383 NS Thickness 0.594 NS 

 

1.533 NS 

 

0.656 NS 

Surface Area 3.276 0.016 

 

1.495 NS 

 

4.133 0.005 Surface Area 0.908 NS 

 

1.048 NS 

 

0.707 NS 

Volume 0.750 NS 

 

0.700 NS 

 

2.206 0.077 Volume 1.106 NS 

 

0.339 NS 

 

0.384 NS 

Temporal 

        

Temporal 

        Thickness 0.919 NS 

 

0.669 NS 

 

1.095 NS Thickness 0.956 NS 

 

1.872 NS 

 

0.243 NS 

Surface Area 0.836 NS 

 

0.214 NS 

 

0.669 NS Surface Area 1.062 NS 

 

1.909 NS 

 

0.544 NS 

Volume 0.368 NS 

 

0.861 NS 

 

0.592 NS Volume 0.808 NS 

 

0.988 NS 

 

0.394 NS 

Parietal 

        

Parietal 

        Thickness 0.312 NS 

 

1.189 NS 

 

0.576 NS Thickness 0.944 NS 

 

2.626 0.042 

 

0.467 NS 

Surface Area 1.191 NS 

 

1.138 NS 

 

0.312 NS Surface Area 0.980 NS 

 

0.341 NS 

 

0.513 NS 

Volume 0.673 NS 

 

1.233 NS 

 

0.641 NS Volume 1.308 NS 

 

1.840 NS 

 

0.336 NS 

Cingulate 

        

Cingulate 

        Thickness 0.666 NS 

 

1.239 NS 

 

0.975 NS Thickness 1.145 NS 

 

0.339 NS 

 

0.134 NS 

Surface Area 0.840 NS 

 

1.681 NS 

 

2.589 0.044 Surface Area 0.610 NS 

 

0.932 NS 

 

0.247 NS 

Volume 0.229 NS   1.358 NS   0.195 NS Volume 0.404 NS   0.753 NS   0.300 NS 

Note. NS = Not significant; Dip = Dipping Status (participants with/without ≥10% reduction of nocturnal systolic blood pressure relative to average systolic 

diurnal systolic blood pressure; HTN = history of hypertension status; Fam Hx = Family history of hypertension. 
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Figure 3.14 Interactive effects of dipping and hypertension status on symmetrized percent 

change for right hemisphere rostral middle frontal surface area. 

 
 

 
 

Note. Nocturnal systolic blood pressure dipping status and hypertension group effects for 

ROI symmetrized percent change in the right rostral middle frontal surface area (standard 

error bars are shown). Significant differences between the groups were found between the 

non-dipping group with and without hypertension (t(37) = 2.443, p = 0.019), between the 

dipping and non-dipping group with hypertension (t(30= -2.584, p = 0.015), and a trend 

was noted between the dipping and non-dipping groups with no history of hypertension 

(t(47) = 1.861, p = 0.069). BP = blood pressure; HTN = hypertension status; NHT = No 

history of hypertension; Non-dipping  = participants with <10% reduction of nocturnal 

systolic blood pressure relative to average diurnal systolic blood pressure; Dipping = 

participants with ≥10% reduction of nocturnal systolic blood pressure relative to average 

diurnal systolic blood pressure. † = trend for significance. * = significance p < 0.05.  

 

 

† 
* 

* 
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results indicated that the non-dipping hypertensive group (t(16) = -0.293, p = .774) and 

the dipping normotensive group (t(25) = 0.215, p = .831) were not significantly different 

than zero indicating no significant change over time. The non-dipping normotensive 

group (t(22) = 2.242, p = .0.35) and the dipping hypertensives (t(15) = 2.362, p = .032) 

showed changes that were significantly different than zero, indicating a significant 

increase in surface area over time.  

After controlling for age, sex, and white matter hyperintensity lesion volume at 

baseline (F(1,72) = 7.702, p = 0.007) and follow-up duration (F(1,73) = 8.252, p = 

0.005), the univariate between-subject effects remained significant. Multivariate omnibus 

interactive results after controlling for age, sex, and white matter hyperintensity lesion 

volume are presented in Table 3.11. When controlling for demographic and clinical 

variable differences between either dipping or hypertensive groups as an additional 

follow-up for the interaction of hypertension and dipping status on the right rostral 

middle frontal surface area, the results remained significant when controlling for PSQI 

sleep quality (F(1,72) = 8.721, p = 0.004), history of cholesterol (F(1,72) = 10.896, p = 

0.002), clinic systolic BP (F(1,72) = 8.908, p = 0.004), clinic diastolic BP (F(1,72) = 

8.190, p = 0.006), 24-hour mean systolic BP (F(1,72) = 9.771, p = 0.003), 24-hour mean 

diastolic BP (F(1,72) = 8.282, p = 0.005), number of hours of sleep (F(1,72) = 8.478, p = 

0.005), GDS total (F(1,72) = 8.577, p = 0.005), and MMSE (F(1,72) = 9.333, p = 0.003).  

For the interaction between hypertension and dipping status within the right 

caudal middle frontal area, simple effects showed no significant differences between any 

of the groups (-1.372 ≤ t(1,79) ≤ 1.613, 0.106 ≤ p ≤  0.216). After controlling for age, 

sex, and white matter hyperintensity lesion volume at baseline (F(1,72) = 6.624, p = 
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0.012) and follow-up time (F(1,72) = 6.295, p = 0.014) the univariate between-subject 

effects for the right caudal middle frontal surface area remained significant. When 

controlling for demographic and clinical variable differences between either dipping or 

hypertensive groups as an additional follow-up for the interaction of hypertension and 

dipping status the results remained significant when controlling for PSQI sleep quality 

(F(1,72) = 5.910, p = 0.018), history of cholesterol (F(1,72) = 5.011, p = 0.028), clinic 

systolic BP (F(1,72) = 8.062, p = 0.006), clinic diastolic BP (F(1,72) = 6.251, p = 0.015), 

24-hour mean systolic BP (F(1,72) = 7.454, p = 0.008), 24-hour mean diastolic BP 

(F(1,72) = 5.844, p = 0.018), number of hours of sleep (F(1,72) = 5.588, p = 0.021), GDS 

total (F(1,72) = 4.959, p = 0.029), and MMSE (F(1,72) = 5.782, p = 0.019).  

For the interactions between dipping status and hypertension on the right medial 

orbitofrontal frontal surface area (Figure 3.15), testing the simple effects revealed a trend 

with the dipping hypertensives having greater surface area compared to the dipping 

normotensives (t(40) = -1.894, p = 0.065), the non-dipping hypertensives (t(30) = -1.885, 

p = 0.069), and the non-dipping normotensives (t(37) = -1.881, p = 0.068).  One-sample t 

tests were performed to test if the change in the right hemisphere medial orbitofrontal 

surface areas was significantly different from zero for each of the groups, results 

indicated that the non-dipping hypertensive group (t(15) = -1.063, p = .304), the non-

dipping normotensive group (t(22) = -0.892, p = .382), the dipping hypertensive group 

(t(15) = 1.597, p = .131), and the dipping normotensive group (t(25) = -0.862, p = .397) 

were not significantly different from zero indicated no significant change over time. 
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Figure 3.15 Interactive effects of dipping and hypertension status on symmetrized percent 

change for right hemisphere medial orbitofrontal surface area.  

 
 

 
 

Note. Nocturnal systolic blood pressure dipping status and hypertension group effects for 

ROI symmetrized percent change in the right medial orbitofrontal surface area (standard 

error bars are shown). Simple effects revealed a trend with the dipping hypertensives 

having increased surface area compared to the dipping normotensives (t(40) = -1.894, p = 

0.065), the non-dipping hypertensives (t(30) = -1.885, p = 0.069), and the non-dipping 

normotensives (t(37) = -1.881, p = 0.068).  BP = blood pressure; HTN = hypertension 

status; NHT = No history of hypertension; Non-dipping = participants with <10% 

reduction of nocturnal systolic blood pressure relative to average diurnal systolic blood 

pressure; Dipping = participants with ≥10% reduction of nocturnal systolic blood 

pressure relative to average diurnal systolic blood pressure. † = trend for significance.  

 

 

 

 

† 
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After controlling for age, sex, and white matter hyperintensity lesion volume at 

baseline (F(1,72) = 5.470, p = 0.022) and  follow-up duration time (F(1,72) = 5.700, p = 

0.020), the univariate between-subject effects remained significant. When controlling for 

demographic and clinical variable differences between either the dipping and 

hypertensive groups for the interaction between hypertension and dipping status on the 

right medial orbitofrontal surface area the results remained significant when controlling 

for PSQI sleep quality (F(1,72) = 5.733, p = 0.019), history of cholesterol (F(1,72) = 

7.078, p = 0.010), clinic systolic BP (F(1,72) = 3.341, p = 0.029), clinic diastolic BP 

(F(1,72) = 4.970, p = 0.029), 24-hour mean systolic BP (F(1,72) = 7.446, p = 0.008), 24-

hour mean diastolic BP (F(1,72) = 6.172, p = 0.015), number of hours of sleep (F(1,72) = 

6.158, p = 0.015), GDS total (F(1,72) = 6.441, p = 0.013), and MMSE (F(1,72) = 6.489, 

p = 0.013).  

 

Interactive Effects of Nocturnal Blood Pressure Status and Family History of 

Hypertension on Symmetrized Percent Change within Cortical Surface Area, Thickness, 

and Volume 

There were no interactive effects between family history of hypertension and 

nocturnal dipping status for cortical thickness or volume measure effects (0.052 ≤ F(1,73) 

≤ 1.928, 0.115 ≤ p ≤  0.994). For surface area, there was a significant multivariate 

omnibus interaction between right frontal regions and the combination of dipping and 

family history of hypertension status (Λ = 0.790, F(6, 74) = 4.718, p = 0.002). The 

univariate between-subject effects for the right frontal regions showed a significant 

interaction in the medial orbital frontal (F(1,74) = 13.270, p = 0.0004). Testing the simple 
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effects for the interaction (Figure 3.16) revealed that the non-dipping group without a 

family history of hypertension (M = -0.870, SD = 2.01) had greater differences when 

compared to the dipping group without a family history of hypertension (M = 1.204, SD = 

2.05; t(38) = -3.384, p = 0.002). There was a significant difference between the dipping 

group with and without a family history of hypertension (t(40) = 3.121, p = 0.003), with 

dipping group with a family history of hypertension (M = -0.771, SD = 2.23) having 

greater decline in surface area than the dipping group without a family history of 

hypertension (M = 1.305, SD = 2.05). A trend was also noted with the non-dipping group 

with a family history of hypertension (M = -0.831, SD = 2.52) having greater decline than 

the dipping group without a family history of hypertension (M = 1.305, SD = 2.05; t(35) 

= -1.844, p = 0.074).  

One-sample t tests were performed to test if the change in medial orbitofrontal 

cingulate surface area over time for each group was significantly different from zero, 

results indicated that the non-dipping, positive family history of hypertension (t(38) = -

0.140, p = .890) and dipping positive, family history of hypertension (t(22) = -1.664, p = 

.110) groups did not exhibited significant change over time. For the dipping group, 

negative family history of hypertension group, the change was significantly different 

from zero (t(19) = 2.777, p = .012) indicating significant increases in surface area over 

time, while a trend was found for the non-dipping, negative family history of 

hypertension group (t(20) = -1.981, p = .062).  

After controlling for age, sex, and white matter hyperintensity lesion volume at 

baseline, the interactive effects between family history of hypertension and dipping status 

remained significant for the right medial orbitofrontal area (F(1,72) = 13.239, p = 0.001),
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Figure 3.16 Interactive effects of dipping and hypertension status on symmetrized percent 

change for right hemisphere rostral middle frontal surface area. 

 

 
Note. Nocturnal systolic blood pressure interactive group effects for dipping status and 

family history of hypertension on symmetrized percent change in the right medial 

orbitofrontal surface area (standard error bars are shown). Simple effects for the 

interaction showed the non-dipping and dipping group without a family history of 

hypertension were significantly different (t(38) = -3.384, p = 0.002). There were 

significant differences between the dipping group with and without a family history of 

hypertension (t(40) = 3.121, p = 0.003). A trend was noted between the non-dipping 

group with a family history of hypertension and the dipping group without a family 

history of hypertension (t(35) = -1.844, p = 0.074). BP = blood pressure; Non-dipping  = 

participants with <10% reduction of nocturnal systolic blood pressure relative to average 

diurnal systolic blood pressure; Dipping = participants with ≥10% reduction of nocturnal 

systolic blood pressure relative to average diurnal systolic blood pressure; Negative = 

negative family history of hypertension; Positive = Positive family history of 

hypertension. † = trend for significance. * = significance p < 0.05. 

 

 

 

 

† 

* 

* 
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and were reduced to a trend when controlling for follow-up duration (F(1,73) = 3.934, p 

= 0.051). When controlling for demographic and clinical variable differences between 

either dipping or family history of hypertension groups as an additional follow-up for the 

interaction in the right medial orbitofrontal surface area, the results remained significant 

when controlling for PSQI sleep quality (F(1,72) = 14.827, p = 0.001), number of hours 

of sleep (F(1,72) = 13.794, p = 0.001), duration of hypertension (F(1,72) = 15.983, p = 

0.001), clinic systolic BP (F(1,72) = 16.994, p = 0.0005), clinic diastolic BP (F(1,72) = 

17.419, p = 0.0004), 24-hour mean systolic BP (F(1,72) = 17.754, p = 0.0003), 24-hour 

mean diastolic BP (F(1,72) = 15.725, p = 0.001), GDS total (F(1,72) = 15.912, p < 

0.001), and MMSE (F(1,72) = 16.161, p = 0.001).  

There was also a significant multivariate omnibus interaction between right 

cingulate area and the combination of dipping and history of hypertension status (Λ = 

0.863, F(6, 74) = 2.822, p = 0.031). The univariate between-subject effects for the right 

cingulate showed a significant interaction in the caudal anterior cingulate (F(1,74) = 

10.961, p = 0.001). Testing the simple effects for the interaction (Figure 3.17) revealed 

that the non-dipping group without a family history of hypertension (M = -1.348, SD = 

1.43) had greater decline over time than the non-dipping group without a family history 

of hypertension (M = 0.454, SD = 1.75; t(37) = -3.545, p = 0.001). There was significant 

difference between the dipping and non-dipping group with a family history of 

hypertension (t(25) = 2.470, p = 0.021), with the dipping, positive family history of 

hypertension group (M = -0.677, SD = 0.96) having greater decline compared to the non-

dipping, group with a family history of hypertension (M = 0.454, SD = 1.75). A trend was 

found for the non-dipping and dipping group without a family history of hypertension
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Figure 3.17 Interactive effects of dipping status and family history of hypertension on 

symmetrized percent change for right hemisphere caudal anterior cingulate surface area.  

 

 
Note. Nocturnal systolic blood pressure dipping status and hypertension group effects for 

ROI symmetrized percent change in the caudal anterior cingulate surface area (standard 

error bars are shown). Simple effects for the interaction revealed that the non-dipping 

group with a family history of hypertension were significantly different from the non-

dipping group without a family history of hypertension (t(37) = -3.545, p = 0.001), a 

significant difference was also found between the dipping and non-dipping group with a 

family history of hypertension (t(25) = 2.470, p = 0.021). A trend was found between the 

non-dipping and dipping group without a family history of hypertension (t(38) = -1.943, 

p = 0.059), and between the non-dipping group without family history of hypertension 

and the dipping group with a family history of hypertension (t(42) = -1.842, p = 0.073). 

BP = blood pressure; HTN = hypertension status; NHT = No history of hypertension; 

Non-dipping = participants with <10% reduction of nocturnal systolic blood pressure 

relative to average diurnal systolic blood pressure; Dipping = participants with ≥10% 

reduction of nocturnal systolic blood pressure relative to average diurnal systolic blood 

pressure. † = trend for significance. * = significance p < 0.05. 

 

† 

* 

* 
† 
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(t(38) = -1.943, p = 0.059) indicating that the non-dipping group without a family history 

(M = - 1.348, SD = 1.43) having greater decline compared to the dipping group without a 

family history of hypertension (M = -0.432, SD = 1.55). There was also a trend between 

the non-dipping group without family history of hypertension and the dipping group with 

a family history of hypertension (t(42) = -1.842, p = 0.073) with the non-dipping, 

negative family history group (M = - 1.348, SD = 1.43) having greater decline compared 

to the dipping group with a family history of hypertension (M = -0.677, SD = 0.96). 

One-sample t tests were performed to test if the change in caudal anterior 

cingulate surface area for each group was significantly different from zero indicating a 

significant change over time, results indicated that non-dipping group positive family 

history of hypertension group (t(17) = 1.102, p = .286) and dipping negative family 

history of hypertension (t(19) = -1.214, p = .240)  groups were not significantly different 

from zero and did not exhibited significant change over time. Change in right hemisphere 

caudal anterior surface area was significantly different from zero and indicated greater 

decline in the non-dipping, negative family history of hypertension group (t(20) = -4.329, 

p = .0003) and the dipping, positive family history of hypertension group (t(22) = -3.382, 

p = .003). 

The interactive effects within the caudal anterior cingulate surface area remained 

significant after controlling for age, sex, and white matter hyperintensity lesion volume 

(F(1,72) = 10.629, p = 0.002), and when controlling for follow-up duration (F(1,73) = 

11.328 p = 0.001). When controlling for demographic and clinical variable differences 

between either dipping or family history of hypertension groups as an additional follow-

up for the interaction in the right medial orbitofrontal surface area, the results remained 
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significant when controlling for PSQI sleep quality (F(1,72) = 9.718, p = 0.003), number 

of hours of sleep (F(1,72) = 8.389, p = 0.005), duration of hypertension (F(1,72) = 9.545, 

p = 0.003), clinic systolic BP (F(1,72) = 9.143, p = 0.003), clinic diastolic BP (F(1,72) = 

8.462, p = 0.005), 24-hour mean systolic BP (F(1,72) = 9.611, p = 0.003), 24-hour mean 

diastolic BP (F(1,72) = 9.180, p = 0.003), GDS total (F(1,72) = 9.373, p = 0.003), and 

MMSE (F(1,72) = 11.427, p = 0.001). The results for cortical thickness and cortical 

volume and the interaction with family hypertension of hypertension and dipping status 

showed no significant relationships with any of the regions (0.132 ≤ F(1,73) ≤ 2.627, 

0.109 ≤ p ≤  0.718). 

 

Interactive Effects of Hypertension and Family History of Hypertension on Symmetrized 

Percent Change within Cortical Surface Area, Thickness, and Volume 

There were no interactive effects between hypertension and family history of 

hypertension for surface area or cortical volume (0.282 ≤ F(1,73) ≤ 2.086, 0.092 ≤ p ≤  

0.889). There was a significant multivariate omnibus interaction between left parietal 

thickness and the combination of hypertension and a family history of hypertension (Λ = 

0.858, F(6, 74) = 2.943, p = 0.026). The univariate between-subject effects for the left 

parietal regions showed no significant interactions for specific region, but a trend was 

noted for the superior parietal (F(1,74) = 3.109, p = 0.082). Exploring the simple effects 

for the trend for an interaction revealed that the hypertensive and normotensive groups 

with a positive family history of hypertension were significantly different from one 

another (t(39) = -2.466, p = 0.018) with the normotensive group with a positive family 

history of hypertension showing greater decline over time. The results for cortical 
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thickness and the interaction between hypertension status and family history of 

hypertension showed no significant relationship with any of the other regions within the 

frontal, temporal, and cingulate (0.165 ≤ F(1,73) ≤ 1.367, 0.246 ≤ p ≤  0.686). 

 

Relation between Cortical Brain Measurements and Cognitive Decline 

 Bivariate correlations were used to test whether longitudinal change in cognitive 

performance was related to the changes in cortical brain measures. To limit the number of 

comparisons in order to reduce the probability of a Type I error, only the cognitive 

variables and cortical measures shown to be related to age or the hypothesized health 

factors were tested (Table 3.12). The right caudal anterior cingulate surface area was 

correlated to changes in performance on the Trail Making Test, part B (r(80) = -.244, p = 

0.029, with increases in surface area over time within the cingulate related to decreased 

cognitive performance on Trails B (Figure 3.18). The left parahippocampal thickness 

(r(80) = .251, p = 0.024) and left prarhippocampal volume (r(80) = .269, p = 0.015) were 

related to performance on the WAIS-IV Symbol Search showing that decreases in 

thickness and volume were related to decreased performance (Figure 3.19). Change in the 

right rostral middle frontal surface area showed a trend with change in performance on 

the Trail Making Test, part B (r(80) = -.219, p = 0.051), indicating that increased in 

surface area were related to decreased performance on the Trail Making Test, part B.  A 

trend was present for change in the left parahippocampal thickness and change in 

performance on the Trail Making Test, part B (r(80) = .208, p = 0.064), indicating that 

decreased surface area was related to a decline in cognitive performance. The relationship 

between left superior parietal thickness and the WAIS-IV Letter-Number Sequencing was 
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Table 3.12. Relation between change in cortical measures and change in cognitive performance over two-years.  

 

RH Medial 

Orbitofrontal 

Surface Area 

RH 

Rostral 

Middle 

Frontal 

Surface 

Area 

RH Caudal 

Middle 

Frontal 

Surface 

Area 

RH Caudal 

Anterior 

Cingulate 

Surface 

Area 

RH 

Rostral 

Anterior 

Cingulate 

Volume 

LH 

Superior 

Parietal 

Thickness 

LH 

Parahippo. 

Thickness 

LH 

Parahippo. 

Volume 

Variables r r r r r r r r 

Memory 
  

  
  

  BSRT Recognition -.010 -.049 -.187 -.027 -.022 -.023 -.064 -.125 

RFCT Immediate Recall  .122 -.018 -.175 -.150 -.090  .016 -.023 -.008 

RCFT Delay Recall  .021 -.089 -.169 -.146 -.131  .004  .032  .044 

Executive Function 

      
  

WAIS-IV Digit Span  .162  .050  .070  .003 -.042  .028  .074 -.017 

WAIS-IV L-N Sequencing -.046 -.124 -.167 -.017  .016 -.209 -.063 -.047 

WCST Total Errors  .134 -.009  .153  .060  .051  .189  .089  .002 

Trail Making Test, Part B  .078   -.219†  -.111   -.244*  .063  .013  .208 .166 

Processing 

      
  

WAIS-IV Coding  .148 -.030  .009  .113  .185  .045 .095  .058 

WAIS-IV Symbol Search  .194  .118  .136 -.044  .038  .030   .251*   .269* 

Trail Making Test, Part A .100  -.060  -.121  -.059  .013 -.019 .029 .166 

Note. Correlation between changes in cortical measures and changes in cognitive performance; RH = right hemisphere; LH = left hemisphere; 

Parahippo. = Parahippocampal; BSRT = Buschke Selective Reminding Task; RCFT = Rey Complex Figure Test; WAIS-IV = Weschsler 

Adult Intelligence Scale - Fourth Edition; L-N = Letter-Number; WCST = Wisconsin Card Sort test. * significance = p < 0.05. † = trend for 

significance. 
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Table 3.13 Relation between change in cortical measures and change in cognitive performance over two-years after controlling for white 

matter hyperintensity lesion volume and sex. 

 

RH Medial 

Orbitofronta

l Surface 

Area 

RH 

Rostral 

Middle 

Frontal 

Surface 

Area 

RH Caudal 

Middle 

Frontal 

Surface 

Area 

RH Caudal 

Anterior 

Cingulate 

Surface Area 

RH 

Rostral 

Anterior 

Cingulate 

Volume 

LH 

Superior 

Parietal 

Thickness 

LH 

Parahippo.  

Thickness 

LH 

Parahippo.  

Volume 

Variables rpartial rpartial rpartial rpartial rpartial rpartial rpartial rpartial 

Memory 
  

  
  

  BSRT Recognition  .011 -.033 -.184 -.001 -.022 -.070 -.012 -.095 

RFCT Immediate Recall  .129 -.037 -.195 -.158 -.123  .003 -.039 -.018 

RCFT Delay Recall  .034 -.098 -.168 -.155 -.130  .047  .009  .019 

Executive Function 

      
  

WAIS-IV Digit Span  .112  .021  .065  .008 -.059  .026  .088 -.030 

WAIS-IV L-N Sequencing -.033 -.113 -.142 -.027  .054 -.170 -.034 -.031 

WCST Total Errors  .126 -.026  .146  .048  .045  .061  .051 -.030 

Trail Making Test, Part B .022   -.275*  -.221   -.282*  .079  .159  .230 .136 

Processing 

      
  

WAIS-IV Coding  .138 -.051 -.043  .090  .143 -.035  .144  .137 

WAIS-IV Symbol Search  .163  .094  .125 -.066  .029  .053   .253*   .275* 

Trail Making Test, Part A .053 -.094   -.236* -.094  .064 -.079  .015  .207 

Note. Correlation between changes in cortical surface area and changes in cognitive performance after controlling for white matter 

hyperintensity lesion volume and sex; RH = right hemisphere; LH = left hemisphere; Parahippo. = Parahippocampal; BSRT = Buschke 

Selective Reminding Task; RCFT = Rey Complex Figure Test; WAIS-IV = Weschsler Adult Intelligence Scale - Fourth Edition; L-N = 

Letter-Number; WCST = Wisconsin Card Sort test. *p<0.05. 
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Figure 3.18 Relation between right hemisphere caudal middle frontal surface area and 

Trail Making Test, part B.  

 

 
 

 

Note. Regression plots showing the relation between residualized change scores on the 

Trail Making Test, part B and symmetrized percent change for the right hemisphere 

caudal middle frontal surface area, showing a relation with decreased performance and 

greater surface area with the caudal anterior cingulate.  

 

 

 

 

 

 

 

 

r2 = 0.06 

p = 0.034 

N= 81 
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Figure 3.19 Relation between left hemisphere parahippocampal cortical thickness and 

WAIS-IV Symbol Search subtest.  

 

 

 

Note. Regression plots showing the relation between residualized change scores on the 

WAIS-IV Symbol Search subtest and symmetrized percent change for the left 

hemisphere parahippocampal thickness, showing a relation with decreased performance 

and decline in cortical thickness.  

 

 

 

 

 

 

r2 = 0.06 

p = 0.024 

N= 81 
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also a trend for significance (r(80) = -.209, p = 0.061) with decreases in brain thickness 

being related to increased performance. There was a trend for the right medial 

orbitofrontal surface area and performance on WAIS-IV Symbol Search (r(80) = .194, p 

= 0.082), showing that decreases in volume were related to decreased performance.  

Follow-up partial correlations for the significant relationships listed above 

showed that when controlling for follow-up duration, the results remained significant 

which included the relationship between the right caudal anterior cingulate and the Trail 

Making Test, part B performance (r(74) = -.234, p = 0.038). The relationship also 

remained significant after controlling for time with the WAIS-IV Symbol Search subtest 

performance and the left parahippocampal thickness (r(74) = .250, p = 0.037) and left 

parahippocampal volume (r(80) = .254, p = 0.024) with the WAIS-IV Symbol Search 

subtest performance. When controlling for white matter hyperintensity lesion volume and 

sex (Table 3.13), all of the partial correlations results remained significant (-.296 ≤ r(75) 

≤ .274, 0.009 ≤ p ≤  0.026). 
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CHAPTER 4 

DISCUSSION 

Cognitive Decline in Healthy Aging 

 Over a two-year period, significant declines in cognitive performance were noted 

within this cohort on measures of executive functioning and a measure of processing 

speed, WAIS-IV Letter-Number Sequencing subtest.  Testing the effect of age on 

longitudinal two-year changes on cognition in a cohort of 81 older adults aged 68 years 

and older, also showed significant declines over time on measures of processing speed 

and executive functioning including the WAIS-IV Coding and Symbol Search subtest, 

and Trail Making Test, part A and B. These results are consistent with other studies 

investigating age-related longitudinal changes including a study by Hultsch et al. (1992) 

with over 300 older adults that examined changes in cognitive performance on measures 

of memory, processing speed, and intellectual ability over a 3-year period. The study 

found significant longitudinal declines on measures of working memory, verbal fluency, 

processing speed, and world knowledge. Similarly, more recent work has also found age-

related changes in cognition over time. The Berlin Aging Study (Singer  et al., 2003) 

followed 132 older adults age 70 – 100 for 6-years and found age-related decline in 

perceptual speed, memory, and verbal fluency with preservations in measures assessing 

intellectual ability.  

In contrast to the studies noted above, no significant differences were noted on 

measures of memory or verbal fluency in this study as a function of baseline age.  This 

discrepancy may be due to differences in follow-up interval and the use of larger cohorts 

in other studies.  The present study was based on a two-year follow-up period with 81 
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participants, which was powered for medium to large effects, but may not be adequately 

powered for small effects. Others have shown that significant age-related change is not 

always present with longitudinal analyses (Sliwinski and Buschke, 1999), and have noted 

consistent findings of an overestimation of the effect of age with cross-sectional data, and 

underestimation of change with longitudinal analysis. Some potential reasons for the 

difference may be due to selective attrition during follow-up visits and practice effects on 

neuropsychological measures, that together may attenuate estimated decline 

(Lindenberger  et al., 2002). Others have also hypothesized that more recent aging 

cohorts may exhibit less age-related declines due to increased health care knowledge and 

advances in medical treatments with more recent aged cohorts. Further, the inclusion of 

participants with uncontrolled vascular risk factors and an underlying neurodegenerative 

process like Alzheimer’s disease, could also lead to an overestimation of age-related 

longitudinal cognitive impairments in previous studies.   

 

Relation of Nocturnal Blood Pressure Status on Cognitive Decline 

In a cohort of generally healthy, community-dwelling older adults, the present 

results showed a significant association between nocturnal blood pressure dipping status 

and cognitive decline. Specifically, participants with non-dipping blood pressure at 

baseline demonstrated greater decline on measures of visual memory over time. These 

results are consistent with the initial hypotheses that stated there would be an association 

between nocturnal non-dipping status and greater decline on cognitive measures of 

memory; however, there were no main effects for nocturnal non-dipping status on 

executive functioning measures, contrary to what was originally hypothesized.  
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These results are consistent with previous cross-sectional research by Van Boxtel 

et al. (1998), who found that a non-dipping blood pressure pattern was associated with 

poorer performance on memory and processing speed measures. However, the 

relationship between nocturnal non-dipping and cognitive performance has not been 

consistent across all studies (Cicconetti et al., 2003; Cicconetti et al., 2004; Van Boxtel et 

al., 2006). Cicconetti et al. (2003) found that in newly diagnosed, untreated hypertensive 

participants there was no significant difference on a measure of cognitive performance 

between dippers and non-dippers. However, this study relied on a global measure of 

cognitive functioning, the MMSE. In the present study there was a small, but significant 

difference between the dipping groups on the MMSE (non-dipping group MMSE mean = 

28.31 (SD = 1.5); dipping group MMSE mean = 28.90 (SD = 1.1)); however, the mean 

MMSE total score for both groups were within normal limits. Furthermore, the MMSE is 

not typically sensitive in detecting mild cognitive deficits within the context of normal 

aging and when follow-up analyses in the present study controlled for MMSE, the results 

remained significant.  

In a study with previously diagnosed hypertensive individuals, Van Boxtel et al. 

(2006) found no relation between dipping status and cognitive performance. However, 

only 15% of the participants in their study were classified as non-dippers, whereas in the 

present study 48% of the cohort exhibited a nocturnal non-dipping blood pressure pattern. 

The prevalence of non-dipping in other studies has been consistent with the present study, 

(range of 45-64%; White et al., 2011; Formiga et al., 2009; O’Sullivan et al., 2003), 

which included both hypertensive and non-hypertensive participants of similar age, 
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though these studies did not examine the relationship between non-dipping blood 

pressure status and cognition.  

Research on the longitudinal effects of nocturnal blood pressure has previously 

been lacking, as most studies have elected to focus on cross-sectional analyses. To the 

best of my knowledge, the present study was the first to examine these effects 

longitudinally in a cohort of otherwise healthy, community-dwelling older adults.  One of 

the few studies evaluating the effect of ambulatory blood pressure on cognitive decline 

was done by White et al., (2011), looking at the relationship between ambulatory blood 

pressure, clinical blood pressure, and white matter hyperintensity volume on functional 

and cognitive declines in older adults age 75 – 89 years over 2 years.  The results showed 

that increased 24-hour ambulatory systolic blood pressure values from baseline to two-

year follow-up were associated with declines in executive function and processing speed; 

however, they failed to report on any potential subgroup differences as a function of 

nocturnal blood pressure dipping status and they neglected to look at changes in memory 

over time as well. Unlike the study by White et al. (2011), the present study did not 

gather ambulatory blood pressure monitoring data during the follow-up evaluation, which 

could have allowed for better characterization of the dipping BP profile over time and 

how changes in the nocturnal BP profile might be related to cognitive decline.   

While there was a difference in the prevalence of diabetes history between the 

dipping and non-dipping groups, most of the cognitive effects between the groups 

remained significant after controlling for diabetes, or after removing the four participants 

with diabetes. While the effect of nocturnal dipping status on RCFT Delayed Recall was 

reduced to a trend when controlling for diabetes history and removing diabetic 
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participants, the results continue to provide some indication that the differences in 

cognition change could not be attributed to diabetes alone. Furthermore, the relationship 

between dipping status and cognition decline remained significant when controlling for 

other factors like age, duration of hypertension, BMI, 24-hour systolic blood pressure, 

and 24-hour diastolic blood pressure. Thus providing further evidence that the absence of 

the normal 10-20% nocturnal dip in blood pressure has an adverse impact on cognitive 

performance beyond that which can be accounted for by age or other vascular risk 

factors. 

 

Effect of Hypertension on Cognitive Decline 

The initial hypotheses for the effect of hypertension on cognitive aging stated that 

hypertension status would be related to executive functioning measures. The results 

indicated that one measure was significantly different as a function of hypertension 

status, a measure of working memory and mental manipulation (i.e., WAIS-IV Digit 

Span). Surprisingly the results showed that the group with hypertension performed better 

over time than the group without a diagnosis of hypertension. Although the effects of 

hypertension on cognition have been widely reported (Elias et al, 2007; Harrington et al., 

2000; Strassburger et al., 1997), it has been suggested that reductions in blood pressure 

later in life could also have negative impacts on cognition (Elias et al., 1993). Although it 

has been well established that people with high blood pressure during middle age are at 

increased risk for cognitive impairment later in life (Gonzalez et al., 2015), with 

advancing age the impact of blood pressure on brain pathology and cognitive 

performance may depend on the history of midlife hypertension. Some evidence has 
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suggested that those individuals without a history of hypertension in midlife may benefit 

from slightly elevated blood pressure in late-life due to possible increases in cerebral 

perfusion (Muller et al., 2014).  

Given that the present sample was composed of generally healthy, community 

dwelling research volunteers, either with treated hypertension or no diagnosis of 

hypertension, the lack of a longitudinal impact of hypertension status on cognition may 

also be related to adequate treatment in the hypertensive group, and would be consistent 

with previous studies suggesting that effective treatment can reduce the cognitive impact 

of hypertension (Dufouil et al., 2001; van Swieten et al., 1991).  

The mean clinic systolic blood pressure of the normotensive group was above the 

target range for blood pressure in older adults (under 140/80) indicating that some 

participants with no diagnosis of hypertension in our sample may have been undiagnosed, 

which could lead to greater variability in the normotensive group. A diagnosis of 

hypertension requires elevated systolic and/or diastolic blood pressure over several 

measurements taken over the course of days to weeks. The mean 24-hour systolic BP 

values in the normotensive group were slightly elevated (M = 132.20, SD = 14), but were 

still below the cut point for a diagnosis of hypertension. Secondary analyses controlling 

for both clinic systolic blood pressure and 24-hour systolic blood pressure resulted in no 

change in the relationship between a decline in cognitive performance and no previous 

diagnosis of hypertension. This suggests that within this cohort, having hypertension may 

contribute to better performance over time at least in relatively healthy community-

dwelling older adults. These results should be interpreted cautiously given the lack of 
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cognitive decline on other neuropsychological measures as a function of hypertension 

status.  

 

Relation between Family History of Hypertension and Cognitive Decline 

Initial hypotheses also stated that the presence of a family history of hypertension 

would be associated with greater decline on measures of executive functioning. However, 

this hypothesis was not supported in this cohort. Although there were significant 

differences in cognition as a function of family history of hypertension, the relationship 

was not consistent.  For example, for two measures of cognition (WAIS-IV Digit Span 

and RCFT Immediate Recall), the group with a positive family history of hypertension 

showed a trend for performing more poorly over time than the group without a family 

history of hypertension, but given the lack of significance this difference cannot be 

interpreted. For another measure (WAIS-IV Letter-Number Sequencing), the opposite 

was true, in which the group without a family history of hypertension showed greater 

declines over a two-year period than the group with a positive family history. Results 

indicate that the initial hypothesis regarding a family history of hypertension is 

unsupported, but given the observed trend further research may be warranted.  

The present study classified a family history of hypertension as having any first-

degree relative with a diagnosis of hypertension. Other studies with younger cohorts 

classified a positive family history of hypertension as a first-degree relative with a 

diagnosis before the age of 60 (Haley et al., 2008). However, given the limited ability of 

many older participants to verify the age of hypertension diagnosis with living parents or 

other relatives, the present study opted to classify a positive family history of 
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hypertension having any first-degree relatives with hypertension. It is possible that the 

conflicting findings with family history of hypertension may be due to measurement error 

in estimates of family member’s health status. Further studies using family history of 

hypertension would greatly benefit from obtaining confirmation and collateral 

information regarding the health status and age of onset for family members.  

 

Interactive Effects of Health Factors on Cognitive Decline in Older Adults 

Consistent with the initial hypotheses, the combination of hypertension and non-

dipping nocturnal blood pressure was associated with cognitive differences in one 

measure of executive function, with the non-dipping hypertensive group not exhibiting 

similar levels of increased performance over time, likely reflecting a lack of practice 

effects when compared to the other groups. Although there were no interactive effects for 

cognitive decline in memory measures as hypothesized, a main effect of nocturnal non-

dipping BP status was present for declines on memory measures. This finding provides 

some evidence that sustained diurnal systolic blood pressure may contribute to individual 

differences in cognitive performance as we age and may be associated with greater age-

related cognitive decline. The results of the present study, along with evidence from 

cross-sectional analyses with this cohort (Haws et at., 2011), add evidence for subgroup 

effects within hypertension, indicating that those individuals who have a combination of 

a nocturnal non-dipping BP pattern and hypertension may be preferentially affected. This 

possibility is consistent with the lack of a main effect for hypertension status on cognitive 

decline in this cohort.   
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Changes in Brain Structure in Healthy Aging 

The relation between age and cortical brain atrophy was examined using 

MANOVA with a median age split in order to be consistent with the statistical 

approaches used with health-related factors. Similar to previous research (Hogstrom, 

Westlye, Walhovd, & Fjell, 2012), the present study found declines in the left temporal 

lobe, specifically within the left parahippocampal regions. When looking at the effect of 

age longitudinally, recent research (Jiang et al., 2014) found increased atrophy within the 

entorhinal, hippocampus, putamen, and precentral gyrus. Another study looking at the 

longitudinal rates of decline over an average of 3.6 year in 208 participants across the age 

spectrum (Storsve et al., 2014), found age-related bilateral changes in occipital and 

temporal cortices, with marked effects within the entorhinal, fusiform, retrosplenial, and 

precuneus cortices; again showing some regional overlap with the temporal lobe findings 

from the present study.  

A few studies have investigated the effects of age on cortical thickness and 

surface area, but most have been limited to studying aging differences across the adult 

lifespan. A study by Hutton et al. (2009), found that surface area was more sensitive to 

age-related changes than voxel-based morphometry in a cohort of participants age 22 – 

60, with decreases in surface area more evident with increasing age. Dickerson et al. 

(2009), also found that when comparing normal younger adults (age 18 - 31), normal 

older adults (age 66 – 90), and individuals with mild Alzheimer’s disease (age 56 – 90), 

surface area was preferentially affected by aging, while Alzheimer’s disease primarily 

affected cortical thickness in medial temporal lobes when compared to young adults. 

However, the present study found significant changes in left hemisphere cortical volume 
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and thickness, providing some evidence that aging may be exerting more of an impact on 

thickness rather than cortical area. Others have also found similar age-related changes in 

cortical thickness versus cortical surface area (Storsve et al., 2014). Further studies are 

needed to better clarify and classify the age-related effects on the cortical measures of 

surface area and thickness, and how they are affected over time.   

 

Impact of Nocturnal Blood Pressure Status on Brain Changes 

Consistent with the initial hypotheses, a significant relationship was seen between 

nocturnal non-dipping BP and changes in brain measures. The effects were not seen in 

the frontal lobes as hypothesized, but were instead seen in the right rostral anterior 

cingulate with the non-dipping group showing greater volume decline than the dipping 

group. Other research has also found similar decline over time within the anterior 

cingulate (Storsve et al., 2014); however, previous research found these declines to be 

related to age and not nocturnal blood pressure status. Research investigating the impact 

of nocturnal non-dipping BP status on brain structures found greater brain atrophy with 

the fronto-parietal regions preferentially affected (Hajjar et al., 2010; Nagai, Hoshide, 

Ishikawa, Shimada, & Kario, 2008) when evaluated cross-sectionally. A similar pattern 

of structural differences was also noted in previous cross-sectional research (Haws et al., 

2013) with the same cohort, which found a relationship between greater surface area 

within the frontal and temporal regions and nocturnal non-dipping profile. Previous 

neuroimaging research with nocturnal dipping status did not specifically investigate the 

effects of nocturnal non-dipping longitudinally, and the present study is the first of its 

kind. Given the higher prevalence of a non-dipping BP pattern with advancing aging, it is 
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possible that some of the effects attributed to age-related decline in previous longitudinal 

studies could actually be due to the impacts of nocturnal blood pressure and further 

research with larger cohorts could help to elucidate this.  

 

Relation of Hypertension on Brain Changes 

It was hypothesized that hypertension status would have a significant impact on 

frontal lobe atrophy. A significant relationship between hypertension status and changes 

in brain morphometry were found within the right frontal area, which remained 

significant even after controlling for age, sex, and white matter hyperintensity volume at 

baseline. In terms of regional specificity, changes were more pronounced within a 

particular region including the right medial orbitofrontal with the group with no diagnosis 

of hypertension having greater decline in frontal regions compared to the group with a 

diagnosis of hypertension.  

A study by Gonzalez, Pacheco, Beason-Held and Resnick (2015), evaluating the 

impact of mid-life hypertension on cortical thickness, found increased rates of cortical 

thinning in frontal and temporal cortices when compared to normotensives over an eight 

year period. This study followed participants for a longer period of time and participants 

were younger at baseline than the present cohort, which may have influenced the ability 

of the present study to detect differences. Previous research looking at the longitudinal 

impacts of hypertension on brain aging using FreeSurfer have mainly focused on cortical 

thickness without evaluating changes in surface area. The current study is among the first 

to investigate the effect of hypertension longitudinally using the cortical surface area and 

thickness.  
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Of note, the cognitive results for hypertension showed greater decline within 

working memory/executive function measures (WAIS-IV Digit Span) within the group 

without hypertension. Similarly, neuroimaging results found greater declines in the right 

hemisphere frontal lobe surface area also for the group without hypertension. Although 

there was no correlation between decline on the WAIS-IV Digit Span and surface area 

decline in the frontal lobe, the results may indicate an area for further investigation. 

Functional neuroimaging on working memory and executive function measures with 

older adults over the age of 70 without a history of hypertension and those who have been 

newly diagnosed with hypertension, may help to evaluate if a late life onset of 

hypertension could be beneficial for performance on some tasks of cognition.  

 

Impact of Family History of Hypertension on Brain Changes 

It was hypothesized that the presence of a family history of hypertension would 

be related to greater change in frontal lobe measures; however, this was not found. There 

were no significant main effects for family history of hypertension on changes in cortical 

decline for thickness, surface area, or volume. Significant interactive effects between 

family history of hypertension and non-dipping status were found, but the directionality 

of the interaction showed that the brain declines were in the non-dipping group without a 

family history of hypertension. Given that this was the first study to investigate the effect 

of a family history of hypertension on cognitive and brain measures in an older cohort, 

the implications of the current findings are unclear.  

Previous research investigating the impacts of a family history of hypertension 

have been limited to younger cohorts and have focused on blood pressure variability and 
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not on nocturnal non-dipping blood pressure status. As mentioned previously, 

inconsistent results were also previously found for cognitive variables. Previous studies 

have observed that compared to medical records, a self-report questionnaire of family 

history of hypertension has accurate overall sensitivity and specificity (Page & France, 

2001). The initial validation of the use of a questionnaire for family history of 

hypertension was completed with adults and did not specifically address the accuracy of 

the measure when obtained in an older cohort. Future research would benefit from 

comparisons of medical reports with self-report in order to determine the reliability of 

self-report measures of a family history of hypertension in older adult population. 

Although the present study showed inconsistent results regarding the effects of a family 

history of hypertension on brain changes, additional research with a larger cohort with 

individuals from a range of ages, would help to better characterize the effects of a family 

history of hypertension on aging and brain aging on younger versus older adults.   

 

Interactive Effects of Health Factors on Changes in Brain Structure  

In line with initial hypotheses, a significant interaction between nocturnal blood 

pressure and hypertension on brain structures was found, with the non-dipping 

hypertensive group showing greater decline in several frontal surface area regions over 

time. Similar results have been found cross-sectionally with global measures of brain 

volume.  Nagai et al. (2008) found that among untreated older hypertensive participants, 

systolic nocturnal non-dipping was related to decreased total brain volume. Goldstein et 

al. (2002, 2005) also found an association between greater nocturnal systolic blood 

pressure variability and increased global brain atrophy both cross-sectionally and five 
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years later; however, these results were limited to older participants without a history of 

hypertension. This is the first study to examine specific regional brain changes associated 

with the combination of nocturnal blood pressure status and hypertension.    

In alignment with my previous cross-sectional findings (Haws et al., 2013) and 

proposed hypotheses, these findings suggest that elevated nocturnal blood pressure within 

the context of hypertension has a preferentially deleterious effect on brain structures in 

the frontal lobe.  Regional declines were apparent on three of the four frontal structural 

areas used in the analyses, which included the rostral middle frontal, caudal middle 

frontal, and medial orbitofrontal regions. Given the focused, planned comparison 

approach in the present study, it is possible that other frontal regions outside of those 

used for these analyses could exhibit significant declines as a function of the interaction 

of hypertension and dipping status. Future research with a larger sample size and using a 

whole brain statistical approach would help to evaluate the effect across all frontal 

structures.  

Of note, the changes seen as a function of dipping status and hypertension were 

limited to surface area measures within the frontal lobes. Although surface area is a 

relatively new morphological index and research in this population has been limited, the 

present study provides some additional justification for its inclusion in future research. 

Non-dipping blood pressure status within the hypertensive group was consistently 

associated with longitudinal decline in surface area, but non-dipping status in the 

normotensive group was associated with increased surface area. One possible explanation 

for this finding is that increased surface area within the non-hypertensive group could 

reflect a type of compensatory response with increased connectivity and areal expansion. 
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Previous cross-sectional research  (Haws et al., 2011) with this cohort found greater 

impairment on memory measures for the non-dipping hypertensive group. Comparisons 

between individuals with and without hypertension in the non-dipping group indicated 

that the normotensive group did not perform as poorly as the hypertensive group; 

however, performance within the non-dipping normotensive group was not comparable to 

the dipping groups. The longitudinal increases in surface area in the present study for the 

non-dipping normotensive group and the lack of interactive findings for a decrease in 

cognitive performance could be an indication of neural adaptation within the non-dipping 

normotensive group.  

 

Possible Mechanisms  

The mechanisms of nocturnal blood pressure dipping status have not been fully 

elucidated. Some have hypothesized that non-dipping blood pressure status may be due to 

increased sympathetic nervous system activity (Kohara et al., 1995; Sherwood et al., 

2002; Pickering et al., 2001) and a decrease in parasympathetic activity at night (Nakano 

et al, 2001) which may then lead to disturbances in cerebral perfusion (Jennings & 

Zanstra, 2009). Several studies have suggested possible factors contributing to a 

nocturnal non-dipping blood pressure pattern, including sleep apnea (Kanbay et al. 2008) 

and obesity (Landsberg & Young, 1978; Scherrer et al., 1994). The participants in the 

present study were generally not obese and endorsed overall good sleep quality. It may be 

of interest to further investigate the relation of the nocturnal blood pressure variation and 

sleep cycle differences within the population of older adults.   
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One possible mechanism relates to recent evidence establishing a relationship 

between medial prefrontal gray matter volume atrophy, impoverished slow wave sleep, 

and deficits in sleep-dependent memory consolidation (Manber  et al., 2013). According 

to this framework, in older adults, age-related frontal gray matter predicts the extent of 

disruptions in non-rapid eye movement slow-wave sleep, which was shown to contribute 

to impaired performance on long-term memory.  This hypothesized mechanism fits well 

with the results of the present study, given that the nocturnal non-dipping group exhibited 

greater decline within the frontal lobes and had decreased performance on memory 

measures over time. It could therefore be hypothesized that the presence of a nocturnal 

non-dipping BP pattern could negatively impact slow-wave sleep, which could lead to 

impaired cognition on memory measures. Further research is needed to clarify this 

potential mechanism using polysomnography in conjunction with ambulatory blood 

pressure monitoring and a sleep-dependent memory consolidation paradigm.  

Additional research regarding the potential mechanisms for a non-dipping BP 

profile would also help to better identify those individuals at increased risk and allow for 

targeted treatments when recognized. Greater understanding of the underlying 

mechanisms would also help in the development of better treatments that could more 

effectively target the reduction of an abnormal non-dipping BP pattern.  

 

Implications 

The present study, along with cross-sectional research with the same cohort, 

indicates that nocturnal non-dipping has a negative impact on both cognitive and brain 

aging. Given that it has been suggested that about 25% of individuals with essential 
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hypertension also have nocturnal non-dipping blood pressure, and approximately 50% of 

the population of older adults over the age of 70 are hypertensive (Burt et al., 1995), the 

present findings have implications for the course of cognitive and brain aging. By 

changing blood pressure treatments and the timing of administration for blood pressure 

medications, the long-term impacts of non-dipping BP pattern on cognition might be 

reduced. The use of ambulatory blood pressure monitoring both for identification and 

treatment would also be important as it provides an opportunity to evaluate blood 

pressure in a way that would not be possible during a typical clinic visit. This is 

especially pertinent for individuals with a non-dipping profile who are not diagnosed with 

hypertension as they may show normal blood pressure values during the daytime, but 

have a nighttime blood pressure profile that places them at increased risk.  

 

Study Limitations 

There are some limitations of the present study. While the average clinic blood 

pressure of our study group (144/79 mm Hg) at baseline may appear slightly elevated, it 

is consistent with reports of blood pressure values found in the general population of 

older individuals (e.g., 140/83 mm Hg; Drizd et al., 1986). Although hypertension is 

defined as an average systolic BP above 140 to 160 Hg and/or an average diastolic BP 

average above 90mm Hg, the clinic BP values obtained in this study are a single BP 

measurement and do not signify chronically elevated BP values that would be required 

for a diagnosis of hypertension. Additionally, the effects of nocturnal systolic dipping 

status remained significant when controlling for baseline and follow-up systolic blood 
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pressure. This provides additional support for the interpretation that the effects seen are 

not simply an exacerbation of the effects of hypertension.  

Another limitation is the lack of additional follow-up data to model both within-

person and between-person effects over time. Having at least three time-points would 

allow for more elaborate models of the process of change, which could assess each 

person’s individual growth trajectory, as well as more accurate estimations of true change 

versus measurement error (Singer & Willett, 2003; Sliwinski & Buscjke, 1999). Also 

given the lack of follow-up for other health factors (i.e. ambulatory data at follow-up), it 

is difficult to ascertain how changes in these variables could be related to the changes 

found in cognition and brain decline. For example, a persistent non-dipping BP profile 

could have greater consequences on cognition and brain structures than a profile that 

exhibits a non-dipping occasionally. White matter hyperintensity lesion volumes were 

only available for the baseline MRI scans and the addition of follow-up lesion volumes 

would greatly help in determining how changes in lesion load could be influencing both 

the brain and cognitive trajectories. In addition, other variables could have also had 

significant impact on brain and cognitive decline that were not evaluated, including diet, 

exercise and endurance, changes in living circumstances and stressors, and inflammatory 

markers.  

Participants in this study were highly educated and mostly Caucasian, suggesting 

that the findings may not be generalizable to all older adults living in the community. 

Therefore, further research is needed to evaluate the effects of non-dipping on cognition 

and brain aging in those with and without hypertension from a larger and more ethnically 

diverse cohort to evaluate whether nocturnal non-dipping BP increases the risk for later 
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cognitive decline Such findings could determine whether ambulatory BP measurement 

should be more widely used to evaluate risk for cognitive aging and dementia. It may also 

be important to consider whether hypertension treatment regimens should be optimized 

for those with nocturnal non-dipping status. Some research has indicated that nighttime 

administration of hypertension medication can help alleviate a nocturnal non-dipping BP 

profile (Hermida et al., 2005). Additionally, given that physical activity can have a 

positive impact on circadian rhythmicity, potential behavioral intervention of increased 

physical activity could help to attenuate nocturnal non-dipping (Naylor et al., 2000).  

Although not included in the scope of research for the present study, previous 

research has found that variability in blood pressure over time was related to increased 

risk for cerebrovascular disease in older adults (Brickman et al., 2010). Other research 

using ambulatory blood pressure monitoring with adults across the age range found that 

increased daytime blood pressure variability was associated with greater cardiovascular 

complications (Palatini et al., 1992). Further research is needed investigating the impact 

of ambulatory blood pressure variation on cognition and brain aging in a cohort of older 

individuals and to also evaluate how blood pressure variation may be related to a 

nocturnal non-dipping profile.  

The present study primarily focused on the longitudinal impacts of non-dipping 

on the brain and cognition, additional research is needed to identify the impacts on end 

organ damage to other regions of the body (i.e. heart, eyes, kidneys, etc.) that can also 

have a potential impact leading to cognitive and brain changes. This additional research 

has potential value in directly evaluating systemic impacts of ambulatory BP dipping and 

non- dipping on the whole body, not just brain, which can have important implications 
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for day-to-day functioning and the ability of an individual to maintain independence with 

advancing age.  

 

Conclusions 

In summary, this study shows that cognitive performance in neurologically 

healthy older adults is adversely affected by a lack of the typical 10-20% dip in nocturnal 

BP, and the combination of a nocturnal non-dipping BP pattern and hypertension may 

preferentially affect performance on memory and executive functioning. Furthermore, 

nocturnal blood pressure was also related to greater decline in the anterior cingulate and 

the combination of nocturnal non-dipping BP and hypertension was related to greater 

decline within the frontal lobe. These findings provides some support that nocturnal 

blood pressure variation is an important factor in understanding how vascular risk 

influences brain and cognitive aging. Given the lack of consistency in the relations for 

other cardiovascular factors on cognitive and brain aging within this cohort, additional 

research is needed to help clarify the importance of nocturnal BP variation as a risk factor 

for cognitive decline. A better understanding of the effects of circadian blood pressure 

variation in healthy aging may help to identify those individuals at higher risk for decline, 

and may lay the foundation for developing interventions to prevent or treat these 

individuals.  

These findings may have important implications for healthy cognitive aging given 

that it has been suggested that about 25% of individuals with essential hypertension also 

have nocturnal non-dipping blood pressure, and approximately 50% of the population of 

older adults over the age of 70, are hypertensive (Burt et al., 1995). Numerous studies 
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have shown that chronically elevated blood pressure in longstanding hypertension 

adversely affects the brain with greater structural brain atrophy and white matter 

abnormalities (Swan et al., 1998; Strassburger et al., 1997). Furthermore, a study by 

Goldstein et al. (2002) showed that older participants with greater ambulatory blood 

pressure variability and elevated nocturnal systolic blood pressure had greater brain 

atrophy. However, this latter study was limited to participants without hypertension. 

These results, taken together with the findings of the present study, suggest a need to 

directly investigate age-related structural and functional brain changes and their 

relationship with hypertension, nocturnal blood pressure dipping, and cognition in the 

context of otherwise healthy aging.  

The present data further supports the use of ambulatory blood pressure monitoring 

in providing important added information in evaluating the relation between 

hypertension, blood pressure variation, cognition, and brain aging.  In those with 

hypertension, ambulatory blood pressure has been shown to be more closely associated 

with target organ damage and poorer cardiovascular outcomes than office blood pressure 

levels (Sega et al., 2005; Staessen et al., 1999), as it provides a reliable estimate of blood 

pressure rhythm throughout the course of the day. Our findings, along with previous 

research, suggest that ambulatory blood pressure monitoring can also be used to identify 

individuals at risk for brain and cognitive decline.  
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APPENDIX A 

FAMILY HISTORY OF HYPERTENSION QUESTIONNAIRE 

 
 

 

 

 1 

 

FAMILY HISTORY OF HYPERTENSION 

 

For the following questions, hypertension refers to elevated blood pressure (140/90 mmHg or 
greater) most of the time.  Age at onset refers to the age at which a diagnosis was made.  If 

unsure, please give your best approximation. 

 
Consider blood relatives only. Indicate any relatives who were told by a doctor that they had 

hypertension (high blood pressure). 

 
 

1. Parents 
 

Does/did this parent have hypertension?  
If yes, age at 

onset 

Mother !   Yes  !   No  !   Unknown  

Father !   Yes  !   No  !   Unknown  

 
 

2. Siblings:  For all full siblings, indicate the following: 

 

Does/did this sibling have hypertension?  
If yes, age at 

onset 

Sibling 1 !   Yes  !   No  !   Unknown  

Sibling 2 !   Yes  !   No  !   Unknown  

Sibling 3 !   Yes  !   No  !   Unknown  

Sibling 4 !   Yes  !   No  !   Unknown  

Sibling 5 !   Yes  !   No  !   Unknown  

 

 
3. Children: For all biological children, indicate the following: 

 

Does/did this child have hypertension?  
If yes, age at 

onset 

Child 1 !   Yes  !   No  !   Unknown  

Child 2 !   Yes  !   No  !   Unknown  

Child 3 !   Yes  !   No  !   Unknown  

Child 4 !   Yes  !   No  !   Unknown  

Child 5 !   Yes  !   No  !   Unknown  
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2 

4. Other relatives:  Number of other relatives with hypertension (cousins, aunts, uncles, 

grandparents, half siblings): 
 

   
 

For each, please list age at onset: 

 Age at onset 

Relative 1  

Relative 2  

Relative 3  

Relative 4  

Relative 5  

 

 

Use the space below for additional siblings, children, and other relatives, if needed: 
 

 

Does/did this relative have hypertension?  
If yes, age at 

onset 

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  

 !   Yes  !   No  !   Unknown  
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APPENDIX B 

MEAN AND STANDARD DEVIATION FOR NEUROPSYCHOLOGICAL 

MEASURES AT BASELINE 

 

 

Variable Mean SD 

Memory 

  Selective Reminding Task 

  Consistent Long-Term Retrieval 49.57 32.95 

Delay Recall 7.59 2.83 

Recognition 11.49 1.21 

Rey Complex Figure Test   

Immediate Recall 14.30 6.41 

Delay Recall 14.17 6.96 

Executive Function   

Letter Fluency (FAS total) 45.15 14.12 

WAIS-IV Digit Span 26.72 4.47 

WAIS-IV Letter-Number 

Sequencing 17.95 2.87 

Trail Making Test (Part B, sec) 86.41 33.18 

WCST Number of Categories 4.20 1.90 

WCST Total Errors 40.54 22.78 

Stroop Color Word Interference 33.86 8.67 

Processing   

WAIS-IV Coding 56.30 10.96 

WAIS-IV Symbol Search 25.10 6.94 

Trail Making Test (Part A, sec) 36.46 11.43 
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APPENDIX C 

MEAN AND STANDARD DEVIATION FOR NEUROPSYCHOLOGICAL 

MEASURES AT FOLLOW-UP 

 

 

Variable Mean SD 

Memory 

  Selective Reminding Task 

  Consistent Long-Term Retrieval 58.00 36.37 

Delay Recall 7.73 2.79 

Recognition 11.33 0.99 

Rey Complex Figure Test   

Immediate Recall 15.62 7.03 

Delay Recall 15.18 6.88 

Executive Function   

Letter Fluency (FAS total) 44.26 12.55 

WAIS-IV Digit Span 27.51 4.75 

WAIS-IV Letter-Number 

Sequencing 17.64 3.60 

Trail Making Test (Part B, sec) 97.60 54.57 

WCST Number of Categories 3.72 2.20 

WCST Total Errors 44.29 25.30 

Stroop Color Word Interference 31.86 9.52 

Processing   

WAIS-IV Coding 54.09 12.23 

WAIS-IV Symbol Search 23.40 7.10 

Trail Making Test (Part A, sec) 40.62 18.57 
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