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ABSTRACT                                                                 ENGLISH 

This doctoral thesis investigated the burden of cardiovascular risk factors among older adults (age ≥60 years) 
living in central Stockholm (Study I) and the associations of these risk factors with structural brain characteristics 
and cognitive decline in aging, taking genetic background (APOE gene) into account (Studies II, III, and IV). 

All studies in this thesis use data from the Swedish National study on Aging and Care in Kungsholmen (SNAC-
K) and the embedded SNAC-K Magnetic Resonance Imaging (MRI) study. 

Study I investigated the distribution and control of major cardiometabolic risk factors in the SNAC-K 
population. Among older adults living in central Stockholm, the age- and sex-standardized prevalence of 
diabetes was 9.6%; obesity, 11.7%; high cholesterol, 48.6%; and hypertension, 76.4%. The prevalence of 
hypertension and diabetes increased with age, whereas the prevalence of obesity and high cholesterol decreased 
with age. Forty-nine percent of older adults had two or more of these factors. Overall, 55.5% of people with 
hypertension, 50.3% with diabetes, and 25.0% with high cholesterol received pharmacological treatment. Of 
those treated pharmacologically, 49.4% reached the therapeutic goals for hypertension; 38.1% for diabetes; and 
85.5% for high cholesterol. 

Study II explored the cross-sectional associations between global white-matter hyperintensities (WMH) and 
brain volumes among SNAC-K MRI participants. Results suggest that the marker of cerebral small vessel 
diseases—a higher load of global WMH—was significantly associated with global cerebral atrophic markers 
(smaller gray-matter volume and larger ventricular volume) independent of age, major cardiovascular risk 
factors, and APOE gene. In contrast, the association between global WMH and hippocampal volume was no 
longer significant after adjusting for age. 

Study III examined the role of brain structure in the association between cardiovascular risk burden and 
cognitive decline in the SNAC-K and SNAC-K MRI cohorts. We found that higher cardiovascular risk burden, 
assessed by the Framingham General Cardiovascular Risk Score (FGCRS), was associated with faster annual 
decline rate in Mini-Mental State Examination (MMSE) score. Larger WMH and ventricular volume and smaller 
total gray-matter and hippocampal volume were all associated with accelerated MMSE decline; these links were 
stronger among APOE ε4 carriers than non-carriers. The association between FGCRS and MMSE decline 
largely disappeared when WMH volume was entered into the model together with gray-matter or ventricular 
volume. The association between FGCRS and global atrophic marker (gray-matter or ventricular volume) 
remained after WMH volume was entered into the model as a mediator. 

Study IV investigated the associations among cardiovascular risk factors, microstructural white-matter integrity, 
and cognitive decline in the SNAC-K MRI cohort. The results showed that heavy alcohol consumption, 
hypertension, and diabetes were significantly associated with reduced microstructural white-matter integrity (P 
<0.05), measured as lower fractional anisotropy (FA) or higher mean diffusivity (MD). After aggregating these 
three factors with current smoking (P <0.10), an increasing number of these factors was associated with 
decreasing FA and increasing MD, independent of WMH. Cardiovascular risk factors and the APOE ε4 allele 
interacted to negatively affect white-matter microstructure. Furthermore, reduced microstructural white-matter 
integrity was significantly associated with faster MMSE decline. 

Conclusion. Cardiovascular risk factors and clusters of such factors are common in older adults, and higher 
cardiovascular risk burden accelerates the rate of global cognitive decline. The association between 
cardiovascular burden and cognitive decline may reflect the harmful effects of cardiovascular risk burden on 
pathological brain aging, including microvascular lesions, atrophy, and reduced microstructural white-matter 
integrity. Carrying the APOE ɛ4 allele reinforces the adverse effect of cardiovascular risk burden on structural 
brain alterations and cognitive decline in aging.  

Key words: Cardiovascular risk factors, white-matter hyperintensities, total gray-matter volume, ventricular 
volume, hippocampal volume, microstructural white-matter integrity, APOE genotype, cognitive decline, aging, 
magnetic resonance imaging, population-based study. 

ISBN 978-91-7676-006-2 © Rui Wang, 2015  



SAMMANFATTNING                                                 SVENSKA 

I denna avhandling undersöktes bördan av kardiovaskulära riskfaktorer hos äldre (≥60 år) som bor i centrala 
Stockholm (Studie I). Vidare undersöktes sambandet mellan kardiovaskulära riskfaktorer och hjärnstrukturer 
samt kognitiv försämring, samtidigt som APOE-genen togs i beaktande (Studierna II, III, och IV). 

Samtliga studier i avhandlingen är baserade på en svensk nationell studie om åldrande och omsorg på 
Kungsholmen (SNAC-K), som även inkluderar magnetisk resonanstomografi (MRI) på ett visst antal deltagare.  

I Studie I undersöktes förekomsten och farmakologisk behandling av metabola riskfaktorer hos studiedeltagare i 
SNAC-K. Resultatet visade att 9,6% hade diabetes, 11,7% hade fetma, 48,6% högt kolesterol och 76,4% hade 
högt blodtryck (förekomsten var ålders-och könsstandardiserad). Förekomsten av högt blodtryck och diabetes 
ökade med stigande ålder medan förekomsten av fetma och högt kolesterol minskade. Nästan hälften (49,0 %) 
av de äldre hade två eller flera av dessa metabola riskfaktorer. En liten andel av de som hade högt blodtryck 
(55,5%), diabetes (50,3%) och högt kolesterolvärde (25,0%) fick farmakologisk behandling. Bland de som fick 
farmakologisk behandling så uppnådde 49,4% av de med högt blodtryck, 38,1% av de med diabetes och 85,5% 
av de med högt kolesterol de terapeutiska målen för respektive  åkomma/riskfaktor. 

I Studie II undersöktes det tvärsnittliga sambandet mellan förekomsten av total hyperintensitet i vit 
hjärnsubstans (WMH) och hjärnvolym hos de SNAC-K deltagare som genomgått en MR-undersökning. 
Resultaten visade att det fanns ett oberoende positivt samband mellan hyperintensitet i vit hjärnsubstans (vilket 
är en markör för små cerebrala kärlsjukdomar) och cerebrala atrofiska markörer (en minskad volym av grå 
hjärnsubstans och en ökad ventrikelvolym). Sambandet mellan den totala förekomsten av hyperintensitet i vit 
hjärnsubstans och hippocampus volym var inte signifikant efter att ha kontrollerat för ålder.  

I Studie III undersöktes både SNAC-K- och SNAC-K MRI-deltagare för att granska hjärnans struktur i 
förhållande till bördan av kardiovaskulära riskfaktorer och kognitiv nedsättning. Vi fann att en högre börda av 
kardiovaskulära riskfaktorer (enligt Framingham General Cardiovascular Risk Score, FGCRS), var associerat 
med en snabbare försämring i Mini Mental State Examination (MMSE)-poäng. Vidare så var en ökad förekomst 
av hyperintensitet i vit hjärnsubstans och ventrikelvolym samt en minskad volym av den totala grå 
hjärnsubstansen och hippocampus associerade med en snabbare försämring i MMSE-poäng. Dessa samband var 
starkare bland APOE ε4-bärare jämfört med icke-bärare. Sambandet mellan FGCRS och nedgång i MMSE-
poäng försvann till stora delar då hyperintensitet i vit hjärnsubstans och grå hjärnsubstans- eller ventrikelvolymer 
togs i beaktande. Vidare så fann vi ett samband  mellan FGCRS och hjärnvolym, oberoende av  hyperintensitet i 
vit hjärnsubstans. 

I Studie IV undersöktes sambandet mellan kardiovaskulära riskfaktorer och vitsubstansintegritet samt 
kognitiv försämring hos de SNAC-K deltagare som genomgått en MR-undersökning. Resultaten visade att 
hög alkoholkonsumtion, högt blodtryck och diabetes var signifikant associerade med en reducering av 
vitsubstansintegritet, vilket kan  kännetecknades av en låg fraktionerad anisotropi (FA) eller en hög medel-
diffusion (MD). I kombination med rökning så var dessa tre kardiovaskulära riskfaktorer associerade med FA 
och MD. Vidare visade det sig att förekomsten av flera av dessa riskfaktorer var kopplade till en minskning av 
FA och en ökning av MD, oberoende av WMH. Kardiovaskulära riskfaktorer och APOE ε4 interagerade 
negativt på det vitsubstansintegritet. Dessutom visade det sig att en minskning av vitsubstansintegritet var 
signifikant associerat med en snabbare försämring i MMSE-poäng.  

Konklusion. Kardiovaskulära riskfaktorer är vanliga och förekommer ofta i kluster bland äldre och en högre 
kardiovaskulär riskbörda kan påskynda kognitiv försämring hos äldre. Detta samband återspeglas i de 
kardiovaskulära riskfaktorernas skadliga effekter på strukturella delar av hjärnan, exempelvis mikrovaskulära 
skador, atrofi, och en minskning av integriteten i den vita hjärnsubstansen. Att åldras och samtidigt vara APOE 
ɛ4-bärare förstärkte de kardiovaskulära riskfaktorernas negativa effekt  på kognitionen och strukturella 
hjärnförändringar . 

Nyckelord: kardiovaskulära riskfaktorer, hyperintensitet i vit hjärnsubstans, total volym grå hjärnsubstans, 
ventrikelvolym, hippocampus volym, vitsubstansintegritet, APOE-gen, kognitiv nedgång, åldrande, magnetisk 
resonanstomografi, populationsbaserad studie. 
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摘要                                                                                       中文 

“心血管危险因素及脑结构和老年人认知功能衰退的关系：一项基于社区人群的研究”—本论文首先评

估了居住在瑞典斯德哥尔摩市中心 Kungsholmen 地区的老年人（≥60 岁）的心脑血管危险因素负担 

（研究一），再通过系列研究进一步探索了在衰老过程中心脑血管危险因素、大脑结构和认知功能衰

退的复杂关系，同时考虑了载脂蛋白 E ɛ4 基因（APOE ɛ4）在此关系中的作用 （研究二、三、四）。 

该论文涉及的所有数据均来源于瑞典国家衰老和护理研究在斯德哥尔摩 Kungsholmen 地区的队列研究

（SNAC-K）以及嵌入 SNAC-K 内的核磁共振成像子研究（SNAC-K MRI）。 

第一项研究分析了心脑血管代谢危险因素在社区老年人群中的分布和控制情况。在居住在斯德哥尔摩

市中心的老年人中，糖尿病、肥胖、高胆固醇和高血压的年龄与性别标准化患病率分别为 9.6%、

11.7%、48.6%和 76.4%。高血压和糖尿病的患病率随老年人年龄的增加而增长，而肥胖和高胆固醇的

患病率则随年龄的增加而降低。大约半数老年人（49.0%）有两种及以上的心脑血管代谢危险因素。总

体来说，55.5%的高血压患者、50.3%的糖尿病患者和 25.0%高胆固醇患者分别接受了相应的药物治疗。

在这些接受药物治疗的老年人中，49.4%、38.1%和 85.5%的老年人分别达到了高血压、糖尿病和高胆

固醇的现行临床控制标准。 

第二项研究探索了老年人群中脑白质病变负荷和脑容量之间的关联性。结果显示，全脑小血管病变的

影像学标记物 (即大脑总体白质病变负荷高) 与全脑萎缩影像学标记指标（即较小的灰质容积和较大的

脑室容积）呈显著性相关，并且二者的关联性不受年龄、主要心血管危险因素和载脂蛋白 E 基因的影

响。相比之下，在控制年龄后，全脑总体白质负荷与局部脑萎缩影像标记指标（海马体容量）的统计

学关联性消失。 

第三项研究探讨了脑结构在老年人心脑血管危险因素负担和认知功能下降关系中所起的作用。我们用

Framingham 心脑血管危险性综合评分来评估心脑血管危险负担，用简易精神状态检查（MMSE）得分

来评估整体认知功能。结果显示，心脑血管危险性负担与整体认知功能下降呈显著正相关联；脑总体

白质负荷越高和脑组织容量越小均与整体认知功能下降较快有显著相关，而这种关联在 APOE ɛ4 携带

者中尤其显著。将脑总体白质负荷和全脑萎缩影像标记指标（灰质容积或脑室容积）同时作为中介因

素控制后，心脑血管危险性负担与认知功能下降速度的关联性消失。另外，心脑血管危险因素与全脑

萎缩影像指标的关联性不依赖于脑小血管病变。 

第四项研究分析了心脑血管危险因素、脑白质微观结构完整性和认知功能下降之间的关系。结果显示

过量饮酒、高血压和糖尿病均与脑白质微观结构完整性降低呈显著相关 (P <0.05)。当同时考虑过量饮

酒、高血压、糖尿病和吸烟这些因素时，拥有越多这些危险因素的老人显示了较低的脑白质微观结构

完整性，并且这种关系独立于脑总体白质负荷。心脑血管危险因素与脑白质微观结构之间的相关性在

APOE ɛ4 携带者中尤其显著。研究结果同时显示，拥有较低脑白质微观结构完整性的老人在随访过程

中认知功能下降较快。 

结论：心脑血管危险因素在老年人群中较普遍流行，并且经常同时发生。较高的心脑血管危险因素负

担与脑微血管病变和萎缩性病变程度有关联，并会加快整体认知功能的下降速度。这一关系可以反映

出心脑血管危险因素及其聚集性对脑结构的累积性损伤，例如脑部微小血管性损伤、脑萎缩和脑白质

微观结构的破坏。携带载脂蛋 E ε4 基因将加强心脑血管危险因素对于脑病理性衰老和认知功能退化的

影响。 

关键词: 心血管危险因素，脑白质病变，脑灰质容积，脑室容积，海马体容积，脑白质微观结构完整性，

载脂蛋 E基因，认知功能下降，衰老， 磁共振成像，人群研究 
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1 INTRODUCTION 

1.1 GLOBAL POPULATION AGING 

Demographic transition 

Since the 1950s, population aging has been continuously increasing throughout the world.1,2 

In 1950, there were 205 million older adults (aged ≥60 years) worldwide, and in 2013, this 

number reached 841 million.3,4 The oldest-old age group (≥80 years) is the fastest growing 

segment of the population, particularly in high-income countries.3 In 1950, approximately 1 

in 15 older adults in the world was 80 years or over; by 2007, this ratio had increased to 1 in 

8.5 In the coming 4 decades, the number of older adults is expected to continuously increase. 

This population is projected to reach 2 billion globally in 2050,4 and by then, nearly 1 in 5 

older adults will be in oldest-old age group.5 

Figure 1. Past (1960-2011) and projected (2012-2060) increase in the number of people aged 

≥65 years in Sweden. Data source: Statistics Sweden, The future population of Sweden 2012–2060.6 

      Countries in Europe, especially those in northern Europe, have undergone rapid 

population aging in the past century. Sweden, for instance, has been experiencing a process of 

population aging over the past 100 years, during which the proportion of older adults has 

more than doubled. Between 1900 and 2000, the proportion of adults aged ≥65 years in the 

total population in Sweden increased from 8% to 17%, and this number is expected to reach 

24% in 2050.7 Figure 1 shows the past and predicted increase in the number of adults aged 

≥65 years in Sweden between 1960 and 2060. The number of oldest-old grew from 0.1 

million to 0.5 million between 1960 and 2011; this number is projected to reach 1.1 million 

by 2060.6 
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Epidemiological transition 

An epidemiological transition, profiled as the shift between prevalent diseases, has been 

observed in parallel with demographic transitions during the past decades. For example, non-

communicable diseases have replaced infectious diseases as the primary causes of death in 

the majority of countries in the world.8,9 Epidemiological transitions have taken place not 

only between disease categories (e.g., a shift from childhood diarrhea to adult chronic 

diseases as major causes of death), but also within specific diseases (e.g., a shift from 

rheumatic heart disease in the young to heart failure in elderly people).10 These transitions are 

largely attributable to improvements in hygiene, health care, and medical treatment, and the 

increasing use of vaccines.  

     Researchers and others have paid great attention to non-communicable or chronic diseases 

because of the large burden of these diseases on public health. The number of deaths due to 

non-communicable diseases worldwide increased from 29 million in 200211 to 34.5 million in 

2010,12 and this number is projected to reach 52 million by 2030.13 Of non-communicable 

diseases, cardiovascular diseases (CVDs) are the leading cause of death.14 The number of 

CVD-related deaths worldwide was estimated at 17.5 million in 2012, or 31% of all global 

deaths. Of these deaths, 7.4 million were attributable to coronary heart diseases (CHDs) and 

6.7 million to stroke.13 An updated report on the burden of CVDs in Europe using data from 

2012 onward indicated that 46% of all deaths were caused by CVDs, including 20% by CHD, 

12% by stroke, and 14% by other CVDs.15 

      Although CVD mortality remains high in Europe, several reports have shown that the 

mortality rate from CVDs has declined in most European countries since the 1980s, although 

the magnitude of the decrease differs by country.15 In Sweden, general CVD mortality 

decreased approximately 30% between 2000 and 2010,15 and CHD mortality has declined by 

nearly 66% across all age groups over the last 2 decades.16 Improved medical therapies and 

reductions in major cardiovascular risk factors have substantially contributed to the 

diminishment in CVD mortality.17-19  

1.2 CARDIOVASCULAR RISK FACTORS IN ELDERLY POPULATIONS 

Cardiovascular risk factors can promote atherosclerotic processes and thus increase the risk 

of CVDs.14 The World Health Organization has divided these factors into 2 major groups: 

behavioral (smoking, physical inactivity, unhealthy diet, and harmful use of alcohol) and 

metabolic (hypertension, diabetes, high cholesterol, and overweight and obesity).14  

Behavioral risk factors 

Cigarette smoking is one of the most preventable risk factors in the atherosclerotic process. It 

can cause cardiovascular events by increasing thrombosis, inflammation, low-density 

lipoprotein (LDL) cholesterol, and oxidative stress.20-22 Public health professionals and 

policymakers have promoted smoking control and cessation to reduce the health burden of 

this important risk factor. The prevalence of cigarette smoking in older adults has indeed 
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decreased worldwide in the past several decades. For instance, data from a United States 

(U.S.) national survey showed that the prevalence of current cigarette smoking among those 

aged ≥65 years decreased from 17.9% to 12.0% between 1965 and 1994.23 A study of older 

Chinese adults (60-95 years) living in urban areas in China revealed that the prevalence of 

current cigarette smoking declined from 25.4% in 2001 to 11.0% in 2010.24 A similar trend 

was observed in Swedish older adults (65-74 years) living in the northern region of the 

country; the prevalence of cigarette smoking decreased from 14.0% to 9.5% between 1994 

and 2009.25  

      Physical inactivity or insufficient physical activity is a key risk factor for CVDs, 

particularly for CHD.26 Being physically active can improve cardiometabolic profiles and 

blood vessel health and reduce inflammation.14 Physical activity can lower the risk of CVDs 

by approximately 30% to 40% independent of age, sex, ethnicity, and other cardiovascular 

risk factors (e.g., cigarette smoking, hypertension, and obesity).27,28 It has been inversely 

associated with the risk of developing CVDs, even among older adults.29 The prevalence of 

physical inactivity varies widely across countries.30 In European countries, the prevalence 

ranges from 4.2% to 29.0% in adult men and from 3.5% to 43.5% in adult women.31 A U.S. 

national survey (1988-1994) found that the age-specific prevalence of physical inactivity 

during leisure time increased with advancing age in older adults,32 a trend that was also 

observed in Swedish population-based studies.33  

      Numerous studies have reported a U-shaped association between alcohol consumption 

and risk of CVDs.34-38 Heavy alcohol drinkers have a higher risk of CVDs than abstainers, 

and light to moderate drinkers, a lower risk. The harmful effects of heavy alcohol 

consumption on the cardiovascular system include cardiomyopathy, systemic hypertension, 

supraventricular arrhythmias, hemorrhagic stroke, and heart failure.39,40 The protective effects 

of light to moderate alcohol consumption may occur through the improvement in levels of 

high density lipoprotein (HDL) and insulin sensitivity and by decreasing the occurrence of 

thrombosis.39 However, the protective effects of light to moderate consumption may also be 

due to the inclusion of people with previous heavy alcohol use in the abstainer group; one 

meta-analysis found no difference in CVD mortality between abstainers and light to moderate 

drinkers when previous heavy drinkers were excluded.41 The prevalence of heavy alcohol 

consumption varies by age, sex, and country. For example, data from the Danish Health and 

Morbidity Surveys show that among adults aged ≥50 years, the prevalence of heavy drinking 

(defined as >252 grams of alcohol per week for men and >168 grams of alcohol per week for 

women) decreases with age and is higher in men than women.42  

Metabolic risk factors 

One postulated explanation for the harmful effect of high blood pressure on atherosclerosis is 

that the synergy between elevated blood pressure and other atherogenic stimuli may induce 

oxidative stress in arterial walls, contributing to the acceleration of atherosclerosis.43 A meta-

analysis has shown that higher blood pressure is related to greater risk of age-specific 

mortality from CVDs across age groups from 40 to 90 years.44 The flexibility of arteries 



 

4 

declines with advancing age;45 thus, the prevalence of hypertension (blood pressure ≥140/90 

mmHg) increases with age. Prevalence of hypertension also varies by country. In the 1990s, 

the prevalence of hypertension among people aged 35 to 44 years was 14% in North America 

and 27% in Europe; in people aged 65 to 74, the prevalence was 53% in North America and 

78% in Europe.46 Data from the same period in Sweden showed that the overall prevalence of 

hypertension among those ≥60 years was 62% in men and 45% in women.47  

      Diabetes is a disorder of carbohydrate metabolism that is often accompanied by other 

impaired metabolic statuses (e.g., chronic hyperglycemia, dyslipidemia, and insulin 

resistance). It can affect multiple cell types, including smooth muscle cells, endothelial cells, 

nerve cells, and platelets. The vascular and arterial dysfunction will, in turn, speed up the 

process of atherosclerosis.48 Around 90% of people with diabetes in the world have type II 

diabetes, which is largely due to increased body weight and physical inactivity.49 Evidence 

indicates that the CVD burden attributable to diabetes is increasing over time.50,51 Population-

based studies of longitudinal cohorts over 18 years have observed that type II diabetes can 

raise the risk of incident CVDs by 2- to 3-fold and the risk of death by 2-fold, independent of 

other cardiovascular risk factors.52, 53 The prevalence of diabetes increases with age. In 2000, 

the estimated global prevalence of diabetes in those ≥60 years was more than 10%,54 and at 

the same period in U.S., the prevalence was 21.6% in people ≥65 years.55 A Swedish 

population-based study showed that in 2009, the prevalence of self-reported diabetes in those 

≥65 years was approximately 12%.25 

      High serum lipids, especially high LDL, accumulate in vessel walls over time, leading to 

atherosclerosis and eventually to blood clots and blockage of arteries.56 A meta-analysis has 

shown that total cholesterol is positively linked to CVD mortality, especially CHD mortality, 

independent of other risk factors (e.g., age and blood pressure).57 A large-scale multi-national 

study observed a consistently increasing trend in the prevalence of high total cholesterol 

(≥6.22 mmol/l) among older adults across countries from 1998 to 2007, whereas the 

proportion of undiagnosed high total cholesterol varied among countries.58 Data from Sweden 

demonstrate a reduction in total cholesterol in older adults between 1994 and 2004—the 

average cholesterol level in adults aged 65-74 years decreased from 6.35 to 5.76 mmol/l in 

men, and from 7.11 to 6.24 mmol/l in women.59  

      Obesity or overweight promotes the development of atherosclerosis and increases the risk 

of CVDs through its impact on blood pressure, blood lipids, insulin resistance, and 

inflammation.60, 61 The worldwide prevalence of obesity has been increasing over time. For 

instance, among U.S. adults, the prevalence of obesity increased from 14.5% in the late 

1970s, and 22.5% in the 1990s, to 32% in the late 2000s.62, 63 This trend is consistent with 

reports elsewhere in the world.64 In Sweden, from the 1980s through to the 2000s, the 

proportion of obesity in those 16-84 years has doubled from approximately 5% to 

approximately 10%.65 The Northern Sweden MONICA Study showed that of their 

participants aged 64-74 years in 2009, 30.6% of women and 15.5% of men were obese.25 
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Cluster of cardiovascular risk factors 

Older individuals often have multiple cardiovascular risk factors concurrently, and such 

clusters of risk factors may exert joint effects that lead to cardiovascular disorders.66 For 

example, one population-based study found that clustering of 3 or more cardiovascular risk 

factors (elevated level in cholesterol, systolic blood pressure [SBP], or blood sugar) was 

associated with a higher risk of developing CVDs and related mortality.67 Researchers have 

therefore developed several cardiovascular risk scores to predict and evaluate CVD risk in 

adults. Table 1 summarizes cardiovascular risk scores commonly found in the literature.  

      The prevalence of concurrent cardiovascular risk factors increases with age. The 

International Collaborative Study of Cardiovascular Disease in Asia showed that the 

prevalence of 3 or more cardiovascular risk factors (dyslipidemia, hypertension, diabetes, 

current smoking, and overweight) was 12.4% in Chinese adults aged 35 to 44 years, 18.4% in 

those 45 to 54, 22.7% in those 55 to 64, and 22.4% in those 65 to 74.68 Similar age-specific 

patterns of prevalence of aggregated cardiovascular risk factors have been observed in other 

countries.69 Data from a U.S. national survey (1999-2004) showed that only 0.8% of older 

adults aged 65-74 years met the ideal cardiovascular profile, which was defined as being a 

nonsmoker without diabetes who had a total cholesterol level <5.14 mmol/l, blood pressure 

<120/80 mmHg, and BMI <25 kg/m2.70 

Table 1. Cardiovascular risk scores common in the literature 

Scores Risk factors Age range 

Framingham General 

Cardiovascular Risk Score71 

Age, sex, total and HDL cholesterol, SBP, 

antihypertensive treatment, smoking, and 

diabetes  

≥30 years 

Framingham Stroke Score72 Age, SBP, antihypertensive treatment, diabetes, 

smoking, prior CVDs (CHD, cardiac failure, or 

intermittent claudication), atrial fibrillation, and 

left ventricular hypertrophy 

≥55 years 

The American Heart Association 

Life’s Simple 7 Score73 

Smoking, diet, physical activity, BMI, blood 

pressure, total cholesterol, and fasting glucose 

>20 years 

Systematic Coronary Risk 

Evaluation74 

Age, sex, total cholesterol, SBP, smoking status  40-65 years 

BMI, body mass index; CHD, coronary heart disease; CVDs, cardiovascular diseases; HDL, high-

density lipoprotein; SBP, systolic blood pressure.  

      In summary, studying the distribution and clustering of cardiovascular risk factors in 

older adults is critical, as it provides insight into the pathogenesis of atherosclerosis and has 

implications for CVD prevention. Data from Swedish cohorts indicate that the prevalence of 

certain cardiovascular risk factors (e.g., obesity and diabetes) is high among the elderly 

persons. However, more information is needed to assess the overall burden of cardiovascular 
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risk factors, especially cardiometabolic risk factors, in the older population of Sweden. Long-

term exposures to cardiovascular risk factors have an adverse impact not only on 

cardiovascular health, but also on brain structure and cognitive function.75  

1.3 CARDIOVASCULAR RISK FACTORS AND COGNITIVE DECLINE 

The number of dementia cases worldwide is expected to double every 20 years, from 35.6 

million in 2010 and 65.7 million in 2030 and 115.4 million in 2050.76 A systematic review 

has shown that the age-standardized prevalence of dementia among adults aged ≥60 years is 

quite consistent across the world, ranging between 5% and 7% in the majority of countries. 

The prevalence of dementia almost doubles every 5 years after 65 years of age.76  

      Although the global epidemic of dementia and cognitive impairment is driven primarily 

by population aging, certain modifiable factors such as cardiovascular risk factors also 

contribute to its epidemic. Indeed, overwhelming evidence has shown that dementia and 

CVDs share common risk factors, such as smoking, hypertension, and diabetes.77 Previous 

population-based studies of older adults indicated that cardiovascular risk factors were also 

related to cognitive impairment and faster cognitive decline,78,79 which will in turn progress to 

dementia.  

Behavioral risk factors and cognitive decline 

Numerous population-based studies have shown that smoking and physical inactivity are 

associated with increased risk of dementia and cognitive impairment. Specifically, a meta-

analysis of longitudinal studies showed that current smokers have a 50% to 80% higher risk 

of Alzheimer disease (AD) than those who have never smoked.80-82 This meta-analysis also 

showed Mini-Mental State Examination (MMSE) scores declined more steeply over time in 

current smokers than in those who had never smoked.80,81  

      A systematic review of 16 prospective studies concluded that physical activity was 

inversely associated with risk of dementia,83 and another study of 1880 community-dwelling 

older adults showed a dose-response association between level of physical activity and 

reduction of AD risk.84 Likewise, data from population-based studies indicated that those 

who had higher levels of baseline physical activity were less likely to develop cognitive 

decline.85, 86 

      The relationship between alcohol consumption and dementia or cognitive impairment is 

complex. Some studies suggest that chronic alcohol abuse may induce alcoholic dementia, a 

form of dementia that is clinically different from either AD or vascular dementia.87,88 Several 

systematic reviews and meta-analyses of prospective studies report that light to moderate 

alcohol consumption has a protective effect on AD and dementia.89-91 However, population-

based studies have also shown that heavy drinking or midlife frequent alcohol consumption 

may increase the risk of dementia.92,93  
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Cardiometabolic risk factors and cognitive decline 

The association between diabetes and the risk of AD and dementia has been confirmed in 

several systematic reviews of follow-up studies.94-96 Furthermore, diabetes is associated with 

a greater risk of cognitive decline in older adults.97 However, the associations of dementia 

and AD with hypertension, high cholesterol, and obesity vary by age—the presence of these 

factors in midlife (e.g., 40-59 years), especially when untreated, was associated with an 

increasing likelihood of late-life AD and dementia, but this association was less evident when 

the factors presented in late life.  

      Pooled results from studies suggest that midlife hypertension may increase AD risk in late 

life by approximately 60%, whereas late-life hypertension is not consistently associated with 

the risk of AD or dementia.98,99 Similarly, population-based longitudinal studies of older 

adults yield mixed results on the association between hypertension or blood pressure and 

cognitive decline. One previous population-based follow-up study on people aged 65-102 

years suggests that there may be a U-shaped relationship between blood pressure and 

cognitive decline.100 Moreover, the Leiden 85-plus study showed that higher SBP was 

associated with lower rates of annual decline in MMSE score.101 However, other population-

based longitudinal studies of older adults revealed inconsistent findings that people with high 

blood pressure, especially people with high SBP or untreated hypertensive patients, showed a 

greater risk of cognitive decline.102,103  

     Systematic reviews and meta-analyses have found an age-dependent relationship between 

total cholesterol and risk of AD and dementia such that there is a significant association 

between midlife high cholesterol and increased risk of AD in late life. Findings on the 

association between late-life high cholesterol level and risk of AD are less consistent, and 

some studies have even reported an inverse association between late-life total cholesterol and 

AD risk.79,104-106 Previous population-based studies have indicated a nonlinear longitudinal 

relationship between total cholesterol and cognitive decline—higher cholesterol levels in 

middle-aged or young-old people are associated with decline in global cognitive function, 

verbal learning, executive function, and language, whereas lower cholesterol levels are linked 

to general cognitive decline among old-old people.107 One prospective study of older adults 

(≥65 years) suggested that lower total cholesterol was associated with faster cognitive 

decline.108 Likewise, the Three-City Study revealed that among older people, low HDL 

cholesterol and hypertriglyceridemia were associated with a higher decline in MMSE.109  

      Similar to data on hypertension and high cholesterol, longitudinal data on obesity or 

central adiposity suggest that midlife obesity or central adiposity is associated with high AD 

risk in late life, whereas BMI in late life (≥65 years) is inversely related to AD risk.104,110-112 

A meta-analysis of cohort studies showed that obesity was associated with increased risk of 

AD, but this association was more evident in studies with younger adults who were followed 

for a longer period (e.g., >10 years).104,113,114 The association between obesity and cognitive 

decline appears to be inconsistent. For example, the Baltimore Longitudinal Study of Aging 

showed a cross-sectional relationship between obesity and poor cognitive performance,115 
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whereas another study of older adults suggested that elevated BMI was not predictive of 

MMSE decline in a cognitively unimpaired community population.116  

Aggregation of cardiovascular risk factors and cognitive decline 

In recent decades, several population-based longitudinal studies have shown that the 

aggregation of cardiovascular risk factors, especially when occurring in midlife, are 

associated with cognitive impairment or faster cognitive decline in late life.117 Studies have 

found that the risk of dementia or AD is associated with the number of cardiovascular risk 

factors in a dose-response manner.118-120 The Framingham Heart Study has shown that almost 

all the cardiovascular risk scores developed for cardiovascular events (e.g., general score, 

stroke score, and coronary heart disease score) are linked to cognitive impairment or faster 

cognitive decline.121,122 Moreover, a recent study observed that the power of the Framingham 

vascular risk scores (general cardiovascular risk score and stroke score) to predict cognitive 

decline is even greater than a midlife risk score specifically developed for dementia.123 

1.4 POSSIBLE UNDERLYING MECHANISMS 

The links between cardiovascular risk factors and cognitive decline in old age are well 

established. However, the underlying mechanisms that explain this relationship between 

cardiovascular risk factors and cognitive decline are not fully understood. The evidence 

supporting the heart-brain connection in aging and cognitive decline as well as potential 

pathways have been summarized in a recent review (Figure 2).117 Because cognitive decline 

is largely dependent on mixed brain vascular and neurodegenerative pathologies,124 the effect 

of cardiovascular risk factors and CVDs on cognitive decline may be attributable to these 

mixed brain pathologies, such as loss of brain tissues and neurons (neurodegeneration) and 

the development of white-matter hyperintensities (WMH) (cerebral small vessel disease). 

Brain tissue loss 

Accumulating evidence from population-based neuroimaging and neuropathological studies 

suggests that mixed brain pathologies account for the majority of dementia cases.125,126 

Several postmortem studies have revealed that mixed pathologies, especially Alzheimer and 

vascular pathologies, contribute to clinical expression of the dementia syndrome in older 

individuals, especially very old people.127,128 Clinical trials often use brain volume changes as 

surrogate markers for AD pathology or neurodegenerative pathology.129 In fact, significant 

brain tissue volumetric reductions occur throughout the brain even in healthy aging.130 Brain 

volume and loss of global and regional brain tissues can be assessed by magnetic resonance 

imaging (MRI). Research has shown that both global and regional brain tissue volume (e.g., 

hippocampal volume) are negatively associated with age in older adults.131-133 Figure 3 

shows the estimated trajectories of brain volumes with age from a previous study.134 Another 

study observed that volumetric reductions and ventricular enlargement continually occurred 

over 1 year among healthy elderly persons at a very low risk of AD, a finding which confirms 

that not all brain tissue loss in aging reflects incipient AD.130  
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      In addition, neuropathological studies have shown that reductions of brain tissue volume 

are linked to neurofibrillary tangles, neuritic plaques, and the presence of infarcts, suggesting 

that loss of brain volume represents not only neurodegenerative pathology but also vascular 

damage.129,135,136 An autopsy study revealed that in the older population, ventricular 

enlargement was a more sensitive marker of AD and vascular pathology than reduction in 

total brain tissue volume and hippocampal volume, suggesting that ventricular enlargement 

may correlate well with all the aging-related pathologies.135 Furthermore, population-based 

studies have shown that cardiovascular risk factors such as hypertension, diabetes, alcohol, 

high cholesterol, and smoking are associated with reduced global and regional brain 

volumes.137-143  

White-matter hyperintensities 

WMH are frequently observed on brain MRI scans of older adults and are interpreted as a 

marker of cerebral small vessel diseases.144,145 Demyelination and axonal loss, which are due 

to chronic ischemia, may contribute to WMH pathology.145 More than 90% of elderly people 

aged 60 years and above exhibit some WMH in the brain.144,146 In addition, in old people, the 

severity of WMH increases with advancing age.147,148 For instance, the Austrian Stroke 

Prevention Study of adults aged 50-75 years showed that after 6 years, the median increase in 

WMH load was 0.2 cm3, and the maximum increase was 31.4 cm3.149 Figure 4 shows the 

progression of WMH in a woman (64 years old at baseline) from the Australian study. In this 

woman, WMH volume increased by 8.1 cm3 between baseline and 3-year follow-up and by 

31.4 cm3 between baseline and 6-year follow-up. 

      Evidence from population-based studies has shown that WMH lead to cognitive decline 

and dementia.150,151 The Rotterdam Scan Study of people aged 60-90 years showed that more 

severe periventricular WMH increased the risk of dementia independent of other structural 

brain characteristics on MRI.152 Furthermore, more severe baseline WMH load and WMH 

progression are both independently associated with a general decline in cognitive 

function.153,154 A systematic review of 19 studies showed that all the studies observed an 

association between WMH and cognitive decline.150 Studies have also found that the overall 

burden of WMH increased with the degree of cognitive impairment, which suggests that 

increased WMH load may be a characteristic of the transition phase between normal 

cognition and AD.155,156  

      Although WMH are clinically relevant, the pathophysiological mechanisms underlying 

WMH are still unclear. Clinical and pathological data suggest that WMH are largely 

attributable to ischemia.157 Hence, cardiovascular risk factors, especially arterial 

hypertension, are closely associated with the development of WMH.145 Data from population-

based studies have consistently demonstrated that hypertension or high blood pressure is 

associated with both the load of WMH at baseline (cross-sectional association)158,159 and the 

progression of WMH in old adults.160,161 Other cardiovascular risk factors, such as high 

cholesterol, diabetes, and obesity, are also related to WMH,158-160,162 yet inconsistent findings 

exist.158,163-165 Aggregation of cardiovascular risk factors has also been linked to a more 
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severe load from WMH—the Framingham Heart Study illustrated that a higher 

cardiovascular risk burden (the stroke score) was associated with more severe load from 

WMH.166  

 
Figure 4. Progression of white-matter hyperintensities in a 64-year-old woman. Data source: 

Ann Neurol 2005.149 Notes. The figure displays 3 consecutive axial slices at the ventricular level at 

baseline (first column), 3-year follow-up (second column), and 6-year follow-up (third column) 

      Since the loss of brain tissue volume and the development of WMH are common among 

older adults and progress with advancing age, these two pathological changes are often 

correlated together. However, debates persist regarding whether the associations between 

these two structural brain characteristics are due to shared risk factors, such as age, 

cardiovascular risk factors, genetic risk factors, or assessment approaches of WMH.167  
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Reduced microstructural white-matter integrity 

Advanced imaging techniques, such as diffusion tensor imaging (DTI), have revolutionized 

the field of white-matter mapping. DTI provides an opportunity to measure white-matter 

damage at an early stage, even before the formation of WMH—the extreme end of a 

continuous spectrum of white-matter injury. Generally, DTI measures the translational 

displacement of water molecules through neural fiber bundles. The anisotropic nature of 

water displacement in white-matter has been observed since the early days of diffusion MRI, 

but its quantification in the brain was complex.168 To measure the diffusion of water 

molecules through white-matter fibers, DTI yields several quantitative measures, such as the 

three principal diffusivities (the eigenvalues of the diffusion tensor: λ1, λ2, and λ3), which 

subsequently derive mean diffusivity (MD) and the degree of anisotropy-fractional anisotropy 

(FA). Within an intact white-matter structure, water molecules diffuse more quickly when 

they move along the white-matter fibers than when they move perpendicular to them; in this 

case, the FA value is higher and the MD value is lower. When white-matter microstructure is 

impaired (e.g., impaired axons or demyelination), the water molecules are more likely to 

move perpendicularly because of fewer or looser fiber tracts; this will lead to a lower FA and 

higher MD value.169  

      Recent clinical-based studies have suggested that subtle axonal changes in white-matter 

fibers may happen in the preclinical phases of AD, when white-matter integrity is still widely 

preserved.170 For example, one study found that demyelination occurred in prefrontal white-

matter in patients with multiple-domain mild cognitive impairment; another clinical study 

observed an association between FA and the conversion from normal cognition to amnestic 

mild cognitive impairment over 2 years.171 Evidence from population-based studies with 

cross-sectional data also suggests that reduced white-matter integrity is linked to worse 

cognitive performance.172-174 The Rotterdam Scan Study of 860 older adults aged ≥60 years 

showed an association between reduced microstructural white-matter integrity and poor 

cognitive performance in memory, executive function, information processing speed, global 

cognition, and motor speed.173 However, longitudinal data are needed to confirm the 

association between microstructural white-matter integrity and cognitive decline.  

      Some studies have linked certain cardiovascular risk factors, such as hypertension and 

diabetes, to DTI measurements.175-177 Findings showed that hypertension and diabetes were 

associated with a decrease in FA or an increase in MD, suggesting that diffusion-based 

indices of white-matter integrity may be very sensitive to vascular damage in the aging brain. 

However, the associations between a broad range of cardiovascular risk factors and 

microstructural white-matter integrity and between clusters of cardiovascular risk factors and 

white-matter integrity require further investigation. Moreover, previous evidence has shown 

that WMH are independently related to the white-matter microstructural integrity as 

measured with DTI.178 Considering the established link between cardiovascular risk factors 

and WMH, it is essential to further clarify whether the impact of cardiovascular risk factors 

on white-matter microstructure is independent of WMH.  
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The modulating effect of the APOE ɛ4 allele 

Apolipoprotein E (ApoE) plays a central role in plasma lipoprotein metabolism, lipid 

transport within tissues, and absorption of cholesterol from the intestine. In the central 

nervous system, ApoE supports lipid transport and injury repair in the brain.179 The APOE 

gene has three common polymorphisms: ɛ2, ɛ3, and ɛ4. The worldwide frequencies of the ε2, 

ε3 and ε4 polymorphic alleles in the general population are 8.4%, 77.9%, and 13.7%, 

respectively.179  

      APOE polymorphic alleles are the main genetic determinants of AD risk. The ε4 allele 

confers a higher and the ε2 allele a lower risk of AD than the ε3 allele. Presence of the APOE 

ε4 allele is also associated with an increased risk of cerebral amyloid angiopathy and age-

related cognitive decline in the normal aging process.179 Moreover, a growing body of 

evidence suggests that APOE ε4 may modulate the effect of cardiovascular risk factors on 

cognitive decline or dementia. For instance, the Cardiovascular Health Study showed that the 

association between rate of cognitive decline and diabetes was increased by the presence of 

any APOE ε4 allele.180 Data from the National Heart, Lung, and Blood Institute Twin Study 

showed that the APOE ε4 allele and midlife cardiovascular risk factors, such as high 

cholesterol and hypertension, had a synergistic effect on the decline in cognitive function.181 

A population-based study indicated that older light to moderate drinkers who carried the 

APOE ε4 allele were more likely to develop dementia than non-drinking and non-carrier 

counterparts.93 In addition, previous studies have also shown that the APOE ε4 allele is 

associated with structural brain changes, such as reduced hippocampal volume, increased 

total brain atrophy, WMH, and reduced microstructural white-matter integrity.182,183 It is 

therefore worth exploring the role of the APOE ε4 allele in the relationships between 

cardiovascular risk factors and brain structural alterations and their association with cognitive 

decline. 
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2 AIMS 

2.1 GENERAL AIM 

The general aim of this doctoral thesis is to better understand the relationships among 

cardiovascular risk burden, structural brain changes, and cognitive decline in old age. 

2.2 SPECIFIC AIMS 

The overall aim is achieved by four individual studies, each of which addresses a specific 

aim: 

 To estimate the distribution, pharmacological treatment, and control of 

cardiometabolic risk factors among older people in central Stockholm, Sweden (Study 

I); 

 To investigate whether and to what extent age, cardiovascular risk factors, or the 

APOE ɛ4 allele may account for the association between WMH load and brain 

atrophic measures (Study II); 

 To explore whether and to what extent the association between cardiovascular risk 

factor burden and cognitive decline is mediated by structural brain changes (Study 

III);  

 To investigate the effects of cardiovascular risk factors and the APOE ε4 allele on 

white-matter microstructure and to investigate whether reduced white-matter 

microstructure is linked to subsequent cognitive decline among older people (Study 

IV). 
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Figure 6. Flowchart of participants in the Swedish National study on Aging and Care in Kungsholmen and origins of the study samples in the 4 studies  

APOE, Apolipoprotein E gene; FGCRS, Framingham General Cardiovascular Risk Score; DTI, diffusion tensor imaging, MMSE, Mini-Mental State Examination; MRI, 

Magnetic Resonance Imaging; SNAC-K, Swedish National study on Aging and Care in Kungsholmen. 
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3.3 BASELINE DATA COLLECTION 

At baseline, data on demographic factors (age, sex, and education), lifestyle (e.g., alcohol 

consumption and smoking), medical history (e.g., diabetes and CVDs), and current use of 

medications (e.g., hypoglycemic agents and antihypertensive drugs) were collected via face-

to-face interviews, clinical examinations, the inpatient register, and laboratory tests.184 

Medications were classified in accordance with the World Health Organization Anatomical 

Therapeutic Chemical (ATC) classification system. Information on use of medications was 

further verified by inspecting drug prescriptions and containers.  

      Educational level was categorized into elementary, high school, or university education. 

BMI was calculated as weight (kilograms) divided by height (meters) squared. Blood 

pressure was measured twice at a 5-min interval in a seated position. The mean of the 2 

readings was used in the analyses. Peripheral blood samples were taken, and total cholesterol 

and HbA1c were measured. Because mono-S high performance liquid chromatography was 

used in the analysis of HbA1c in Sweden, 1.1% was added to the value of HbA1c to make it 

equivalent to the international value.140 Genomic DNA was extracted. APOE genotyping was 

performed using Matrix-Assisted Laser Desorption/Ionization Time-of-Flight analysis. The 

APOE gene was dichotomized into any ε4 allele vs. no ε4 allele. 

      Information on the health history of all participants was also available from the inpatient 

register. This register covers all hospitalizations in Sweden since 1969 and uses the criteria of 

the ninth and tenth revisions of the International Classification of Diseases (ICD-9 and ICD-

10). History of CVDs was ascertained via self-report and the inpatient register. We included 

four major CVDs: CHD (ICD-9 codes 410-414; ICD-10 codes I20-I25), heart failure (ICD-9 

code 428; ICD-10 code I50), atrial fibrillation (ICD-9 code 427.8; ICD-10 code I48), and 

cerebrovascular disease (ICD-9 codes 430-438; ICD-10 codes I60-I69).185  

3.4 CARDIOVASCULAR RISK FACTORS 

Seven major cardiovascular risk factors were considered in this thesis, including 3 behavioral 

risk factors (smoking, heavy alcohol consumption, and physical inactivity) and 4 

cardiometabolic risk factors (hypertension, diabetes, obesity, and high total cholesterol).186-188  

Behavioral risk factors 

Smoking status was categorized as never, formerly, or currently. Alcohol consumption was 

assessed on the basis of frequency and amount of alcohol intake on a typical drinking day and 

was classified as no or occasional, light to moderate (1-14 drinks per week for men or 1-7 

drinks per week for women), or heavy drinking (>14 drinks per week for men or >7 drinks 

per week for women).189 Leisure-time physical activity was divided into 3 different categories 

on the basis of the intensity of the activities: inadequate activity or inactivity (never engaged 

in physical activity, engaged in physical activity <2-3 times per month, or engaged in light 

and/or moderate/intense physical activity 2-3 times per month), health-enhancing (light 
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physical activity several times per week or every day), or fitness-enhancing (moderate/intense 

physical activity several times per week or every day).190 

Metabolic risk factors 

Hypertension was defined as blood pressure ≥140/90 mmHg or current use of 

antihypertensive agents (ATC codes C02, C03, C07, C08, and C09), and pre-hypertension as 

blood pressure of 120-139/80-89 mmHg and no use of antihypertensive agents.141,188 Diabetes 

was defined as having a self-reported history of diabetes, records of diabetes in the inpatient 

register (IDC-9 code 250 and ICD-10 codes E10-E14), use of hypoglycemic agents (ATC 

code A10), or HbA1c ≥6.5%; prediabetes was assessed as HbA1c of 5.7-6.4% among 

diabetes-free participants.191 High cholesterol was defined as non-fasting total serum 

cholesterol ≥6.22 mmol/l or use of cholesterol-lowing agents (ATC code C10), and 

borderline high cholesterol as total cholesterol of 5.18-6.21 mmol/l and no use of cholesterol-

lowing agents.55,192 Obesity was defined as a BMI ≥30 kg/m2 and overweight as a BMI of 25-

29.9 kg/m2.193 The aggregation of cardiometabolic risk factors was assessed by counting the 

number of the 4 factors (hypertension, diabetes, high cholesterol, and obesity) that an 

individual concurrently possessed. 

Framingham General Cardiovascular Risk Score 

We summarized general cardiovascular risk burden with the sex-specific Framingham 

general cardiovascular risk score (FGCRS) that includes age, SBP, antihypertensive 

treatment, HDL cholesterol, total cholesterol, smoking, and diabetes.71 Each factor in this 

algorithm has a weighted sex-specific point. Total FGCRS is obtained by summing the points 

from all these risk factors. A higher FGCRS indicates greater risk of future cardiovascular 

events. Because data on HDL cholesterol were available only for a sub-group of people with 

total cholesterol of ≥6.5 mmol/l, this variable was not included in our algorithm for FGCRS. 

3.5 ASSESSMENT OF GLOBAL COGNITIVE FUNCTION 

Global cognitive function was assessed using the validated Swedish version of the MMSE 

questionnaire that comprises tests in orientation, attention, calculation, recall, language, and 

motor skills. This thesis involved the MMSE scores which were assessed at baseline for all 

SNAC-K participants, at the 3- and 6-year follow-ups for participants aged ≥78 years, and at 

the 6-year follow-up for those aged 60-72 years.194  

3.6 MAGETIC RESNONANCE IMAGING ACQUISITION AND MEASUREMENTS 

Magnetic resonance imaging acquisition and reading protocol 

Participants were scanned on a 1.5T MR scanner (Philips Intera, The Netherlands).185 The 

core protocol included an axial 3D T1-weighted fast field echo [repetition time 15 ms, echo 

time 7 ms, flip angle 15°, field of view 240×240, 128 slices with slice thickness 1.5 mm and 

in-plane resolution 0.94×0.94 mm2, no gap, matrix 196×256], and an axial turbo fluid 
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attenuated inversion recovery (FLAIR) sequences [repetition time 6000 ms, echo time 100 

ms, inversion time 1900 ms, flip angle 90°, echo train length 21, field of view 184×230, 22 

slices with slice thickness 5 mm and in-plane resolution 0.90×0.90 mm2, intersection gap 1 

mm, matrix 164×256]. DTI data were acquired using a diffusion-weighted single-shot echo-

planar imaging sequence (field of view 230×138 mm2, matrix 128×77, echo time 104 ms, 

repetition time 6838 ms, slice thickness 5 mm with 1 mm gap, b-value 600 s/mm2). A DTI 

scheme with 6 noncollinear diffusion-weighted gradient directions was used to determine the 

diffusion tensor set.195 

Magnetic resonance imaging markers of structural brain integrity  

White-matter hyperintensities. We visually assessed the load of WMH on FLAIR images 

using a modified rating scale.196 WMH in subcortical regions were scored on a scale from 0 

to 6 on the basis of the number and size of the hyperintense signals, and periventricular 

regions were scored from 0 to 3. If periventricular white-matter hyperintensities (PVH) 

exceeded 10 mm and blended into the subcortical white matter, the lesions were scored 2 for 

PVH and 6 for subcortical WMH. Global WMH were computed as the sum of the scores for 

subcortical WMH and PVH. A clinical neuroradiologist without knowledge of subjects’ 

clinical characteristics completed all visual assessments. The κ statistic for intra-rater 

reliability for WMH, based on reassessment of 20 randomly selected images after 2 months, 

was 0.60.185  

      We also measured global volume of WMH using the Lesion Segmentation Toolbox 

(LST)197 in the Statistical Parametric Mapping 8 software (SPM8, Welcome Trust Centre for 

Neuroimaging, FIL, London, UK, www.fil.ion.ucl.ac.uk/spm/) implemented in Matlab 10 

(The Mathworks Inc., MA, US).185 All maps of WMH were visually scrutinized and 

manually corrected for higher volumetric precision in MRIcroN by a trained operator 

(www.mccauslandcenter.sc.edu/mricro/mricron/). Manual correction included addition of 

missed voxels of WMH and removal of false positives (e.g., MR artifacts considered as 

WMH). The correction was applied to the whole brain, except the pons, where it was difficult 

to disentangle lesions and MRI artifacts. After one month, 10 randomly selected images were 

reassessed for the volume of WMH, and the intraclass correlation coefficient was 0.99.185 

Global volume of WMH was log-transformed owing to skewed distribution. 

Measurements of brain volumes. The volumes of the hippocampus and ventricles were 

manually assessed following a standardized protocol.185 Briefly, hippocampal volume was 

manually delineated in both hemispheres using the ROI tool in HERMES MultiModality (an 

in-house program in Huddinge, Karolinska Institutet). The volumes of the lateral and third 

ventricles were estimated by the semiautomatic tool of Region Growing in HERMES 

MultiModality. The intraclass correlation coefficients were >0.93 for assessments of 

hippocampal and ventricular volumes. Segmentation of T1 images into gray matter, white 

matter, and cerebrospinal fluid was performed in SPM12b in Matlab R2012b (Mathworks 

Inc, MA, US). The unified segmentation approach was used,198 and the “light cleanup” option 

to remove odd voxels from the segments was applied. The resulting segments were visually 
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verified by a trained operator. Total gray-matter volumes were considered in the present 

study. All MRI measurements were adjusted by total intracranial volume (ICV).  

Assessment of diffusion tensor imaging data and metrics of white-matter diffusion. The DTI 

data were analyzed using an iterative optimization algorithm.195 Briefly, FA data were 

processed using tract-based spatial statistics, and MD, axial diffusivity, and radial diffusivity 

were based on the processing results of FA images.195 To extract mean FA, MD, axial 

diffusivity, and radial diffusivity from the skeleton image of each individual, masks of seven 

tracts of interest were used in each hemisphere. These seven tracts include the cingulate gyrus 

part of cingulum, the portion of the cingulum that extends to the hippocampus, the 

corticospinal tract, the forceps major, the forceps minor, the inferior fronto-occipital 

fasciculus, and the superior longitudinal fasciculus. These are major tracts that can be 

assessed with high reliability.199 

3.7 STATISTICAL ANALYSES 

Stata version 12.0-13.0 for Windows (Stata Corp., College Station, Texas, U.S.), SAS 9.2-9.3 

for Windows (SAS Institute Inc., Cary, NC, U.S.), and R 2.14.1 (R Development Core Team, 

Vienna, Austria) were used for all analyses. Table 3 presents the outcome variables, the 

predictors, and the potential confounders (covariates) in all 4 studies.  

Basic statistics 

Chi-square test or the independent Student’s t-test were used to test the statistical differences 

in proportions or means of baseline characteristics between comparison groups. In addition, 

as those aged 90 years were oversampled in the SNAC-K population, because of a specific 

interest in evaluating care needs in the oldest old, the overall prevalence of cardiometabolic 

risk factors in Study I was standardized using the age- and sex-specific census data from the 

Kungsholmen district. 

Confirmatory factor analysis 

We employed confirmatory factor analysis to reduce the dimensions of variables. Study IV 

involved multiple FA, MD, axial diffusivity, and radial diffusivity values of white-matter 

tracks from 7 regions of interest in both hemispheres. Confirmatory factor analysis was used 

to extract scores for global FA, MD, axial diffusivity, and radial diffusivity, respectively to 

represent the global microstructural white-matter diffusion profile. In the analyses, the global 

factor scores of these DTI scalars were multiplied by 100. 

Multivariate general linear regression modeling 

Multivariate general linear regression models were used in Study II and Study IV when the 

outcome was a matrix of multivariate measurements, such as brain volumes (total gray-matter 

volume, ventricular volume, and hippocampal volume) and diffusion profiles of white matter 

(FA and MD), and all the dependent variables were tested together. The β-coefficients and 

95% confidence intervals (CIs) of brain volumes associated with WMH (Study II), and β-
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coefficients and 95% CIs of FA and MD scores associated with the APOE ε4 allele, and 

individual and aggregated cardiovascular factors (Study IV) were estimated. Interactions were 

tested by simultaneously including individual variables and their cross-product terms in the 

same model. When brain atrophic markers were used as outcomes (Study II), 3 models were 

fitted: model 1 was bivariate; model 2 was adjusted for age; and model 3 was additionally 

adjusted for sex, education, cardiovascular risk factors, and APOE genotype. When white-

matter diffusion scalars were used as outcomes (Study IV), 2 models were fitted: model 1 was 

adjusted for age, sex, education, APOE ε4, and all examined cardiovascular risk factors; 

model 2 was additionally adjusted for WMH volume. 

Linear mixed-effects modeling 

Linear mixed-effects models were used to analyze the annual average MMSE change rate 

over time in association with the predictors, taking into account the effect of random 

individual differences in baseline MMSE score (random intercept) and MMSE change rate 

(random slope). The associations of MMSE change rate with FGCRS, APOE ɛ4 allele, 

WMH, and brain volumes (total gray-matter volume, ventricular volume, and hippocampal 

volume) were estimated in Study III, and the associations of MMSE change rate with global 

FA and MD scores were estimated in Study IV. Each linear mixed-effects model included a 

predictor (FGCRS, the APOE ɛ4 allele, WMH, or a brain MRI measure) at baseline, follow-

up times (individual follow-up years from baseline), and an interaction term between the 

predictor and follow-up time. The estimated effect of the predictor reflects the cross-sectional 

impact of this factor on MMSE score at baseline, the effect of follow-up time reflects annual 

MMSE change, and the estimated effect of the interaction term reflects the additional impact 

of the predictor on annual change in MMSE score. Multiplicative interactions were tested by 

simultaneously including 2 predictive variables (e.g., FGCRS and APOE ε4 status), time, and 

their cross-product term in the same model. Two models were tested in Study III: model 1 

was adjusted for demographics, and model 2 was additionally adjusted for vascular factors 

that were not included in the FGCRS and incident cerebrovascular diseases. In Study IV, the 

model was adjusted for the demographics, WMH, and the APOE ɛ4 allele. 

Structural equation modeling 

Structural equation modeling was used to investigate the mediating effect of WMH, total 

gray-matter volume, ventricular volume, and hippocampal volume on the association 

between FGCRS and cognitive decline. Structural equation modeling involves 2 components: 

the measurement component and the structural component. In the measurement component, 

the loadings from the latent variables to MMSE measurements at baseline, 3-year follow-up, 

and 6-year follow-up were fixed: the loadings of the latent intercept were all fixed at 1, and 

the loadings of the latent slope were fixed at 0, 3, and 6, respectively, implying a linear 

relationship between MMSE change and time. The estimated mean and variance of the latent 

intercept represented the average level and the heterogeneity of the MMSE score at baseline, 

and the estimated mean and variance of the latent slope represented the average level and 

heterogeneity of the annual change rate of the MMSE score during the 6-year follow-up. The 
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mediating effects of brain MRI markers on the relationships between FGCRS and the latent 

slope (MMSE change trajectories) were estimated in the structural component. After entering 

the MRI marker into the model as a mediator, the association between FGCRS and MMSE 

change over time represented the direct effect of FGCRS on MMSE decline; the associations 

between FGCRS and the MRI marker and between the MRI marker and the latent slope 

represented the indirect effect of FGCRS on MMSE decline. The mediating role of the MRI 

markers was quantified in 2 ways. First, we examined the mediating effect of each MRI 

marker separately, and second, we investigated the extent to which the effects of FGCRS on 

brain volume and cognitive decline were mediated by WMH.  
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Table 3. Outcomes, predictors, potential confounders, and statistical models used in the 4 studies included in this thesis 

Study  Study design Outcome(s) Predictor(s) Potential confounders Statistical analyses 

Study I Cross-sectional 

study 

Hypertension, 

diabetes, obesity, 

and high cholesterol 

-- -- Descriptive analysis 

Study II Cross-sectional 

study 

Total gray-matter 

volume and 

ventricular volume 

WMH volume 

WMH visual score 

Demographics, cardiovascular risk factor 

burden, and APOE ɛ4 allele 

The spearman rank test, 

multivariate general linear 

regression model 

Study III Longitudinal 

study 

MMSE decline 

 

FGCRS; APOE ɛ4 allele; MRI 

markers; and follow-up times 

Demographics, diastolic blood pressure 

(DBP), BMI, alcohol consumption, 

physical inactivity, and incident 

cerebrovascular diseases 

Mixed-effects models, 

structural equation 

modeling 

Study IV Longitudinal 

study 

(1) FA and MD 

(2) MMSE decline 

(1) Cardiovascular risk factors 

(2) FA, MD, axial diffusivity, 

radial diffusivity, and follow-up 

times 

(1) Demographics, APOE ɛ4 allele, other 

cardiovascular risk factors not included in 

the model, and WMH 

(2) Demographics, WMH, and APOE ɛ4 

allele 

(1) Confirmatory factor 

analysis and multivariate 

linear regression models 

(2) Mixed-effects models 

APOE, Apolipoprotein E gene; BMI, body mass index; DBP, diastolic blood pressure; FA fractional anisotropy ; FGCRS, Framingham General Cardiovascular 

Risk Score; MD, mean diffusivity; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; WMH, white-matter hyperintensities.  
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4 ETHICAL CONSIDERATIONS 

The SNAC-K project has implemented a series of strategies to minimize discomfort among the 

participants during the examination. We contacted each subject personally using a multistep 

procedure. First, a personal letter was sent to explain the content, duration, and purpose of the 

study as well as the importance of participation. It is clearly stated that participation is voluntary 

and that this is a longitudinal study and study participants may be affected by the research 

activities for years. However, subjects may discontinue the participation at any time. In order to 

verify their availability and to book the first visit, a nurse then directly contacted participants via 

telephone. Second, to establish understanding and trust during the examination, the subjects are 

assessed in a friendly and comfortable atmosphere, with sufficient time. Finally, all participants 

are given feedback regarding the progression and results of the research. This is done through 

seminars organized by the researchers who present the main results of their work to the 

participants. Moreover, information is provided in the form of brief reports and popular scientific 

publications. 

      We obtained written informed consent from participants directly at the beginning of the study. 

If a person is severely cognitively impaired, a proxy is asked for consent (e.g., a close family 

member). During the examination, if the participant expresses anguish or discomfort, the 

interview will be terminated, regardless of whether the person or a proxy has previously given 

consent. The consent consists of specific questions on different aspects of the research. The 

subjects are also asked if they want to be informed of disease status in the event of detection. In 

such cases they are referred to their family doctor, or other physicians. They also receive written 

reports on their laboratory tests, if requested. 

      The four studies included in this thesis cover the data collected from baseline, 3-year, and 6-

year follow-ups, as well as the records from the inpatient register that covers all hospitalizations 

in Sweden since 1969. For each occasion of data collection, approval from the Ethics Committee 

at Karolinska Institutet or the Regional Ethical Review Board in Stockholm, Sweden was 

obtained: 

 Baseline survey (2001-2004): Dnr. 01-114; 

 First follow-up examination (2004-2007): Dnr. 04-929/3; 

 Second follow-up examination (2007-2010): Dnr. Ö 26-2007; 

 The Stockholm Inpatient Register: Dnr. 2009/595-32. 

      All researchers working with the SNAC-K and SNAC-K MRI data follow the ethical 

guidelines of the Swedish Council for Research in the Humanities and Social Sciences: the 

principles of autonomy and integrity, the rule of consent and the demand for research. In addition, 

research within SNAC-K was conducted following the ethical principles for medical research 

involving human subjects expressed in the Declaration of Helsinki. 
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5 RESULTS 

5.1 CHARACTERISTICS OF THE STUDY POPULATION AT BASELINE 

The mean age of the 3363 SNAC-K participants was 74.3 (SD 9.2) years, 64.9% were 

women, and 32.7% had a university education. The MRI participants (n=555) were younger 

than those who did not undergo an MRI scan (n=2808) and were more likely to be women, 

physically active, and light to moderate alcohol consumers. They had a higher level of 

education, DBP, BMI, and total cholesterol (all P<0.01). However, SBP and diabetes, 

smoking, and APOE ε4 status of the two groups did not differ significantly (all P>0.05) 

(Table 4). 

Table 4. Baseline characteristics of participants in the Swedish National study on Aging and 
Care in Kungsholmen  

Characteristics Total MRI scan  

N=3363 No (n=2808) Yes (n=555) P 

Women, n (%) 2182 (64.9) 1859 (66.2) 323 (58.2) <0.01 
Age (years), mean (SD) 74.3 (9.2) 75.0 (11.4) 70.9 (9.2) <0.01 
Age (years), n (%)     

60, 66 1304 (38.8) 1031 (36.7) 273 (49.2)  
72, 78 939 (27.9) 772 (27.5) 167 (30.1)  
81, 84, 87 634 (18.9) 537 (19.1) 97 (17.5)  
≥90 486 (14.5) 468 (16.7) 18 (3.2) <0.01 

Educational level,a n (%)     
Elementary 590 (17.7) 521 (18.8) 69 (12.4)  
High school  1651 (49.6) 1393 (50.2) 258 (46.5)  
University 1090 (32.7) 862 (31.1) 228 (41.1) <0.01 

SBP (years),a mean (SD) 142.6 (20.5) 142.6 (20.7) 142.8 (19.3) 0.78 
DBP (years),a mean (SD) 80.6 (11.2) 80.2 (11.2) 82.7 (10.7) <0.01 
Diabetes, n (%) 318 (9.5) 274 (9.8) 44 (7.9) 0.18 
BMI (kg/m2), mean (SD) 25.6 (4.2) 25.5 (4.2) 26.0 (4.0) <0.01 
Total cholesterol (mmol/l), mean (SD) 6.0 (1.1) 6.0 (1.1) 6.1 (1.1) <0.01 
Alcohol consumption, n (%)     

No or occasional  1229 (37.6) 1085 (40.0) 144 (26.0)  
Light to moderate 1527 (46.8) 1209 (44.6) 318 (57.3)  
Heavy drinking 510 (15.6) 417 (15.4) 93 (16.8) <0.01 

Smoking status, n (%)     
Never 1568 (48.1) 1314 (48.5) 254 (45.9)  
Former 1253 (38.4) 1023 (37.8) 230 (41.5)  
Current 440 (13.5) 370 (13.7) 70 (12.6) 0.26 

Physical inactivity, n (%) 1163 (34.6) 1046 (37.3) 117 (21.1) <0.01 
APOE ε4 allele carriers 847 (29.0) 701 (29.3) 146 (27.3) 0.36 

aInformation on education was missing for 32 participants, SBP for 48, DBP for 49, BMI for 329, total 
cholesterol for 273, alcohol consumption for 97, smoking status for 102, and APOE status for 440. 
APOE, Apolipoprotein E gene; BMI, body mass index; DBP, diastolic blood pressure; MRI, magnetic 
resonance imaging; SBP, systolic blood pressure; SD, standard deviation. 
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5.2 PREVALENCE, CONTROL AND AGGREGATION OF CARDIOMETABOLIC 
RISK FACTORS 

The age- and gender-standardized prevalence of cardiometabolic risk factors in SNAC-K 

(total sample, n=3363) ranged from 9.6% for diabetes (men 12.9%, women 8.1%), 11.7% for 

obesity (men 13.0%, women 11.1%), 48.6% for high cholesterol (men 44.8%, women 

50.8%), to 76.4% for hypertension (men 74.7%, women 77.4%). The standardized prevalence 

of unfavorable cardiometabolic conditions was 18.0% for prehypertension (men 20.4%, 

women 16.8%), 23.7% for prediabetes (men 22.9%, women 24.9%), 37.2% for overweight 

(men 45.7%, women 32.7%), and 34.5% for borderline high cholesterol (men 34.0%, women 

34.8%).  

      Half of the people with hypertension (55.5%) were treated with antihypertensive agents; 

of these, 31.8% achieved the therapeutic goal of blood pressure <140/90 mmHg and 49.4% 

<150/90 mmHg. Of people with diabetes, 50.3% reported using antidiabetic medications, but 

only 38.1% of them reached the goal of HbA1c <7%. Of people who were diagnosed with 

high cholesterol, only 25.0% reported using cholesterol lowering agents, whereas 85.8% of 

those under pharmacological treatment reached the goal of total cholesterol <6.22 mmol/l. 

      Of the SNAC-K participants, 87.3% had at least one cardiometabolic risk factor, 49.0% 

had two or more, and 9.8% had three or more (Figure 7, Study I). Men were less likely to 

have multiple (≥2) cardiometabolic risk factors (35.7%) than women (41.3%) (P<0.01). The 

oldest-old people, those aged >80 years, were more likely to have multiple cardiometabolic 

risk factors (40.6%) than the young-old people, those aged <80 years (38.6%) (P<0.01). 

 

 

Figure 7. Distribution of clustering of cardiometabolic risk factors by age and sex (Study I) 
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5.3 CARDIOVASCULAR RISK BURDEN AND COGNITIVE DECLINE 

In all SNAC-K participants who were free of dementia, had no missing FGCRS, had a 

baseline MMSE score ≥24, and had at least one follow-up MMSE (n=2189), a higher FGCRS 

was associated with a faster annual rate of decline in MMSE score, even after adjusting for 

age, sex, and education (Table 5, Model 1, Study III). When FGCRS quartiles were 

analyzed, a similar association between FGCRS and annual MMSE decline rate was 

observed, which suggests a linear dose-response relationship between FGCRS and MMSE 

annual decline rate (Ptrend<0.01). When further controlling for cardiovascular factors that 

were not included in FGCRS and cerebrovascular diseases that developed during the follow-

up periods, the observed associations were essentially unchanged (Table 5, Model 2, Study 

III).  

      Carrying an APOE ε4 allele was associated with a faster annual MMSE decline rate, even 

in the fully-adjusted model (Table 5). This association remained significant when 

participants who developed dementia during the follow-up periods were excluded (data not 

shown). 

Table 5. Effects of Framingham General Cardiovascular Risk Score and APOE ε4 on annual 

rate of decline in Mini-Mental State Examination score in the SNAC-K total sample (n=2189) 

(Study III) 

FGCRS or β-coefficients (95% confidence intervals) 

APOE genotype Model 1a Model 2a 

FGCRS, continuous -0.03(-0.04, -0.02)** -0.03(-0.04, -0.02)** 

FGCRS, quartiles (score)    

      Q1 (6-16) Reference Reference 

      Q2 (17-18) -0.13 (-0.22, -0.04)* -0.11 (-0.20, -0.03)** 

      Q3 (19-21) -0.18 (-0.28, -0.08)** -0.18 (-0.27, -0.09)** 

      Q4 (22-31) -0.24 (-0.33, -0.14)** -0.23 (-0.32, -0.14)** 

      Ptrend <0.01 <0.01 

APOE ε4 allele -0.10 (-0.18, -0.03)** -0.09 (-0.16, -0.01)* 

aModel 1 was adjusted for age, sex, and education. Model 2 was additionally adjusted for either 

FGCRS or APOE ε4 allele, other cardiovascular factors (body mass index, diastolic blood pressure, 

alcohol consumption, physical inactivity), and incident cerebrovascular diseases.  **P ≤0.01; * 0.01< P 

≤0.05. APOE, Apolipoprotein E gene; FGCRS, Framingham General Cardiovascular Risk Score. 

5.4 STRUCTURAL BRAIN CHARACTERISTICS AND COGNITIVE DECLINE 

In the SNAC-K MRI sample (n=492), higher WMH load (a larger volume or higher visual 

rating score) was significantly associated with a smaller gray-matter volume and a larger 

ventricular volume (P<0.01; Table 6, Model 1, Study II). These associations were attenuated 

but remained statistically significant after adjusting for age, sex, education, cardiovascular 

risk factors, and APOE ε4 allele (Table 6, Model 2, Study II). 
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      A larger volume of WMH and a higher visual score for global WMH were significantly 

associated with smaller hippocampal volume (P<0.01). However, after controlling for age, 

the association between global WMH and hippocampal volume was attenuated and 

statistically non-significant. Additional adjustment for sex, education, cardiovascular risk 

factors, and APOE ε4 allele did not alter the results (data not shown).  

Table 6. β-coefficients (95% confident intervals) of gray-matter volume and ventricular 

volume associated with global white-matter hyperintensity load (Study II) 

Global WMH Gray-matter volume Ventricular volume 

by quartiles Model 1a Model 2a Model 1a Model 2a 

WMH volume, quartiles (ml)    

   Q1 (<2.40) Reference Reference Reference Reference 

   Q2 (2.40-4.79) -7.01 

(-15.80, 1.77) 

-4.97 

(-13.43, 3.50) 

0.08 

(-0.06, 0.23) 

0.05 

(-0.09, 0.18) 

   Q3 (4.80-11.62) -16.61 

(-25.39, -7.82)** 

-10.83 

(-19.50, -2.17)* 

0.23 

(0.08, 0.37)** 

0.10 

(-0.04, 0.24) 

   Q4 (≥11.63) -33.09 

(-41.88, -24.30)** 

-19.93 

(-29.21, -10.64)** 

0.52 

(0.38, 0.67)** 

0.27 

(0.12, 0.41)** 

    Ptrend <0.01 <0.01 <0.01 <0.01 

 

WMH visual score, quartiles (score)    

   Q1 (<11) Reference Reference Reference Reference 

   Q2 (11-21) 1.22 

(-7.85, 10.29) 

3.82 

(-4.88, 12.52) 

0.07 

(-0.08, 0.22) 

0.02 

(-0.12, 0.16) 

   Q3 (22-35) -11.08 

(-19.88, -2.27)* 

-4.35 

(-13.30, 3.79) 

0.27 

(0.12, 0.41)** 

0.14 

(0.00, 0.28)* 

   Q4 (≥36) -26.93 

(-35.87, -17.98)** 

-15.41 

(-24.48, -6.34)** 

0.37 

(0.22, 0.51)** 

0.12 

(-0.03, 0.26)† 

    Ptrend <0.01 <0.01 <0.01 0.04 

aModel 1 was crude model, model 2 was adjusted for age, and further adjustments for 

cardiovascular risk factors and Apolipoprotein E gene did not change the results.**P≤0.01; * 

0.01<P≤0.05; †0.05<P≤0.10. WMH, white-matter hyperintensities. 

      After adjusting for demographics, larger WMH volume and ventricular volume and 

smaller total gray-matter volume and hippocampal volume at baseline were associated with a 

greater annual MMSE decline rate (Table 7, Model 1, Study III). These associations were 

unchanged after additional adjustment for other potential confounders (Table 7, Model 2, 
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Study III). APOE ε4 was not significantly associated with any of the MRI markers at 

baseline.  

      After controlling for demographics, APOE status interacted with WMH volume 

(Pinteraction=0.01) and ventricular volume (Pinteraction<0.01) to affect annual MMSE decline rate, 

although the interaction was not statistically significant for total gray-matter (Pinteraction=0.08) 

or hippocampal volumes (Pinteraction=0.11). Stratified analysis by APOE status showed that the 

associations between brain MRI markers and annual MMSE decline rate were stronger 

among ε4 carriers than non-carriers, although the associations were statistically significant in 

both carriers and non-carriers (Table 7, Study III). 

Table 7. Estimated effects of structural brain magnetic resonance imaging markers on annual 

change in Mini-Mental State Examination scores by APOE ε4 status (Study III) 

Structural  β-coefficients (95% confidence intervals) 

MRI markers Model 1b Model 2b 

Total sample (n=448)a   

WMH volume -0.093 (-0.127, -0.059)** -0.093 (-0.127, -0.059)** 

Total gray-matter volume 0.002 (0.001, 0.003)** 0.002 (0.001, 0.003)** 

Ventricular volume -0.008 (-0.010, -0.005)** -0.008 (-0.010, -0.005)** 

Hippocampal volume 0.126 (0.065, 0.188)** 0.126 (0.066, 0.187)** 

APOE ε4 non-carriers (n=325)   

WMH volume -0.066 (-0.101, -0.030)** -0.066 (-0.101, -0.030)** 

Total gray-matter volume 0.002 (0.001, 0.002)** 0.002 (0.001, 0.002)** 

Ventricular volume -0.005 (-0.008, -0.002)** -0.005 (-0.008, -0.002)** 

Hippocampal volume 0.091 (0.025, 0.157)** 0.091 (0.025, 0.157)** 

APOE ε4 carriers (n=119)   

WMH volume -0.165 (-0.242, -0.087)** -0.164 (-0.239, -0.089)** 

Total gray-matter volume 0.003 (0.001, 0.005)** 0.003 (0.001, 0.005)** 

Ventricular volume -0.015 (-0.021, -0.008)** -0.015 (-0.021, -0.009)** 

Hippocampal volume 0.195 (0.068, 0.323)** 0.195 (0.071, 0.319)** 

aInformation on APOE ε4 status was missing for 4 participants in this sample.                
bβ-coefficients (95% confidence intervals) were derived from linear mixed-effects models. Model 1 

was adjusted for age, sex, and education; Model 2 was additionally adjusted for body mass index, 

diastolic blood pressure, alcohol consumption, physical inactivity, and cerebrovascular disease. 
**P≤0.01. APOE, Apolipoprotein E gene; MRI, magnetic resonance imaging; WMH, white-matter 

hyperintensities. 

      In the SNAC-K MRI participants with available DTI data (n=241), follow-up periods 

ranged between 2.25 and 6.88 years. Participants with reduced microstructural white-matter 

integrity at baseline showed faster decline in MMSE score rate. Those in the upper and 
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middle tertiles showed faster annual decline in MMSE score than those in the lower tertile 

(Ptrend<0.01). The multi-adjusted β-coefficient of the MMSE annual change rate was 0.29 

(95% CI: 0.10, 0.47) in the upper tertile and 0.11 (-0.07, 0.29) in the middle tertile; the 

comparison group was people in the lower tertile of FA. Likewise, the multi-adjusted β-

coefficient of the MMSE annual change rate was -0.17 (-0.35, 0.00) in the middle tertile of 

MD and -0.40 (-0.57, -0.22) in the upper tertile; the comparison group was people in the 

lower tertile of MD (Ptrend<0.01). Figure 8 (Study IV) shows the predicted trajectory of 

MMSE score by baseline tertiles of FA and MD, adjusted for demographics, APOE ε4, and 

WMH volume. When we analyzed FA and MD as continuous variables, the multi-adjusted β-

coefficients of MMSE annual change rate were 5.21 (2.58, 7.85) for FA and -3.94 (-5.46, -

2.43) for MD. 

 

 

Figure 8. Adjusted mean Mini-Mental State Examination scores over a seven-year period by 

tertiles of fractional anisotropy and mean diffusivity at baseline (Study IV)  

Notes. The mean scores were adjusted for age, sex, education, white-matter hyperintensities, and 

Apolipoprotein E gene status. FA, fractional anisotropy; MD, mean diffusivity; MMSE, Mini-Mental 

State Examination.  
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5.5 CARDIOVASCULAR RISK BURDEN, BRAIN STRUCTURE, AND 
COGNITIVE DECLINE 

In the SNAC-K MRI sample (n=448), structural equation modeling showed that an increasing 

FGCRS was associated with a faster annual decline in MMSE score (β-coefficient -0.019; 

95% CI -0.030, -0.008). When WMH volume, total gray-matter volume, and ventricular 

volume were entered into the model separately, the direct association between FGCRS and 

annual MMSE decline rate was greatly attenuated and became non-significant (Table 8, 

Study III). When hippocampal volume was included in the model, the direct association 

between FGCRS and annual decline in MMSE score was also attenuated but remained 

statistically significant.  

Table 8. Effects of Framingham General Cardiovascular Risk Score on annual change in 

Mini-Mental State Examination score when each of the magnetic resonance imaging 

markers is entered into the model as a mediator (n=448) (Study III) 

FGCRS and mediators Annual MMSE change 

 β coefficients (95% confidence intervals)a 

Total effect of FGCRS           -0.019 (-0.030, -0.008)** 
  

Mediator: volume of WMH  

      Direct effect           -0.008 (-0.019, 0.004) 
      Mediated effect           -0.011 (-0.016, -0.006)** 
      Percent mediation           57.7% 
  

Mediator: total gray-matter volume  

      Direct effect            -0.010 (-0.021, 0.001) 
      Mediating effect            -0.010 (-0.014, -0.004)** 
      Percent mediation           47.9% 
  

Mediator: ventricular volume  

      Direct effect           -0.010 (-0.021, 0.001) 
      Mediating effect           -0.009 (-0.014, -0.005)** 
      Percent mediation           49.4% 
  

Mediator: Hippocampal volume  

      Direct effect           -0.012 (-0.023, -0.001)* 
      Mediating effect           -0.007 (-0.011, -0.003)** 
      Percent mediation           35.4% 
aβ coefficients (95% confidence intervals) were derived from the structural equation modeling. 
**P≤0.01; *0.01<P≤0.05. FGCRS, Framingham General Cardiovascular Risk Score; MMSE, Mini-

Mental State Examination; WMH, white-matter hyperintensities. 

      Stratifying the analysis by APOE ε4 status suggested that the association between FGCRS 

and annual MMSE decline rate was stronger among ε4 carriers than non-carriers (β-

coefficients and 95% CI: -0.036 [-0.062, -0.009] vs. -0.013 [-0.024, -0.002]). Again, when 

volumes of WMH, ventricles, and gray matter were entered separately into the model, the 

direct association between FGCRS and annual MMSE decline rate was substantially reduced 

and non-significant in both ε4 carriers and non-carriers. When hippocampal volume was 
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included in the model, the direct association between FGCRS and annual MMSE decline rate 

remained significant among ε4 carriers but not ε4 non-carriers. 

      After entering volume of WMH into the model together with either total gray-matter or 

ventricular volume, the direct association between FGCRS and the annual MMSE decline 

rate virtually disappeared (Figure 9 A-B, Study III). FGCRS was more strongly associated 

with WMH (standardized β-coefficient, 0.39) than with either total gray-matter volume (-

0.29) or ventricular volume (0.20). However, volumes of WMH, total gray matter, and 

ventricles were comparably associated with annual MMSE decline rate.  

      We also explored the mediating effect of the volume of WMH on the associations 

between FGCRS and atrophic markers (total gray-matter volume or ventricular volume). 

Entering the volume of WMH as a mediator into the structural equation model explained 

22% of the association between FGCRS and total gray-matter volume and 33% of the 

association between FGCRS and ventricular volume. However, the associations between 

FGCRS and the atrophic markers remained statistically significant (Figure 9, Study III). 

 

Figure 9. Associations between FGCRS and annual MMSE change rate: mediating effects of 

(A) volumes of WMH and total gray matter or (B) volumes of WMH and ventricles (Study III)  

Notes. Data are standardized coefficients (95% confidence intervals) derived from structural equation 

models. Only the structural components are shown in the two models. **P<0.01. FGCRS, Framingham 

General Cardiovascular Risk Score; MMSE, Mini-Mental State Examination; WMH, white-matter 

hyperintensities. 
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      Similar results were obtained when persons with a history of cardiovascular diseases 

determined at baseline were excluded from the analytical samples (data not shown). 

      The proportion of common variance of regional measurements of diffusion accounted for 

by the global latent factor was 63.7% for FA and 68.6% for MD. In the multivariate models 

that included demographics, APOE ε4 allele, and all targeted cardiovascular risk factors, 

hypertension and heavy alcohol consumption were significantly associated with lower FA, 

whereas the association between current smoking and FA tended to be significant (P=0.09). 

After further controlling for WMH volume, the associations with current smoking and heavy 

alcohol drinking were slightly attenuated, whereas the association with hypertension became 

non-significant. Diabetes was not significantly associated with FA. Table 9 (Study IV) shows 

the results of the fully-adjusted model. 

      Heavy alcohol drinking, hypertension, and diabetes were each significantly associated 

with a higher MD score. After further controlling for WMH volume, the associations with 

hypertension and diabetes remained significant, and the association with heavy alcohol 

consumption tended toward significance (Table 9, Study IV). Smoking was not significantly 

associated with MD score. Physical inactivity, high cholesterol, obesity, and APOE status 

were not significantly associated with FA or MD. 

Table 9. Associations between global scores of fractional anisotropy and mean 

diffusivity and cardiovascular risk factors and APOE ε4 status (Study IV) 

Cardiovascular risk β-coefficients (95% confidence intervals)a 

factors and APOE ε4 Fractional anisotropy   Mean diffusivity 

Smoking status    

   Never Reference  Reference 

   Former -0.46 (-1.07, 0.15)  0.25 (-0.70, 1.21) 

   Current -0.81 (-1.75, 0.14)†  0.04 (-1.45, 1.52) 

Alcohol intake    

   Never/casually Reference  Reference 

   Light to moderate -0.53 (-1.25, 0.20)  0.89 (-0.24, 2.03) 

   Heavy -0.96 (-1.83, -0.10)*  1.28 (-0.07, 2.64)† 

Total cholesterol    

   Normal Reference  Reference 

   Borderline high -0.64 (-1.69, 0.40)  0.01 (-0.01, 0.02) 

   High 0.24 (-0.77, 1.25)  0.00 (-0.02, 0.01) 

Physical inactivity 0.32 (-0.39, 1.04)  -0.35 (-1.46, 0.76) 

Obesity -0.55 (-1.38, 0.28)  0.10 (-1.19, 1.40) 

Hypertension -0.57 (-1.29, 0.15)  1.37 (0.24, 2.50)* 

Diabetes -0.42 (-1.37, 0.54)  1.76 (0.27, 3.25)* 

APOE ε4 allele 0.08 (-0.53, 0.70)  0.32 (-0.64, 1.28) 
aThe fractional anisotropy and mean diffusivity scores were multiplied by 100 in the analysis. 

Models were controlled for age, sex, education, APOE ε4 allele, all cardiovascular risk factors 

in the table, and white-matter hyperintensities. †0.05<P<0.10; *0.01<P<0.05. APOE, 

Apolipoprotein E gene. 
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      Having either 1, or 2 or more cardiovascular risk factors (current smoking, heavy alcohol 

consumption, hypertension, and diabetes), compared with having none, was significantly 

associated with lower FA and higher MD, even after controlling for multiple factors, 

including volume of WMH (Ptrend<0.01). There was a significant interaction between APOE 

ɛ4 and the presence of multiple (≥2) cardiovascular risk factors for MD (Pinteraction=0.02), and 

the P-value of this interaction was 0.07 for FA. Further analysis stratified by APOE ɛ4 status 

indicated that having one of the four cardiovascular factors, especially having multiple 

factors, was significantly associated with lower FA and higher MD among ɛ4 carriers 

(Figure 10, model 2, Study IV). By contrast, among ε4 non-carriers, after controlling for 

volume of WMH, the association between having multiple vascular factors and FA or MD 

became non-significant. 

 

 

Figure 10. β-coefficients (95% confidence intervals) of fractional anisotropy and mean 

diffusivity linked to a cluster of cardiovascular risk factors by APOE ε4 status (Study IV)  

Notes. The FA and MD scores were multiplied by 100 in the analysis. Cardiovascular risk factors 

included current smoking, heavy alcohol consumption, hypertension, and diabetes. Model 1 was 

adjusted for age, sex, education, obesity, high cholesterol, and physical inactivity; model 2 was 

additionally adjusted for volume of WMH. APOE, Apolipoprotein E gene; MD, mean diffusivity; FA, 

fractional anisotropy; WMH, white-matter hyperintensities. 
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6 DISCUSSION 

6.1 MAIN FINDINGS 

In this doctoral thesis, we sought to explore the pathological mechanisms linking 

cardiovascular risk burden to cognitive decline in aging by integrating epidemiological, 

clinical, and cognitive data with neuroimaging markers of pathological brain aging. The main 

findings of this doctoral project are as follows: (1) cardiovascular risk factors are common 

among older Swedish adults and often occur concurrently; (2) a higher cardiovascular risk 

burden (FGCRS) is associated with accelerated decline in global cognitive function; (3) 

larger WMH and ventricular volumes, smaller total gray-matter and hippocampal volumes, 

and lower microstructural white-matter integrity are associated with faster global cognitive 

decline; (4) global WMH are independently associated with total gray-matter and ventricular 

volumes; (5) larger volume of WMH, along with smaller total gray-matter volume or larger 

ventricular volume, may largely explain the association between cardiovascular risk factor 

burden and global cognitive decline; (6) cardiovascular risk factor burden is associated with 

decreased total gray-matter volume, reduced microstructural white-matter integrity, and 

enlarged ventricular volume independent of WMH; and (7) the APOE ε4 allele reinforces the 

adverse effect of cardiovascular risk factors on brain structure and accelerates cognitive 

decline associated with reduced brain structural integrity.  

6.2 METHODOLOGICAL ISSUES 

SNAC-K is a population-based study that includes a relatively large sample of older adults, 

comprehensive data on cardiovascular disorders and cardiovascular risk factors, and 

longitudinal assessments of cognitive function. The embedded SNAC-K MRI study provides 

multiple markers of brain structure and pathology, which enables us to investigate possible 

mechanisms that may link cardiovascular risk burden to cognitive decline. However, as for 

most population-based observational studies, biases can occur. In SNAC-K, this can occur in 

either the selection of study participants or in the procedures for gathering relevant exposure 

or disease information.  

Selection bias  

Selection bias arises when a systematic error occurs in the recruitment or retention of study 

participants. In most cohort studies, selection bias is often associated with the factors such as 

declining to participate, moving, and death. These underlying factors may lead to differences 

in the characteristics between individuals who drop out during the follow-up periods of the 

study and individuals who remain under observation till the event occurrence or termination 

of the study.  

      The SNAC-K study is a prospective study of a community-based cohort of older adults 

aged ≥60 years from central Stockholm. People living in this area are highly educated and 

have a high socioeconomic status. The response rate among eligible participants was high 
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(73.3%) at baseline (March 2001-June 2004). The dropout rate at the 3-year follow-up (older-

age cohorts) was 37.2%, mostly due to death (27.6%), and only 9.6% declined to participate 

or moved. Similarly, the dropout rate at the 6-year follow-up was 25.8%. Of these dropouts, 

14.6% had died and 11.2% declined to participate or moved. Thus, attrition was due primarily 

to death, and among survivors, the participation rate at the 3-year and 6-year follow-ups was 

approximately 90%.  

      In Study I, we used local age- and sex-specific census data to adjust the crude prevalence 

of cardiometabolic risk factors in the SNAC-K participants. A possible limitation in Study II, 

Study III, and Study IV is that selective dropout might have occurred during the follow-ups, 

which may have led to an underestimation of the true strength of the associations.  

Information bias  

In epidemiologic studies, information bias arises from measurement error, which may result 

in misclassification of exposures, covariates, and outcomes. 

Cardiovascular risk factors. Information on behavioral risk profiles, such as smoking status, 

alcohol consumption, and physical inactivity were obtained from structured interviews 

conducted by trained nurses. In addition, the next-of-kin was interviewed when the 

participant was not able to answer because of disease (e.g., cognitive impairment), and such 

proxy interviews are a potential source of inaccurate information. To minimize bias, we 

determined the presence or absence of cardiometabolic risk factor, such as hypertension, 

diabetes, high cholesterol, and obesity with information from multiple sources, including 

face-to-face interview-based questionnaires, the inpatient register, drug use, clinical 

examination, and blood tests. 

Structural brain measures. To avoid the influence of brain disorders (e.g., brain tumors and 

arachnoid cysts) on the calculation of brain volumes (e.g., gray-matter volume), we excluded 

those who had relevant brain disorders from Studies II, III and IV. Compared to today’s 

standards, the MR images, collected in the early 2000s, are of suboptimal quality and 

resolution. More specifically, the analyses on the DTI data may have led to partial-volume 

effects (gray/white mixture) for large and anisotropic voxels (Study IV), which could not be 

completely accounted for by tract-based spatial statistics. In addition, although the global 

factor scores for FA and MD accounted for a large part of the common variance in regional 

DTI measurements (>60%), we may still have missed some specific associations of regional 

tracts with cardiovascular risk factors, APOE status, or cognitive decline (Study IV).  

      The FLAIR sequence was characterized by a relatively large slice thickness with a 1-

millimeter gap, and this may have compromised detection of small WMH and accuracy of 

volume measurement. Nonetheless, the toolbox used to automatically measure volume of 

WMH (LST) compensates for these limitations by (1) detecting WMH on FLAIR and (2) 

drawing and calculating volume on the associated T1-weighted image that has a smaller 

thickness and no gap, leading to more accurate measurement.  
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Cognitive decline. The MMSE, a screening tool for dementia, has been widely used to assess 

global cognitive function in epidemiological research. A ceiling effect may have occurred 

when we investigated the associations between MRI markers (e.g., WMH, volumes, or DTI 

indicators) and MMSE decline, as the variance in baseline MMSE score by structural brain 

differences may be small (Study III and Study IV). Nevertheless, we administrated an 

extensive cognitive battery in SNAC-K that evaluated specific cognitive functions (e.g., 

episodic memory, semantic memory, processing speed) and in future studies will investigate 

the associations between MRI markers, cardiovascular risk factors, and performance on tests 

of specific cognitive domains. 

Potential confounding. We carefully chose and assessed major potential confounders that are 

associated with both the outcomes and determinant variables, and we used proper approaches 

to assess the confounding effects (e.g., multiple models and stratifying analyses) in Study II, 

Study III, and Study IV. However, residual confounding might still exist because of imperfect 

assessment of known confounders and lack of information on other potential confounders 

such as stress or lifestyle-related factors (e.g., diet).  

6.3 BURDEN OF CARDIOVASCULAR RISK FACTORS IN ELDERLY PEOPLE 

The prevalence of cardiovascular risk factors in SNAC-K participants is comparable with the 

prevalence found in other population-based studies, including studies from Sweden.25,200 It is 

worth mentioning that the criteria for defining high cholesterol varies among studies in 

Sweden.25 We found that the age- and sex-standardized prevalence of high cholesterol 

(27.4%) in the SNAC-K population was higher than the prevalence reported in the MONICA 

study of the population of northern Sweden (16.9%).25  

      Previous population-based studies have also found that clustering of cardiovascular risk 

factors is common in older individuals, although these studies included different 

cardiovascular risk factors. Three-fourths of older adults (age ≥65 years) from Mexico City 

had one or more cardiovascular risk factors (hypertension, diabetes, smoking, 

hypercholesterolemia, and obesity).69 Data also show that more than 80% of  Chinese people 

age ≥60 years living in a rural area had 2 or more of the 6 cardiovascular risk factors included 

in the study (hypertension, diabetes, high cholesterol, obesity, smoking, and physical 

inactivity).201 In our study, we focused on only four cardiometabolic risk factors. The results 

consistently showed highly prevalent clustering of cardiometabolic risk factors in Swedish 

elderly people. These findings imply that intervention programs targeting multiple 

cardiometabolic risk factors among older people living in the communities may help maintain 

good health in aging for a longer time period, given that the aggregation of cardiometabolic 

risk factors has been strongly related not only to CVDs, but also to cognitive decline, 

dementia and physical disability among older people.119,202  
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6.4 CARDIOVASCULAR RISK BURDEN, BRAIN STRUCTURE, AND 
COGNITIVE DECLINE 

Cardiovascular risk burden and global cognitive decline 

The relationship between various cardiovascular risk factors and cognitive impairment and 

dementia is well established.77 Moreover, research communities are becoming increasingly 

interested in the association between aggregation of multiple cardiovascular risk factors and 

cognitive dysfunction.123,203 A recent systematic review reported that traditional prediction 

models, developed to predict an individual's risk of future cardiovascular disease or stroke, 

can also predict the risk of cognitive decline or dementia.122 Our data extend previous 

observations by showing that this link is present independent of the development of clinical 

cerebrovascular diseases. This finding indicates that cardiovascular risk burden may affect 

cognitive decline through pathways other than clinical stroke. Indeed, we demonstrate that 

silent cerebral vascular lesions or structural alterations (e.g., WMH and smaller volumes in 

gray matter and ventricles) largely accounted for the association between cardiovascular risk 

burden and cognitive decline.  

Brain structure and global cognitive decline 

Our data confirm the results of past work on the association of WMH and brain volumes with 

cognitive decline in old age.204-206 In addition, a clinical study of patients with mild cognitive 

impairment suggests that deficits in microstructural white-matter integrity predicts faster 

cognitive decline.207 Our findings further suggest that deficits in microstructural white-matter 

integrity may also predict faster cognitive decline in apparently cognitively normal 

individuals living in the community. Moreover, although previous research has suggested that 

global load of WMH largely explains reduced microstructural white-matter integrity in 

aging,208 our data indicated that the association between reduced white-matter integrity and 

cognitive decline cannot be accounted for by global load of WMH. This finding may partly 

reflect the potential effects of brain lesions that are not visible on conventional MRI, such as 

microinfarcts.209 Our research suggests that DTI-derived white-matter indices may be more 

sensitive than WMH in observing subtle cognitive decline related to brain structure.  

Mediating effects of brain structure  

In previous studies, brain structure has often been regarded as a confounder rather than a 

mediator in the relationship between vascular risk factors and cognitive decline. For example, 

the Framingham Heart Study showed that vascular risk factors were associated with faster 

cognitive decline, even after adjusting for progression of WMH.138 Using structural equation 

modeling, we are able to test the mediating effects of markers from structural brain MRI. Our 

findings suggested that larger volume of WMH and smaller brain tissue volume mediated the 

association between vascular burden and rate of cognitive decline. The mediating effects of 

WMH, gray matter, and ventricles in the association between vascular risk burden and 

cognitive decline were of comparable magnitude.  
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      Moreover, we found that cardiovascular risk burden was associated with smaller total 

gray-matter volume and larger ventricular volume independent of markers of cerebral small-

vessel disease (i.e., WMH). In line with our findings, the SMART-MR study showed that 

among people with symptomatic atherosclerotic diseases, the combination of brain atrophy 

and WMH accelerated cognitive decline.210 The AGES-Reykjavik study of older adults also 

found that the cross-sectional association between diabetes and poor cognitive performance 

was largely mediated by MRI markers of cerebrovascular disease and neurodegeneration.211 

Hence, cardiovascular risk factors may cause cognitive decline through mixed brain 

pathologies, including small-vessel disease and neurodegeneration. Hippocampal volume 

accounted for the association between FGCRS and cognitive decline to a lesser extent than 

the global MRI markers (WMH and total gray-matter and ventricular volumes). However, 

given that all MRI markers were assessed on the same occasion (baseline), further research is 

needed to clarify the associations between vascular risk burden, dynamic changes in brain 

structure, and cognitive consequences. 

      To further understand the association between cardiovascular risk factors and brain tissue 

volume at the microscopic level, analyses of DTI data were performed. Our data showed that 

cardiovascular risk factors, especially aggregated risk factors, were associated with reduced 

microstructural white-matter integrity. Consistent with our findings, earlier population-based 

studies have reported that reduced microstructural white-matter integrity is associated with 

hypertension, diabetes, and current smoking.176,177,212 Our data extend this past research, 

showing that these associations are independent of WMH. In addition, we found that heavy 

alcohol consumption is associated with reduced white-matter integrity in old age, which has 

not yet been reported. Furthermore, the detrimental effects of multiple cardiovascular risk 

factors on white-matter microstructure seemed to be cumulative. This supports the notion that 

interventions targeting multiple modifiable cardiovascular risk factors may be critical in 

slowing the process of white-matter damage in aging, which in turn may postpone the onset 

of dementia and the process of cognitive deterioration in aging. 

The modulating effect of the APOE ε4 allele  

We found that carriers of the APOE ε4 allele had faster cognitive decline than non-carriers, 

which is in line with findings from other studies.213,214 In addition, we extended previous 

observations by demonstrating interactions of APOE with volumes of WMH and ventricles 

on cognitive decline. Specifically, carrying an APOE ε4 allele magnified the effects of 

structural brain markers on cognitive decline. The Rotterdam Scan Study did not detect such 

interactions.151 The mixed findings may be due to between-study differences in follow-up 

intervals and assessments of cognitive functioning. The ε4 allele is linked to impaired 

regulation of cerebral amyloid-β (Aβ) metabolism,215 and Aβ deposition is an increasingly 

recognized cause of brain ischemia,216 which can be reflected in MRI markers of brain 

structure. Thus, the accumulation of Aβ may play a critical role in linking the ε4 allele and 

MRI markers of brain structure and their possible interactive effects on cognitive decline. 
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      Few studies have investigated the association between APOE status and global white-

matter integrity, although the APOE ε4 allele has been linked to reduced integrity of 

microstructural white-matter in certain brain regions (e.g., cingulum and corpus callosum).182 

A recent population-based study of middle-aged and older adults (age ≥55 years) did not 

observe any effect of APOE ε4 allele on global microstructural white-matter integrity,217 a 

finding consistent with our study. Yet, our study revealed that the APOE ε4 allele and a 

cluster of multiple cardiovascular risk factors had an interactive effect on the DTI indices. 

This finding indicates that APOE ε4 may exacerbate the harmful effects of cardiovascular 

risk factors on chronic white-matter degeneration in aging. 

6.5 POSSIBLE MECHANISMS  

Several mechanisms may underlie the associations among cardiovascular risk burden, 

structural brain changes, and cognitive decline in aging (Figure 11). First, arteriosclerosis 

and atherosclerosis can be promoted by cardiovascular risk factors (e.g., smoking, high 

cholesterol, and diabetes), which may predispose for microinfarcts and cerebral 

hypoperfusion, and subsequently lead to vascular and degenerative brain changes that, in 

turn, affect cognitive functioning.218 Second, certain cardiovascular risk factors (e.g., 

hypertension and diabetes) could result in structural brain changes and cognitive decline by 

increasing blood-brain barrier permeability and Aβ deposition.77,219 Third, it is possible that 

vascular dysautoregulation related to cardiovascular risk factors such as smoking, 

hypertension, and diabetes can cause transient reductions in blood flow to white-matter 

watershed areas of vascular supply, which in turn results in transient hyporaemia, 

hypoxaemia, and subtle myelin injury.220,221 Fourth, cerebrovascular disease and 

neurodegenerative lesions represent independent pathological processes in aging that may 

converge to cause cognitive decline.222 Finally, ApoE plays a critical role in transporting lipid 

components that may contribute to building up the myelin sheath. Cardiovascular risk factors 

(e.g., long-lasting hypertension) may lead to ischemia in white-matter tissue,223 and the 

APOE ε4 allele is related to impaired response to cerebral damage.224 Thus, a stronger 

association between cardiovascular risk factors and reduced white-matter integrity is 

observed in carriers of APOE ε4 than in non-carriers.  

 

Figure 11. Potential mechanisms linking cardiovascular risk factors with cognitive decline. 

APOE, Apolipoprotein E gene.

Cardiovascular risk factors 
(e.g., diabetes, hypertension, 
obesity, dyslipidemia) 

Global brain atrophy
(e.g., loss of neurons) 
Cerebrovascular diseases 
(e.g., infarcts and white-matter 
hyperintensities) 
Microstructural white-matter alterations 
(e.g., demyelination and axon impairment)

Cognitive 
decline 



 

 45 

7 CONCLUSIONS 

On the basis of the studies in this doctoral thesis, we conclude:  

 Cardiometabolic risk factors are rather common and often occur concurrently in older 

Swedish people, and that treatment and control of major cardiometabolic risk factors 

needs to be improved (Study I).  

 The associations between cerebral load of WMH and global brain atrophic measures 

are independent of age, cardiovascular risk factors, and the APOE ɛ4 allele (Study II). 

 A higher cardiovascular risk burden may accelerate global cognitive decline in 

aging. Global load of WMH, together with a global atrophic measure of either total 

gray-matter volume or ventricular volume, may largely explain the association 

between the burden of cardiovascular risk factor and cognitive decline (Study III). 

 Cardiovascular risk factors (hypertension, diabetes, smoking, and heavy alcohol 

consumption) are associated with reduced microstructural white-matter integrity, 

which is further linked to faster cognitive decline. The association between 

cardiovascular risk factors and reduced white-matter integrity is reinforced by the 

APOE ε4 allele (Study IV). 
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8 RELEVANCE AND IMPLICATIONS 

Dementia affects memory, thinking, behavior, and daily activities and places substantial 

burdens on caregivers, families, and social care. The World Health Organization identifies 

dementia as a global public health priority, because of the projected increase in the size of the 

aging population in the coming decades and the lack of a cure and effective treatments. If the 

age-specific prevalence of dementia remains stable, the number of dementia cases worldwide 

is predicted to more than quadruple between 2000 and 2050, from 25 million to 114 

million.225 Great efforts have been made to identify potential modifiable risk factors for 

dementia and AD and to postpone the onset of the dementing disorder by targeting those 

factors. A recent clinical intervention study shows that a multi-domain intervention can 

improve or maintain cognitive functioning in at-risk older adults in the general population.226  

      The studies included in this thesis indicate that behavioral and cardiometabolic risk 

factors and the aggregations of such factors are common among older Swedish people, that 

major modifiable cardiovascular risk factors have cumulative effects on cognitive decline in 

aging, and that mixed vascular and degenerative pathologies in the brain largely mediate the 

association between cardiovascular risk factors and cognitive decline. These findings have 

significant implications for early intervention and for health care planners, practitioners, and 

policy-makers regarding the improvement of cardiovascular health and delivery of primary 

care services to older people in Sweden. Moreover, given that cerebrovascular lesions are 

preventable by proper management of major cardiovascular risk factors, intervention 

strategies that target vascular pathways may be effective in slowing cognitive decline in aging 

and thus in postponing the onset of dementia.  

      In summary, this thesis emphasizes: 

 The need for older adults to regularly monitor and properly manage their 

cardiovascular risk profiles.  

 The importance of assessing structural brain abnormalities and cognitive functions 

among older people who carry multiple cardiovascular risk factors. 

 The potential for intervention strategies that reduce cardiovascular risk burden to 

delay the processes of pathological brain aging and cognitive deterioration. 

 The correlation between cerebral microvascular and neurodegenerative lesions, which 

are often considered to represent distinct pathologies, in the process of brain aging. 

 The involvement of both vascular mechanisms and genetic susceptibility in 

microstructural white-matter degradation and cognitive decline in aging.  
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9 GENERALIZABILITY 

Research findings are generalizable when unbiased inferences can be made about a target 

population and these inferences are also relevant to other populations. Generalizability 

includes internal and external validity. Internal validity is determined by study design, 

definition of outcomes, data collection, and proper statistical approaches, and external 

validity by inclusion criteria, exclusion criteria, and the representativeness of the study 

population.227  

      Issues relevant to internal validity, including the definition of health outcomes, 

recruitment of participants, inclusion and exclusion criteria, and data collection, are discussed 

in section 6 of this thesis. In the current section, we focus on the representativeness of the 

study population, which is a key component of external validity. The representativeness of 

the study population is the extent to which the study population is representative of the target 

population or the extent to which the results of the study can be generalized to other 

populations.  

      The SNAC-K participants were a sample of the older adults (≥60 years) living in the 

Kungsholmen district, a geographically defined central area of Stockholm. The 

sociodemographic characteristics of the older people living in this area differ from older 

adults living in other communities in Sweden. For instance, people living in the 

Kungsholmen area are more likely than people elsewhere in Sweden to be pensioners (≥65 

years) and women, have more years of education, have a higher socioeconomic status, and be 

unmarried or divorced.228 Therefore, caution is needed in generalizing our results to younger 

populations (e.g., prevalence of cardiometabolic risk factors varies with age), rural residents 

(e.g., higher premature cardiovascular morbidity may lead to an older population with less 

cardiovascular risk burden than people of the same age in urban areas), populations with low 

socioeconomic position, and people of other genetic background. In addition, SNAC-K MRI 

participants are more likely than people in the total SNAC-K sample to be men, younger, and 

highly educated. These demographic features should be kept in mind when generalizing the 

results of the SNAC-K MRI study to other older populations. 
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10  FUTURE DIRECTIONS 

In this thesis, we provide evidence supporting the hypothesis that cardiovascular risk factor 

burden leads to a faster global cognitive decline through its impact on structural brain 

changes in old age. Further explorations are needed to identify the specific pathways linking 

cardiovascular risk burden to alterations in specific regions of the brain and to decline in 

specific cognitive domains. Furthermore, deeply understanding the modifying effect of 

genetic susceptibility and pharmacological treatments on the links between cardiovascular 

risk burden, pathological brain aging, and cognitive decline will be relevant to developing 

therapeutic and preventive interventions for cognitive decline in aging and for dementia.  

10.1  IMPACTS OF CARDIOVASCULAR RISK BURDEN ON REGIONAL BRAIN 
ALTERATIONS AND SPECIFIC COGNITIVE DOMAINS 

Evidence shows that detrimental brain morphologic alterations in the aging process are 

diverse across brain regions, and morphological changes in certain brain regions can be used 

as a sensitive marker of AD pathology.229,230 For instance, accelerated medial temporal lobe 

atrophy appears to be the earliest indicator of mild cognitive impairment and AD.230 

Therefore, identifying the distinct link between cardiovascular risk factors and regional brain 

morphological loss can provide valuable information to help us better understand the 

pathological mechanisms that lead to vascular brain aging and cognitive dysfunction. In 

addition, a study has shown that cortical changes related to WMH, including regional-specific 

damage and network breakdown, might lead to cognitive decline.231 Thus, further 

investigation is necessary to verify whether and to what extent cardiovascular risk factors 

impact cognitive decline by disrupting specific cortical networks.  

      Alzheimer’s dementia is characterized by a long preclinical period during which deficits 

in specific cognitive domains, such as episodic memory, can be detected.232 Furthermore, 

frontal-striatal systems are preferentially vulnerable to structural brain alterations (e.g., white-

matter lesions and atrophy), and such alterations may trigger mild memory deficits during the 

brain aging process. These deficits are most apparent on tasks that demand high levels of 

processing speed and attention.233 Thus, research on the associations among cardiovascular 

risk factors, structural brain changes, and cognitive decline in specific domains will help us 

better understand brain aging and determine specific pathways that link vascular burden to 

cognitive performance.  

10.2  IMPACTS OF CONTROL OF CARDIOVASCULAR RISK FACTORS AND 
GENE-ENVIRONMENTAL INTERACTIONS ON BRAIN LESIONS AND 
COGNITIVE DECLINE 

Previous studies have shown that pharmacological treatments for cardiovascular risk factors, 

such as antihypertensive therapy, are potentially related to a decreased risk of dementia and 

cognitive decline in old age.234 However, it remains unclear whether pharmacological 

treatment and control of cardiovascular risk factors can decelerate structural brain changes 
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and therefore benefit cognitive function. More research is therefore needed to investigate 

whether the pharmacological treatment and control of cardiovascular risk factors is associated 

with brain morphological changes.  

      The studies in this doctoral thesis reveal that interactions between the APOE ε4 allele and 

cardiovascular risk factors play a significant role in pathological brain aging and cognitive 

decline. Other studies have identified several atherosclerotic-related genes that may be related 

to cognitive decline and dementia, such as the angiotensin-converting enzyme (ACE) gene, 

cholesterol 24-hydroxylase gene, fat mass and obesity-associated protein gene (FTO), and 

insulin-degrading enzyme (IDE) gene. It is thus imperative to explore in the future the role 

of these genetic susceptibility genes in cardiometabolic or atherosclerotic disorders and in 

pathological brain aging. It is also important to explore possible interactions between these 

genetic susceptibility genes, major cardiovascular risk factors, and imaging markers of brain 

pathology as well as the potential relationship between such interactions and cognitive 

deterioration in aging.  

10.3  NEUROIMAGING MARKERS FOR THE PREDICTION OF DEMENTIA 

During the past several decades, various risk scores have been developed to predict long-term 

and short-term risk of dementia and cognitive impairment.235,236 These scores typically 

include demographic characteristics (e.g., age, sex and education), modifiable cardiovascular 

risk factors and related disorders, and major genetic risk factors (e.g., APOE ε4 allele).77,237,238 

Because this thesis and other studies have shown that cardiovascular risk factors may 

accelerate cognitive decline in aging through their impact on brain structure, it would be 

interesting to explore whether a risk index that integrates various MRI markers of mixed 

brain vascular and degenerative pathologies is a powerful predictor of short-term risk for 

dementia or progression from mild cognitive impairment to dementia among older adults. If 

such a risk index can be developed and validated, we will be able to easily identify 

individuals at high risk of dementia or cognitive decline—people who might benefit from 

early therapeutic and preventive interventions. 
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