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ABSTRACT 

Jingkai Wei: Aortic Stiffness, White Matter Integrity and Depressive Symptoms among Older 

Adults 

(Under the direction of Gerardo Heiss) 

          Background: Aortic stiffness is a hallmark of aging and is associated with neurocognitive 

outcomes among older adults. Late-life depression, often associated with structural damage in 

cerebral white matter integrity, is an important public health burden. This doctoral research 

examined the associations of aortic stiffness with white matter microstructural integrity and 

depressive symptoms among older adults.  

          Methods: Data from the 5th and 6th examinations of the Atherosclerosis Risk in 

Communities cohort (2011-2013, 2016-2018) were analyzed. A total of 1,484 participants (aged 

67 to 90 years) were included in the analysis of aortic stiffness and white matter microstructural 

integrity, and 4,511 participants (aged 66 to 90 years) were included in the analysis on aortic 

stiffness and depressive symptoms. Aortic stiffness was measured as carotid-femoral pulse wave 

velocity (cfPWV). Cerebral white matter microstructural integrity was measured as fractional 

anisotropy (FA) and mean diffusivity (MD) using diffusion tensor imaging. Depressive 

symptoms were assessed using the 11-item Centers for Epidemiologic Studies-Depression (CES-

D) Scale. A CES-D score ≥9 was considered indicative of clinically significant depressive 

symptoms (CSDS). 

          Results: Relating aortic stiffness and white matter microstructural integrity, each 1 m/s 

increment in cfPWV was associated with lower overall FA (β=-0.03, 95% confidence interval
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 (CI): -0.05, -0.02) and higher overall MD (β=0.03, 95% CI: 0.02, 0.04). Elevated cfPWV (upper 

25thpercentile) was associated with lower FA (β=-0.26, 95% CI: -0.39, -0.14) and higher overall 

MD (β=0.21, 95% CI: 0.11, 0.32). Similar associations were observed at individual cerebral 

regions of interest. In cross-sectional analyses of aortic stiffness and depressive symptoms we 

observed a positive association of elevated cfPWV with the greater CES-D score (standardized 

beta (β)=0.07, 95% CI: 0.004, 0.15) and greater odds of CSDS (odds ratio (OR)=1.37, 95% CI: 

1.01, 1.85). No association was observed between baseline cfPWV and temporal change in 

depressive symptoms or incident CSDS. 

          Conclusions: These results add to the evidence suggesting that aortic stiffness may serve 

as a modifiable target for the prevention of poor cerebral white matter microstructural integrity. 

Given the limited evidence, the longitudinal association between aortic stiffness and depressive 

symptoms among older adults warrants further investigation.
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CHAPTER I. INTRODUCTION 

 

          Late-life depression, defined as a major depressive episode taking place in older adulthood 

(65 year or older) is a significant public health issue. The existing literature suggests that 

cardiovascular risk factors play an important role in the development of late-life depression, and 

the “vascular depression”, which claims that cerebrovascular disease may predispose, precipitate, 

or perpetuate some geriatric depressive syndromes.[1] The hypothesis is supported by the 

evidence that white matter hyperintensities (WMHs), manifestation of CSVD are shown on 

magnetic resonance imaging (MRI) tool older adults with depression. While WMHs have been 

used as a biomarker to detect pathology of white matter, it may only reflect the tip of the iceberg, 

since previously reported correlations between clinical features of CSVD and WMHs are not 

consistent. The diffusion tensor imaging (DTI) is considered a more sensitive tool to detect 

microstructural pathological changes of white matter, since it detects disruption of white matter 

integrity both within WMHs and in normal-appearing white matter. 

          Arterial stiffness increases pulsatility, which damages microvascular circulation, resulting 

in poor vasoreactivity and cerebral hypoperfusion that leads to cerebral small vessel disease 

manifested as WMHs. Carotid-femoral pulse wave velocity (cfPWV) is considered the gold 

standard measure of aortic stiffness. Previous studies have shown that higher levels of arterial 

stiffness are associated with cerebral small vessel disease, while only a few studies have 

examined associations of white matter outcomes measured with DTI. Among the latter, the 

results have been inconsistent, and moststudies were based on small study samples with
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 comorbidities. Although studies suggest that cfPWV is associated with lower fractional 

anisotropy, an index of white matter microstructural integrity, the associations between cfPWV 

and mean diffusivity (MD), another important index of white matter microstructural integrity, 

remains unknown. Additionally, the degree to which WMHs account for the associations 

between cfPWV and DTI measures needs to be further examined. 

          Only a few studies have examined the association between arterial stiffness and depressive 

symptoms among older adults. Conflicting results have been reported on the association between 

aortic stiffness and late-life depression, and all the extant studies used a cross-sectional design, 

which is subject to the possibility of reverse causality, since depression may lead to unhealthy 

lifestyle and finally cause aortic stiffening among older adults. It is therefore desirable that the 

associations between aortic stiffness and late-life depression be examined in a longitudinal study. 

The proposed dissertation research will be based on the Atherosclerosis Risk in Communities 

Neurocognitive (ARIC) Study, which started in 1987 with 15,792 men and women aged 45 to 66 

years at baseline in four U.S. communities. Information will be mainly derived from the 5th 

(2011-2013) and 6th visit (2016-2018) of the ARIC study. Taking the advantage of the 

measurement of aortic stiffness (cfPWV), white matter microstructural integrity (using DTI), as 

well as repeated assessment of depressive symptoms, the study will examine the cross-sectional 

association of aortic stiffness with DTI measures, as well as both cross-sectional and longitudinal 

associations of aortic stiffness with depressive symptoms. 
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CHAPTER II. SPECIFIC AIMS 

 

          The goals of the dissertation were to: 1) determine the cross-sectional relationship of aortic 

stiffness with white matter integrity among in older adults; 2) determine the relationship of aortic 

stiffness with depressive symptoms in older adults. 

Specific Aim 1 

Aim 1: Determine the cross-sectional relationship of aortic stiffness with white matter 

microstructural integrity in older adults. 

• Aim 1.1: Determine the cross-sectional association of aortic stiffness (i.e. carotid-femoral 

pulse wave velocity [cfPWV]) with white matter integrity (i.e. fractional anisotropy 

[FA]], mean diffusivity [MD]) among older adults.  

Specific Aim 2 

Aim 2: Determine the relationship of aortic stiffness with depressive symptoms among older 

adults. 

• Aim 2.1: Determine the cross-sectional association of aortic stiffness (i.e. cfPWV) with 

depressive symptoms and odds of clinically significant depressive symptoms among 

older adults. 

• Aim 2.2: Determine the association of baseline aortic stiffness (i.e. cfPWV) with the 5-

year risk of clinically significant depressive symptoms among older adults. 

• Aim 2.3: Determine the association of baseline aortic stiffness (i.e. cfPWV) with 5-year 

change in depressive symptoms among older adults. 
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CHAPTER III. BACKGROUND AND RATIONALE 

3.1. Aortic stiffness 

3.1.1. Structure and function of normal arterial system 

          In general, there are two major functions of the arterial system, which are correlated. One 

of these is the delivery of blood from the heart to peripheral tissues, in a way that is responsive to 

metabolic needs. This is known as the conduit function. The second function of the normal 

arterial system is to dampen blood flow and pressure oscillations, providing a steady perfusion of 

the peripheral tissues and organs.[2] 

          The arterial wall is made up of three layers from inside to outside of the arterial lumen: the 

intima (endothelial cells), the media (smooth muscle cells and extracellular matrix) and 

adventitia.[3] The extracellular matrix is mainly composed of collagen and elastin, which jointly 

maintain the structural integrity and elasticity of the vessel.[4] The structure of artery walls 

varies by the location of arteries---from aorta to peripheral arteries, the amount of elastic fibers 

declines and that of muscular components increases as the lumen dimension is reducing.[5] The 

muscle cell layers make up of a greater proportion in the heart-distal arteries.[6] Therefore, the 

arterial system can be divided into two parts, based on the structures---the large elastic arteries 

(e.g., aorta and carotid vessels) and muscular arteries (e.g., peripheral and femoral vessels).[7]  

          The extracellular matrix of vessels serves for a variety of functions.[6] The resilience and 

compliance of the vascular wall are often indicated by collagen and elastin,[8] which are the 

major components of extracellular matrix. Elastin contributes to elasticity and resilience allowing 

the pulsatile mechanic stretching of the vessels. Collagen, in contrast, provides the tensile



 

5 
 

 strength of the vessel wall. The normal function of the vessels relies on a balance between the 

production and degradation of collagen and elastin. As arterial walls are stretched, compliance 

and distensibility decrease and the incremental elastic modulus shifts from muscle and elastin 

loading to elastin and collagen loading.[9] 

          The cellular components of the arterial wall are also important to the regulation of 

hemodynamics. The balance between structural and cellular components of the arterial wall can 

be affected by pathologic conditions (e.g., hypertension, diabetes, etc.) and progress to arterial 

stiffness.[10]  

3.1.2. Arterial stiffness 

          Arterial stiffness indicates “the relationship between change in pressure and change in 

volume”.[11] The functional effects of arterial stiffness include both changes in mechanical 

behaviors and effects due to geometric changes and tension of arterial properties, defined as 

fractional deformation (referred to as “strain”) due to an applied force per unit area (referred to 

as “stress”).[12] The stiffness of an artery is described as elasticity, defined as the ratio of 

uniaxial stress to uniaxial strain.[12] Arterial stiffness of the aorta, known as aortic or central 

stiffness, is of major interest, since the aorta contributes the most to arterial buffering function, 

and aortic stiffness has been found to be associated with health outcomes.[13]  

          Arterial stiffness typically involves degenerative processes that affect the extracellular 

matrix of elastic arteries associated with aging.[14] Arterial stiffness is developed due to the loss 

of balance between synthesis and degradation of collagen and elastin.[7] The extracellular matrix 

of arterial walls, which consists of collagen, elastin, glycoproteins and proteoglycans is degraded 

by catabolic metalloproteases producing damaged collagen and elastin.[7] Advanced glycation 

end-products (AGEs), formed by nonenzymatic protein glycation, also plays a role as it forms 
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irreversible cross-links.[8] Endothelial mechanisms may contribute to arterial stiffness, as 

endothelial dysfunction leads to the reduced bioavailability of vaso-relaxing factors.[15] 

          While arterial stiffness is characterized by the physical properties of vessels, non-invasive 

methods are therefore applied to measure arterial stiffness in vivo. Among the various arterial 

stiffness measurement methods, pulse wave velocity (PWV) is considered the most simple, 

robust and reproducible measure of stiffness along an arterial section.[13] The concept of PWV 

is based on the property that the speed of a pressure wave depends on the geometric and elastic 

properties of arterial wall when generated by ventricular ejection and propagated along the 

arterial tree.[11] PWV is calculated as the velocity (m/s) of the pulse wave, i.e., the distance 

between two sites divided by the time elapsed. A higher PWV indicates greater arterial stiffness. 

Considerable heterogeneity exists among segment-specific PWV measured along the arterial 

tree, since the architecture and composition of the arterial wall differs by location. Among PWVs 

at different segments, carotid-femoral pulse wave velocity (cfPWV) has been accepted as the 

referent standard measurement of aortic stiffness in epidemiological studies (Appendix 1).[16]  

3.1.3. Age and aortic stiffness 

          The values of aortic stiffness measurements change with age. Aortic stiffness increases 

from young adulthood throughout the whole lifespan, particularly with risk factors of 

cardiovascular disease.[17] 

3.1.4. Aortic stiffness as a predictor of subsequent health outcomes 

Cardiovascular disease 

          A number of population-based prospective cohort studies have found that aortic PWV is 

independently associated with subsequent cardiovascular events, including cardiovascular 

mortality,[18-21] risk of coronary artery disease [22,23] and stroke,[24] in both high-risk and 



 

7 
 

general populations. An updated meta-analysis by Zhong et al. shows that elevated cfPWV was 

associated with about 80% higher pooled risk of cardiovascular events (hazards ratio [HR]: 1.80, 

95% confidence interval [CI]: 1.45-2.14) in 14 studies, and 85% higher pooled risk of 

cardiovascular mortality (HR: 1.85, 95% CI: 1.46-2.24) in 11 studies. These associations are 

consistent whether using one standard deviation or one unit increase are used as predictors.[25] 

The evidence from the pooled results suggests that cfPWV is a useful marker to predict 

subsequent adverse cardiovascular events.  

Cognitive decline and dementia 

          Aortic stiffness has been found associated with cognitive decline and dementia. In a meta-

analysis of six longitudinal studies including 3947 subjects over an average course of more than 

5 years, higher aortic stiffness marginally predicted lower Mini-Mental State Examination scores 

(β=-0.03, 95% CI: -0.06 to 0.01). This association turned statistically significant after removing 

one study with a younger cohort and lower median aortic stiffness (β=-0.04, 95% CI: -0.07 to -

0.01).[26] These associations may be explained by neurological conditions including stroke, 

white matter hyperintensities and lacunar infarction as potential mediators between aortic 

stiffness and cognitive decline.[26]  

          There are fewer studies that examine the association between aortic stiffness and risk of 

dementia, and results are not consistent. Pase et al. found that higher aortic stiffness 

independently predicted higher risk of mild cognitive impairment (HR: 1.40, 95% CI: 1.13-1.73) 

and all-cause dementia (HR: 1.45, 95% CI, 1.13-1.87) in the Framingham Offspring study.[27] 

In a cross-sectional examination of the Atherosclerosis Risk in Communities Study-

Neurocognitive Study (ARIC-NCS) by Meyer et al., individuals with higher cfPWV had a 

greater prevalence of mild cognitive impairment (OR: 1.27, 95% CI: 1.02-1.56), while no 
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association was found between cfPWV and dementia.[28] In the Malmö Diet and Cancer study 

2007-2012, Nilsson et al. found that cfPWV was not cross-sectionally associated with all-cause 

dementia (OR: 0.95, 95% confidence interval 0.83-1.08), or incident all-cause dementia (OR: 

1.00, 95% confidence interval 0.91-1.09).[29] 

3.1.5. Risk factors of aortic stiffness  

          In addition to age, other risk factors of cardiovascular disease associated with high aortic 

stiffness include hypertension, diabetes or elevated fasting glucose, obesity, high heart rate, and 

dyslipidemia.[30] 

Blood pressure 

          Elevated blood pressure increases pulsatile aortic wall stress, and that accelerates the 

process of elastin degradation.[31] Hypertension is considered accelerating vascular aging and 

leading to aortic stiffening,[31] although temporal relationship between aortic stiffening and 

blood pressure has not been unequivocally described in the literature, as several prospective 

cohort studies showed that higher cfPWV was associated with increasing blood pressure.[32-35] 

The results of studies on the association of high blood pressure and aortic stiffness are therefore 

mixed. Kaess et al. found that initial blood pressure level was not independently associated with 

progressive aortic stiffening in the Framingham Heart Study.[35] In contrast, El Khoudary et al. 

reported that higher levels of systolic blood pressure were associated with increasing cfPWV in a 

sample of 240 men aged 40 to 49 years free of cardiovascular disease in the US.[36] The 

Baltimore Longitudinal Study of Aging showed that systolic blood pressure (SBP) ≥120 mm Hg 

was associated with faster rates of increase in cfPWV compared to SBP<120 mm Hg in both 

men and women free of cardiovascular disease.[37] The Study of Women's Health Across the 

Nation (SWAN) Heart Study showed that SBP was among the strongest predictors of increasing 
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cfPWV among a sample of 303 African-American and European-American female 

participants.[38] Although these results are not fully consistent, evidence in general supports the 

conclusion that high blood pressure independently predicts aortic stiffness. From the information 

reported in the literature a bidirectional association between systolic blood pressure and aortic 

stiffness can also be posited. 

Diabetes and glucose 

          Diabetes or high fasting glucose from middle age may increase the level of aortic stiffness. 

Population-based studies have observed associations between aortic stiffness and diabetes and 

hyperglycemia. Strain et al. found that cfPWV was greater in subjects with type 2 diabetes 

compared to controls among Europeans and Afro-Caribbeans.[39] In a prospective cohort study, 

McEniery et al. found in the Whitehall II Study that HbA1c was associated with accelerated 

progression of cfPWV in 4,386 participants without diabetes.[40]  

Obesity 

          In a systematic review and meta-analysis that included 10 studies comparing the levels of 

aortic stiffness between obese and non-obese individuals, a pooled analysis of three studies 

showed that obese individual had higher level of cfPWV than non-obese individuals (β=0.54, 

95% CI: 0.32-0.76).[41] In another systematic review and meta-analysis, based on 16 

intervention trials on weight loss and change of PWV, showed that weight loss was associated 

with lower cfPWV (β=-0.35, 95% CI: -0.44, -0.26).[42] Obesity may thus be associated with 

higher levels of cfPWV. 

Heart rate 

          Heart rate has been identified as a risk factor of aortic stiffness in a few observational 

studies. In the Multi-Ethnic Study of Atherosclerosis (MESA) study, an increase in resting heart 
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rate was associated with decreasing aortic distensibility.[43] Albaladejo et al. showed that 24-

hour ambulatory heart rate was correlated to cfPWV in patients with essential hypertension, and 

is stronger among patients over 50 years of age.[44] 

Lipids 

          There are different potential mechanisms for the association between aortic stiffness and 

plasma lipids, such as atherosclerosis, elements change of the arterial wall, endothelial 

dysfunction and inflammation.[45] High-density lipoprotein cholesterol (HDL-C) is inversely 

related to cfPWV,[46,47] while total cholesterol and low-density lipoprotein cholesterol (LDL-

C) are positively related to cfPWV.[46] High triglyceride levels are associated with greater 

cfPWV.[48]  

3.1.6. Therapy for aortic stiffness 

          A number of studies have reported interventions, including pharmacological and non-

pharmacological means to reduce aortic stiffness. The non-pharmacological interventions are 

mainly focused on improving risk factors related to cardiovascular diseases, mostly by increasing 

physical activity and a healthy diet. In other intervention studies, higher n-3 fatty acid 

consumption improves arterial compliance among individuals with obesity or diabetes.[49,50] A 

meta-analysis indicated that aerobic exercise significantly improved arterial stiffness and that the 

effect was larger with higher aerobic exercise intensity and those with greater baseline arterial 

stiffness.[51] Combination of a healthy diet and exercise may have better effects in reducing 

aortic stiffness. In a 7-week nonrandomized clinical trial involving a low-calorie diet and an 

intensive lifestyle intervention among morbidly obese patients, low-calorie diet combined with 

aerobic exercise was associated with a sharper decline of arterial stiffness than taking a low-
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calorie diet alone.[52] In addition, smoking cessation has been shown effective in reducing aortic 

stiffness.[53] 

          The pharmacological interventions tested include antihypertensive agents, lipid-lowering 

drugs and antidiabetic agents.[54] A meta-analysis of randomized controlled trials of 

antihypertensive agents showed that angiotensin receptor blockers (ARB) may work better than 

other antihypertensive agents in improving arterial stiffness.[55] Another recent meta-analysis of 

randomized controlled trials showed that statin therapy was beneficial for improving aortic 

stiffness.[56]  

3.2. White matter integrity 

3.2.1. Structure and function of the brain 

          The brain is made up of brainstem, cerebellum, and cerebrum. The cerebrum is the largest 

part of the brain and is composed of right and left hemispheres, which performs higher functions 

like “interpreting touch, vision and hearing, as well as speech, reasoning, emotions, learning, and 

fine control of movement”. The surface of the cerebrum has a folded appearance known as the 

cortex. The axons beneath the cortex make up the white matter. [57] 

          The cerebrum is divided into four lobes: frontal (controls personality, behavior, emotions, 

judgment, planning, problem solving, speech, body movement, intelligence, concentration and 

self-awareness), parietal (hosts the interpretation of language, words, sense of touch, pain, 

temperature, interpretation of signals from vision, hearing, motor, sensory and memory, spatial 

and visual perception), temporal (controls understanding language, memory, hearing, sequencing 

and organization), and occipital lobe (controls interpretation of vision). [57] 



 

12 
 

3.2.2. Structure of cerebral small vessels 

          The blood flow in the brain is supplied by intracranial arteries, which derive from the 

circle of Willis.[58] The pial vessels are intracranial vessels on the surface of the brain and 

branch into smaller arterioles that eventually penetrate into the brain. “Penetrating arterioles lie 

within the Virchow-Robin space and are between pial and parenchymal arterioles; the 

penetrating arteries become parenchymal arterioles after penetrating into the brain tissue”.[59,58] 

All vessels in the brain have endothelium with barrier properties that regulate exchange of 

nutrients, solutes, and water between the brain and the blood, known as blood-brain barrier 

(BBB).[60]  

3.2.3. Application of neuroimaging to assess pathological changes of cerebral small vessels  

          The study of pathology of the white matter used to be based on post mortem studies. In 

general, the pathological changes of white matter are demyelination and axonal degeneration, as 

sampled from selected brain regions and reflective of late-stage disease.[61] Neuroimaging 

enables detecting pathological changes of white matter at an earlier stage when it is less 

severe.[61]  

          Magnetic resonance imaging (MRI) has been a useful tool used in the diagnosis of stroke 

and cerebrovascular disease. Diffusion-weighted imaging (DWI), T1, T2, Fluid Attenuated 

Inversion Recovery (FLAIR) and gradient echo imaging (GRE) are most informative.[62] T2 

and FLAIR sequences are sensitive for detecting white matter disease.[62]  

          Traditional MRI is able to capture penetrating arteries and small draining veins, enlarged 

perivascular spaces, microbleeds, and microinfarcts. An MR image showing a high cerebral 

small vessel disease (CSVD) burden is reflective of a significant chance that cognitive 

impairment may be related to components of CSVD.[63]  
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3.2.4. Cerebral small vessel disease (CSVD) 

          The term CSVD refers to a range of neuroimaging, pathological and associated clinical 

features with different etiologies that “affect the small arteries, arterioles, venules and capillaries 

of the brain”.[64,65] CSVD affects the vessels of the basal ganglia, peripheral white matter, 

leptomeningeal arteries, thalamic and cerebellar white matter vessels, and vessels of the 

brainstem.[66] It results from damage to the cerebral microcirculation, affecting the blood 

supply,  as well as tissue of deep white and grey matter.[65,67] The phenotypes of CSVD 

include deep brain infarcts, white matter lesions and cerebral microbleeds (Appendix 2). 

Deep brain infarcts  

          Deep brain infarcts can be detected on FLAIR and T1-weighted MRI.[68] The term deep 

brain infarcts often refers to subcortical infarcts, defined as small subcortical infarcts of 3 to 20 

mm in diameter identified on either CT or MRI.[69,66] These lesions are consistent with 

previous acute small subcortical infarcts or hemorrhages in the territory of one perforating 

arteriole.[66] Deep brain infarcts account for 20% to 30% of all strokes; the incidence of deep 

brain infarcts is about 33 per 100,000 persons-years.[70]  

          The prevalence of deep brain infarcts increases with age. A systematic review indicated 

that the prevalence of silent brain infarcts is between 8% to 28%, according to results from 

individual studies.[71] In the Cardiovascular Health Study, the prevalence of deep brain infarcts 

was 22.1% in the 65-to-69-year age group, and 42.9% among those aged over 85 years.[72] 

          Endothelial dysfunction plays an important role in deep brain infarcts, since it causes 

“leakage of plasma fluid components and migration of cells into the vessel wall with disruption 

of the normal architecture of vessels”, which may lead to “dilation, narrowing of vessel lumen, 

and loss of normal autoregulation”.[65] Endothelial dysfunction may also damage the BBB as 
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endothelium is an essential part of BBB.[73] Hypertension also contributes to the development 

of deep brain infarcts, since they also impair the integrity of BBB.[74]  

White matter hyperintensities  

          White matter lesions, or white matter hyperintensities, are areas of “decreased attenuation 

on CT, increased signal on T2-weighted and FLAIR in the periventricular and white matter of 

the cerebral hemispheres, basal ganglia (deep gray matter), pons, and brainstem and 

cerebellum”.[66] White matter hyperintensities are more prevalent and more extensive among 

patients with lacunar strokes, and often coexist with deep brain infarcts, enlarged perivascular 

spaces, microbleeds and brain atrophy.[65]  

          The prevalence of white matter hyperintensities is high even among healthy older adults. 

In a population-based sample of 123 subjects aged 64 to 74 years, the prevalence of subcortical 

and periventricular hyperintensities detected by MRI are 90% and 67%, respectively.[75] The 

Rotterdam Scan Study investigated 1077 subjects aged 60 to 90 years from general population, 

and only 5% were free of white matter lesions. The report also indicated that the prevalence and 

the extent of cerebral white matter hyperintensities increases with age. Women have a higher 

degree of white matter hyperintensities than men.[76] 

          Ischemia plays a critical role in white matter hyperintensities, according to results of 

pathological studies.[77] Loss of integrity of endothelium and the BBB may also play a role in 

the development of white matter hyperintensities.[78] 

Cerebral microbleeds 

          Cerebral microbleeds are small deep or superficial hemorrhages with of diameters of 2 to 

10 mm shown on MRI.[66] “These lesions correspond to small collections of hemosiderin-laden 

macrophages around small perforating vessels”.[66] Cerebral microbleeds are associated with 
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lacunar stroke and white matter hyperintensities.[65] According to the Rotterdam Scan Study, 

cerebral microbleeds can be categorized into deep and lobar cerebral microbleeds.[79] The 

former are likely to be associated with cardiovascular risk factors, as well as deep brain infarcts 

and WMHs. The latter may be associated with genotypes of APOE4.[79]  

          It has been reported that the prevalence of cerebral microbleeds is 5% in healthy adults, 

34% in people with ischemic stroke, and 60% in people with non-traumatic intracerebral 

hemorrhage.[80] The prevalence of cerebral microbleeds is 24% among people with Alzheimer’s 

disease.[81] The Rotterdam Scan Study, which investigated 3979 community-dwelling people 

(mean age, 60.3 years), reported that 15.3% have at least 1 cerebral microbleed, and that the 

prevalence increases with age, from 6.5% among persons aged 45-50 years to 35.7% among 

persons aged 80 years and older.[82]  

          Because of the observed strong associations, cerebral microbleeds may share common 

mechanisms with white matter hyperintensities.[83] In addition, amyloid angiopathy may play a 

role in the pathogenesis of cerebral microbleeds.[84] 

3.2.5. Risk factors associated with CSVD 

          A series of risk factors have been examined in epidemiological studies for their association 

with cerebral small vessel disease, including age, sex, race, hypertension, diabetes, dyslipidemia 

and smoking. Older age and hypertension are generally accepted risk factors for CSVD. 

          Age has been recognized as among the most important risk factors for CSVD, as 

documented in population-based epidemiological studies, including the Rotterdam scan study 

and the Northern Manhattan Study.[85,71] However, the development of CSVD over the course 

of aging has not been well characterized. [86]  
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          High blood pressure is considered the most influential modifiable risk factor for CSVD but 

no threshold for a rise in the prevalence of CSVD over the range of blood pressure has been 

identified.  

3.2.6. White matter in the brain 

          The central nervous system consists of neurons and glial cells.[87] Myelinated axons and 

glial cells are major components of the normal white matter.[88] Myelin has a water content of 

about 40%, and its dry part (60%) is mainly composed of lipids (70%–85%), with a smaller 

component of proteins (15%– 30%).[89] Spinal cord myelin has an even higher lipid-to-protein 

ratio than the brain.[89] The main lipid components of myelin include cerebrosides and lecithin, 

and the main protein elements of myelin include proteolipid protein and myelin basic 

protein.[89]  

3.2.7. Diffusion tensor imaging (DTI) for white matter integrity 

          Diffusion tensor imaging (DTI) is a neuroimaging tool that assesses both the orientation 

and diffusion of white matter tracts in vivo.[90] It has proved evaluate white matter integrity in 

both research and clinical settings.[91]  

          DTI allows a quantification of the characteristics of water diffusion in tissues. The 

diffusion of water molecules measured in tissues differs by direction, which is different from that 

in pure water.[92] If movements encounter barriers and obstacles, then molecules of water will 

follow Brownian motion, in all directions, known as “anisotropic”. The direction of greatest 

diffusivity is identified by DTI, characterizing the paths and integrity of white matter tracts.[93] 

The level of anisotropy is thought of as caused by bundled parallel axons. Diffusion is reduced 

by the axonal cell membrane and myelin sheath, which is perpendicular to the long axis of the 

axons, while these barriers are less pronounced along the long axis of the axons. Decreases in 
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anisotropy and increase in diffusion can thus measure whether axonal microstructure and 

myelination are compromised.[91] 

          The most commonly used DTI measure is fractional anisotropy (FA), whose direction is 

made up of diffusion tensor eigenvectors (ϵ1, ϵ2, ϵ3) and its shape is characterized by three 

eigenvalues (λ1, λ2, λ3). λ1 represents the water movement parallel to the axonal fibers, known as 

axial diffusivity (AD). The average of λ2 and λ3 represents the water movement perpendicular to 

the axonal fibers, known as radial diffusivity (RD).[94] The FA is calculated as 

. The value of FA ranges from 0 to 1. An 

FA of 0 indicates there is no anisotropy in water movement, with diffusivity equal in all 

directions, and an FA of 1 indicates that water movement is purely unidirectional. The magnitude 

of FA may vary by microstructure within the same individual. In general, lower FA is reflective 

of lower directionality of water molecule diffusion along fiber pathways and considered to 

reflect lower microstructural connectivity.[95] 

          Mean diffusivity (MD) is another important measure for DTI. MD is the average rate of 

diffusion in the noncollinear directions, with an increase value showing an increase in water 

diffusion. MD is calculated as MD= (λ1+λ2+λ3)/3. In general, higher MD is reflective of less 

constrained water molecule diffusion and considered to reflect lower microstructural 

connectivity (Appendix 3).[96,95] DTI demonstrates the variability in the extent of white matter 

disruption both within lesions and in normal-appearing white matter.[97] 

3.2.8. Correlation between DTI and MRI parameters  

          Positive correlations between white matter integrity measured with DTI and white matter 

hyperintensities measured with conventional MRI have been identified in several studies. In a 

sample of 57 older adults (mean age: 78±7 years), WMH pathology was associated with lower 
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FA in projection (including internal capsule and corona radiate) and association (including 

superior longitudinal, superior and inferior fronto-occipital fasciculi) fiber tracts.[98] In 27 

patients with Alzheimer’s disease, severe WMHs increased MD values in the bilateral parietal 

lobes, anterior internal capsule, posterior internal capsule, and in the right occipital region. 

Lower FA values were found in right occipital and right parietal areas, as well as right anterior 

internal capsule and right posterior internal capsule.[99] In the Lothian Birth Cohort 1936 which 

is composed of 676 subjects (mean age: 73 years), compared to normal-appearing white matter, 

FA values were significantly lower, and MD significantly higher in WMH.[100] In a study of 65 

HIV seropositive and 29 HIV seronegative adults over 60, total WMH volume predicted FA in 

corpus callosum and sagittal stratum, and are marginally associated with FA in the external 

capsule.[101] In 266 participants of the Radboud University Nijmegen Diffusion Tensor and 

MRI Cohort (RUN DMC) Study (mean age: 62.5±7.8 years), higher baseline MD values in 

normal appearing white matter were associated with increased WMH progression during 9 years. 

3.2.9. Major clinical consequences associated with loss of white matter integrity among 

older adults 

Cognitive impairment 

          Cognitive function has been studied for its relation to the microstructural integrity of white 

matter in a few studies of older adults, although the results were not consistent. Zhong et al. 

studied 75 subjects aged from 43 to 85 years with leukoaraiosis, observing that FA of normal 

appearing white matter and FA of white matter hyperintensities were independently associated 

with global cognitive function.[102] In the RUN DMC study, among 499 patients with CSVD 

(aged 50-85 years), mean MD and FA of the normal appearing white matter, white matter 

lesions, and total white matter did not substantially contribute to the variance of cognitive 
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function explained, and only showed limited additional information value compared to 

conventional MRI parameters.[103] 

Late-life depression 

          The prefrontal cortex and limbic areas are important for emotion and mood regulation, and 

loss of white matter integrity of frontal-limbic tracts has been posited to clinical features in major 

depressive disorder.[90] A number of studies examined the relationship between microstructural 

integrity and late-life depression. Shimony et al. studied white matter integrity measured using 

DTI in multiple regions (deep white matter, corpus callosum, prefrontal, temporal, parietal, 

occipital, motor) in 73 depressed elderly subjects and 23 non-depressed control subjects, and 

found that all regions combined showed significantly higher MD among depressed older adults, 

and the prefrontal regions alone demonstrated significantly lower FA among depressed older 

adults.[104] Yang et al. evaluated microstructural changes in different regions (frontal, temporal, 

corpus callosum) among 31 late-life depression patients and 15 healthy controls using DTI; their 

results showed that FA values were significantly lower in superior and middle frontal gyrus, and 

right parahippocampal gyrus among elderly patients with depression compared to healthy 

controls.[105] Nobuhara et al.[106] examined frontal white matter anisotropy 13 late-life 

depression patients and 13 healthy controls, observing that significantly lower FA values of 

widespread regions of the frontal and temporal lobes were found among depressed patients, and 

FA values of the inferior frontal area of the brain were inversely correlated to severity of 

depression.  

          Taken together, damage to the microstructure of white matter, particularly that of 

prefrontal regions is seen in patients with late-life depression. 
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3.2.10. Risk factors associated with white matter integrity 

          Only a few studies have examined the risk factors of white matter integrity.  

          Vascular risk factors were explored in the ARIC study, including plasma total cholesterol, 

triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol 

(LDL-C), serum glucose, SBP and diastolic blood pressure (DBP).[107] The results showed an 

adverse association between high lipids at midlife and high total cholesterol, LDL-C, and HDL-

C in late life were associated with better overall FA among those who are cognitively normal, 

independent of WMH volume. High triglycerides in late life showed a positive association with 

higher MD. High serum glucose in midlife was associated with higher MD, and high glucose at 

baseline was marginally associated with lower overall FA. High SBP and DBP at both midlife 

and late life were strongly associated with lower FA and higher MD.[107]  

          Reports from the Swedish National Study on Aging and Care in Kungsholmen (SNAC-K) 

indicated that age, sex, education, APOE4, and all targeted vascular factors and heavy alcohol 

consumption were associated with lower FA. Heavy alcohol drinking, hypertension, and diabetes 

are associated with higher MD, and the associations of hypertension and diabetes with MD 

remained statistically significant after controlling WMH volume. The study also indicated that 

among APOE4 carriers, having any of 4 vascular risk factors (current smoking, heavy alcohol 

consumption, hypertension and diabetes) was associated with lower FA and higher MD even 

with full covariates adjustment.[108] 

          The RUN DMC showed that an increase of 10mm Hg in SBP was significantly associated 

with a decrease of FA in both normal appearing white matter and white matter lesions. Similarly, 

every 10-mm Hg increase in DBP was associated with a decrease of FA in normal appearing 

white matter and white matter lesions. A 10-mm Hg increase in both systolic and diastolic blood 
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pressures was significantly related to an increase in MD in white matter lesions. In normal 

appearing white matter, this association was only found for SBP. In addition, subjects with 

hypertension had a significantly lower mean FA in normal appearing white matter and white 

matter lesions than those without.[109] The RUN DMC study also showed that cigarette 

smoking was associated with reduced white matter integrity, while physical activity was 

associated with better white matter integrity.[110,111] 

          Taken together, cardiovascular risk factors are reported to affect white matter integrity 

among older adults. 

3.3. Aortic stiffness, cerebral small vessel disease and white matter integrity 

3.3.1. Aortic stiffness and cerebral small vessel disease 

          Several studies have examined the association between aortic stiffness using cfPWV or 

aortic PWV and manifestations of CSVD, including WMH, cerebral microbleeds and cerebral 

infarcts.  

Aortic stiffness and white matter hyperintensities  

          Henskens et al. reported that a higher cfPWV was significantly associated with a greater 

volume of WMH (unstandardized regression coefficient: 0.041; 95% CI: 0.005, 0.078) among 

167 hypertensive patients with no history of cardiovascular or cerebrovascular disease (mean 

age: 51.8±13.1 years) after adjusting for age, sex, brain volume, mean arterial pressure, and heart 

rate.[112] King et al. found that aortic arch PWV predicts WMH volume independently of the 

other demographic and cardiovascular risk factors, including age, systolic blood pressure, 

hypertension treatment, and congestive heart failure (β=0.29; 95% CI: 0.17, 0.42).[113] Poels et 

al. studied 1,460 participants (mean age: 58.2 years) in the Rotterdam Scan Study and found 

higher cfPWV to be associated with larger volume of WMH (the difference in volume per SD 
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increase in cfPWV was 0.07; 95% CI: 0.02, 0.12), and higher cfPWV was significantly 

associated with larger volume of WMH (the difference in volume per SD increase in cfPWV was 

0.09; 95% CI: 0.00, 0.18) in persons with uncontrolled hypertension.[114] van Sloten et al. 

studied 2,058 participants (mean age: 79.6 years) in the AGES-Reykjavik study and found that 

higher cfPWV was associated with greater WMH volume (β=0.05, 95% CI: 0.002, 0.097).[115] 

The Framingham Offspring Study also showed that cfPWV was associated with greater WMH 

volume (p<0.05).[116] 

          Laugesen et al. examined the associations between cfPWV and volume of WMH among 

89 patients recently diagnosed with type 2 diabetes and 89 sex- and age-matched controls. Every 

1 m/s increase in cfPWV was associated with high greater WMH volume (OR:1.32, 95% CI: 

1.16, 1.51).[117] Gustavsson et al. studied 208 individuals without any symptoms of cognitive 

impairment (mean age: 72 years) in Swedish BioFinder study, and found a positive association 

between cfPWV and WMH independent of age or sex (OR: 1.58; 95% CI: 1.04, 2.40), although 

the effect was attenuated after adjustments for several cardiovascular risk factors.[118] van 

Elderen et al. found that aortic PWV was independently associated with the presence of 

periventricular WMH (OR: 1.43, p=0.048) and subcortical WMH (OR: 1.48, p=0.02) among 86 

consecutive type 1 diabetic patients (mean age: 46.9±11.7 years).[119] In a biracial cohort 

(n=303, mean age: 82.9 years, 41% black), Rosano et al.[120] found that higher aortic PWV was 

associated with greater WMH volume in the left superior longitudinal fasciculus (p=0.023), and 

that the associations were stronger in African Americans than in European Americans.  

          Taken together, higher aortic stiffness measured by cfPWV or aortic PWV is associated 

with the presence of WMH and higher volume of WMH. 
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Aortic stiffness and cerebral microbleeds 

          Henskens et al. showed that a higher cfPWV was not associated with microbleeds among 

167 hypertensive patients with no history of cardiovascular or cerebrovascular disease (mean 

age: 51.8±13.1 years).[112] Similarly, Poels et al. detected a significant association between 

aortic PWV and deep or infratentorial microbleeds (OR: 2.13; 95% CI: 1.16, 3.91) only among 

persons with uncontrolled hypertension.[114] Gustavsson et al. reported that cfPWV was not 

associated with the presence of cerebral microbleeds among 208 cognitively healthy older 

adults.[118] van Elderen et al. reported no independent associations between aortic PWV and 

cerebral microbleeds among 86 consecutive type 1 diabetic patients.[119] No association was 

found between cfPWV and microbleeds in the AGES-Reykjavik study.[115] 

          Taken together, extant studies do not indicate that higher aortic stiffness measured by 

cfPWV or aortic PWV is associated with the presence of cerebral microbleeds.  

Aortic stiffness and cerebral infarcts 

          The reports on associations between aortic stiffness and cerebral infarcts are mixed. 

Henskens et al. showed that aortic PWV was associated with the presence of lacunar infarcts 

(OR [per SD increase in PWV]: 1.78; 95% CI: 1.06, 2.99) in 167 hypertensive patients with no 

history of cardiovascular or cerebrovascular disease.[112] The AGES-Reykjavik study showed 

that cfPWV was associated with the presence of subcortical infarcts (OR: 1.78, 95% CI: 1.06, 

2.99) among 2,058 participants (mean age: 79.6 years).[115] Poels et al. did not detect a 

significant association between aortic PWV and lacunar infarcts, while a marginal association 

between aortic PWV and lacunar infarcts (OR: 1.63, 95% CI: 0.98, 2.70) was seen among 

persons with uncontrolled hypertension in the Rotterdam Scan Study.[114] van Elderen et al. 
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reported no independent associations between aortic PWV and lacunar infarcts among 86 

consecutive type 1 diabetic patients.[119] 

3.3.2. Aortic stiffness and white matter integrity 

          Several studies have examined the putative association of aortic stiffness with white matter 

outcomes measured with DTI. The Framingham Heart Study Third-Generation cohort showed 

that higher carotid-femoral pulse wave velocity was associated with lower FAs.[121,122] Tarumi 

et al. reported that higher cfPWV was independently associated with lower FA.[123] Sala et al. 

indicated that increased aortic arch PWV was associated with lower white matter FA among 

patients with hypertension.[124] Tjeerdema et al. showed that aortic stiffness was independently 

associated with lower white matter integrity in patients with type 1 diabetes.[125] 

3.4. Depression 

3.4.1. Definition of depression 

          Depression is one of the most commonly diagnosed mental disorders among adults. People 

with depression may experience “a lack of interest and pleasure in daily activities, significant 

weight loss or gain, insomnia or excessive sleeping, lack of energy, inability to concentrate, 

feelings of worthlessness or excessive guilt and recurrent thoughts of death or suicide”.[126] 

During the last few decades the understanding of depression has developed from that of an acute 

and self-limiting illness to a chronic, lifelong illness.[127] 

3.4.2. Diagnosis and classification of depression 

          The Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition (DSM-IV-TR) 

categorizes depression into major depressive disorder (MDD) and dysthymic disorder.[127] 

MDD is defined as depressed mood or loss of interest or pleasure present for at least 2 weeks, 

representing a change from previous functioning. This includes depressive mood and loss of 
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interest in most activities, appetite and sleep disturbance, feelings of worthlessness and guilt, 

suicidal thoughts and ideation.[127] The World Health Organizations'(WHO) International 

Classification for Diseases and Related Disorders (ICD-10) describes the criteria for a depressive 

episode, where at least four items, such as loss of interest in activities, lack of emotional 

reactions, sleep disturbance, loss of appetite, motor retardation, weight loss, loss of libido, and 

decreased energy are present for 2 weeks.[128] Compared to DSM-IV-TR, the threshold of 

symptom requirements for ICD-10 is lower, while both classifications systems for depressive 

episode have shown high concordance.[129] 

3.4.3. Measurement of depressive symptoms 

          In addition to standardized clinical diagnoses of depression, self-reported depressive 

symptoms assessed through standardized scales are common in clinical and research settings. 

Frequently used standardized scales for depressive symptoms include the Beck Depression 

Inventory (BDI), Center for Epidemiologic Studies Depression Scale (CES-D), Geriatric 

Depression Scale (GDS), and Hospital Anxiety and Depression Scale (HADS). 

Beck Depression Inventory (BDI) 

          The Beck Depression Inventory (BDI) is a 21-item self-reporting questionnaire that 

evaluates the severity of depression in both normal and psychiatric populations. The symptoms 

include mood, pessimism, sense of failure, self-dissatisfaction, guilt, punishment, self-dislike, 

self-accusation, suicidal ideas, crying, irritability, social withdrawal, indecisiveness, body image 

change, work difficulty, insomnia, fatigability, loss of appetite, weight loss, somatic 

preoccupation, and loss of libido.[130] The score of each item is a 4-point scale ranging from 0 

(symptom absent) to 3 (severe symptoms). The minimum score is therefore 0 and maximum 
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score is 63. In those diagnosed with depression, scores of 0-13 indicate minimal depression, 14-

19 (mild depression), 20-28 (moderate depression) and 29-63 (severe depression).[131]  

In addition to the original version of BDI, revised versions of the BDI, including BDI-IA and 

BDI-II have been created. The BDI-IA is similar to the original, with the exception of the time 

frame that extends “over the past week, including today” as that some rephrased items. The BDI-

II assessment of symptoms corresponds to the DSM-IV criteria.[132] Moreover, the BDI 

FastScreen for Medical Patients contains 7 cognitive and affective items from the BDI-II to 

assess depression in individuals with biomedical or substance abuse problems, while the somatic 

items from BDI-II were excluded.[133] 

          The mean correlation coefficients of BDI-IA scales and clinical ratings of depression are 

0.72 and 0.60 for psychiatric and non-psychiatric populations, respectively.[134] The BDI-IA 

was significantly correlated to the depression subscale of the Symptom Checklist-90-Revised 

(r=0.76). BDI-II is positively correlated to Hamilton Rating Scale for Depression (HRSD) 

(r=0.71).[135] The internal consistency has been improving. The Cronbach’s coefficient alphas 

for the revised BDI’s are between 0.79 and 0.90.[132] 

Center for Epidemiologic Studies Depression Scale (CES-D) 

          The CES-D scale is a self-report developed to assess depressive symptoms among the 

general population and identify persons at risk of clinical depression.[136] The CES-D scale 

contains four factors, including depressed affect, positive affect, somatic problems and retarded 

activity, and interpersonal relationship problems, with a focus on the affective component of 

depression. The original CES-D scale has 20 items, with each item on a 4-point scale, where 0 

indicates rarely or none of the time (<1 day), 1 indicates some or a little of the time (1-2 days), 2 

indicates occasionally or a moderate amount of time (3-4 days), and 3 indicates most or all of the 
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time (5-7 days).[136] Therefore, the total score ranges from 0 to 60. CES-D score ≥16 is often 

used as a cutoff for clinical depression and warrants a referral for a more thorough diagnostic 

evaluation.[132] 

          CES-D has high internal consistency, with coefficients ranging from 0.85 in the general 

population to 0.90 in psychiatric populations.[137] CES-D correlates with depression measures 

(coefficients ranged from 0.51-0.61), and the CES-D is moderately correlated to clinical 

interview ratings of depression (r=0.49).[132] The CES-D is able to discriminate between 

psychiatric inpatients and general population samples using a cutoff of 16.[138] There is 

however, a high false-positive rate for clinical depression with a standard cutoff score of 

16.[132] In general, based on results of a large number of studies, the CES-D has been 

considered a reliable and valid instrument in research settings in different populations. However, 

it is worth noting that CES-D scores correlate with anxiety, so that the CES-D may just be a 

measure of general distress.[132] 

          Multiple brief versions of CES-D have been developed based on the original CES-D scale, 

including 8-item,[139] 10-item,[140] 11-item,[141] and 12-item CES-D (Appendix 4).[142,143] 

These forms have been validated and applied across varied population groups. 

Geriatric Depression Scale (GDS) 

          The GDS was developed as a screening tool to measure depressive symptoms in older 

adults and identify late-life depression by distinguishing symptoms of depression and 

dementia.[132] The original version of GDS contains 30 items, representing characteristics of 

depression in the elderly in the affective (e.g., sadness) and cognitive domains (e.g., 

hopelessness), while somatic symptoms (e.g., disturbances in energy level) are not included in 

the GDS. The range of GDS score is from 0 to 30, with a higher score showing more severe 



 

28 
 

depressive symptoms. GDS score≥11 is considered possible depression.[144] A short form of 

GDS containing 15 items have also been developed.[145]   

          Compared to other measurement of depression, the GDS more consistently distinguishes 

depressed from non-depressed older adults.[146] The range of correlation between GDS and 

CES-D is between 0.58 and 0.89.[146]  

Hospital Anxiety and Depression Scale (HADS) 

          The HADS was developed to assess anxiety and depressive symptoms in a general medical 

population ages 16 to 65 years. The HADS contains 14 items, with 7 for cognitive and emotional 

aspects of depression (HADS-D subscale), as well as 7 for emotional aspects of anxiety (HADS-

A subscale). Each item is a 4-point question, ranging from 0 to 3, and the total score ranges from 

0 to 42, with 0 to 21 for depression and anxiety, respectively. HADS of 0 to 7 is considered non-

case, 8 to 10 is considered possible case, 11 to 21 is considered probable case.[147] 

          Compared to commonly used depression and anxiety measures, correlations with the 

HADS-D and HADS-A vary between 0.60 and 0.80.[132] For internal consistency, the 

correlation coefficient ranges from 0.78-0.93 for the HADS-A and from 0.82-0.90 for the 

HADS-D.[148] 

3.4.4. Depression among older adults 

          The prevalence of clinically significant depressive symptoms is between 8% to 16% 

among community-dwelling older adults,[149] which is lower than that in midlife. Late-life 

depression is categorized into early-onset depression (with first episode of depression observed 

in childhood, adolescence or young adulthood) and late-onset depression (with a first episode of 

depression observed around 60 years of age or older).[150] 
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          The prevalence of late-life depression is higher among Mexican Americans compared to 

European Americans and African Americans.[149] The prevalence of late-life depression among 

European Americans and African Americans is similar,[151] though African Americans are less 

likely to receive antidepressant treatment.[152]  

          Late-life depression is associated with severe outcomes, including higher risk of 

mortality,[153] suicide,[154] physical disability[155] and poor quality of life.[156] Late-onset 

depression accounts for the majority of individuals suffering from major depression or 

dysthymia, with no history of previous psychiatric treatment.[157] Compared to early-onset 

depression, the etiology of late-onset depression is more complex and heterogeneous, “with more 

cognitive and neuroradiological abnormalities, greater disability, medical morbidity and 

mortality, and lower familial prevalence of mood disorders than elderly early-onset 

depression”.[158] Vascular factors may contribute a possible explanation for the distinction 

between late-onset and early-onset depression.  

          Alexopoulos et al. hypothesized that “cerebrovascular disease may predispose, precipitate, 

or perpetuate a depressive syndrome in many elderly patients”, which is known as “vascular 

depression”.[1] Vascular depression is regarded as a subtype of late-life depression characterized 

by a distinct clinical presentation and an association with cerebrovascular damage, featured with 

a variety of cerebrovascular lesions shown in the MRI image.[159] Vascular depression is 

therefore known as “MRI-defined vascular depression”. Although widely accepted diagnostic 

criteria of vascular depression are lacking, some clinical features of vascular depression have 

been summarized, including late onset (at age of 65 years or later), absence of family history, 

cognitive impairment (particularly in executive function and processing speed), higher cardiac 

illness burden and vascular risk factors, white matter hyperintensities on neuroimaging, and 
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greater treatment resistance and poorer outcome.[159] Therefore, the vascular depression 

hypothesis provides a background for studies of mechanisms of late-life depression, particularly 

late-onset depression. 

          Structural imaging studies have been conducted to characterize the clinical features of late-

life depression. A number of studies has shown that late-onset depression in late life were 

characterized by more frequent and intense white matter abnormalities shown on MRI.[160,161] 

DTI-based studies consistently showed that reduced anisotropy in the dorsolateral prefrontal 

cortex and uncinate fasciculus of patients with late-life depression, which may suggest that the 

pathogenesis of late-life depression may be partially attributed disruption of frontal and frontal-

to-limbic white matter tracts.[162] 

3.4.5. Risk factors of late-life depression 

          Consistent with the vascular depression hypothesis, cardiovascular and cerebrovascular 

diseases are important risk factors of late-life depression. Depression also shares risk factors of 

cardiovascular disease, such as hypertension, diabetes, obesity and smoking. 

Cardiovascular disease 

          Cardiovascular disease has a bidirectional association with depression: patients with 

depression are at significantly higher risk for cardiovascular disease and mortality, and 

depression is more prevalent among patients with cardiovascular disease and contributes to a 

worse prognosis of cardiovascular disease.[163] A meta-analysis of cohort and case-control 

studies showed that depression was associated with higher risk of cardiovascular disease among 

older adults (OR=1.39, 95% CI: 1.26, 1.54), although heterogeneity exists among studies.[164] 

A few studies examined existing cardiovascular disease as a risk factor of depression. Kendler et 
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al. studied 30,374 twins (mean age: 57 years) and found that coronary artery disease was a 

predictor of increase in major depression (HR: 2.83, 95% CI: 1.90, 4.21).[165] 

Hypertension 

          Hypertension may be particularly relevant to the etiology of late-life depression due to the 

chronic effects of this condition on the cerebral small vessels disease, which may increase the 

risk of depression among older adults.[166] However, results of studies on the association 

between hypertension and depression are mixed. Long et al. pooled 5 cohort studies with 9647 

participants in a meta-analysis showing that the hypothesis that hypertension being a risk factor 

of depression among older adults was not supported.[167] 

Diabetes 

          Diabetes has been proposed as a potential risk factor of depression, while studies have 

shown inconsistent results. Kim et al. did not find a significant association between diabetes and 

risk of late-life depression in 661 community participants aged ≥65 years in Korea.[168] In the 

Longitudinal Aging Study Amsterdam, diabetes was not found associated with depression.[169] 

However, in the Health ABC study, diabetes mellitus was marginally associated with a higher 

risk of incident depressed mood (OR: 1.20, CI: 0.97, 1.48), and associated with recurrent 

depressed mood (OR: 1.91, CI: 1.32, 2.76) among older adults aged 70 to 79 years.[170] In a 

community-based study in Spanish elderly subjects (age≥55 years), diabetes was associated with 

an increased risk of prevalent (OR: 1.47, 95% CI: 1.16, 1.83) and incident (OR: 1.40, 95% CI: 

1.03, 1.90) depression.[171] Luijendijk et al. found in the Zaragoza Dementia and Depression 

(ZARADEMP) study that diabetes was associated with incident depressive disorder (OR: 2.07, 

95% CI: 1.11, 3.85) among 2931 older adults≥61 years.[172]  
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Obesity 

          An association between obesity and risk of depression has been found in multiple studies. 

In a meta-analysis of 15 longitudinal studies with 58,745 subjects, obesity at baseline increased 

the risk of depression (unadjusted OR: 1.55, 95% CI: 1.22, 1.98). Overweight increased the risk 

of depression (unadjusted OR: 1.27, 95% CI: 1.07, 1.51). This association was statistically 

significant among older adults (≥60 years).[173] 

Smoking 

          Associations between smoking and depression have been explored, and smoking is 

consistently found associated with depression among older adults. In a cross-sectional study of 

older adults attending general practice (aged 60 to 101 years) that current or past heavy smoking 

was associated with greater odds of clinically significant depression when compared to never or 

past light smoking (OR: 1.58, 95%CI: 1.01, 2.48).[174] Lam et al. found that current smokers 

(For male: OR: 1.62, 95% CI: 1.34,1.96; for female: OR: 1.43, 95% CI: 1.20,1.70) and former 

smokers (For male: OR: 1.18, 95% CI: 0.99,1.40; for female: OR: 1.29, 95% CI: 1.12,1.47) were 

more likely to have depressive symptoms than never smokers among 56,167 Chinese elderly 

aged 65 or older in Hong Kong.[175] In the Longitudinal Aging Study Amsterdam of 1,280 

community-dwelling older adults, van Gool et al. found that depressed people (n=176 at 

baseline) were more likely to be smokers (OR: 1.71; 95% CI: 1.17, 2.52).[176] 

3.4.6. Subsequent health outcomes associated with late-life depression 

Mortality 

          Late-life depression is an important risk factor of all-cause mortality among both 

community-dwelling and institutionalized elderly. Among all causes of death, cardiovascular 

disease is over-represented.  
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          A number of population-based studies have examined the associations between late-life 

depression and mortality, according to a newly published systematic review and meta-

analysis.[177] Late-life depression was associated with increased risk of all-cause (risk ratio 

1.34; 95% CI 1.27, 1.42) and cardiovascular mortality (risk ratio 1.31; 95% CI 1.20, 1.43).[177] 

Studies of inpatients have also shown that depression in late life is associated with mortality 

among hospitalized older adults, or those with comorbidities. Cullum et al. studied 617 medical 

inpatients (≥65 years) and found that depressive symptoms were associated with higher 

likelihood of inpatient death. [178] In the large cohort of Women’s Health Initiative with female 

participants aged 50 to 79 years, depression diagnosed 3 years before diagnosis of breast cancer 

was associated with higher risk of all-cause mortality.[179] 

Cognitive impairment 

          Several studies have found that patients with late-life depression have poorer performance 

on cognitive testing. Dias et al. examined the association between depression (assessed with the 

Mini International Neuropsychiatric Interview and GDS-15) and cognitive function (Mini-

Mental State Examination, brief cognitive battery, clock-drawing test, category fluency test and 

Pfeffer's Functional Activities Questionnaire) among community-dwelling older adults aged 75 

years or above. The results indicated that depressed individuals scored lower than subjects 

without dementia/depression on the Mini-Mental State Examination overall and on several of the 

Mini-Mental State Examination subscales, including time and spatial orientation, 

attention/calculation, and language. Individuals with late-life depression had worse performance 

on the incidental and immediate memory and learning tasks, category fluency test, clock-drawing 

test, and the Functional Activities Questionnaire. In addition, depression severity was inversely 

correlated with incidental memory, and positively correlated with the Functional Activities 
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Questionnaire score.[180] O'Shea et al. found that higher depressive symptoms measured with 

the CES-D were associated with worse executive function among individuals with high level of 

education. Increases in CES-D scores were associated with decreases in language ability and 

executive function but not memory or visual-spatial ability.[181] Hamilton et al. found that 

African American older adults who had more depressive symptoms (measured with the GDS-15) 

show significantly lower scores on measures of memory, language, processing speed, and 

executive functioning.[182] 

          Studies have also shown that late-life depression increases the risk of dementia. A meta-

analysis of 23 community-based cohort studies indicated that Late-life depression was associated 

with a significantly higher risk of all-cause dementia (RR: 1.85, 95% CI: 1.67, 2.04), including 

Alzheimer's disease (RR: 1.65, 95% CI: 1.42, 1.92) and vascular dementia (RR: 2.52, 95% CI: 

1.77, 3.59).[183] 

3.4.7. Aortic stiffness and late-life depression 

          Aortic stiffness increases pulsatility, which damages microvascular circulation, resulting in 

poor vasoreactivity and cerebral hypoperfusion that is reflected in CSVD.[184] CSVD has been 

shown to impair frontal and subcortical structures, which are related to mood regulation, a key 

feature of depression.[1,185] It is also possible that there are other pathways apart from CSVD, 

through which aortic stiffness is associated with depressive symptoms. For example, studies have 

shown that high cfPWV increases the amount of β-amyloid, [186-188] whose accumulation and 

deposition may cause Alzheimer’s disease, [189] and that β-amyloid is associated with 

depressive symptoms among older adults. [190,191] The latter suggests that aortic stiffness may 

be linked to depression through a mechanism of neurodegeneration. Only a few studies have 

examined the association between aortic stiffness and late-life depression in cross-sectional 
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studies, and results are mixed. van Sloten et al. studied 2,058 participants (mean age: 79.6 years, 

59.0% women) and found that higher cfPWV was associated with a higher GDS-15 score 

(β=0.096, 95% CI: 0.005, 0.187).[115] Among 3,704 participants aged 60 years or above in the 

Rotterdam Study, individuals with increased cfPWV were more likely to have depressive 

symptoms, with ORs for depressive symptoms of 1.17 (95% CI: 1.00, 1.38) per standard 

deviation increase in cfPWV.[192] Paranthaman et al. studied 25 elderly subjects with depressive 

disorder compared with 21 nondepressed control subjects and found that cfPWV was 1.6 m/sec 

higher in depressed subjects than those undepressed subjects (p=0.08).[193] Onete et al. found 

that cfPWV is not associated with either major depressive disorder (using the Mini-International 

Neuropsychiatric Interview) or depressive symptoms (dichotomized, defined as the Patient 

Health Questionnaire-9) in 1,399 men and women aged 60 years or older. [194] Thus, the 

associations between cfPWV and late-life depression should be examined in more studies, 

longitudinal studies are needed to examine the prospective association of aortic stiffness with 

risk of late-life depression and change of depressive symptoms. 

3.5. Summary 

3.5.1. Public health significance of understanding the relationship between aortic stiffness, 

white matter integrity and late-life depression 

          Depression among elderly populations, or late-life depression has become an important 

public health problem associated with severe consequences.[195,149] Compared to depression in 

young adults, the prevalence of late-life depression is lower but with higher prevalence of 

somatic depressive symptoms (e.g., fatigue, sleep),[195] which may contribute to a poor 

prognosis of late-life depression, such as multiple morbidities and mortality. Different from 
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depressive disorders among young adults, late-life depression is considered a geriatric syndrome 

involving multiple etiologies.[196]  

          Vascular depression is categorized as a subtype of depression, which originates from the 

recently proposed hypothesis of vascular depression.[197] According to the vascular depression 

hypothesis, cerebrovascular disease is likely to contribute to the development of late-life 

depression.[1] Typically, vascular depression occurs in the presence of WMH, a manifestation of 

CSVD. CSVD impairs frontal and subcortical structures, which are related to mood regulation, a 

key feature of depression.[1,185]  

          Aortic stiffness increases pressure pulsatility, which damages microvascular circulation, 

resulting in poor vasoreactivity and cerebral hypoperfusion that manifests as CSVD.[184] 

Population-based studies have shown that higher levels of aortic stiffness are associated with 

cerebral small vessel disease. Given the associations between aortic stiffness with CSVD, as well 

as the association between CSVD and late-life depression, one may hypothesize that aortic 

stiffness be associated with late-life depression.  

          WMH has been considered a manifestation of CSVD and found to be associated with 

decreased cognitive performance, particularly executive function.[198] However, reported 

correlations between WMH and cognition measurements have not been consistent, perhaps 

reflecting the inability to characterize the microstructural properties related to WMH.[199] DTI 

uses a tensor model to measure both the rate and directionality of the diffusion distributions of 

water molecules in tissue.[200] The DTI has high sensitivity in detecting cerebral damage.[201] 

Higher mean diffusivity (MD) and lower fractional anisotropy (FA) are thought to be 

independently related to poor white matter tract integrity. Studies have suggested that white 

matter microstructural integrity measured by DTI and white matter hyperintensities measured 
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with conventional MRI are correlated and indicate common pathophysiologic processes.[202-

206]  

          With a better characterization of white matter integrity, DTI may provide insights into the 

associations between white matter integrity and its associated health conditions and on the 

relationship between aortic stiffness and white matter integrity.  

          Given the health and quality of life consequences of late-life depression, a better 

understanding of the relationship between aortic stiffness, white matter integrity and late-life 

depression is warranted.  The potential for aortic stiffness to serve as a modifiable target for 

intervention through pharmacologic agents and/or lifestyle changes adds significance to this line 

of research. 

3.5.2. Gaps in understanding of the relationship between aortic stiffness and late-life 

depression 

          Only a few studies have examined the association between cfPWV and depressive 

symptoms among older adults, with conflicting results. All reports to date are based on cross-

sectional designs, and thus susceptible to bias and conceivably also reverse causality. A 

prospective study on aortic stiffness and incident depression based repeat measures of depressive 

symptoms will help to elucidate these associations. 

3.5.3. Summary 

          Based on these gaps in the knowledge base, the goals of this dissertation proposal were to: 

1) determine the cross-sectional relationship of aortic stiffness with white matter integrity among 

in older adults; 2) determine the cross-sectional and longitudinal relationship of aortic stiffness 

with depressive symptoms in older adults. 
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CHAPTER IV. METHODS 

4.1. Source population 

The Atherosclerosis Risk in Communities Study Neurocognitive Study (ARIC-NCS) 

          The Atherosclerosis Risk in Communities Study (ARIC) is an ongoing bi-ethnic, 

population-based prospective cohort study conducted in four communities in the U.S., including 

Forsyth County, North Carolina; Jackson, Mississippi; suburbs of Minneapolis, Minnesota; and 

Washington County, Maryland. ARIC is designed to investigate the etiology and natural history 

of atherosclerosis, etiology of clinical atherosclerotic diseases, and variation in cardiovascular 

risk factors, medical care and disease by race, gender, location, and date. The study was initiated 

in 1987, with  a total of 15,792 men and women aged 45 to 66 years who at enrollment 

participated in an extensive examination, which included detailed assessments of their current 

medical, social, and demographic status.[207]  

          The Atherosclerosis Risk in Communities Study Neurocognitive Study (ARIC-NCS) 

started as the visit 5 of the ARIC study. The study aims to elucidate factors underlying ethnic 

disparities in dementia burden and provide the scientific basis for prevention strategies by 

identifying vascular therapeutic targets, optimal timing for interventions and useful intermediate 

outcomes. In 2011-2013 all surviving ARIC participants were invited to take part in the ARIC 

Neurocognitive Study, and the second visit of ARIC-NCS, which is the 6th visit of the ARIC 

study was conducted from 2016 to 2017. 
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4.2. Measurement  

4.2.1. Measurement of aortic stiffness (Visit 5) 

          cfPWV was measured using the VP-1000 plus system (Omron Co., Ltd., Kyoto, Japan). 

Carotid-femoral pulse wave velocity (cfPWV) is the gold standard measure of central arterial 

stiffness.[208] cfPWV was calculated using the following formula: path length (cm) = carotid-

femoral distance (cm) – (suprasternal notch – carotid distance (cm))/transit time. A minimum of 

two measurements were taken per participant and the last two usable measurements (i.e., non-

zero values) were averaged.  

          Quality control procedures for PWV measurements included central training and 

recertification, quarterly equipment calibration, and quality control reviews by Dr. Hirofumi 

Tanaka on a random sample of 40 records per month stratified by center with feedback provided 

to technicians.[209,210] The intraclass correlation coefficient for cfPWV (95% CI) is 0.70 (0.59, 

0.81),[210] which suggest acceptable repeatability of cfPWV measurements.  

4.2.2. Measurement of white matter integrity (visit 5) 

          A subset of ARIC V5 participants without contraindications was selected for a brain MRI: 

1) all persons who had previous scans in 2004-2006, 2) those with low cognitive test 

scores/declines on longitudinally-administered tests, and 3) an age-stratified random sample of 

the remaining individuals. Sampling fractions for the random sample were set for participants 

<80 and ≥80 years of age to approximate the age distribution of those selected from the 

cognitively suspect group and were modified slightly over the course of the study to achieve a 

goal of approximately 2000 total MRI scans.[211] All scans included sagittal T1-weighted 

MPRAGE (magnetization-prepared rapid gradient-echo imaging), axial T2 FLAIR (fluid 
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attenuation inversion recovery), and axial DTI pulse sequences. Data were processed by the 

ARIC MRI Reading Center at the Mayo Clinic (Rochester, MN).[107] 

          DTI data was acquired using 2.7 mm slices for Skyra and Verio scanners and 3 mm slices 

for Trio scanners. FA and MD were extracted for regions of interest (ROIs) using the Lobar-22 

Atlas.[212] ROIs include the following ones: frontal lobe, temporal lobe, occipital lobe, parietal 

lobe, anterior corpus callosum, posterior corpus callosum and a whole-brain composite measure. 

White matter hyperintensities measured by brain MRIs were obtained from a 3D-1.5T MRI scan 

at visit 5/ARIC-NCS (2011-2013). 

4.2.3. Measurement of depressive symptoms (visit 5 and visit 6) 

          Depressive symptoms were measured by the 11-item Centers for Epidemiologic Studies-

Depression (CES-D) Scale, with a higher score indicating for more severe depressive symptoms. 

Specifically, the CES-D has 11 items, including questions on appetite, effort, sleep, fatigue, 

feeling depressed, happiness, loneliness, unfriendliness, enjoyment, sadness, and dislike. 

Responses to questions are scored on a range from 0 to 2 points, with 0 points indicating ‘hardly 

ever or never’, 1 point as ‘some of the time’, and 2 points as ‘much or most of the time’. The 

CES-D score was analyzed both continuously and categorically. The conventionally accepted 

score cut point for the CES-D-11 for depressive symptoms is 9 points or greater.[213] 

4.3. Methods for specific aim 1  

Aim 1: Determine the cross-sectional relationship of aortic stiffness with white matter integrity 

in older adults. 

• Aim 1.1: Determine the cross-sectional association of aortic stiffness (i.e. carotid-femoral 

pulse wave velocity [cfPWV]) with white matter integrity (i.e. fractional anisotropy 

[FA]], mean diffusivity [MD]) among older adults.  
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4.3.1. Study population 

          Our study population includes participants of the ARIC-NCS study at visit 5, with 

measurements of cfPWV and DTI. We excluded prior history of stroke, missing DTI or aortic 

stiffness data. Due to small numbers, race other than black or white, and black participants 

examined at MD or MN were excluded. For optimal PWV data quality, the analyses also 

excluded participants with evidence of a major arrhythmia on the 12-lead ECG (MN code 8-1-3, 

8-3-1, 8-3-2), and participants with aortic aneurysm, aortic stenosis or aortic regurgitation. 

4.3.2. Variables 

          The exposure of interest is cfPWV of participants at visit 5 of the ARIC-NCS study. The 

two outcomes of interest include FA and MD measured with DTI at visit 5 of the ARIC-NCS 

study. In addition, age, sex, race-center, education, smoking, alcohol use, BMI, heart rate, APOE 

genotype, mean arterial pressure, diabetes, WMH volume were included as covariates in the 

analysis.  

4.3.3. Statistical Analysis 

          For quantification of aortic stiffness, cfPWV was dichotomized at the upper 25th percentile 

to indicate ‘high’ aortic stiffness. Z-scores were created for DTI measures for all regions of 

interest based on means and standard deviations. Analysis of participant characteristics at visit 5 

were conducted using T-test or chi-square test according to categories of cfPWV, respectively. 

          We incorporated the ARIC-NCS MRI sampling fractions as weights in the analysis. Thus, 

weighted linear regression models were used to assess the relationship between each measure of 

aortic stiffness (cfPWV) with overall and region-specific DTI measure of white matter integrity 

(FA and MD). Due to their associations with both aortic stiffness and cerebral small vessel 

disease, potential confounders include age, sex, race-center, education, smoking, heart rate, 
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APOE4 allele genotype, mean arterial pressure, diabetes, LDL-C, physical activity. We further 

adjusted for white matter hyperintensities (as measured by structural MRI), due to the strong 

correlation between WMH and FA and MD.  

4.3.4. Limitations 

Cross-sectional design 

          The study was designed in a cross-sectional manner, since the exposure (cfPWV) and 

outcome (DTI measures) are only at visit 5. The cross-sectional design of this study precludes 

causal inferences about aortic stiffness and white matter integrity, and the possibility that the 

lack of white matter integrity may cause high aortic stiffness may not be completely excluded. 

4.4. Methods for specific aim 2 

Aim 2: Determine the cross-sectional and longitudinal relationship of aortic stiffness with 

depression in older adults. 

• Aim 2.1: Determine the cross-sectional association of aortic stiffness (i.e. cfPWV) with 

depressive symptoms and odds of clinically significant depressive symptoms among 

older adults. 

• Aim 2.2: Determine the association of baseline aortic stiffness (i.e. cfPWV) with the 5-

year incidence of depressive symptoms among older adults. 

• Aim 2.3: Determine the association of baseline aortic stiffness (i.e. cfPWV) with 5-year 

change in depressive symptoms among older adults. 

4.4.1. Study population 

          The study included cohort members who participated in visits 5 and 6 of the ARIC study, 

with cfPWV measured at visit 5, and CES-D scores available at visit 5 and/or visit 6. 



 

43 
 

          The following were exclusions for the primary analyses: Prior history of stroke, missing 

aortic stiffness at visit 5, or missing CES-D score at visit 5. Due to small numbers, race other 

than black or white, and black participants examined at MD or MN were excluded. For optimal 

PWV data quality, the analyses also excluded participants with evidence of a major arrhythmia, 

and participants with aortic aneurysm, aortic stenosis and aortic regurgitation. 

4.4.2. Variables 

          The exposure of interest is the cfPWV of participants at visit 5 of the ARIC-NCS study. 

The outcomes of interest include incident depression at visit 6 (defined as CES-D score≥9 at visit 

6) and change of depressive symptoms from visit 5 to visit 6 (measured with difference of CES-

D scores between visit 5 and visit 6). In addition, age, sex, race-center, education, smoking, 

BMI, hypertension, diabetes, physical activity were included as covariates in the analysis. 

4.4.3. Statistical analysis 

Descriptive analysis 

          For quantification of aortic stiffness, cfPWV was analyzed in a continuous manner and 

categorized into quartiles based on distribution. High cfPWV was defined as upper 25th 

percentile of cfPWV. Analysis of participant characteristics at visit 5 was conducted using T-test 

or chi-square test according to categories of cfPWV, respectively. Differences in CES-D score 

between visit 5 and visit 6 were calculated. Z-scores of cfPWV and CES-D score were created. 

Analysis for Aim 2.1 

          Multivariable linear regression models were applied to assess the associations of z-score of 

cfPWV and high cfPWV with z-score of CES-D score at visit 5; Multivariable logistic regression 

models were used to assess the associations of z-score of cfPWV and high cfPWV with odds of 

clinically significant depressive symptoms at visit 5.  
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Analysis for Aim 2.2  

          Multivariable logistic regression models were used to assess the associations of z-score of 

cfPWV and high cfPWV with 5-year incident clinically significant depressive symptoms. 

Analysis for Aim 2.3 

          Multivariable linear regression models were used to assess the associations of z-score of 

cfPWV and high cfPWV with 5-year change in z-score of CES-D scores. 

4.4.4. Limitations 

Selection bias 

          Participants of this study only included male or female ARIC cohort members able and 

willing to attend an examination visit, which may introduce selection bias. Also, high rate of 

attrition (about 40%) occurred from visit 5 to visit 6 of the ARIC study. Multivariate Imputation 

by Chained Equations (MICE) for CES-D score was used to address this. 

Misclassification bias 

          The definition of clinically significant depressive symptoms using a cutoff of CES-D score 

≥9 may correspond to major depressive disorders, which opens the opportunity for potential 

information bias.  
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CHAPTER V. MANUSCRIPT I: AORTIC STIFFNESS AND WHITE MATTER 

MICROSTRUCTURAL INTEGRITY ASSESSED BY DIFFUSION TENSOR IMAGING: 

THE ATHEROSCLEROSIS RISK IN COMMUNITIES NEUROCOGNITIVE STUDY 

5.1. Introduction 

          Neurodegenerative conditions have become an increasingly greater burden among older 

adults. Cerebral small vessel disease (CSVD), a set of pathological processes of various 

etiologies that affect cerebral small arteries, arterioles, and capillaries, is associated with the risk 

of dementia.[65,214]  White matter, as well as subcortical nuclei are supplied by deep 

penetrating arterioles that are susceptible to arteriolosclerosis.[201] Structural and functional 

neuroimaging techniques, including magnetic resonance imaging (MRI), can quantify 

morphologic changes in the cerebral small vessels.[201] As detected by MRI, white matter 

hyperintensities (WMHs) are associated with decreased cognitive performance, particularly 

executive function.[198]  

          Microstructural damage to white matter may be found prior to the detection of 

WMHs.[215] While the microstructural pathology to white matter cannot be captured by 

conventional MRI,[199] diffusion tensor imaging (DTI) is a MRI tool that quantifies the 

microstructural integrity of white matter. DTI uses a tensor model to measure both the rate and 

directionality of the diffusion distributions of water molecules in tissue, which is believed to be 

an indicator of white matter microstructural integrity, particularly within the axons of neuronal 

cells.[200] DTI is considered to be sensitive to loss of microstructural integrity in white matter 

before volumetric MRI is, since demyelination and cell death (as in white matter 
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hyperintensities) affect diffusion before the cells completely disappear (atrophy).[204,206] 

White matter hyperintensities may statistically account for some aspects of white matter 

microstructural integrity,[205,202] suggesting that DTI measures and WMHs are on a continuum 

of the same pathological processes.  

          The elasticity of the aorta facilitates delivery of blood supply to peripheral tissues, 

dampening sudden oscillations in blood pressure associated with systolic ejection and continuing 

to promote flow during diastole.[216] While compliant and elastic during youth, the aorta 

stiffens with aging as a result of the remodeling of the arterial wall.[217] Increased aortic 

stiffness, measured as carotid pulse wave velocity (cfPWV),  may lead to insufficient flow wave 

dampening and a transmission of excessive pulsatile energy into the microvascular bed, 

particularly in high flow, low impendence organs such as the brain.[218] Increased aortic 

stiffness has been reported to be associated with cognitive decline and dementia.12 Like other 

cardiovascular risk factors such as HbA1c, hypertension, total- and LDL-cholesterol,[219] 

cfPWV has been associated with WMH,[184,113,220,221,118,222,112] although fewer studies 

have examined associations of aortic stiffness with white matter microstructural integrity 

measured with DTI.[121,220,123-125] Among the latter, the results have been inconsistent, and 

most studies were based on small study samples. Although results from two extant population-

based studies suggest that cfPWV is associated with lower fractional anisotropy, an index of 

white matter microstructural integrity, the associations between cfPWV and mean diffusivity 

(MD), another important index of white matter microstructural integrity, remains unknown. 

Additionally, the degree to which WMHs account for the associations between cfPWV and DTI 

measures needs to be further examined. Drawing on the large and well-characterized cohort of 

European Americans and African Americans in the Atherosclerosis Risk in Communities 
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Neurocognitive Study (ARIC-NCS), we aimed to test the hypothesis that higher aortic stiffness is 

associated with lower white matter microstructural integrity measured by DTI, in a cross-

sectional analysis of data from community-dwelling older adults. 

5.2. Methods 

5.2.1. Study population 

          During 1987-1989, a total of 15,792 men and women aged 44 to 64 years were sampled to 

create a representative cohort of residents of four communities in the U.S. (Forsyth County, 

North Carolina; Jackson, Mississippi; suburbs of Minneapolis, Minnesota; and Washington 

County, Maryland).[207] The present study is based on cross-sectional data for ARIC study 

cohort members who participated in the fifth examination of this cohort (2011-2013) and had 

data collected on aortic stiffness (measured as cfPWV) and white matter microstructural integrity 

(measured with DTI). All participants with evidence of cognitive impairment and a stratified 

random sample of cognitively normal participants were invited to complete a brain MRI scan 

(including DTI) as part of ARIC-NCS at visit 5.[223] The ARIC study protocols were approved 

by the institutional review boards at each site. All participants provided written informed 

consent. 

          To ensure high quality of cfPWV measurements, we excluded from analyses for 

participants with body mass index (BMI)≥40kg/m2 (n=57), participants with evidence of a major 

arrhythmia on the 12-lead ECG (MN code 8-1-3, 8-3-1, 8-3-2) (n=46), and participants with 

aortic aneurysm, aortic stenosis or aortic regurgitation (n=20). Individuals who self-identified as 

Asian or American Indian, and as black at the MN or MD centers were excluded due to small 

numbers (n=12). In addition, we excluded those with prevalent stroke (n=44). 
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5.2.2. Aortic stiffness 

          Aortic stiffness was assessed as carotid-femoral pulse wave velocity using the VP-1000 

plus system (Omron Co., Ltd., Kyoto, Japan). The cfPWV was calculated using the following 

formula: path length (cm) = [carotid-femoral distance (cm) – (suprasternal notch – carotid 

distance (cm))]/transit time. A minimum of two measurements were taken per participant and the 

last two usable measurements (i.e., non-zero values) were averaged. Repeat visits conducted 

among a subset of participants at each field center approximately 4-8 weeks apart (n = 79; mean 

age: 75.7 years; 46 females) indicated that the intra-class correlation coefficients and 95% 

confidence intervals (CIs) for single measurements were 0.70 (0.59, 0.81) for cfPWV and 

approximately 0.82 for averaged cfPWV measurements, according to the Spearman-Brown 

formula.[224] 

5.2.3. Neuroimaging information 

          DTI data was measured using 2.7 mm slices for Skyra and Verio scanners and 3 mm slices 

for Trio scanners.[225] Mean diffusivity (MD, mm2/s) represents the average rate of diffusion 

independent of the directionality, and fractional anisotropy (FA, unitless) indicates the fraction of 

the tensor that can be assigned to anisotropic diffusion.[226,107] Higher MD and lower FA are 

thought to be independently related to damage in white matter microstructural integrity. Brain 

regions were defined by Lobar-22 atlas, which is based on the STAND400 template.[227] For 

each participant, regions of white matter were intersected tissue segmentations from T1-weighted 

and FLAIR images. Calculation of FA and MD was based on voxels with >50% probability of 

being white matter, including WMH regions. An upper cutoff of MD<0.002 mm2/s was applied 

to exclude edge voxels that were primarily cerebrospinal fluid.[228] We averaged FAs and MDs, 

separately, across atlas regions and then took a weighted average, with weights based on the 
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number of voxels in each region of white matter, to create white matter FA and MD measures for 

regions of interest (ROIs), including frontal, temporal, occipital, and parietal lobes, the anterior 

and posterior corpus callosum, and an overall measure of all ROIs. White matter hyperintensities 

(WMH) volume was measured using FLAIR MRI scan and quantified using an algorithm 

developed at Mayo Clinic, and reported as cm3.[229] 

5.2.4. Covariates 

          All covariates are based on data collected at visit 1 or visit 5 of the ARIC cohort 

examinations. The covariates were selected for their associations with both aortic stiffness and 

white matter microstructural integrity, including age (visit 5, years), sex (men/women), race-

center (black-Mississippi, black-North Carolina, white-North Carolina, white-Maryland, white-

Minnesota), education (visit 1, below high school; high school/high school equivalent/vocational 

school; any college), APOE genotype (E4 allele ≥1/<1), smoking status (visit 5, ever/never), 

alcohol drinking status (visit 5, ever/never), body mass index (visit 5, kg/m2), mean arterial 

pressure (visit 5, calculated as 1/3*systolic blood pressure + 2/3*diastolic blood pressure), 

diabetes (visit 5, yes/no, defined as fasting glucose >126 mg/dL, non-fasting glucose >200 

mg/dL, self-reported history of diabetes diagnosis by a physician, or diabetes medication use), 

self-reported physical activity (visit 5, total minutes/week), heart rate (visit 5, beats per minute), 

and low-density lipoprotein (visit 5, mmol/dL).  

5.2.5. Statistical analysis 

          cfPWV was examined continuously and dichotomized at the upper 25th percentile to define 

elevated (cfPWV≥13.57m/s) vs. non-elevated (cfPWV<13.57m/s) levels of aortic stiffness. 

Participant characteristics at visit 5 were analyzed using T-test or chi-square tests. T-tests for FA 
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and MD by categories cfPWV were also conducted. Pearson correlations between FAs and MDs, 

as well as of cfPWV with FAs and MDs were estimated. 

          The ARIC-NCS MRI sampling weights, which was derived to represent all participants at 

visit 5, were applied in the analysis. Weighted linear regression models were used to assess the 

associations of cfPWV (both as a continuous variable, and dichotomized as elevated vs. non-

elevated cfPWV) with z-scores of DTI measures of overall and regional white matter 

microstructural integrity (FA and MD). Four sets of analytic models were used. Model 1 was 

unadjusted; Model 2 was adjusted for WMH volumes alone to show to what extent WMH 

volumes accounted for the unadjusted association between cfPWV and DTI measures; Model 3 

was adjusted for all covariates except WMH volumes (age, sex, race-center, education, APOE 

genotype, smoking status, alcohol drinking status, body mass index, mean arterial pressure, 

diabetes, heart rate, low-density lipoprotein); Model 4 was adjusted for all covariates. Beta (β) 

and 95% confidence intervals were used to summarize associations. All analyses were conducted 

using SAS 9.4 (Cary, NC, USA).  

5.3. Results 

5.3.1. Characteristics of participants 

          After exclusions, 1,484 participants remained in the analytic set (Supplemental Figure 1). 

A profile of the participants’ characteristics is provided in Table 1. The mean age was 76 years, 

40% were male, and 28.6% were black. Compared to participants with non-elevated cfPWV 

(cfPWV<13.57m/s), those with elevated cfPWV were older, more likely to be black, and less 

likely to have completed high school. In addition, participants with greater cfPWV were less 

likely to consume alcohol and spent less time engaging in leisure-time physical activities, while 
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being more likely to have diabetes and higher mean arterial pressure. The WMH volume was on 

average larger among those with elevated, as compared to non-elevated cfPWV.  

          The FAs of all regions were lower, and MDs of all regions were higher among participants 

excluded from analyses, as compared to those included (Supplemental Table 1). The FA and 

MD values overall and in all ROIs were approximately normally distributed. FA was negatively 

correlated with MD overall (r=-0.75, p<0.0001) (Supplemental Table 2). The volume of WMHs 

was negatively correlated with overall FA (r=-0.45, p<0.0001), and positively correlated with 

overall MD (r=0.44, p<0.0001).  

5.3.2. Aortic stiffness and FA 

          The unadjusted linear regression models examining the association of incremental cfPWV 

with FAs (Model 1) indicated that each 1 m/s higher cfPWV was associated with lower FA 

overall and in all ROIs. When the models were adjusted for all covariates except WMHs volume 

(Model 3), the associations remained statistically significant for overall (β=-0.03, 95% CI: -0.05, 

-0.02) and all regions except Anterior corpus callosum (Table 2). The patterns of associations 

remained for overall as well as frontal lobe, temporal lobe and parietal lobe after further 

adjustment for WMH volume (Model 4). 

          In unadjusted models (Model 1) and models adjusted for WMH volumes only (Model 2), 

elevated cfPWV compared to non-elevated cfPWV was associated with lower FAs in all ROIs. 

After adjustment for demographic, lifestyle and clinical covariates (Model 3), the associations 

remained statistically significant for the overall measure (β=-0.26, 95% CI: -0.39, -0.14) and all 

regions (Supplemental Table 3, Figure 1A). The patterns of associations remained statistically 

significant after further adjusting for WMHs volume except for anterior corpus callosum and 

occipital lobe (Model 4). 
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5.3.3. Aortic stiffness and MD 

          The unadjusted linear regression models (Model 1) on incremental cfPWV and MDs 

indicated that each 1 m/s higher cfPWV was associated with higher MD in all ROIs and overall 

regions. When the models were adjusted for demographic, lifestyle, and clinical covariates 

(Model 3), the associations remained statistically significant for overall measure (β=0.03, 95% 

CI: 0.02, 0.04) and all regions (Table 3). The patterns of associations remained the same with 

Model 3 after further adjusted for WMHs volume (Model 4). 

          Elevated cfPWV was associated with higher MDs in unadjusted models (Model 1) for all 

ROIs. After adjustment for demographic, lifestyle and clinical covariates (Model 3), the 

associations remained statistically significant for overall measure (β=0.21, 95% CI: 0.11, 0.32) 

and all regions (Supplemental Table 4, Figure 1B). After further adjustment for WMH volume 

(Model 4), except for occipital lobe, all the associations remained.In this cross-sectional analysis 

of a sample of community-dwelling older white and black adults in the U.S., we found an 

association of greater aortic stiffness with lower cerebral white matter microstructural integrity 

(i.e., lower FAs and high MDs) overall and in different regions of the cerebrum. The associations 

were independent of potential confounders, including education and other demographic factors, 

lifestyle factors, and phenotypes related to vascular diseases (i.e., hypertension, diabetes). WMH 

volume partially accounts for the associations between aortic stiffness and lower cerebral white 

matter microstructural integrity, but associations remain after adjusting for WMH volume.  

5.4. Discussion 

          The results of our cross-sectional study are consistent with prior cross-sectional 

studies,[123-125] although the effect sizes of associations in our study were smaller, which may 

be due to younger age of participants with lower aortic stiffness in the prior studies. However, 
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evidence from population-based studies is sparse. Our results agree with those of Maillard et al., 

who reported higher cfPWV to be associated with lower regional FA in a study of a young 

cohort composed of mostly white participants. The WMHs were not considered in the 

associations.[121] In the Health, Aging and Body Composition (Health ABC) Study of 303 older 

adults (mean age 82.9 years, 41% black), Rosano et al. reported that high cfPWV was correlated 

with low total brain FA, although the association was not statistically supported after adjustment 

for total WMH.[220] These findings differ from what we reported in our study. We attribute 

these disparate results to differences in study design, as well as different methods of 

measurement for cfPWV. The Health ABC Study was a cross-temporal analysis of cfPWV 

measured 10 years prior to the assessment of white matter lesions in association with white 

matter structural integrity. Although this study supports a temporal association between cfPWV 

and loss of white matter structural integrity, it does not directly assess how past aortic stiffness 

may be associated with later white matter integrity.  

          Hemodynamic factors likely play a role in the association between aortic stiffness and 

cerebral white matter integrity. The age-related process of aortic stiffening increases pulsatility, 

facilitating transmission of excessive pulse pressure into the cerebral circulation. This may 

trigger microvascular changes that limit flow, leading to ischemia and neural damage.[222,218]  

          Our results show that volume of WMHs only partially account for the associations 

between aortic stiffness and cerebral white matter microstructural integrity. Previous studies 

suggest that macrostructural and microstructural cerebral white matter degeneration reflect the 

same underlying pathophysiological changes,[203] but the fact that DTI indices remained 

correlated with PWV after adjusting for WMH volume suggest that the DTI indices may be more 

sensitive markers of loss of white matter integrity than WMH using conventional MRI tool.   
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          Our study has public health relevance. Since DTI appears to detect white matter changes in 

an earlier stage than what can be observed through traditional MRI, FA and MD may be better 

indices of the impact of hemodynamic changes on the brain, facilitating early detection of 

pathological changes in white matter. Future research should also consider the potential for 

cfPWV as an important risk factor for loss of cerebral white matter microstructural integrity, 

with its downstream manifestations of cognitive decline and dementia. Based on our analytic 

sample, each 1 m/s increment in cfPWV was associated with a decrease in cerebral white matter 

microstructural integrity in a linear fashion, suggesting the absence of thresholds below which 

cfPWV is not associated with lower white matter integrity. Opportunities to reduce aortic 

stiffness across the range of the measurement should therefore be considered, not only among 

those with high cfPWV. Several studies have shown that aortic stiffness can be reduced via 

pharmacologic agents[230,56] and non-pharmacological interventions.[51-53] In addition, given 

the smaller effect sizes of the associations in our study, compared to those reported by previous 

studies based on data for young adults, efforts to reduce aortic stiffness may be most beneficial 

for brain health well before older adulthood, such as during midlife.  

          Our study has several strengths. The study’s large population facilitates generalizing the 

results to similar populations of older adults. Furthermore, data collection was based on 

standardized protocols administered by trained personnel, and employed validated measurements 

for aortic stiffness, as well as white matter microstructural and macrostructural integrity.   

          The main limitation of our study is its cross-sectional design, which limits causal 

inferences regarding the association of aortic stiffness with cerebral white matter microstructural 

integrity among older adults, and possibilities that participants with white matter related disease 

(e.g. depression) may affect cfPWV with poor lifestyle cannot be excluded. Moreover, all 
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participants in this study had some degree of WMH, preventing the study of associations 

between cfPWV and DTI measures in the absence of WMH. We note however that our 

sensitivity analysis identified the difference in associations at high and low WMH volumes. 

Lastly, this study is restricted to older adults who were survivors from the start of the ARIC 

study subject to selection bias. 

          In conclusion, higher aortic stiffness is associated with lower cerebral white matter 

microstructural integrity among older adults. Future research should examine the longitudinal 

association of aortic stiffness with white matter microstructural integrity, as well as the potential 

opportunity for preservation of white matter microstructural integrity through the lowering of 

aortic stiffness. 
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Table 1. Characteristics of the study participants at visit 5 of the ARIC study overall and by the 

upper 25th percentile of carotid-femoral pulse wave velocity (cfPWV; n=1,484) 

 All  

(n=1,484) 

Elevated stiffness  

cfPWV≥13.57m/s 

(n=372) 

Non-elevated 

stiffness 

cfPWV<13.57m/s 

(n=1,112) 

Age, year, mean ± SD 76.1±5.2 78.0±5.2 75.5±5.1 

Sex, men, n (%) 597 (40.2) 162 (43.6) 435 (39.1) 

Race, African Americans, n (%) 425 (28.6) 156 (41.9) 269 (24.2) 

Center, n (%)    

    Forsyth, NC 352 (23.7) 82 (23.3) 270 (24.3) 

    Jackson, MS 403 (27.2) 152 (40.9) 251 (22.6) 

    Minneapolis, MN 327 (22.0) 53 (14.3) 274 (24.6) 

    Washington, MD 402 (27.1) 85 (22.9) 317 (28.5) 

Education, high school or above, n 

(%) 

   

    Below high school 198 (13.2) 76 (20.4) 122 (11.0) 

    High school 612 (41.3) 155 (41.7) 457 (41.2) 

    College or above 672 (45.3) 141 (37.9) 531 (47.9) 

Body mass index, kg/m2, mean ± 

SD 

27.7±4.5 27.5±4.7 27.7±4.4 

Ever smoking, n (%) 785 (55.1) 191 (53.5) 594 (55.6) 

Ever drinking, n (%) 1,119 (76.0) 260 (70.3) 859 (78.0) 

Mean arterial pressure, mmHg, 

mean ± SD 

87.8±11.4 91.8±11.9 86.4±10.9 

Diabetes, n (%) 392 (26.7) 133 (36.2) 259 (23.5) 

Heart rate, bpm, mean ± SD 64.5±11.0 67.6±11.5 63.4±10.7 

Total physical activity, 

minutes/week, mean ± SD 

180.9±176.6 138.3±163.3 195.3±178.6 

Volume of white matter 

hyperintensities, cm3, mean ± SD 

16.4±16.4 20.9±19.6 14.9±14.9 

APOE, n (%)    

     APOE4 ≥1 1,003 (69.9) 254 (70.7) 749 (69.7) 

     APOE4 <1 431 (30.1) 105 (29.3) 326 (30.3) 

* Bold indicates statistical significance. Hypertension is defined as systolic blood pressure≥140 

mmHg, and/or diastolic blood pressure≤90 mmHg, and or antihypertensive medication use.
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Table 2. Associations of carotid-femoral pulse wave velocity (cfPWV; per 1m/s increment) with 

fractional anisotropy (FA), estimated by linear regression (n=1,484) 

Regions of FA Model 1 

β (95% CI) 

Model 2 

β (95% CI) 

Model 3 

β (95% CI) 

Model 4 

(95% CI) 

Anterior corpus callosum -0.04  

(-0.05, -0.02) 

-0.03  

(-0.05, -0.01) 

-0.02  

(-0.03, 0.001) 

-0.01  

(-0.03, 0.003) 

Posterior corpus callosum -0.03  

(-0.04, -0.01) 

-0.02  

(-0.03, -0.001) 

-0.02  

(-0.04, -0.002) 

-0.02  

(-0.03, 0.002) 

Frontal lobe -0.06  

(-0.07, -0.04) 

-0.03  

(-0.04, -0.02) 

-0.03  

(-0.05, -0.01) 

-0.02  

(-0.04, -0.01) 

Temporal lobe -0.03  

(-0.05, -0.01) 

-0.02  

(-0.03, 0.0001) 

-0.04  

(-0.06, -0.02) 

-0.03  

(-0.05, -0.02) 

Occipital lobe -0.03  

(-0.05, -0.01) 

-0.02  

(-0.04, -0.003) 

-0.02  

(-0.04, -0.003) 

-0.02  

(-0.04, 0.0004) 

Parietal lobe -0.04  

(-0.06, -0.02) 

-0.01  

(-0.03, 0.002) 

-0.03  

(-0.04, -0.01) 

-0.02  

(-0.03, -0.002) 

Overall -0.05  

(-0.07, -0.03) 

-0.03  

(-0.04, -0.01) 

-0.03  

(-0.05, -0.02) 

-0.02  

(-0.04, -0.01) 

Bold indicates statistical significance. β is the difference (unadjusted for Model 1, adjusted for Model 2 to 

Model 4) of FAs for each 1 m/s cfPWV increment. 

Model 1: Unadjusted. 

Model 2: Adjusted for volume of white matter hyperintensities. 

Model 3: Adjusted for age, sex, race-center, education, APOE genotype, ever smoking, ever drinking, 

body mass index, mean arterial pressure, diabetes, physical activity (total minutes/week), low-density 

lipoprotein cholesterol, heart rate 

Model 4: Adjusted for factors included in Model 2 and Model 3. 
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Table 3. Associations of carotid-femoral pulse wave velocity (cfPWV; per 1 m/s increment) with 

mean diffusivity (MD), estimated by linear regression (n=1,484) 

Regions of MD Model 1 

β (95% CI) 

Model 2 

β (95% CI) 

Model 3 

β (95% CI) 

Model 4 

(95% CI) 

Anterior corpus callosum 0.04  

(0.03, 0.06) 

0.04  

(0.02, 0.05) 

0.02  

(0.01, 0.04) 

0.02  

(0.01, 0.04) 

Posterior corpus callosum 0.02  

(0.003, 0.04) 

0.01  

(-0.003, 0.03) 

0.02  

(0.01, 0.04) 

0.02  

(0.01, 0.04) 

Frontal lobe 0.06  

(0.04, 0.07) 

0.03  

(0.02, 0.04) 

0.03  

(0.02, 0.05) 

0.02  

(0.01, 0.04) 

Temporal lobe 0.05  

(0.03, 0.06) 

0.03  

(0.01, 0.04) 

0.03  

(0.01, 0.04) 

0.02  

(0.01, 0.04) 

Occipital lobe 0.04  

(0.03, 0.06) 

0.03  

(0.02, 0.05) 

0.02  

(0.005, 0.03) 

0.01  

(0.0001, 0.03) 

Parietal lobe 0.04  

(0.03, 0.06) 

0.02  

(0.003, 0.03) 

0.02  

(0.01, 0.04) 

0.02  

(0.003, 0.03) 

Overall 0.05  

(0.04, 0.07) 

0.03  

(0.01, 0.04) 

0.03  

(0.02, 0.04) 

0.02  

(0.01, 0.03) 

Bold indicates statistical significance. β is the difference (unadjusted for Model 1, adjusted for Model 2 to 

Model 4) of MDs for each 1m/s cfPWV increment.  

Model 1: Unadjusted. 

Model 2: Adjusted for volume of white matter hyperintensities. 

Model 3: Adjusted for age, sex, race-center, education, APOE genotype, ever smoking, ever drinking, 

body mass index, mean arterial pressure, diabetes, physical activity (total minutes/week), low-density 

lipoprotein cholesterol, heart rate 

Model 4: Adjusted for factors included in Model 2 and Model 3. 
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Figure 1. The adjusted difference of (A) FAs and (B) MDs by high and non-high carotid-femoral 

pulse wave velocity for overall bran region and specific regions of interest 
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Supplemental Figure 1. Flowchart of participant selection 

 

 

1942 participants with DTI information and sampling weights 

273 excluded due to missing cfPWV 

1669 participants remain 

57 excluded due to BMI≥40kg/m2 

1612 participants remain 

46 excluded due to major arrythmia 

1566 participants remain 

13 excluded due to aortic revascularization surgery 

1553 participants remain 

13 excluded due to aortic stenosis/aortic regurgitation 

1540 participants remain 

12 excluded due to minor races/ethnicities, Blacks in 

Washington, Minneapolis and Whites in Jackson 

1528 participants remain 

44 excluded due to history of stroke 

1484 participants remain 
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Supplemental Table 1. Mean fractional anisotropy (FA) and mean diffusivity (MD) among 

included and excluded participants. ARIC study examination visit 5 

Bold indicates at p<0.05 from a t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 FA MD (10-4 mm2/s) 

Regions Excluded 

(n=458) 

Included 

(n=1,484) 

Difference  

(SE) 

Excluded 

(n=458) 

Included 

(n=1,484) 

Difference  

(SE) 

Anterior corpus callosum 0.407±0.06 0.424±0.06 -0.017 (0.003) 11.9±1.2 11.6±1.1 0.3 (0.06) 

Posterior corpus callosum 0.559±0.07 0.578±0.06 -0.019 (0.003) 11.4±1.1 11.1±1.0 0.3 (0.06) 

Frontal lobe 0.271±0.02  0.280±0.02 -0.009 (0.001) 8.8±0.6 8.6±0.5 0.3 (0.03) 

Temporal lobe 0.275±0.02 0.283±0.02 -0.008 (0.001) 9.0±0.7 8.8±0.5 0.3 (0.03) 

Occipital lobe 0.223±0.03 0.229±0.02 -0.007 (0.001) 9.0±0.7 8.8±0.6 0.2 (0.03) 

Parietal lobe 0.290±0.03 0.300±0.02 -0.010 (0.001) 9.0±0.7 8.7±0.6 0.3 (0.03) 

Overall 0.275±0.02 0.284±0.02 -0.009 (0.001) 9.0±0.6 8.7±0.5 0.3 (0.03) 
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Supplemental Table 2. Correlations between FA and MD at different regions. ARIC study 

examination visit 5. 

Regions Correlation P value 

Frontal lobe -0.75 <0.0001 

Temporal lobe -0.63 <0.0001 

Occipital lobe -0.68 <0.0001 

Parietal lobe -0.67 <0.0001 

Anterior corpus callosum -0.50 <0.0001 

Posterior corpus callosum -0.66 <0.0001 

Overall -0.75 <0.0001 
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Supplemental Table 3. Association of high cfPWV (upper 25th percentile) and z-scores of FA. 

Mean differences estimated by multivariable linear regression 

Regions Elevated cfPWV (cfPWV≥13.57 m/s) 

Model 1 

β (95% CI) 

Model 2 

β (95% CI) 

Model 3 

β (95% CI) 

Model 4 

β (95% CI) 

Anterior corpus callosum -0.33 (-0.46, -0.21) -0.29 (-0.42, -0.16) -0.14 (-0.27, -0.01) -0.13 (-0.26, 0.01) 

Posterior corpus callosum -0.30 (-0.42, -0.18) -0.23 (-0.35, -0.11) -0.20 (-0.33, -0.08) -0.17 (-0.30, -0.05) 

Frontal lobe -0.45 (-0.57, -0.33) -0.28 (-0.39, -0.17) -0.23 (-0.36, -0.11) -0.16 (-0.27, -0.05) 

Temporal lobe -0.26 (-0.38, -0.13) -0.16 (-0.28, -0.03) -0.28 (-0.42, -0.15) -0.24 (-0.37, -0.11) 

Occipital lobe -0.28 (-0.41, -0.15) -0.21 (-0.34, -0.08) -0.16 (-0.30, -0.02) -0.13 (-0.27, 0.002) 

Parietal lobe -0.35 (-0.47, -0.23) -0.17 (-0.28, -0.06) -0.23 (-0.36, -0.11) -0.16 (-0.27, -0.04) 

Overall -0.42 (-0.55, -0.30) -0.26 (-0.37, -0.14) -0.26 (-0.39, -0.14) -0.19 (-0.31, -0.08) 

Bold indicates statistical significance. β is the difference (unadjusted for Model 1, adjusted for Model 2 to 

Model 4) of FAs between high and non-high cfPWV.  

Model 1: Unadjusted. 

Model 2: Adjusted for volume of white matter hyperintensities. 

Model 3: Adjusted for age, sex, race-center, education, APOE genotype, ever smoking, ever drinking, 

body mass index, mean arterial pressure, diabetes, physical activity (total minutes/week), LDL-C, heart 

rate 

Model 4: Adjusted for factors included in Model 2 and Model 3. 
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Supplemental Table 4. Association of high cfPWV (upper 25th percentile) and MDs. Mean 

differences estimated by multivariable linear regression.  

Regions Elevated cfPWV (cfPWV≥13.57 m/s) 

Model 1 

β (95% CI) 

Model 2 

β (95% CI) 

Model 3 

β (95% CI) 

Model 4 

β (95% CI) 

Anterior corpus callosum 0.31 (0.19, 0.44) 0.28 (0.15, 0.40) 0.14 (0.02, 0.25) 0.13 (0.02, 0.25) 

Posterior corpus callosum 0.21 (0.08, 0.34) 0.17 (0.05, 0.30) 0.19 (0.07, 0.30) 0.17 (0.05, 0.28) 

Frontal lobe 0.46 (0.34, 0.59) 0.29 (0.19, 0.40) 0.24 (0.13, 0.35) 0.17 (0.08, 0.27) 

Temporal lobe 0.35 (0.23, 0.47) 0.22 (0.11, 0.34) 0.17 (0.07, 0.28) 0.13 (0.03, 0.23) 

Occipital lobe 0.37 (0.25, 0.49) 0.27 (0.15, 0.39) 0.12 (0.01, 0.23) 0.08 (-0.02, 0.19) 

Parietal lobe 0.37 (0.24, 0.49) 0.20 (0.09, 0.31) 0.20 (0.09, 0.31) 0.13 (0.04, 0.23) 

Overall 0.43 (0.31, 0.55) 0.27 (0.16, 0.38) 0.21 (0.11, 0.32) 0.15 (0.06, 0.24) 

Bold indicates statistical significance. β is the difference (unadjusted for Model 1, adjusted for Model 2 to 

Model 4) of MDs between high and non-high cfPWV.  

Model 1: Unadjusted. 

Model 2: Adjusted for volume of white matter hyperintensities. 

Model 3: Adjusted for age, sex, race-center, education, APOE genotype, ever smoking, ever drinking, 

body mass index, mean arterial pressure, diabetes, physical activity (total minutes/week), LDL-C, heart 

rate 

Model 4: Adjusted for factors included in Model 2 and Model 3. 
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CHAPTER VI. MANUSCRIPT II: AORTIC STIFFNESS AND DEPRESSIVE 

SYMPTOMS AMONG COMMUNITY-DWELLING OLDER ADULTS: THE 

ATHEROSCLEROSIS RISK IN COMMUNITIES NEUROCOGNITIVE STUDY 

6.1. Introduction 

          Depression is a significant public health problem among older adults. Late-life depression, 

defined as a depressive episode occurring at age 60 years or older, is observed among 11% of 

American older adults [231]. Compared to depression among younger adults, the prevalence of 

late-life depression among older adults is lower; however, subsequent health outcomes 

associated with late-life depression are more severe [159]. Late-life depression is associated with 

increased risk of vascular dementia, Alzheimer’s disease [183], all-cause and cardiovascular 

mortality [177]. In addition, studies have shown that late-life depression is associated with 47% 

to 51% higher total health care costs, as well as 43% to 52% higher outpatient costs [232] 

compared to those without late-life depression, which increases the public health burden of this 

condition. 

          As is suggested by the “vascular depression hypothesis” that cerebrovascular disease may 

predispose, precipitate, or perpetuate some late-life depressive syndromes [1], late-life 

depression may be attributed to structural abnormalities of the brain. This is supported by 

previous studies showing late-life depression, particularly late-onset depression is characterized 

with white matter hyperintensities (WMHs), manifestation of cerebral small vessel disease 

(CSVD) shown in magnetic resonance imaging (MRI) tools [160]. One of risk factors associated 

with WMHs is stiffening of aorta [222]. The elasticity of the aorta regulates the delivery of blood
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 supply to peripheral tissues, dampening sudden oscillations in blood pressure associated with 

systolic ejection [216]. While compliant and elastic during youth, stiffening of the aorta occurs 

with aging and the remodeling of the arterial wall [217]. Aortic stiffness increases pulsatility, 

which damages microvascular circulation, resulting in poor vasoreactivity and cerebral 

hypoperfusion and subsequent CSVD [184]. CSVD has been shown to impair the frontal and 

subcortical cerebral structures, which are related to mood regulation, a key feature of depression 

[1,185]. Therefore, aortic stiffness may be associated with late-life depression.  

          A small number of population-based studies have examined the associations of carotid-

femoral pulse wave velocity (cfPWV), the gold standard measure of aortic stiffness [233], with 

late-life depression and depressive symptoms [234,192,194]. Two of these studies reported 

positive associations between cfPWV with depressive symptoms among older adults. However, 

these studies were based on a cross-sectional study designs and therefore are potentially open to 

reverse causality, since older adults with depressive symptoms may suffer from conditions (e.g., 

cardiovascular disease) that are likely to increase the stiffness of the aorta. It is therefore 

desirable to examine the association between aortic stiffness and depressive symptoms in a 

prospective cohort study. 

          Drawing on the Atherosclerosis Risk in Communities Neurocognitive Study (ARIC-NCS) 

data, we set out to extend the results from prior studies by both examining the cross-sectional 

associations of cfPWV with depressive symptoms in a biracial group of older adults, and the 

longitudinal associations of cfPWV with change of depressive symptoms and incident clinically 

significant depressive symptoms (CSDS) among older adults over the course of five years.  
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6.2. Methods 

6.2.1. Study design and population 

          Our study participants are members of the ARIC cohort who participated in the fifth 

examination of this cohort (visit 5, 2011-2013), with measures of aortic stiffness (cfPWV) and 

depressive symptoms at visit 5, and/or measurement of depressive symptoms at visit 6 (2016-

2018). At baseline, the ARIC cohort included a total of 15,792 participants aged 45 to 64 years 

sampled from four communities in the U.S. (Forsyth County, NC; Jackson, MS; suburbs of 

Minneapolis, MN; and Washington County, MD) in 1987-1989. A total of 6,538 cohort members 

attended visit 5, and 5,091 participants had information on both cfPWV and depressive 

symptoms at visit 5. To ensure high quality of cfPWV measurements, we excluded participants 

with body mass index (BMI)≥40kg/m2 (n=149), participants with evidence of a major arrhythmia 

on the 12-lead ECG (MN code 8-1-3, 8-3-1, 8-3-2) (n=140), and participants with aortic 

aneurysm, aortic stenosis and aortic regurgitation (n=97). Individuals who self-identified as 

Asian or American Indian, and as African American at the MN or MD centers, were excluded 

because their small numbers precluded analysis (n=32). We further excluded participants with 

prevalent stroke at visit 5 (n=167). The total sample size at baseline after exclusion is 4,511, and 

after further exclusion of participants with CES-D score ≥9 (n=259) and participants who died 

prior to visit 6 (n=300), the sample size for longitudinal analysis is 3,952 (Figure 2). 

6.2.2. Measurement of aortic stiffness 

          The cfPWV was measured using the VP-1000 plus system (Omron Co., Ltd., Kyoto, 

Japan) and calculated as [carotid-femoral distance – (suprasternal notch - carotid 

distance)]/transit time. A minimum of two measurements were taken per participant and the last 

two usable measurements (i.e., non-zero values) were averaged. Repeat visits conducted among a 
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subset of participants at each field center approximately 4 to 8 weeks later (n=79; mean age: 75.7 

years; 46 females) indicated that the intra-class correlation coefficients and 95% confidence 

intervals (CIs) for single measurements were 0.70 (0.59, 0.81) for cfPWV and approximately 

0.82 for averaged cfPWV measurements, according to the Spearman-Brown formula [224]. In 

the analysis, due to the lack of accepted clinically validated cut points, we modeled cfPWV 

continuously and dichotomized at the upper 25th percentile (cfPWV≥13.23 m/s) to define high 

aortic stiffness. 

6.2.3. Measurement of depressive symptoms 

          Depressive symptoms were measured by the 11-item Centers for Epidemiologic Studies-

Depression (CES-D) Scale at visit 5 and visit 6. The CES-D scale includes 11 depressive 

symptoms, including somatic complaints (appetite, sleep, effort, get going), depressed affect 

(depressed, lonely, sad), positive affect (happiness, enjoyment), and interpersonal problems 

(unfriendliness, dislike) [235]. Responses to each question are scored on a range from 0 to 2 

points, with 2 points indicating the most severe. The total score ranges between 0 and 22. The 

reliability of the 11-item CES-D is high, with the Cronbach’s alpha being 0.81 when compared 

to the original 20-item CES-D scale [235]. The CES-D scores were analyzed both continuously 

and categorically. A total CES-D score ≥9 was considered clinically significant depressive 

symptoms (CSDS) [235,236], which is suggestive of a major depressive disorder.  

6.2.4. Other variables 

          All covariates are based on data collected at visit 1 or visit 5 of the ARIC cohort 

examination. The covariates were selected for their associations with both aortic stiffness and 

late-life depression, including age (years), sex (male/female), race-center (Black-Mississippi, 

Black-North Carolina, White-North Carolina, White-Maryland, White-Minnesota), education 
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(<high school, high school, college or above), smoking status (current/former/never), physical 

activity (total minutes/week), body mass index (kg/m2), hypertension (systolic blood pressure 

≥140mmHg, and/or diastolic blood pressure ≥90mmHg, and/or antihypertensive medication use), 

and diabetes (yes/no, defined as fasting glucose level ≥126 mg per 100 ml (7.0 mmol/l−1), or use 

of antidiabetic medicine). Cognitive status (normal cognition, mild cognitive impairment, 

dementia) of participants was assessed at visit 5. 

6.2.5. Statistical analysis 

          Participant characteristics at visit 5 were compared between those with high or non-high 

cfPWV using Student’s t tests or chi-square tests. Continuous CES-D scores at both visits were 

converted to z-scores based on the mean (2.96) and standard deviation (2.91) of the CES-D 

scores at visit 5. Z-scores were also created for cfPWV based on mean (11.64 m/s) and standard 

deviation (3.14 m/s). We conducted both cross-sectional analyses for comparability with prior 

studies and longitudinal analyses to take full advantage of the prospective data available from the 

ARIC cohort. For cross-sectional analysis, multivariable linear regression models were used to 

assess the associations of cfPWV (continuous and binary) with z-score of depressive symptoms, 

with results presented as betas (βs) and 95% CIs. Multivariable logistic regression models were 

used to assess the associations of cfPWV (continuous and binary) with the odds of CSDS. Since 

adults with late-life depression may present with cognitive deficits [237], we conducted a 

sensitivity analysis of the cross-sectional associations among those participants with normal 

cognition at visit 5 (n=3,502). 

          In longitudinal analyses, participants with a total CES-D score ≥9 (clinically significant 

depressive symptoms) at the analytic baseline (visit 5) and participants who died before June 

2015 were excluded (n=559). Due to the large proportion of loss to follow-up (approximately 
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40%) between visit 5 and visit 6, the method of multiple imputation by chained equations 

(MICE) was used to account for missing CES-D scores at visit 6 [238]. A total of 30 imputed 

datasets were created, with 40 iteration for each imputation. The variables used for imputation 

included covariates included in the models, visit 5 depressive symptoms and depression-related 

questions in the annual follow-up survey. The difference in z scores between two visits (visit 6 z-

score – visit 5 z-score) was calculated following imputation. Multivariable linear regression 

models were then used to examine the associations of cfPWV (continuous and binary) with 

change in CES-D z-scores among those without clinically significant depressive symptoms at 

analysis baseline. The baseline values of CES-D z-score deserves consideration when assessing 

change over time, i.e., since a greater CES-D z-score allows smaller room for an increase. We 

therefore adjusted for baseline CES-D z-score in all models that examined the associations 

between cfPWV and change in depressive symptoms. Multivariable logistic regression models 

were used to examine the associations of cfPWV (continuous and binary) with incident CSDS 

among all participants after MICE, as well as complete cases with CES-D scores available at 

both visits. All analyses were conducted using SAS 9.4 (Cary, NC, USA). 

6.3. Results 

6.3.1. Characteristics of participants 

          The baseline characteristics of the participants included are provided in Table 4. The mean 

age was 75 years, 60% were female, and 79% were white. Clinically significant depressive 

symptoms were present among 259 (5.7%) participants. Compared to participants with non-high 

cfPWV (cfPWV<13.29m/s), those with high cfPWV (cfPWV≥13.29m/s) were older, more likely 

to be male and African American, were less likely to have completed high school, and had a 
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higher prevalence of hypertension and diabetes, lower body mass index, smaller amount of time 

for weekly physical activity, higher average CES-D score, and greater prevalence of CSDS. 

6.3.2. Cross-sectional analysis 

          When considering a continuous measure of CES-D total z-score, the unadjusted linear 

regression models indicated that each standard deviation (SD, 3.14 m/s) higher in cfPWV was 

associated with a 0.10 SD higher total CES-D z-score (β=0.10, 95% CI: 0.07, 0.13). Similarly, 

relative to those with non-high cfPWV, those with high cfPWV had on average a 0.19 SD higher 

total CES-D z-score (β=0.19, 95% CI: 0.12, 0.26). The estimates were attenuated but remained 

elevated and statistically significant after adjustment for all covariates (for each SD higher 

cfPWV: β=0.05, 95% CI: 0.02, 0.08; for high cfPWV: β=0.07, 95% CI: 0.004, 0.15). 

When considering a binary measure of CSDS, the unadjusted logistic regression models 

indicated that each SD higher cfPWV was associated with 1.24 times the odds of CSDS 

(OR=1.24, 95% CI: 1.10, 1.39). Similarly, relative to those with non-high cfPWV, those with 

high cfPWV had 1.65 times the odds of CSDS (OR=1.65, 95% CI: 1.26, 2.15). After adjustment 

for all covariates, associations were attenuated. Each SD higher cfPWV was marginally 

associated with 1.13 times the odds of CSDS (OR=1.13, 95% CI: 0.99, 1.30), and high cfPWV 

had 1.37 times the odds of CSDS (OR=1.37, 95% CI: 1.01, 1.85) (Table 5). 

          In the sensitivity analysis restricted to cognitively normal participants who were free of 

adjudicated MCI or dementia at visit 5, in the unadjusted models, a SD higher cfPWV was 

associated with 0.08 SD higher total CES-D z-score (β=0.08, 95% CI: 0.05, 0.11) and 1.20 times 

the odds of CSDS (OR=1.20, 95% CI: 1.04, 1.38). The binary measure of high (versus non-high) 

cfPWV was associated with 0.16 SD higher total CES-D z-score (β=0.16, 95% CI: 0.08, 0.23) 

and 1.53 times the odds of CSDS (OR=1.51, 95% CI: 1.11, 2.11). however, the associations were 
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not statistically supported after adjustment for all covariates (for each SD higher cfPWV: β=0.03, 

95% CI: -0.01, 0.06, OR=1.05, 95% CI: 0.89, 1.24; for high cfPWV: β=0.04, 95% CI: -0.04, 

0.12, OR=1.16, 95% CI: 0.80, 1.68) (Supplemental Table 5). 

6.3.3. Longitudinal analysis 

          After excluding participants with CSDS at baseline and those who died prior to visit 6, 

3,952 participants were included in the longitudinal analysis. Compared to those who attended 

visit 5 and also had a visit 6 CES-D score available, participants who did not have a CES-D 

score at visit 6 (those alive did not attend visit 6, or eligible for visit 6 but died) were older, had a 

smaller proportion of Black participants, smaller proportion of high school graduates, a lower 

body mass index, and lower reported leisure time physical activity, as well as a higher 

prevalence of hypertension and diabetes, and higher baseline CES-D scores (Supplemental 

Table 2). The mean CES-D score at visit 6 among complete cases was 0.02 standard deviations 

than visit 5 CES-D score, and the imputed results suggest that the mean CES-D score at visit 6 

was 0.02 standard deviations higher than that at analysis baseline overall. Incident CSDS 

occurred among 3.1% of participants who had CES-D score<9 at analysis baseline, and 2.8% 

among complete cases.  

          The analysis based on complete case data did not show statistical significance in the 

associations of cfPWV with the 5-year change in depressive symptoms or with CSDS incidence, 

(Supplemental Table 7). Using imputed data, none of the linear regression or logistic regression 

models showed statistically significant association of higher cfPWV and elevated cfPWV with 5-

year change in depressive symptoms and 5-year CSDS incidence. Compared to complete-case 

analysis, the effect sizes of association between each SD higher cfPWV and 5-year change in 

depressive symptoms were similar, and those of association between elevated cfPWV and 5-year 
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change in depressive symptoms become negative. The associations of each SD higher cfPWV 

and elevated cfPWV with 5-year incident CSDS showed a greater effect size with narrower 95% 

CIs (Table 6). 

6.4. Discussion 

          In the present analysis of a cohort of community-dwelling older adults in the U.S., we 

found cross-sectional associations of higher and elevated aortic stiffness with higher depressive 

symptoms and prevalence of CSDS. The associations persisted after adjustment for potential 

confounders, including demographic and lifestyle factors, as well as risk factors for vascular 

diseases. However, among participants without significant depressive symptoms at analysis 

baseline, no significant prospective association was observed between aortic stiffness and change 

in depressive symptoms or in the probability of incident clinically significant depressive 

symptoms over an average of 5 years of follow-up. 

          There is a small number of prior population-based cross-sectional studies examining the 

association of cfPWV with depressive symptoms, which yields inconsistent results. van Sloten et 

al. reported that higher cfPWV was significantly associated with greater depressive symptoms 

measured with the 15-item Geriatric Depression Scale (GDS-15) in a sample of 2,058 older 

adults (mean age: 79.6 years, 59% women), while cfPWV was not associated with the odds of a 

dichotomous measure of depressive symptoms (defined as GDS-15≥6).[234] Tiemeier et al. 

found that a binary measure of high cfPWV (defined as cfPWV>15.2 m/s) vs. non-high cfPWV 

is not associated with higher odds of depressive symptoms (defined as 20-item CES-D≥16) after 

adjusting for all covariates, while it is associated with higher odds of a depressive disorder 

diagnosis according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition 

(DSM-IV) criteria.[192] Onete et al. found that cfPWV is not associated with either major 
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depressive disorder (using the Mini-International Neuropsychiatric Interview) or depressive 

symptoms (dichotomized, defined as the Patient Health Questionnaire-9) in 1,399 men and 

women aged 60 years or older. [194] The results of our cross-sectional analysis were consistent 

with the previous finding that higher cfPWV and threshold-based high cfPWV were both 

associated with higher severity of depressive symptoms, and we also found that both higher and 

elevated cfPWV are associated with higher offs of CSDS. Given the limited studies, our study 

contributed to the evidence of the cross-sectional association between cfPWV and depressive 

symptoms among older adults. 

          This study is unique in its longitudinal examination of the association between aortic 

stiffness a and incidence of depressive symptoms, although we did not observe a statistically 

significant association of cfPWV with change in depressive symptoms and incident CSDS. The 

threshold-based identification of clinically significant depressive symptoms may not 

approximate major depressive disorders diagnosed according to DSM-IV criteria, as shown in 

the previously reported study [192]. Given the very little information on cfPWV and late-life 

depression, it is necessary that the cross-sectional and longitudinal associations between cfPWV 

and depressive symptoms among older adults be examined in other cohort studies, and it is 

desirable that future studies may examine the associations between cfPWV and risk of incident 

diagnosed depression among older adults. 

          The “vascular depression hypothesis” states that cerebrovascular disease may predispose, 

precipitate, or perpetuate some late-life depressive syndromes [1], suggesting that late-life 

depression may be attributed to structural abnormalities in the brain. This hypothesis is supported 

by previous studies showing that late-life depression, particularly late-onset depression (with its 

first occurrence after 60 or 65 years and older) is associated with white matter hyperintensities, a 
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manifestation of cerebral small vessel disease evidenced with magnetic resonance imaging [160]. 

Given that previous studies have found high (as compared to non-high) cfPWV to be associated 

with greater burden of white matter hyperintensities [222,220,113], aortic stiffness may represent 

a key hemodynamic mechanism for the occurrence of depressive symptoms among older adults. 

Our observations from cross-sectional analyses, suggestive of the association of cfPWV with 

CSDS among participants with normal cognitive status, favor the vascular hypothesis underlying 

the development of CSDS. Although we did not observe increased depressive symptoms and 

higher odds of incident CSDS, it does not necessarily mean vascular depression hypothesis is not 

true, and a cohort study in the future with formal diagnosis of depression and less attrition may 

help to test our hypothesis between higher cfPWV and greater risk of late-life depression, which 

is often featured as vascular depression. 

          Given the high prevalence of depressive symptoms among older adults and adverse 

outcomes associated with late-life depression, our results are of significance. Elevated cfPWV, 

defined by a population-based threshold, is associated with the presence of CSDS and greater 

depressive symptoms, suggesting that older adults with high aortic stiffness may have a 

propensity toward depression. Elevated cfPWV may be used as a marker to identify CSDS 

among older adults. Furthermore, each standard deviation increment in cfPWV was associated 

with higher depressive symptoms and CSDS among older adults, suggesting that the association 

of cfPWV with severity of depressive symptoms extends below the levels of cfPWV considered 

high.  

          A significant limitation of our study is the lack of clinical diagnoses of depression among 

older adults. We did however observe associations of cfPWV and depressive symptoms using a 

validated standardized scale. As a further limitation, our study is subject to a high proportion of 
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loss to follow-up, although we examined the longitudinal associations through the imputed data, 

which under the assumption of data missing at random conditional on observed covariates, 

would be expected to remove any bias from informative missing data. Despite these limitations, 

by using a prospective cohort study design with a large, biracial sample of older adults, and the 

gold standard measure for aortic stiffness, our study contributes new information to literature. 

In conclusion, high aortic stiffness is cross-sectionally associated with higher severity of 

depressive symptoms, but is not associated with 5-year change of depressive symptoms or 

incident CSDS in a sample of community-dwelling older adults. The longitudinal association 

between aortic stiffness and depressive symptoms among older adults warrants further 

investigation. 
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Figure 2. Flowchart of participants in the study, ARIC-NCS (Atherosclerosis Risk in 

Communities Neurocognitive Study). cfPWV: carotid-femoral pulse wave velocity; CES-D: 

Center for Epidemiological Studies-Depression; BMI: body mass index 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Baseline  

Cross-sectional analysis 

(n=4,511): 
-Visit 5 (2011-13) (n=6,538) 
-Excluded (n=2,066) 
   -No cfPWV: 1,410 
   -No CES-D: 32 
   -Prior history of stroke: 167 
   -BMI≥40kg/m2: 149 
   -Major arrhythmia: 140 
   -Aortic aneurysm, aortic stenosis, 

aortic regurgitation: 97 
   -Race other than black or white, 
black in MD and MN: 32 

559 excluded:  

-CES-D≥9 at baseline (n=259) 

-Died before prior to visit 6 

(n=300) 

Longitudinal analysis 

(n=3,952): 
-Attended visit 6: 2,714 

-=Eligible for visit but died 

before completed: 146 

-Alive but not attend: 1,092 
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Table 4. Characteristics of participants in the cross-sectional analysis, by cfPWV level. Visit 5 

examination of the ARIC study (n=4,511) 

 Overall 

(n=4,511) 

Elevated cfPWV 

(cfPWV≥13.29m/s) 

(n=1,129) 

Non-elevated cfPWV 

(cfPWV<13.29m/s) 

(n=3,382) 

Age, years 75.2±5.0 77.1±5.2 74.6±4.8 

Sex, male, n (%) 1,822 (40.4) 493 (43.3) 1,329 (39.3) 

Race-center, n (%)    

    Black-NC 58 (1.3) 15 (1.3) 43 (1.3) 

    Black-MS 922 (20.4) 329 (29.1) 593 (17.5) 

    White-NC 866 (19.2) 195 (17.3) 671 (19.8) 

    White-MD 1285 (28.5) 315 (27.9) 970 (28.7) 

    White-MN 1380 (30.6) 275 (24.4) 1105 (32.7) 

Education, n (%)    

    Below high school 571 (12.7) 209 (18.5) 362 (10.7) 

    High school 1,896 (42.1) 477 (42.3) 1,419 (42.0) 

    College or above 2,037 (45.2) 443 (39.2) 1,594 (47.2) 

Body mass index, kg/m2 27.8±4.5 27.5±4.7 28.0±4.4 

Total physical activity, minutes/week 192.5±187.5 157.1±177.9 204.4±189.1 

Smoking, n (%)    

    Current 261 (6.2) 54 (5.2) 207 (6.6) 

    Former 2,098 (50.0) 506 (48.7) 1,592 (50.4) 

    Never 1,840 (43.8) 479 (46.1) 1,361 (43.1) 

Hypertension, n (%) 3,220 (72.0) 918 (81.8) 2,302 (68.7) 

Diabetes, n (%) 1,130 (25.3) 408 (36.5) 722 (21.6) 

CES-D score 3.0±2.9 3.3±3.1 2.8±2.8 

CES-D≥9, n (%) 259 (5.7) 90 (8.0) 169 (5.0) 
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Table 5. Cross-sectional associations of cfPWV with depressive symptoms and prevalence of 

clinically significant depressive symptoms. Visit 5 examination of the ARIC study (n=4,511) 

Overall Depressive Symptoms 

 Per SD (3.14 m/s) higher 

Standardized β (95% CI) 

Elevated cfPWV (cfPWV≥13.29m/s) vs. 

non-elevated cfPWV 

Standardized β (95% CI) 

Model 1 0.10 (0.07, 0.13) 0.19 (0.12, 0.26) 

Model 2 0.05 (0.02, 0.08) 0.09 (0.02, 0.16) 

Model 3 0.05 (0.02, 0.08) 0.07 (0.004, 0.15) 

Clinically Significant Depressive Symptoms 

 Per SD (3.14 m/s) higher 

OR (95% CI) 

Elevated cfPWV (cfPWV≥13.29m/s) vs. 

non-elevated cfPWV 

OR (95% CI) 

Model 1 1.24 (1.10, 1.39) 1.65 (1.26, 2.15) 

Model 2 1.13 (0.99, 1.29) 1.35 (1.00, 1.82) 

Model 3 1.13 (0.99, 1.30) 1.37 (1.01, 1.85) 

SD: standard deviation; cfPWV: carotid-femoral pulse wave velocity; OR: odds ratio; CI: confidence interval. 

Model 1: Unadjusted.  

Model 2: Based on Model 1, adjusted for demographic and social factors (age (continuous), sex (male/female), race-

center, education (below high school/high school/college or above), body mass index (kg/m2), and lifestyle factors 

[smoking status (never/former/current), physical activity (minutes/week)]. 

Model 3: Based on Model 2, additionally adjusted for physical health conditions [hypertension (systolic blood 

pressure (SBP)≥140mmHg, and/or diastolic blood pressure (DBP)≥90mmHg, and/or taking antihypertensive 

medication), prevalent diabetes (fasting glucose≥126 mg/dL, and/or taking antidiabetic medication)]. 
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Table 6. Associations of baseline cfPWV with change of depressive symptoms and incident 

clinically significant depressive symptoms over a period of 5 years. The ARIC study (n=3,952) 

Change of Overall Depressive Symptoms 

 Per SD (3.14 m/s) higher 

Standardized β (95% CI) 

Elevated cfPWV (cfPWV≥13.29m/s) vs. non-

elevated cfPWV 

Standardized β (95% CI) 

Model 1 0.02 (-0.01, 0.05) 0.04 (-0.03, 0.11) 

Model 2 0.01 (-0.02, 0.04) 0.02 (-0.05, 0.09) 

Model 3 0.01 (-0.02, 0.04) 0.02 (-0.05, 0.09) 

Incident Clinically Significant Depressive Symptoms 

 Per SD (3.14 m/s) higher 

OR (95% CI) 

Elevated cfPWV (cfPWV≥13.29m/s) vs. non-

elevated cfPWV 

OR (95% CI) 

Model 1 1.18 (0.98, 1.43) 1.32 (0.83, 2.08) 

Model 2 1.11 (0.90, 1.36) 1.13 (0.70, 1.82) 

Model 3 1.09 (0.88, 1.34) 1.08 (0.66, 1.77) 

SD: standard deviation; cfPWV: carotid-femoral pulse wave velocity; OR: odds ratio; CI: confidence interval. 

Model 1: Unadjusted (for incident clinically significant depressive symptoms); Adjusted for baseline total CES-D-

11 score (for change of depressive symptoms).  

Model 2: Based on Model 1, additionally adjusted for demographic and social factors (age (continuous), sex 

(male/female), race-center, education (below high school/high school/college or above), lifestyle factors [smoking 

status (never/former/current), body mass index (kg/m2), physical activity (minutes/week)]. 

Model 3: Based on Model 2, additionally adjusted for physical health conditions [hypertension (systolic blood 

pressure (SBP)≥140mmHg, and/or diastolic blood pressure (DBP)≥90mmHg, and/or taking antihypertensive 

medication), prevalent diabetes (fasting glucose≥126 mg/dL, and/or taking antidiabetic medication)]. 
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Supplemental Table 5. Cross-sectional associations of cfPWV with depressive symptoms and 

prevalence of clinically significant depressive symptoms at visit 5 of the ARIC study (n=3,502) 

Overall Depressive Symptoms 

 Per SD (3.14m/s) higher 

β (95% CI) 
High cfPWV (cfPWV≥13.29m/s) 

β (95% CI) 
Model 1 0.08 (0.05, 0.11) 0.16 (0.08, 0.23) 

Model 2 0.04 (0.002, 0.07) 0.05 (-0.03, 0.13) 

Model 3 0.03 (-0.01, 0.06) 0.04 (-0.04, 0.12) 

Clinically Significant Depressive Symptoms 

 Per SD (3.14 m/s) higher 
OR (95% CI) 

High cfPWV (cfPWV≥13.29m/s) 
OR (95% CI) 

Model 1 1.20 (1.04, 1.38) 1.53 (1.11, 2.11) 

Model 2 1.06 (0.90, 1.24) 1.15 (0.80, 1.66) 

Model 3 1.05 (0.89, 1.24) 1.16 (0.80, 1.68) 

SD: standard deviation; cfPWV: carotid-femoral pulse wave velocity; OR: odds ratio; CI: confidence interval. 

Model 1: Unadjusted.  

Model 2: Adjusted for demographic and social factors (age (continuous), sex (male/female), race-center, education 

(below high school/high school/college or above), lifestyle factors [smoking status (never/former/current), body 

mass index (kg/m2)]. 

Model 3: based on Model 2, additionally adjusted for physical health conditions [hypertension (systolic blood 

pressure (SBP)≥140mmHg, and/or diastolic blood pressure (DBP)≥90mmHg, and/or taking antihypertensive 

medication), prevalent diabetes (fasting glucose≥126 mg/dL, and/or taking antidiabetic medication), coronary heart 

disease (yes/no). 
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Supplemental Table 6. Baseline characteristics of participants for longitudinal analysis at visit 5 

by attendance at visit 6 of the ARIC study (n=3,952) 

 Overall 

(n=3,952) 

Attended visit 6  

(n=2,714) 

Alive but not 

attended visit 6 
(n=1,092) 

Eligible for visit 6 

but died  
(n=146)  

cfPWV, m/s 11.6±2.9 11.3±2.8 11.8±3.1 12.4±3.2 

cfPWV≥13.29 m/s, n (%) 939 (23.8) 578 (21.3) 313 (28.7) 48 (32.9) 

Age, year 75.0±4.9 74.4±4.7 76.1±5.1 78.8±5.3 

Sex, male, n (%) 1,595 (40.4) 1,106 (40.8) 413 (37.8) 76 (52.1) 

Race, black, n (%) 816 (20.7) 587 (21.6) 194 (17.8) 35 (24.0) 

Education, n (%)     

    Below high school 441 (11.2) 269 (9.9) 143 (13.1) 29 (19.9) 

    High school 1,653 (41.9) 1,119 (41.3) 470 (43.1) 64 (43.8) 

    College or above 1,852 (46.9) 1,322 (48.8) 477 (43.8) 53 (36.3) 

Body mass index, kg/m2 27.9±4.4 28.0±4.4 27.7±4.5 26.6±4.4 

Smoking, n (%)     

        Current 205 (5.6) 138 (5.4) 61 (6.3) 6 (4.4) 

        Former 1,832 (49.7) 1,304 (50.6) 455 (46.8) 73 (53.3) 

        Never 1,648 (44.7) 1,134 (44.0) 456 (46.9) 58 (42.3) 

Physical activity, minutes/week 201.0±189.6 210.8±191.9 185.3±185.0 136.9±158.2 

Hypertension, n (%) 2,800 (71.4) 1,890 (70.1) 792 (73.2) 118 (81.9) 

Diabetes, n (%) 941 (24.0) 605 (22.5) 291 (27.0) 45 (30.8) 

CES-D score (visit 5) 2.4±2.1 2.3±2.1 2.6±2.2 3.0±2.3 
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Supplemental Table 7. Associations of baseline cfPWV with change of depressive symptoms and 

incident clinically significant depressive symptoms over a period of 5 years in the ARIC study 

among complete cases (n=2,580) 

Change of Overall Depressive Symptoms 

 Per SD (2.90 m/s) higher 

β (95% CI) 
High cfPWV (cfPWV≥13.23m/s) 

β (95% CI) 
Model 1 0.03 (-0.01, 0.06) 0.04 (-0.03, 0.11) 

Model 2 0.02 (-0.01, 0.05) 0.04 (-0.03, 0.12) 

Model 3 0.02 (-0.02, 0.05) 0.04 (-0.04, 0.11) 

Incident Clinically Significant Depressive Symptoms 

 Per SD (2.90 m/s) higher 

OR (95% CI) 
High cfPWV (cfPWV≥13.23m/s) 

OR (95% CI) 
Model 1 1.18 (0.93, 1.49) 1.24 (0.71, 2.15) 

Model 2 1.14 (0.88, 1.47) 1.19 (0.67, 2.14) 

Model 3 1.13 (0.87, 1.47) 1.16 (0.65, 2.10) 

SD: standard deviation; cfPWV: carotid-femoral pulse wave velocity; OR: odds ratio; CI: confidence interval. 

Model 1: Adjusted for baseline total CES-D-11 score.  

Model 2: Based on Model 1, additionally adjusted for demographic and social factors (age (continuous), sex 

(male/female), race-center, education (below high school/high school/college or above), lifestyle factors [smoking 

status (never/former/current), body mass index (kg/m2)]. 

Model 3: Based on Model 2, additionally adjusted for physical health conditions [hypertension (systolic blood 

pressure (SBP)≥140mmHg, and/or diastolic blood pressure (DBP)≥90mmHg, and/or taking antihypertensive 

medication), prevalent diabetes (fasting glucose≥126 mg/dL, and/or taking antidiabetic medication), coronary heart 

disease (yes/no). 
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CHAPTER VII. CONCLUSIONS 

7.1. Recapitulation of aims 

          Late-life depression, defined as episodes of depressive disorder occurring at the age of 65 

years or older has become a public health burden.[239] The vascular depression hypothesis 

suggests that late-life depression may be attributed to cerebrovascular disease,[1] which is 

supported by the presence of white matter hyperintensities (WMHs) as shown on magnetic 

resonance imaging (MRI).[240] Although considered a surrogate marker for white matter 

pathology, WMHs shown on MRI do not capture the microstructural pathology of white matter 

due to low sensitivity. Diffusion tensor imaging (DTI) on the other hand detects pathology of 

white matter microstructural integrity both within WMHs and in normal-appearing white matter. 

Aortic stiffness, a hallmark of aging,[241] is a risk factor of WMHs.[242,222] but few 

population-based studies have examined the association between aortic stiffness and white 

matter microstructural integrity assessed with DTI. Moreover, aortic stiffness may be associated 

with late-life depression, given the associations between aortic stiffness and WMHs, as well as 

that between WMH and late-life depression. Only a few studies have addressed this topic, all 

based on cross-sectional study designs.  Therefore, the goal of the dissertation was to study the 

associations of aortic stiffness with white matter microstructural integrity and depressive 

symptoms among older adults. To achieve this goal, two aims were proposed: 

Specific Aim 1, to study the cross-sectional relationship of aortic stiffness with white matter 

microstructural integrity in older adults. 
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Specific Aim 2, to study the cross-sectional and longitudinal relationship of aortic stiffness with 

depressive symptoms in older adults. 

          Analysis was conducted based on the fifth (2011-2013) and sixth visit (2016-2018) of 

Atherosclerosis Risk in Communities (ARIC) study, a large biracial prospective cohort of adults 

(aged 45 to 66 years at visit 1, 1985-1987) in four U.S. communities. Aortic stiffness was 

assessed as carotid-femoral pulse wave velocity (cfPWV) at visit 5, and white matter 

microstructural integrity was measured using DTI at visit 5. Depressive symptoms were assessed 

using the 11-item Center for Epidemiologic Studies Depression Scale (CES-D). Variables of 

demographic, lifestyle and physical health factors were available at visit 1 or visit 5 for majority 

of participants.  

          For Aim 1, the cross-sectional associations of cfPWV with DTI measures (fractional 

anisotropy, mean diffusivity) were assessed among a group of older adults composed of 

participants with evidence of cognitive impairment and a stratified random sample of cognitively 

normal participants from the ARIC study. The analysis assessed potential confounding by 

demographic, lifestyle and physical health factors. 

          For Aim 2, cross-sectional associations of cfPWV with depressive symptoms and 

clinically significant depressive symptoms (CES-D score ≥9) at visit 5, as well as longitudinal 

associations of cfPWV with change of depressive symptoms from visit 5 to visit 6 and incident 

clinically significant depressive symptoms at visit 6 were assessed among participants free of 

clinically significant depressive symptoms at visit 5. The analysis assessed potential confounding 

by demographic, lifestyle and physical health factors. 
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7.2. Main findings 

          For Aim 1, a total of 1,484 participants remained in the analytic set, with the mean age of 

76 years, 40% male, 28.6% black. The FA and MD values were normally distributed. FA was 

negatively correlated with MD overall (r=-0.75, p<0.0001). Participants with elevated cfPWV 

were older, more likely to be black, and less likely to have completed high school. In addition, 

participants with greater cfPWV were less likely to consume alcohol and spent less time 

engaging in leisure-time physical activities, while being more likely to have hypertension and 

diabetes, as well as greater WMH volume. Each 1 m/s higher cfPWV was associated with 0.03 

standard deviations lower of overall FA (95% confidence interval (CI): -0.05, -0.02) and 0.03 

standard deviations higher of overall MD (95% CI: 0.02, 0.04). High cfPWV (upper 25th 

percentile) was associated with 0.26 standard deviations lower of FA (95% CI: -0.39, -0.14) and 

0.21 standard deviations higher overall MD (95% CI: 0.11, 0.32). Similar associations were 

observed at individual regions of interest (anterior corpus callosum, posterior corpus callosum, 

frontal lobe, temporal lobe, occipital lobe and parietal lobe). 

          For Aim 2, a total of 4,511 examinees at baseline were included in the cross-sectional 

analysis. Participants with high cfPWV were older, more likely to be male and African 

American, were less likely to have completed high school, and had a higher prevalence of 

hypertension and diabetes, lower body mass index, less time spent on weekly physical activity, 

higher average CES-D score, and greater prevalence of clinically significant depressive 

symptoms. Each standard deviation (3.14 m/s) increment in cfPWV was associated with 0.05 

standard deviation higher total CES-D score (95% CI: 0.02, 0.08), and associated with 1.13 times 

the odds of clinically significant depressive symptoms at visit 5. High cfPWV (defined at the 

upper 25th percentile) was associated with 0.07 standard deviation higher total CES-D score 
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(95% CI: 0.004, 0.15) and 1.37 times the odds of clinically significant depressive symptoms 

(95% CI: 1.01, 1.85) among older adults at visit 5. In the longitudinal analysis, each standard 

deviation (3.14 m/s) higher in cfPWV and high cfPWV (upper 25th percentile) were associated 

with higher total CES-D score and higher odds of incident clinically significant depressive 

symptoms among older adults, although these associations were not statistically significant. 

7.3. Strengths 

          The analysis conducted for Aim 1 represents the largest population-based study of the 

association between aortic stiffness and white matter microstructural integrity among older 

adults. The data collection for this study was based on standardized protocols administered by 

trained personnel, and employed validated measurements for aortic stiffness (cfPWV), as well as 

white matter microstructural (FA, MD) and macrostructural integrity (WMHs). 

The study conducted for Aim 2 is the only population-based prospective study on aortic stiffness 

and depressive symptoms among older adults with repeated measures of depressive symptoms. 

The large sample size and gold standard measurement of aortic stiffness are further strengths of 

the study. 

7.4. Limitations 

          For the study conducted for Aim 1, the main limitation is its cross-sectional design, which 

limits causal inferences regarding the association of aortic stiffness with cerebral white matter 

microstructural integrity among older adults, and allows for the possibility of reverse causality. 

However, it is improbable that WMH or white matter-related disease (e.g. depression) would 

affect cfPWV. As a further limitation, effectively all participants in this study had some degree 

of WMH, precluding a study of associations between cfPWV and DTI measures in the absence 

of WMH. We note however that our sensitivity analysis identified differences in associations at 
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high and low WMH volumes. Lastly, this study is restricted to older adults, thus survivors who 

are sufficiently engaged, healthy and vigorous to attend an examination at a facility of the ARIC 

study. These characteristics are to be considered in generalizing our results. 

          For the study conducted for Aim 2, a significant limitation of our study is the lack of 

clinical diagnoses of depression among older adults. We did however observe associations of 

cfPWV and depressive symptoms using a validated standardized scale. As a further limitation, 

our study is subject to a high degree of loss to follow-up. To assess its potential impact and 

correct for selection bias we imputed the missing data, which may reflect the true associations 

between aortic stiffness and depressive symptoms among older adults in the population. 

7.5. Overall conclusions 

          Results of our study suggest that higher aortic stiffness is associated with lower cerebral 

white matter microstructural integrity among older adults. Further, high aortic stiffness is cross-

sectionally associated with higher severity of depressive symptoms and higher odds of clinically 

significant depressive symptoms, but is not significantly associated with 5-year change of 

depressive symptoms or incident, clinically significant depressive symptoms in a sample of 

community-dwelling older adults. 

          Future research should consider the longitudinal associations of aortic stiffness with white 

matter microstructural integrity, as well as the potential opportunity for preservation of white 

matter microstructural integrity through the lowering of aortic stiffness. Given the limited 

information available, the longitudinal association between aortic stiffness and depressive 

symptoms among older adults warrants further investigation. 

 

 



 

89 
 

APPENDIX 1: MEASUREMENT OF CAROTID-FEMORAL PULSE WAVE 

VELOCITY. SOURCE: RHEE (2008)[243] 
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APPENDIX 2: MRI IMAGES OF CEREBRAL SMALL VESSEL DISEASE, 

INCLUDING (A) WHITE MATTER HYPERINTENSITIES (B) LACUNES (C) 

MICROBLEEDS. SOURCE: INZITARI (2009)[244] 
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APPENDIX 3: PHYSICS OF DTI. SOURCE: JELLISON (2004)[96] 

 

 
(A) 

 

 
(B) 

 

 
(C) 

 

 

 

 

 



 

92 
 

APPENDIX 4: ITEMS OF DIFFERENT VERSIONS OF CES-D SCALES 

 20-

item 

10-

item 

8-

item 

11-

item 

12-

item 

I was bothered by things that usually don’t bother me. X X    

I did not feel like eating; my appetite was poor X   X X 

I felt that I could not shake off the blues even with 

help from my family or friends. 

X    X 

I felt I was just as good as other people. X     

I had trouble keeping my mind on what I was doing. X X   X 

I felt depressed. X X X X X 

I felt that everything I did was an effort. X X X X X 

I felt hopeful about the future. X X   X 

I thought my life had been a failure. X     

I felt fearful. X X    

My sleep was restless. X X X X X 

I was happy. X X X X X 

I talked less than usual. X     

I felt lonely. X X X X X 

People were unfriendly. X   X  

I enjoyed life. X  X X X 

I had crying spells. X    X 

I felt sad. X  X X  

I felt that people disliked me. X   X X 

I could not get “going.” X X X X  
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