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1 Introduction 

 

Dementia is a common neuropsychiatric diagnosis in elderly patients[118,168] and 

one of the great challenges of research and public health in this century[125]. 

Epidemiological data show a prevalence of 5-7 % (35.6 million people) in the 

worldwide population and predict a doubling every 20 years[119]. Incidence 

increases remarkably with higher age peaking in the 7th - 8th decade of life [122]. The 

population-based Aging, Demographics, and Memory Study (ADAMS) estimates that 

14 percent of people older than 71 years in the United States of America (USA) suffer 

from dementia[118]. An even higher prevalence is presumed because of a significant 

lack in diagnosis. Epidemiological findings display that only half of the patients 

meeting the criteria of dementia are assessed by a physician[21,84]. Beside the 

importance of its prevalence, the costs of health care for demented individuals are 

another crucial cause highlighting its role. The total amount of health care costs in 

2016 for patients diagnosed with dementia was 236 billion US Dollar in the USA[5]. 

This amount of money makes dementia one of the most expensive chronic diseases 

for our society[65]. 

Dementia is described as a major neurocognitive disorder in the latest issue of the 

Diagnostic and Statistical Manual of Mental Disorders (DSM) criteria [6]. The Clinical 

diagnosis is hallmarked by a decrease in cognitive function as well as by impairment 

in the activity of daily life. Cognitive function is specified as memory, speech, 

judgment, planning, problem solving and other thinking abilities. Activities of the 

daily life are for example cooking, dress oneself and adequate daily personal hygiene. 

The initial symptom is often a malfunction of the short-term memory. Symptoms vary 

and worsen throughout the disease due to the progression of the particular pathology 

into other brain regions. 

On one hand, the clinical symptoms leading to the diagnosis of dementia appear well 

defined and clear. On the other hand, there is a wide variety of manifestations and 

underlying causes of dementia. Alzheimer’s Disease, different types of vascular 

dementia, dementia with Lewy bodies, frontotemporolobar degeneration, Parkinson’s 

disease dementia, Creutzfeld-Jakob disease, normal pressure hydrocephalus and 

other disorders are known to cause the clinical symptoms of dementia[5].  
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To make it even more complicated dementia caused by a single disease-specific 

pathology is rarely seen in the aged human brain[70,83,136]. Many studies show a 

large variety of cerebral pathologies in post-mortem analysis of demented individuals 

combined in the term of mixed pathologies and the clinical equivalent of mixed 

dementia[70,75,120]. Thereby, the assessed pathological lesions can be caused by the 

aforementioned neurodegenerative as well as vascular pathologies. Studies estimate 

that even 18-80 % of primary AD diagnosed cases exhibit additional cerebrovascular 

pathology[61,71,72,75]. However, the effects of this pathological co-occurrence on 

the development of dementia remain not fully clear. Synergistic mechanisms and 

additive effects of especially AD and vascular lesions are discussed by several 

studies[16,75,93]. Convergent vascular and neurodegenerative pathologies and a 

stepwise progress towards dementia in the aged human brain play a crucial role in 

the concept of todays research[75]. In this study, the effect of cerebral co-pathologies 

and its possible mutual impact was analyzed. In the following, I will give a short 

introduction into AD pathology, vascular pathology, and its related lesions. In doing 

so, I will also outline its relevance to the aim of my study, i.e. to clarify the impact of 

vascular lesions in AD. 

 

1.1 Alzheimer’s Dementia 

AD is a progressive, neurodegenerative disease. Alois Alzheimer reported this disease 

for the first time as a “weird disorder of the cerebral cortex” in 1907 [4]. 

Representing an amount of 50-70 % of all demented patients, AD is the most common 

cause of dementia[5,122]. Clinical symptoms include the above-mentioned behavioral 

and cognitive dysfunction. AD patients have an average survival time of 4 to 8 years 

after diagnosis[59,170]. Nonetheless, survival times of 20 years are reported[5]. 

Multiple environmental and genetic risk factors are known to have impact on the 

development of AD. Environmental risk factors are cerebrovascular disease, high 

blood pressure[79,95,157], type-2-diabetes[96,98], extensive bodyweight[51,121], 

smoking[27], and traumatic brain injury[42]. 

The age at onset of dementia plays an important role in the distinction between early-

onset AD (EOAD) < 65 years and late-onset AD (LOAD) > 65 years. EOAD is 

characterized by frequently-occuring primary dominant-inherited mutations either in 

the amyloid precursor protein (APP), presenilin 1 or presenilin 2 genes[122]. LOAD 
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on the other hand is characterized by multifactorial genetic impacts not following a 

Mendelian inheritance. The lipid-binding protein apolipoprotein E (APOE) and its 

isoforms APOE 2, APOE 3, and APOE 4 have impact on AD. Carrying a single allele 

of the APOE 4-allele increases the risk of AD 2-3 times and lowers the age at onset 

for 6-7 years [23,89]. In addition, APOE 4 is known as a risk factor for 

atherosclerosis and a distinct type of cerebral amyloid angiopathy 

[81,82,105,130,153,171]. Thus, the APOE 4-allele is considered to be a vascular and 

AD-related risk factor. It highlights the discussed concept of multiple pathologies and 

the necessity to elucidate further overlaps of dementia-related lesions as done in this 

study. 

The neuropathological changes of AD are hallmarked by protein aggregates of A 

peptide and τ-protein[66,140]. The accumulation of misfolded proteins co-occurs 

with neuron and synapse loss, microgliosis, astrogliosis and extensive gray matter 

atrophy.  

A protein derives from APP, which is cleaved to A by - and γ-secretases [56]. 

Extracellular deposition of amyloid starts in neocortical regions then following a 

predictable hierarchical pattern towards other regions [151]. 

Tau protein aggregates appear as intraneuronal paired helical filaments called 

Neurofibrillary Tangles (NFT) [50]. The paired helical filaments develop from 

somatodendritic accumulations of τ-protein described as pretangles [2]. NFTs are 

related to neuronal degeneration[140]. Different stages of its expansion throughout 

the different brain regions are reported, beginning in the transentorhinal cortex [17]. 

Accordingly, the sequence of brain regions affected by A- and/or τ-protein 

accumulation differ from one another. 

AD-related A plaques and NFTs are both common findings in the aged human 

brain[140]. Accordingly, aggregation of misfolded proteins can be seen not only in 

demented individuals, but also in cases without any cognitive deficits. It is presumed 

that low levels of A and τ-pathology in pre-AD cases are not sufficient to cause 

cognitive symptoms[140].  The imbalance of pathology and clinical outcome in AD is 

another point leading to the hypothesis that there are protein 

interactions[97,111,140,163] and interactions with co-pathologies such as vascular 

lesions [75]. 
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1.2 Vascular dementia 

Vascular dementia is a heterogeneous group of cerebrovascular lesions and their 

underlying vessel disorders leading to cognitive impairment[39]. VaD is the second 

common type of dementia following AD, occurring in about 10-20% of cases [5]. 

Pathological changes in VaD are hallmarked by brain infarction, cerebral hemorrhage 

and white matter lesion[155]. Symptoms correspond to the DSM-5 criteria and can be 

accompanied by motoric dysfunction depending on the affected brain region. VaD 

comprises different types, which are associated with 3 characteristic patterns: 

Multiple infarct dementia, strategic infarct dementia and subcortical vascular 

dementia.    

Multiple infarct dementia is caused by variable, not further specified, types and 

localizations of infarcts. The sum of different infarcts is presumed to lead into 

cognitive decline[53]. The threshold of the manifestation of dementia is suspected to 

be related not only to the apparent vascular lesions. Influencing factors like disrupted 

neuronal connectivity and neuronal homeostasis are discussed[73]. Nevertheless, the 

transmission of underlying mechanisms to clinical symptoms in this concept of VaD 

remains unclear. Essential points of interest are again the distinct impact of the 

convergent vascular lesions and the turning point in the development of dementia. 

Strategic infarct dementia occurs in brain regions that are related to cognitive 

function[158]. The affection of the hippocampus or the paramedian nuclei of the 

thalamus are predicted to lead to this type of VaD[69,146]. In comparison to multiple 

infarct dementia, neither the type of infarct categorized by size nor the number of 

infarcts are supposed to play a role. 

Subcortical vascular encephalopathy (Binswanger’s disease) is characterized by white 

matter lesions (see cerebrovascular lesions). Demyelination, axon loss and lacunar 

infarcts occur in the periventricular and subcortical white matter[155]. The amount 

of white matter lesions being necessary to decompensate cognitive function needs to 

be enlightened. It has been shown that AD-related pathology may cause WML in the 

parietal region[106]. Differing in its origin, distinct impact on dementia is currently a 

matter of discussion. 

Hereafter, a short outline of cerebrovascular lesions and their relation to VaD is 

specified. The most frequent vascular lesions in the elderly brain are infarcts, 
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hemorrhage and white matter lesions[69,155]. Every type of these lesions is 

discussed to play a role in the development of VaD. 

Cerebral infarction is known as an important player for the vascular component of 

dementia[47]. However, the specific associations of types and localization of infarcts 

are discussed controversially[161,167]. Infarcts can neuropathologically be 

categorized by size into macroscopic visible infarcts, sub-classified into large infarcts 

and lacunar infarcts, and microinfarcts (MIs) [49,52]. Especially, the data about the 

relationship between MIs and cognitive dysfunction are inconsistent and require 

further clarification[8,24,75,93,144]. The prevalence of MIs in the elderly brain is 

estimated between 16% and 46%[8,75,93] increasing to 51% in the oldest-old[32]. 

MIs co-occur with AD-pathology and other cerebral lesions in both, demented and 

non-demented individuals[22,54,161]. Nevertheless, some large autopsy studies, 

such as the Honolulu Asia Aging Study[93,166] and others[8,32,74,87], displayed MIs 

to have an independent effect on the development of dementia. Therefore, MIs are 

suspected to play an underestimated role in demented individuals with mixed brain 

pathologies.  

Cerebral hemorrhage represents the extravasation of blood into the unimpaired brain 

parenchyma caused by ruptured vessel walls[155]. It can be either of arterial or 

venous origin. The consequences for a patient affected by cerebral hemorrhage differ 

in a wide range. They can reach from life threatening transtentorial herniation in the 

context of large bleedings to small microbleeds with an affection only of the 

perivascular space [40,60]. The impact of microbleeds on dementia remains unclear 

and unpredictable although its relation to dementia-associated vascular pathologies 

like CAA and SVD has been shown[49,155].  

White matter lesions are non-necrotic changes localized in the deep white matter of 

the brain. The lesions are frequent findings in MRI studies of elderly demented and 

non-demented individuals[134]. Nevertheless, it is also the characteristic vascular 

lesion of subcortical vascular encephalopathy[155]. WML are supposed to be caused 

mainly by small vessel disease[38,145]. An association to neurodegenerative 

pathology is presumed as WML and SVD were shown to be frequent co-pathologies in 

Pick’s disease[152] and an association of parietal WML with AD pathology was 

found[106]. 

Vascular lesions can be, like AD pathology, a cause of dementia[39,85]. Both 

pathological changes are highly prevalent in the aged human brain and usually co-
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occur [20,75,140]. However, infarcts, hemorrhage and WML can be seen also in non-

demented individuals. Since post-mortem diagnosis of dementia determined to a 

single pathology is rarely seen [75], it is tempting to speculate that AD-related 

amyloid plaques and NFTs may have additional impact on the development of 

dementia in cases with vascular lesions. The question arises to what extent the 

pathologies have impact on one another.  

 

1.3 Degenerative vessel disorders 

The impact of brain infarction appears to be coupled with the underlying vessel 

disorders. The three most important degenerative vessel disorders in the brain are 

[47,74,129]: Atherosclerosis, small vessel disease and cerebral amyloid angiopathy. 

Atherosclerosis (AS) is a degenerative vessel disorder of large and medium sized 

arteries. Vascular changes are hallmarked by intima proliferation and accumulation 

of blood-derived lipids and proteins [91,92,141,142]. Cerebral atherosclerotic 

plaques occur frequently in the Circle of Willis and increase in severity and expansion 

with age [14,86]. AS is reported to be a possible cause of large infarcts, either in the 

event that a ruptured plaque gives rise to an occluding thrombus at its site or in the 

event that an AS-plaque-derived embolus occludes smaller downstream vessels 

[49,103]. Potential interplay between AS and AD is currently matter of discussion 

[14,63,128,174]. It has been shown that both pathologies have common risk factors: 

Hypertension, high level of blood-homocysteine, smoking, obesity and diabetes 

[3,63,122,128,174]. Moreover, the aforementioned APOE 4-allele is associated with 

both pathologies[82,105,107,130,171]. Nevertheless, the question arises whether this 

represents a mechanistic link or just a coincidental finding. 

Small vessel disease (SVD) includes 3 different histopathological subtypes whereby all 

of them affect small arteries and arterioles: Small artery atherosclerosis, 

lipohyalinosis, and arteriolosclerosis[49]. The pattern of distribution for SVD-related 

vascular changes into different brain regions allows the distinction of three 

histopathological stages of SVD expansion[148]. SVD occurs first in the basal ganglia 

and then spreads out into other brain regions. Hypertension and diabetes are known 

to be major risk factors for SVD[49,90]. As for AS, an association of SVD with the 

APOE 4 allele has been reported, but it is discussed controversially[171]. Cerebral 

lesions linked to SVD are lacunar infarcts, MIs, hemorrhage and microbleeds[28,161]. 
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Sporadic cerebral amyloid angiopathy (CAA) is characterized by amyloid -protein 

deposits in the wall of leptomeningeal and cerebral vessels [45]. Arteries, arterioles, 

veins, venules, and capillaries are affected by vessel wall changes including the A-

protein. This A protein in CAA is identical with that found in senile plaques in AD 

[11,49,127,140].  Sporadic CAA is strongly associated with AD pathology. 80-100 % of 

all AD cases exhibit CAA[12,13,154]. The CAA-induced vessel wall destruction can 

lead to cerebral hemorrhage, cerebral infarction and CAA-related 

angiitis[26,78,101,102]. 

A previous study has shown that two types of CAA can be distinguished[153]. CAA-

type 1 and type 2 are differentiated by the presence or absence of capillary affection 

by A deposits. CAA-type 1 is characterized by A deposition in capillaries, usually in 

addition to CAA of larger brain vessels. It is strongly associated with the APOE 4 

allele [153,154]. CAA-type 2 represents cases with CAA in large vessels, but without 

capillary involvement. CAA-type 2 is not associated with carrying an APOE 4 allele. 

The significance of the terms CAA-type 1-related type of AD and CAA-type 2-related 

type of AD is discussed in several studies [49,156]. It is tempting to speculate that 

capillary CAA plays an underestimated role in cerebral lesions, as it has been shown 

to cause vessel occlusion and bloodflow disturbances[156].   

On the one hand, CAA is part of the AD spectrum of diseases, as its underlying 

mechanism belongs to neurodegenerative protein deposition pathology. On the other 

hand, CAA has impact as a vessel disorder leading into cerebrovascular lesions. Thus, 

the question arises whether CAA or a given type of CAA has an additional, vessel 

pathology-related impact on cognitive symptoms. 
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1.4 Objectives 

In order to answer the resulting questions about interactions and additive effects 

between AD and cerebrovascular pathologies, I investigated a sample of 212 human 

autopsy cases. The principal aim was to clarify the impact of cerebrovascular lesions 

on dementia in the context of multiple cerebral co-pathologies. To approach this aim 

scientifically the following objectives were set to be addressed: 

 

I. The determination of the role of size, type, and distribution of brain infarcts on 

the degree of dementia. 

II. The analysis of the association between infarcts (size, type, distribution) and 

vessel disorders to identify distinct types of infarcts and its related vessel 

disorders. 

III. The determination of the impact of distinct brain infarcts on AD-related 

pathology and dementia. 

IV. The identification of additive or synergistic effects in the interaction of 

cerebrovascular and neurodegenerative lesions in dementia. 

 

By addressing these objectives, this study will contribute to the understanding of 

dementia due to multiple degenerative pathologies in the human brain.  
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2 Materials and Methods 

2.1 Buffers and reagents 

Table 1: Tris-buffered saline (TBS), pH 7.6 

Used for tissue preparations, HCl: Hydrogen chlorid, NaCl: Sodium chloride, H20: 

hydrogen oxide (water), mM: Millimolar 

Components Concentration/Amount Company 

Tris-HCl 20 mM Merck, Darmstadt, 

Germany 

NaCl 150 mM  Merck, Darmstadt, 

Germany 

H20 To 1 liter Millipore GmbH, 

Schwalbach, Germany 

 

Table 2: Phosphate-buffered saline (PBS), pH 7.6 

 Used for tissue preparations, KCl: Potassium chloride, KH2PO4: Potassium 

dihydrogen phosphate, NaCl: Sodium chloride, Na2HPO4 .2H2O: Disodium hydrogen 

phosphate dehydrate, H2O: hydrogen oxide (water), mM: Millimolar  

KCl 2.7 mM Merck, Darmstadt, 

 Germany 

KH2PO4 1.46 mM Merck, Darmstadt, 

Germany 

NaCl 137 mM Merck, Darmstadt, 

Germany 

Na2HPO4 .2H2O 8.1 mM Merck, Darmstadt, 

Germany 

H2O To 1 liter Millipore GmbH,  

Schwalbach, Germany 
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Table 3: Reducing solution for immunohistochemical staining in my study 

H202: Hydrogen peroxide, TBS: Tris-buffered saline, M: Molar 

Methanol  10% Merck, Darmstadt, 

Germany 

H202 30% Sigma-Aldrich, 

Taufkirchen, Germany 

in TBS, pH 7.6 0.05 M See Table 1 

 

Table 4: Blocking solution for immnohistochemical staining in my study 

 BSA: Bovine serum albumin, M: Molar 

DL-Lysine 0.1 M Sigma, Taufkirchen,  

Germany 

Triton-X 0.25% Sigma, Taufkirchen,  

Germany 

in BSA 10% Sigma, Taufkirchen,  

Germany 

 

Table 5: Reagents used for immunohistochemistry in my study 

Component  Company 

Bovine Serum Albumine (BSA) standard Thermo Fisher Scientific, Waltham, MA, 

USA 

Formic acid  Applichem, Darmstadt, Germany 

Avidin-Biotin Complex (ABC-Complex) ABC-Kit, Vector Laboratories, 

Burlingame, CA, USA 

3,3’-Diaminobencidine(DAB) Merck, Darmstadt, Germany 
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Table 6: Components of the physical developer for Campbell Switzer staining and 

Gallyas silver staining  

Na2CO3: Sodium carbonate, H2O: hydrogen oxide (water), NH4NO3: Ammonium 

nitrate, AgNO3: Silver nitrate, H₄(Si(W₁₂O₄₀)).26H2O: Tungstosilicic acid, g: Gramm, l: 

Liter, ml: Milliliter 

Components  Concentration/Amount Company 

A:   

Na2CO3  50 g Merck, Darmstadt,  

Germany 

H2O  To 1 l Millipore GmbH,  

Schwalbach, Germany 

B:   

NH4NO3  2 g Merck, Darmstadt,  

Germany 

AgNO3  2 g Merck, Darmstadt,  

Germany 

H₄(Si(W₁₂O₄₀)).26H2O  10 g Merck, Darmstadt,  

Germany 

H2O  To 1 l Millipore GmbH,  

Schwalbach, Germany 

C:   

NH4NO3  2 g 

 

Merck, Darmstadt,  

Germany 

AgNO3  2 g Merck, Darmstadt,  

Germany 

H₄(Si(W₁₂O₄₀)). 

26H2O 

 10 g Merck, Darmstadt,  

Germany 

Formol  10%, 7.3 ml Sigma-Aldrich,  

Taufkirchen, Germany 

H2O  To 1 l Millipore GmbH,  

Schwalbach, Germany 
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Table 7: Components of the Campbell Switzer staining silver staining solution  

AgNO3: Silver nitrate, C5H5N: Pyridine, K2CO3: Potassium carbonate, ml: Milliliter 

Component Concentration/Amount Company 

AgNO3 1%, 60 ml Merck, Darmstadt, 

Germany 

C5H5N 5 ml Merck, Darmstadt, 

Germany 

K2CO3 1%, 45 ml Merck, Darmstadt, 

Germany 

 

Table 8:  Components of the Gallyas staining silver iodide solution  

NaOH: Sodium hydroxide, H2O: hydrogen oxide (water), AgNO3: Silver nitrate, g: 

Gramm, ml: Milliliter 

Component Concentration/Amount Company 

NaOH 4 g Merck, Darmstadt, 

Germany 

H2O In 50 ml Millipore GmbH, 

Schwalbach, Germany 

Potassium iodide 10 g Merck, Darmstadt, 

Germany 

AgNO3 1%, 3.5 ml Merck, Darmstadt, 

Germany 

H2O In 100 ml Millipore GmbH, 

Schwalbach, Germany 
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Table 9: Reagents used for Campbell Switzer staining and Gallyas staining  

H5IO6: Periodic acid, C2H2O2: Acetic acid, AuCl3: Gold chloride, Na2S2O3.5H2O: Sodium 

hydrate 5  

Component Concentration/Amount Company 

H5IO6 5% Sigma-Aldrich, 

Taufkirchen, Germany 

C2H2O2 0.5% Sigma-Aldrich, 

Taufkirchen, Germany 

AuCl3 0.1% Merck, Darmstadt, 

Germany 

Na2S2O3.5H2O 1% Merck, Darmstadt, 

Germany 

 

Table 10: Components of the initial Aldehydfuchsin solution  

C2H6O: Ethanol, HCl: Hydrogen chloride, C4H6O: Crotonaldehyde, g: Gramm, ml: 

Milliliter 

Component Concentration/Amount Company 

Pararosaniline 0.5 g Serva, Heidelberg, 

Germany 

C2H6O 70%, 100 ml Sigma-Aldrich, 

Taufkirchen, Germany 

HCl 1 ml Applichem, Darmstadt, 

Germany 

C4H6O 1 ml Merck, Darmstadt, 

Germany 
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Table 11: Reagents used for Aldehydfuchsin Darrowred staining 

Component Company 

Formic acid Applichem, Darmstadt, Germany 

Propanol Sigma-Aldrich, Taufkirchen, Germany 

Hydrogen peroxide Fischar, Saarbrücken, Germany 

Permanent Red DAKO, Glostrup, Denmark 

Sodium acetate Merck, Darmstadt, Germany 

Glacial acetic acid Sigma-Aldrich, Taufkirchen, Germany 

Permount™ Slide mounting medium  Fisher Chemical, Pittsburgh, USA 
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2.2 List of Antibodies 

Table 12: Antibodies used for the detection of  amyloid deposition, neurofibrillary 

aggregates, and pTDP-43 pathology in this study 

MS: Mouse, IgG: Immunoglobulin G, IHC: Immunohistochemistry, A: Amyloid  

peptide, pTDP-43: Phosphorylated transactive response deoxyribonucleic-acid-

binding protein 43 kiloDalton, pS: Phosphoserine, CA: California 

Antibody Detection of Clone/Name, 

Distributor 

Dilution, 

pretreatment for 

IHC 

Anti-A17-24 A1-40/42 4G8, Covance, 

Dedham, USA 

1:5000, formic 

acid pretreatment 

Anti-human 

abnormal 

phosphorylated 

Tau  

Abnormal 

phosphorylated  

τ-protein 

AT-8, Pierce-

Endogen, USA 

1:1000 formic acid 

pretreatment 

Anti-MS-IgG Mouse IgG Biotin-labeled goat 

anti-mouse-IgG, 

Vector 

Laboratories, 

Burlingame, CA, 

USA 

1:200 

Anti-pTDP-43 pTDP-43 pS 409/410-2, 

Cosmo Bio Co., LTD, 

Tokyo, Japan 

1:10 000, 

microwave oven 

pretreatment 

Anti-Rabbit-IgG Rabbit IgG Biotin-labeled goat 

anti-rabbit-IgG, 

Vector 

Laboratories, 

Burlingame, CA, 

USA 

1:200 
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2.3 List of equipment  

Table 13: List of equipment utilized in this study 

Instrument Name of product Company 

Table centrifuge Mikro 200 Hettich Zentrifugen, 

Tuttlingen, Germany 

Magnetic stirrer MR Hei Standard Heidolph Instruments, 

Solingen, Germany 

Microscope Olympus BX 51 light 

microscope 

Olympus, Shinjuku, Tokio, 

Japan 

Camera Leica DC 500 Leica, Bersheim, Germany 

pH meter pH-meter 210 Hanna Instruments, Kehl 

am Rhein, Germany 

Thermomixer Thermomixer 5436 Eppendorf, Hamburg, 

Germany 

Vortex VM 3000 mini Vortexer Henry Troemner LLC, NJ, 

USA 

Shaker SM-30 Edmund Bühler GmbH, 

Hechingen, Germany 

Roller mixer Stuart SRT6 Bibby Scientific, 

Staffordshire, UK 

Automatic stainer HMS 760 X MICROM, Walldorf, 

Germany 

Embedding film ACLAR® Film TED Pella Inc., Redding, 

CA, USA 

Microtome  BioCut 2030 Rotary 

Microtome 

Leica Reichert-Jung, 

Depew, NY, USA 
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2.4 List of software  

Table 14: List of software utilized in this study 

Software Company 

Axiovision AC 4.2 image analysis 

software 

Carl Zeiss Lichtmikroskopie, Göttingen, 

Germany 

ImageJ, Imaging Processing and Analysis 

Software 

National Institutes of Health, Bethesda, 

MD, USA 

Leica FireCam Software Leica, Bersheim, Germany 

Leica TCS Software Leica Bersheim, Germany 

GNU Image Manipulation Programm 2.8 The GIMP Development Team, Berkeley, 

USA  

SPSS Statistics 21 SPSS, Chicago, IL, USA 

Microsoft Office Microsoft, CA, USA 

 

2.5 Clinical assessment 

212 human brains from autopsy cases of both genders, 127 males and 85 females, 

were investigated. The sample had an average age of 69.7 years ± 11.2 SD ranging 

from 45 years to 98 years. 

2.5.1 Brain bank  

For this study, human brain tissue and clinical data were used from the brain bank of 

the University of Ulm. The recruitment of cases in my study was performed in 

accordance with positive votes from the ethical committee of the University of Ulm 

(Ethikantragsnummer 54/2008, 86/2013). Patients died in municipal or university 

hospitals in Germany (Bonn, Offenbach, Ulm) or the Netherlands (Enschede).  

2.5.1.1 Inclusion and exclusion criteria 

Only autopsy cases with an age of 45 years or older were included. No pre-selection 

was made regarding the stage of cognitive function. Cases without affection of 

cognitive function as well as cases with confirmed dementia or mild cognitive 

impairment were included. Cases with acute and unclear quantitative or qualitative 

cognitive dysfunction were excluded. Vascular lesions were no primary criterion of 

inclusion. As the assessment of vascular lesions is one of the aims of this study, cases 

with and without vascular pathology were included. A limiting criterion of inclusion 
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was the availability of brain tissue. The cases studied here were previously included 

in other studies under different aspects. 

Some non-degenerative diseases of the central nervous system and severe inherited 

familiar diseases are known to lead into acute or chronic cognitive dysfunction. Cases 

affected by these diseases were excluded because of its bias to our investigations of 

dementia-driving processes in the aged human brain. In so doing, cases with familial 

AD, Down syndrome, Creutzfeldt-Jakob Disease, familial CAA, and inflammatory 

diseases of the brain or its vessels were not included. Exclusion criteria were also 

large brain tumors, large hemorrhage, vascular malformations, and severe head 

trauma [58].  

2.5.1.2 Clinical examination and assessment of cognitive function 

Patients had been examined 1 to 4 weeks prior to death by different clinicians 

according to standardized protocols. “The protocols included an overview assessment 

of cognitive function and recorded the ability to care for oneself and to get dressed, 

eating habits, bladder and bowel continence, speech patterns, writing and reading, 

short-term and long-term memory, and orientation within the hospital setting” [58]. 

“These data were used to retrospectively assess the clinical dementia rating (CDR)-

scores for each patient “ [58,64]. 

The CDR-score is an interdisciplinary used, global rating scale for the clinical staging 

of dementia. The assessment includes not only psychometric data, but also changes 

and abnormalities in behavior. Therefore, the rating encounters six categories, each 

of them graded for distinct affection and severity in dementia: Memory, orientation, 

judgment and problem solving, community affairs, home and hobbies, and personal 

care. The psychometric and behavioral analysis was assessed in relation to the 

cognitive function and past performance of each case and not the general population. 

Each category is graded in: 0= no cognitive decline, 0.5= mild cognitive impairment, 

1= mild dementia, 2= moderate dementia, 3= severe dementia. Categories were 

summarized in one overall CDR-score[64]. All available information was used to 

judge each category separately. In the event that the given data were insufficient for 

reliable judgment, no CDR was assessed. 

The CDR-score was chosen for the assessment of dementia in this study because of a 

number of advantages compared to other tests. First of all, the CDR was declared as 

one of the best-evidenced scales for the assessment of dementia in review articles 

over the last years[29,124]. Additionally, the CDR compared to standard 
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psychometric tests like the „Mini Mental Status Test“ offered a second dimension of 

dementia assessing also behavioral changes. The testing also provided a good 

feasibility for retrospective assessment as the use of items from collateral sources 

such as the clinical file and its correlation to the CDR has been tested [64]. 

Furthermore, the CDR –score is one out of three staging scales being validated against 

biomarker studies [124]. Decreased glucose utilization in brain regions was shown to 

be associated to the CDR [41,133]. 

 

2.6 Macroscopic neuropathological analysis 

Tissue was fixed in 4% aqueous solution of formaldehyde. Macroscopically, the brains 

were cut into 1cm cross-sections along the axis of Forel for the forebrain and along 

the axis of Meynert for the brainstem, and cerebellum. The cross-sections were 

inspected separately by two investigators (Moritz Hecht, Dietmar Rudolf Thal). A 

macroscopic neuropathological examination including the distribution of large and 

lacunar infarcts as well as the expansion and severity of atherosclerosis in the circle 

of Willis, if preserved after autopsy, was performed for each case [58].   

2.6.1 Large infarcts and lacunar infarcts 

In this study, an infarct was defined as an area of ischemic necrosis caused by 

insufficient blood supply of either an arterial or venous pathogenesis. Macroscopic 

infarcts were further subclassified by size into large and lacunar infarcts: Large 

infarcts with a diameter of more than 1 cm and lacunar infarcts with a diameter in 

between 1cm and 0.5 cm [52,155]. Macroscopic infarcts (large and lacunar infarcts) 

were determined according to the following criteria: 1) demarcated softened area of 

brain tissue in comparison to unaffected tissue in other regions, 2) lesions that 

respect distinct vessel territories, 3) in the event of older infarcts, signs of resorption, 

gliosis and detection of pseudocystic cavities, 4) tissue lesions representing either the 

pattern of anemic or hemorrhagic infarcts. In anemic infarcts, tissue had a pale 

appearance whereas hemorrhagic infarcts were marked by extravasation of blood 

into the area of necrosis by collateral blood supply. The precise anatomical   

localization of infarcts was assessed. 

2.6.2 Brain volume and percentage of infarcted brain tissue 

Cases affected by large and lacunar infarcts were further investigated according to a 

standardized protocol for the assessment of macroscopic infarcts to stereologically 
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determine the brain volume and the volume of infarcted brain tissue [58]. As above-

mentioned, brains were cut into 1 cm cross-sections. The cross-sections were 

documented photographically. A digital camera was used for photographic 

documentation. The calculation of the different volumes needed three dimensions, 

one of them being the thickness of 1cm of the sliced cross-sections. The two other 

dimensions were assessed calculating the area of each cross-section. 

  

 

Figure 1: Cross-sectional brain slabs from the frontotemporal to parietal region of a 

47 years old women of my cohort with a large infarct of the right middle cerebral 

artery, yellow line: the yellow lined area was measured with the ImageJ photo 

analysis software for the stereological assessment of the brain volume, red line: 

framed area of infarction in the vessel territory of the right middle cerebral artery. 

 

The area was measured in a relative manner using the ImageJ photo-processing 

program (Figure 1). The area of each cross-section was multiplied by the factor 1 for 

the thickness of the slabs. Finally, the volumes of the cross-sections were summed up 

to a total brain volume. Accordingly, the area of infarction was measured in the cross-
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sections. The same photographic documentation sets were used as for determining 

the total brain volume. If infarcts were located in more than one cross-section and 

visible throughout both sites of the marginal sections, the multiplier for the thickness 

was the number of cross-sections, in which the infarcts were represented. In the 

event that infarcts were located in more than one cross-section, but affected not the 

full thickness of the marginal cross-sections, these sections were estimated with the 

multiplier of 0.5 for the thickness. In the event that lacunar infarcts were detected, 

the multiplier for thickness was also 0.5. These adaptations were made regarding the 

above-mentioned classification of infarcts by size [155]. The percentage of infarcted 

brain tissue of the total brain volume was calculated as follows: 

                                   
                         

                   
. 

2.6.3 Detection of atherosclerosis in the circle of Willis 

Atherosclerosis in the circle of Willis was assessed in two categories: Expansion and 

severity [91]. The circle of Willis was dissected and investigated. A total amount of 11 

arteries were examined: left and right vertebral arteries, basilar artery, left and right 

posterior cerebral arteries, left and right middle cerebral arteries, left and right 

internal carotids, and left and right anterior cerebral arteries. In the event that the 

circle of Willis was incompletely presented after autopsy only the present vessels 

were assessed.  

The extent of AS in circle of Willis was addressed by examining the above-mentioned 

vessels for the affection by macroscopically visible atherosclerotic plaques. The 

assessment was not influenced by size of plaques. The number of affected vessels by 

atherosclerotic plaques was related to the total number of analyzed vessels. In a last 

step, the expansion of AS was calculated as percentage of affected vessels: 

                                                      
                           

                          
.  

The severity of atherosclerosis in the circle of Willis was determined by evaluating 

the relative size and the number of plaques in the vessels. 3 grades for the 

macroscopic detection were distinguished [91]: 0= no detectable AS plaques; 1= a 

number of 3 or less AS plaques, none of them being concentric; 2= at least one artery 

affected by more than 3 AS plaques, no concentric plaques; 3= concentric plaques. 
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2.7 Microscopic neuropathological analysis 

Tissue blocks were excised for microscopic examination from the frontal lobe, the 

parietal lobe, the cingulate gyrus, the occipital lobe, the hippocampus, the entorhinal 

cortex, the hypothalamus, the basal ganglia, the amygdala, the basal nucleus of 

Meynert, the thalamus, midbrain, pons, medulla oblongata and cerebellum. The 

blocks were embedded in paraffin and microtomed at 3 μm. Different 

histopathological and immunohistochemical stainings were used for the assessment 

of neurodegenerative pathology, vessel disorders and microinfarcts.  

2.7.1 Stainings 

Hematoxylin and Eosin staining was used for the staging of SVD, the detection of MIs 

and neuropathological diagnosis. Staining was performed with an automatic stainer 

(MICROM HMS 760 X, Walldorf, Germany). After deparaffinization with xylene and 

ethanol in a descending concentration, slices were stained with Hematoxylin. 

Thereafter a rinsing step using deionized water and ethanol 95% was performed. The 

sections were then counterstained with Eosin. In a final step, sections were 

dehydrated and cleared with ethanol (95%, 100%) and xylene before being mounted. 

Aldehydfuchsin-Darrow red staining was used for the same purpose, highlighting 

lipofuscin pigment and Nissl material. Microscopic sections were stained as follows: 

The initial aldehydfuchsin- solution (Table 10,11) was prepared 1 week prior to the 

staining process. The solution had to incubate one week and was then used for 

staining during the week after. Slices were deparaffined in xylene 3 times for 10 min 

and then treated in a descending ethanol series (100%, 96%, 70%) for 5 min each. 

Tissue was treated next with a solution of concentrated formic acid and hydrogen 

peroxide 30% in a ratio of 9:1 for 4-5 hours (= performic acid). Sections were rinsed 

in ethanol 70% 2 times before a 12-hour incubation in an aldehydfuchsin staining 

solution composed as follows: 400ml of ethanol 80%, 40 ml concentrated formic acid, 

4.8 ml of the initial aldehydfuchsin solution (Table 10) and 2 ml of performic acid 

(added after the filtration of three primary components).  The initial solution of 

Darrowred, composed as follows, was prepared for the next day: 0.5g permanent red, 

24 mg glacial acetic acid and 1976 ml of deionized water (Table 11). The sections 

were incubated overnight and then washed with ethanol 70 % 2 times. They were 

treated for 30 min with the previously prepared Darrowred-solution of 320 ml initial 

Darrowred solution and 80 ml sodium acetate (0.2 mol= 27.20 g in 1000 ml deionized 
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water). Then, the sections were rinsed in ethanol solutions of increasing 

concentration (70%, 96%, 2x 100%). Slices were treated then two times in xylene for 

5 min and 10 min. They were mounted with Permount TM Mounting Medium in the 

last step.  

The Campbell –Switzer silver impregnation method was used for the detection of A 

deposits [19]. Slices were deparaffined in xylene 3 times for 10 min and then treated 

in ethanol solutions of decreasing concentration (100%, 96%, 70%) for 5 min each 

with a final 5 min washing step in deionized water. Sections were incubated next in 

the Campbell-Switzer silver staining solution (Table 7) for 40 min on a shaker. Then, 

they were treated with acetic acid 0.5% 2-3 times for 5 min each. The solution for the 

physical development of the Campbell-Switzer and Gallyas staining techniques (Table 

6) was prepared for the next step. Sections were incubated in this solution for 20 min. 

A treatment with acetic acid 0.5% 2-3 times for 5 min each was performed next. Then, 

sections were treated with sodium thiosulfate 1% for 5 min, gold chloride 0.1% for 5 

min and sodium thiosulfate 1% for 5 min. Each step was combined with a rinsing step 

in deionized water for 5 min. A treatment with xylene was performed 2 times for 5 

min each. The sections were mounted with Permount™. A deposits were displayed 

dark black-brown colored against a pale background creating optimal conditions for 

diagnosis. 

The Gallyas silver staining was used for the detection of neurofibrillary changes 

[18,19]. Paraffin sections were deparaffined in xylene 3 times for 10 min and then 

treated in ethanol solutions of decreasing concentration (100%, 96%, 70%) for 5 min 

each with a final 5 min step in deionized water. An incubation of 10 min in periodic 

acid 5% was performed followed by a rinsing step in deionized water of 1 min. Slices 

were incubated then for 1 minute in the Gallyas staining silver iodide solution (Table 

8). Acetic acid 0.5% was used for the next 3 treatment steps for 1 min each. Sections 

were incubated next for 20 min in the physical developer solution for Campbell-

Switzer and Gallyas staining (Table 6). The subsequent steps for the Gallyas staining 

were performed analogous to that of the Campbell Switzer staining protocol. NFTs 

appeared dark silver colored against a pale background whereas normal structures 

were not stained. 
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2.7.2 Immunohistochemistry 

Neurofibrillary changes were detected also with an antibody directed against 

abnormal phosphorylated τ-protein [17] (Table 12). The antibody was diluted in 

phosphate buffered saline to stain the formalin-fixed, paraffin embedded cerebral 

tissue (Table 2). 

In addition to the Campbell-Switzer silver impregnation method, A deposits were 

detected with an antibody raised against A17-24 (Table 12). The antibody was used 

solubilized in phosphate buffered saline (Table 2).  

Phosphorylated TDP-43 exhibiting pathological changes were detected with a 

polyclonal antibody (Table 12). In contrast to formic acid pretreatment in A -and τ- 

protein immunohistochemistry, tissue was exposed to microwave pretreatment at 

90° Celsius for 10 min in PBS (Table 2). 

Immunohistochemistry was carried out with the above-mentioned antibodies using 

the following protocol after deparaffinization: Incubation in hydrogen peroxide, 

methanol enriched PBS for 30 min at room temperature (Table 3) was performed to 

block endogenous peroxidase activity. A formic acid pre-treatment for 3 min was 

performed in the next step. Thereafter, sections were incubated for 90 minutes with 

bovine serum albumin (Table 4) to block unspecific protein binding. The above-

mentioned primary antibodies were then applied in a dilution as listed in table 12, for 

24 hours at room temperature. The primary antibodies were detected with a biotin-

labeled goat anti-mouse IgG antibody or a biotin-labeled goat anti-rabbit antibody 

(Table 12) diluted in a buffering solution of BSA 10% and TBS (ratio 1:4)  (Table 1, 5). 

The time of incubation was 90 minutes. The biotinylated secondary A were 

visualized with the ABC-complex method (Table 5) with diaminobencidine-HCl as 

chromogen. 7 mg DAB was solubilized in 10 ml of Tris-HCl+ 6.3 μl hydrogen peroxide 

0.3% per ml.  

Positive and negative controls were included for all immuno-stainings. Slices were 

viewed with an Olympus BX 51 light microscope and digital photographs were taken 

with a Leica DC 500 camera. 

2.7.3 Assessment of AD pathology 

Neurofibrillary changes were assessed using the Gallyas silver staining (see stainings) 

and/or immunohistochemistry against an antibody directed against abnormal 

phosphorylated τ-protein (AT-8, see immunohistochemistry) [18,19]. Neuritic 
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plaques were investigated using the Gallyas staining (see stainings) and/or the AT-8 

immunostaining. Aβ deposits were diagnosed using the Campbell-Switzer silver 

impregnation method [19] (see stainings) and/or an antibody directed against Aβ 

(4G8, Table 12). 

The assessment of neurofibrillary changes, Aβ deposits and neuritic plaques was 

done regarding the published criteria for the postmortem diagnosis of Alzheimer’s 

disease [18,19,66,67,108]. 

Neurofibrillary tangles were determined as intraneuronal aggregates of 

hyperphosphorylated and misfolded tau [137]. Additionally, extracellular misfolded 

tau was detected within ghost tangles. AD-related neurofibrillary changes were 

classified according to the six stages as published by Braak and Braak in 1991 [19]. In 

addition to the Braak and Braak staging of neurofibrillary tangles, data was 

transformed into the B-score proposed by the National Institute of Aging-Alzheimer’s 

Association Guidelines[66] (Table 15).  
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Table 15: Staging for AD-related neurofibrillary changes based on Braak and Braak 

in 1991 [19] as assessed in this study, B-Score for neurofibrillary changes proposed 

by the national institute of health and Alzheimer Association (NIH/AA) guidelines for 

the assessment of AD [66],  

AD: Alzheimer’s disease 

Braak stage B-Score Affected brain regions 

I  

         

       1 

      

Detection of hyperphosphorylated tau in the 

transentorhinal region. 

II Expansion of the neurofibrillary changes into the 

entorhinal cortex 

III  

 

         

       2 

Lesions were detected in the neocortical region of the 

fusiform and lingual gyri, additionally the changes 

detected in previous stages became more severe 

IV Hyperphosphorylated tau appears in a majority of the 

neocortical association areas, occipital regions are rarely 

involved, findings from stage I, II, III became more 

pronounced. 

V  

 

 

 

       

      3 

Further expansion of the tau pathology into the frontal, 

occipital and superolateral region reaching the occipital 

region leaving primary cortical areas unaffected, the 

changes seen in lower stages increased in density. 

 

VI Affection of secondary and primary neocortical areas and 

the striate region by tau pathology. 

 

Neuritic plaques were defined as extracellular A deposits in the center of dystrophic 

neurites [137]. Synapse loss, reactive astrocytes and microglial activation were 

frequent findings in these plaques [104,147]. The assessment of neuritic plaques was 

performed according to the scoring system of the Consortium to Establish a Registry 

of AD (CERAD) [108]. Neuritic plaques were classified by the density of τ-positive 

dystrophic neurites containing plaques visualized immunohistochemically with an 

antibody directed against abnormal τ. The frontal lobe, temporal lobe, parietal lobe, 

occipital lobe, entorhinal cortex, and hippocampus were investigated to assess the 
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amount of plaque density. The scoring system was graded in three stages: C 0 no 

neuritic plaques, C 1 CERAD score sparse, C 2 CERAD score moderate, C 3 

CERAD score frequent. 

The third variable for the neuropathological assessment of AD proposed by the NIH 

criteria was the expansion of A amyloidosis into different brain regions. The 

involvement of different brain regions following a hierarchical pattern in concert with 

the progression of A pathology was first described by Thal et al in 2002 [151]. These 

phases of A pathology expansion in the human brain were transformed into A-

scores in accordance with the NIH/AA guidelines [66].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 28 

Table 16: Phases of A amyloidosis in different brain regions in AD as assessed in 

this study, based on Thal et al. in 2002 [151]. A-Score for A deposition proposed by 

the national institute of health and Alzheimer Association (NIH/AA) guidelines for the 

assessment of AD [66].  

AD: Alzheimer’s disease 

A phases of Thal A-Score Affected brain regions 

1  

 

       1 

A was detected only in the frontal, temporal, 

parietal and/or occipital regions of the neocortex. 

2 In addition to phase 1, occurrence of A deposits in 

the entorhinal region, CA1 and/or the insular cortex. 

Thal et al described an infrequently affection of the 

amygdala, the cingulate gyrus, the presubicular 

region, the molecular layer of the fascia dentate in 

this phase. 

3  

      2 

In addition to phase 2, diencephalic nuclei, the 

striatum, and the cholinergic nuclei of the basal 

forebrain are involved in A pathology. 

4  

 

 

     3 

In addition to phase 3, exhibition of A deposits in 

the inferior olivary nucleus, the reticular formation 

of the medulla oblongata and/or the substantia nigra. 

5 In addition to phase 4, the reticular formation of the 

pons, the pontine nuclei, the central and dorsal raphe 

nuclei, the locus coeruleus, the parabrachial nuclei, 

the dorsal tegmental nucleus, the reticulotegmental 

nucleus of the pons, and/or the cerebellum were 

affected by A deposition. 

 

2.7.4 Hippocampal sclerosis 

Cases were investigated for pTDP-43-related hippocampal sclerosis to avoid a 

possible bias in our findings for allocortical MI and the degree of dementia. 

Phosphorylated TDP-43 was visualized with an antibody staining in the hippocampal 

region (Table 12). 
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2.7.5 Assessment of small vessel disease 

The diagnosis and stage of small vessel disease (SVD) were assessed in H&E stained 

sections of the investigated brain regions. SVD was defined as at least one out of the 

three already mentioned stereotypical histological patterns: Atherosclerosis of the 

small vessels, lipohyalinosis and arteriolosclerosis of the small vessels. SVD was 

assessed in 3 stages of its expansion throughout the brain (Table 17) according to a 

published protocol of Thal et al [148]. The stages were described by the spreading of 

the SVD pathology in distinct brain regions.  

 

Table 17: Stages of small vessel disease (SVD) as assessed in this study, based on 

Thal et al. in 2003 [148] 

Stage of SVD Affected brain regions 

1 Vessel wall changes in the basal ganglia. 

2 Spreading of SVD into the peripheral white matter, the 

leptomeningeal arteries, thalamic and cerebellar white matter 

arteries. 

3 Additional vessel wall changes in brain stem arteries. 

 

2.7.6 Assessment of CAA 

CAA was defined as any A deposition in cerebral vessels. The vessel disorder was 

detected with A immunostaining (4G8, Table 12). The overall distribution of CAA 

was assessed according to stages described by Thal et al. in 2003 [148]. The pattern 

of vascular A deposits in different brain regions was evaluated in a 3 stages scoring 

system (Table 18). 
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Table 18: Stages of cerebral amyloid angiopathy (CAA) as assessed in this study, 

based on Thal et al. in 2003 [148] 

Stage of CAA Affected brain regions 

1 Leptomeningeal and neocortical vessels were affected by A 

deposition. 

2 Vessels of the neocortex, the allocortical area (cingulate gyrus, 

entorhinal cortex, and hippocampus), cerebellum and/or the 

midbrain were displayed with A deposition. 

3 In addition to affected regions in stage 1 and 2, A amyloidosis was 

assessed in the vessels of the lower brainstem, the basal ganglia 

and/or the thalamus, A deposition in the white matter was an 

infrequent finding in this stage. 

 

The CAA-related vessel wall damage was rated as described by Vonsattel et al in 

1991[162]. These CAA induced vessel wall changes were defined in our study as the 

variable of severity of CAA. Severity was graded in 3 severity grades (Table 19).  

Table 19: Severity of cerebral amyloid angiopathy (CAA) in three grades based on 

Vonsattel et al. in 1991[162] and assessed in this study 

Severity of CAA Vessel wall changes 

1 Immunostained A deposits were 

restricted to the media of vessel walls 

appearing around normal or atrophic 

muscle fibers, there was no increase in 

thickness of the media. 

2 Complete displacement of the normal 

media by A deposits with an increase in 

thickness of this layer, no detectable 

disruption of the vessel wall. 

3 Widespread deposition of A leading into 

vessel wall disruption with blood leakage 

into the perivascular space marked by 

erythrocytes and/or hemosiderin. 
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The presence of capillary A deposits was employed to distinguish two types of CAA 

as described by Thal et al [153]. CAA-type 1 thereby represents CAA cases exhibiting 

capillary A deposition at the basement membrane and/or in the form of “dyshoric 

plaques” attached to the capillary wall [123]. CAA-type 2 was diagnosed in those 

cases lacking capillary CAA. Thereby, vascular A deposits were detected only in 

cortical and leptomeningeal arteries, arterioles, veins and venules. 

2.7.7 Assessment of microinfarction 

MIs were assessed in H&E and/or aldehydefuchsin-darrow red stained sections in all 

regions of the forebrain: The frontal lobe, the parietal lobe, the cingulate gyrus, the 

occipital lobe, the hippocampus, the entorhinal cortex, the hypothalamus, the basal 

ganglia, the amygdala, the basal nucleus of Meynert, and the thalamus. A 

microninfarct was considered for well-delineated gliotic lesions with neuron loss or 

necrosis with a diameter less than 0.5 cm in the grey or white matter, usually not 

seen macroscopically [8,36,37,49,58,144,165,166]. The overall number of MIs in the 

studied brain sections per case and the pattern of distribution throughout the brain 

regions were assessed. 

 

2.8 Statistical analysis 

The aim of the statistical analysis was to test which of the neurodegeneration-related 

and vascular lesions have impact on dementia either on its own or in combination 

with one another [58]. The parameters that I included in my assessments were the 

stages of NFT-pathology (Braak-stages), CAA, SVD, the phases of Aβ deposition, the 

infarct volume, the number of lacunar infarcts and microinfarcts. These variables 

were treated as interval scaled variables because they represent a step by step 

expansion of pathologies representing the affection of different brain regions. 

Likewise, CDR scores were also an interval scaled variable. The characterization of 

different variables was performed using regression models. Linear regression 

analysis was performed to investigate the association of stages of vessel disorders 

with age, the volume of infarcted brain tissue with vessel disorders, and the degree of 

dementia with distinct types of infarcts. Binary logistic regression analysis was 

carried out to calculate the effects of age and vessel disorders on the occurrence of 

distinct types of infarcts. The principal question addressed towards the investigated 
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variables was the manner of how they weight. Regression models enabled us to 

adjust for possible confounders, for example the age at death. These adjustments 

reduced the risk to display biased correlations and in addition improved the 

possibility of interpretation of a given variable. The high number of cases in our 

sample allowed us to consider multiple adjustments, as the exactness of the 

regression coefficient decreases with the number of variables in a regression model. 

A number of 30-50 cases per adjusted variable in a regression model were exerted in 

this study[43]. Analyses were adjusted for age and gender if not specified elsewhere. 

Odds ratios were defined with a confidence interval of 95%. P-values < 0.05 were set 

as significant. Calculations were performed with the SPSS software 21 (SPSS, Chicago, 

Illinois, USA) and a personal computer. 
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3 Results 

 

The main finding of my study is an association of the degree of dementia with 

strategic allocortical microinfarcts, i.e. microinfarcts in the hippocampal formation. 

Moreover, allocortical microinfarcts were associated with the presence of capillary 

CAA in the age over 65 years whereby CAA affected vessels were usually not locally 

associated with the microinfarcts. The assessed data and statistical analysis are 

provided separately for each pathology finally merging in the description of the 

effects of distinct pathologies on dementia. The presentation of neurodegenerative 

changes is followed by the presentation of the collected and analyzed data for infarcts 

and vessel disorders. The associations of vessel disorders with infarcts and 

cerebrovascular pathologies with the degree of dementia are reported thereafter. 

 

3.1 Characteristics of the investigated sample 

212 cases were investigated. Mean age was 69.7 years ± 11.2 SD. Minimum age was 

45 years and maximum age was 98 years at death. Most common cause of death was a 

heart disease (81 cases/38.2%). Other causes of death were: infectious diseases (26 

cases/12.5%), cancer (25 cases/11.8%), pulmonary diseases (25 cases/11.8%), 

cerebral diseases (16 cases/7.5%) and other diseases (39 cases/18.3%), i.e. 

metabolic diseases, trauma or multiple organ failure. Cognitive decline was seen in 

33.1 % (56/169) of the cases from which CDR-scores were determined. The assessed 

data of neurodegenerative pathology was distributed as expected. The prevalence 

and stage of NFT and A changes increased with age (Figure 2, 3). Thereby, 61.1 % 

(127/208) of cases presented detectable A deposition and 87.5 % (182/208) of 

cases were shown with NFT pathological changes. 
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Table 20: Distribution of investigated cases in this study by sex, Aβ phases (mean 

values), Braak NFT stage (mean values), and CDR (mean values) in age groups of 10 

years interval, A: Amyloid  protein, NFT: Neurofibrillary tangles, CDR: Clinical 

dementia rating, n: Number of cases, age: Age at death in years 

 

 

 

 

 

 

 

 

 

 

 

 

 Females Males 

 

 Aβ phase 

 

Braak NFT stage  CDR 

Age 

category 

 

n % n % Total 

 

   

         

45-54 8 34.7 15 65.3 23 0.1 0.6 0.3 

55-64 14 28 36 72 50 0.5 1.0 0.2 

65-74 28 45.2 34 54.8 62 1.4 1.7 0.2 

75-84 24 42.1 33 57.9 57 2.3 2.6 1.1 

≥85 11 55 9 45 20 2.8 3.0 1.3 

 

All cases 

 

85 

 

40 

 

127 

 

60 

 

212 

 

1.5 

 

1.8 

 

0.6 
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Figure 2: Prevalence in percent of Braak NFT stages of the investigated cases in this 

study in age categories of 10 years interval, NFT: Neurofibrillary tangles, Braak NFT 

stage 0-6 presented in colors from white to black, age: Age at death in years 
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Figure 3: Prevalence in percent of A phases of the investigated cases in this study in 

age categories of 10 years interval, A: Amyloid  protein, A phases presented in 

colors from white to black, age: Age at death in years 

 

3.2 Frequencies of infarcts, and related volumes of infarcted 

cerebral tissue 

 

Infarction was detected in 71 cases (33.4%). The prevalence in different age 

categories for large and lacunar infarcts increased not significantly with age (Figure 

4, 5). The prevalence showed a maximum range of 3.2 % in the different age 

categories for large infarcts and a maximum range of 8 % in the different age 

categories for lacunar infarcts. Age showed in this cohort no effect on the formation of 

large and lacunar infarcts in a binary logistic regression model (large infarcts p=0.69, 

OR=0.99, CI=0.93-1.05; lacunar infarcts p=0.81, OR=1.00, CI=0.96-1.05). 16.2 % 

(34/209) of all cases were affected by microinfarcts and 47 % (16/34) of these cases 

exhibiting more than 1 microinfarct (distinct localizations are listed in Table 21). As 
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shown in Figure 9, allocortical MIs were the only type of infarcts increasing in 

number with age (binary logistic regression analysis controlled for age and gender, 

p=0.002, OR=1.08, CI=1.03-1.13). 

 

Table 21: Frequencies of type and localization of infarcts and related infarcted brain 

tissue in percent (mean values) of cases investigated in this study, n: number of cases, 

minimal: tissue damage not further assessed in this study, SD: Standard deviation, MI: 

Microinfarct 

Type and 

localization of 

infarct 

Frequency Infarcted brain 

tissue in % ± SD n 

 

% 

 

 

Large infarct 

 

8 

 

3.8 

 

4.70 ± 6.34 

 

Lacunar infarct 

 

19 

 

9 

 

0.044 ± 0.10 

 

Neocortical MI 

 

12 

 

5.7 

 

minimal 

 

Allocortical MI 20 9.4 minimal 

White matter MI 1 0.5 minimal 

Subcortical nuclei 

MI 

11 5.2 minimal 
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Figure 4: Prevalence of large infarction in percent of the investigated cases in this 

study in age categories of 10 years interval, age: Age at death in years 
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Figure 5: Prevalence of lacunar infarction in percent of the investigated cases in this 

study in age categories of 10 years interval, age: Age at death in years 

 



 40 

 

 

 

 

Figure 6: Prevalence of microinfarction in percent of the investigated cases in this 

study in age categories of 10 years interval, age: Age at death in years 
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Figure 7: Prevalence of neocortical microinfarcts in percent of the investigated cases 

in this study in age categories of 10 years interval, age: Age at death in years, MI: 

Microinfarct 
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Figure 8: Prevalence of microinfarcts in subcortical nuclei in percent of the 

investigated cases in this study in age categories of 10 years interval, age: Age at 

death in years, MI: Microinfarct 
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Figure 9: Prevalence of microinfarcts in the allocortical region in percent of the 

investigated cases in this study in age categories of 10 years interval, age: Age at 

death in years, MI: Microinfarct 

 

3.3 Distribution of degenerative vessel disorders in different age 

categories 

 

AS and SVD were detected as frequent vascular disorders in all investigated age 

categories (Figure 10, 11, 12). Only 14.6% (29/199) of the investigated cases were 

not affected by AS and 10.1% (21/208) of cases were not affected by SVD. The 

severity and stage of both pathologies increased with age (linear regression: AS 

severity p≤0.001, =0.49; SVD stage p≤0.001, =0.37). A decrease of end-stage 

pathology (grade 3/stage 3) in the oldest-old ≥85 years was displayed for the severity 

of AS and SVD but not for the expansion of AS (Figure 11). The percentage of AS cases 

with severity grade 3 decreased from 30.9% (17/55) to 17.6% (3/17) in the over 85 
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years category. The percentage of cases exhibiting SVD stage 3 decreased from 7.4% 

(4/54) to 0.0% (0/20) cases ≥ 85 years. 

CAA had a prevalence of 27.7% (48/173) and was not detectable under the age of 55 

years. The relation of CAA with AD was confirmed as expected (linear regression: 

p≤0.001, =0.62). CAA had a prevalence of 95.4% (21/22) in AD cases. In line with 

other degenerative vessel disorders, the stage of CAA increased with age (Figure 13). 

 

 

 

Figure 10: Prevalence of the severity of atherosclerosis in the circle of Willis in 

percent of the investigated cases in this study in age categories of 10 years interval, 

AS: Atherosclerosis, age: Age at death in years 
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Figure 11: Mean-values of vessels affected by atherosclerosis in the circle of Willis in 

percent of the investigated cases in this study in age categories of 10 years interval, 

AS: Atherosclerosis, age: Age at death in years 

 

 

 

 

 

 

 

 

 

 

 



 46 

 

 

 

 

Figure 12: Prevalence of different stages of small vessel disease in percent of the 

investigated cases in this study in age categories of 10 years interval, SVD: Stage of 

small vessel disease, age: Age at death in years 
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Figure 13: Prevalence of the stage of CAA in percent of the investigated cases in this 

study in age categories of 10 years interval, CAA: Cerebral amyloid angiopathy, age: 

Age at death in years 
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Figure 14: Prevalence of CAA-type 1 and CAA-type 2 in percent of the investigated 

cases in this study in age categories of 10 years interval, CAA: Cerebral amyloid 

angiopathy, age: Age at death in years 

 

3.3.1 Capillary CAA, allocortical MI and its association to aging and dementia 

The frequency of CAA-type 1 and type 2 increased with age, with a slight decrease of 

CAA-type 2 in the oldest-old in our sample (Figure 14). The highest frequency of CAA 

type 1 was observed together with the highest frequency of allocortical MI in the age 

categories of 75-84 years and ≥85 years (Figure 9,14). The strongest change in 

frequency was observed between the categories of 65-74 years and 74-85 years. CAA-

type 1 increased from 8.2 % (5/61) up to 28.1% (16/57). Allocortical MI increased 

from 4.8% (3/62) up to 20% (11/55). 

In cases with CAA-type 1 18/27 (66,7%) were demented. CAA-type 2 was related to 

dementia in 14/37 (37,8%) cases. 
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3.4 Types and localization of infarcts and related vessel disorders 

 

3.4.1 Degenerative vessel disorders and distinct types of infarcts 

After the assessment of infarcts and vessel disorders, the impact of these vessel 

disorders on the occurrence of distinct types of infarcts was investigated. Capillary 

CAA was the only vessel disorder exhibiting an association with dementia-related 

allocortical MIs (Table 22). Atherosclerosis in the circle of Willis, the stage of cerebral 

amyloid angiopathy and small vessel disease did not show significant effects on the 

occurrence of strategic allocortical MIs (statistical analysis is provided in table 22). 

On the other hand, neither large infarcts, lacunar infarcts nor MIs in regions other 

than the allocortex were related to capillary CAA. Large infarcts (p=0.005) and the 

infarcted brain tissue volume in % (p=0.006) were both found to be associated with 

the severity of atherosclerosis in the circle of Willis. Lacunar infarcts were associated 

with SVD (p=0.003) and the expansion of atherosclerosis in the circle of Willis 

(p=0.002) (Table 22). 
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Table 22: Type and localization of infarcts and their relation to degenerative vessel 

disorders in my sample, AS: Atherosclerosis, SVD: Stage of small vessel disease, CAA: 

Cerebral amyloid angiopathy, p: p-values of binary logistic regression and linear 

regression models, OR: odds ratio of binary logistic regression models, β: Regression 

coefficient of linear regression models, analysis in subgroup of sample with age ≥65, 

 *: Significant p value, MI: Microinfarct 

Type and 
localization 
of infarcts 

AS 
severity 

AS 
expansion 

(in %) 

SVD 
 

CAA 
stage 

CAA type 
1 

CAA 
type 2 

       

 
Damaged 

brain tissue 
in % 

 
p=0.006*;  
β =0.225 

 
p=0.060; 
β =0.133 

 
p=0.578;  
β=-0.042 

 
p=0.111;  
β=-0.14 

 
p=0.182; 
β=-0.10 

  p=0.376; 
β=-0.08 

 
p=0.41; 
β=-0.60 
p=0.31; 
β=-0.09 

 
 

Large infarct 
 

p=0.005*;  
OR =7.21 

 
p=0.19; 
OR =1.02 

 
p=0.52; 
OR=1.41 

 
p=0.65;  
OR=0.74 

 
p=0.439; 
OR=2.18 
p=0.33; 
OR=2.48 

 
p=0.792 
OR=0.75 
p=0.998; 
OR=0.00 

 
Lacunar 
infarct 

 
p=0.26; 
OR=1.42 

 
p=0.002*; 
OR=1.03 

 
p=0.003*; 
OR=3.05 

 
p=0.05*;  
OR=0.15 

 
p=0.221; 
OR=0.26 
p=0.260; 
OR=0.30 

 
p=0.113; 
OR=0.19 
p=0.172; 
OR=0.23 

 
Neocortical 

MI 

 
p=0.56; 
OR=1.24 

 
p=0.12; 
OR=1.02 

 
p=0.022*; 
OR=0.27 

 
p=0.99; 
OR=0.00 

 
p=0.766; 
OR=0.77 
p=0.99; 
OR=1.01 

 
p=0.708; 
OR=0.79 
p=0.302; 
OR=0.33 

 
Allocortical 

MI 

 
p=0.09; 
OR=0.59 

 
p=0.09; 
OR=0.76 

 
p=0.10; 
OR=0.49 

 
p=0.44, 
OR=1.47 

 
p=0.24; 

OR=2.67 
p=0.018*; 

OR=3.5 

 
p=0.756; 
OR=1.2 

p=0.893; 
OR=1.08 

 
Subcortical 
nuclei MI 

 
p=0.17; 
OR=1.7 

 
p=0.057; 
OR=1.02 

 
p=0.80; 
OR=0.88 

 
p=0.45; 
OR=1.47 

 
p=0.592; 
OR=1.65 
p=0.385; 
OR=2.18 

 
p=0.49; 
OR=0.40 
p=0.497; 
OR=0.47 
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3.4.2 Association of allocortical MIs with the capillary type of CAA 

Given the association of capillary CAA (CAA-type 1) with allocortical MIs in the age of 

65 years and older capillary CAA affected cases were further analyzed. 8 out of 31 

(25.8%) cases with capillary CAA exhibited allocortical MIs. In 5 out of 42 (11.9) 

cases with CAA-type 2 allocortical MIs were seen and in cases without CAA 7 out of 

131 (5.3%) exhibited this type of infarct. In line with these findings, 6/7 (85.7%) 

cases with allocortical MIs and dementia were diagnosed with capillary CAA.  In cases 

with CAA-type 2 or no CAA, only 5/10 (50%) displayed allocortical MIs and dementia. 

CAA-type 1 was shown to have an effect on the formation of allocortical MIs in binary 

logistic regression model controlled for gender (p=0.005, further statistical analysis is 

provided in table 22). Cases were separated into two subgroups: 1) cases affected by 

capillary CAA and 2) cases without capillary CAA. Cases with capillary CAA displayed 

an odds ratio of 3.5 for the risk of the occurrence of allocortical MIs in comparison to 

cases without CAA or CAA type 2. This analysis was restricted to those cases with an 

age of 65 years and older. In so doing, I excluded one case with a hippocampal MI in 

the concert of an acute endocarditis, which would bias this analysis related to the 

development of dementia.  

CAA affected capillaries in cases with allocortical microinfarcts were detected 

frequently in the subicular region (Figure 15). MIs on the other hand were observed 

in most of the cases in the CA1 sector of the hippocampus (Figure 15). A 

colocalisation of infarction and capillary CAA was not observed. 5/6 (83.3%) 

demented cases with capillary CAA and allocortical MI exhibited A plaques in CA1. In 

demented cases without MI and capillary CAA 15/29 (51.7%) were affected by A 

plaques in CA1. In non-demented cases 31/96 (32.3%) exhibited A plaques in CA1. 

Phosphorylated TDP-43 negativity in all cases with allocortical MI (20/20) excluded 

the differential diagnosis of pTDP-43-related hippocampal sclerosis. 
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Figure 15: In a): Overview of the hippocampal region of an 89 years old women with 

severe dementia (Clinical dementia rating score of 3) assessed in this study, b: site of 

detection of microinfarct in the CA1 sector, c: site of detection of capillary CAA in the 

subicular region, calibration scale= 1mm; A: Amyloid  protein-antibody staining. In 

b): Site of hippocampal MI, marked by the arrows, characterized by a disrupted 

integrity of the hippocampal layers. Area presented in an overview illustration of the 

hippocampal region in a), calibration scale= 200 μm, A: Amyoid  protein-antibody 

staining. In c): Site of capillary CAA, marked by the arrows, characterized by 

immunostained A deposits affecting a capillary vessel. Area presented in an 

overview illustration of the hippocampal region in a), calibration bar= 25 μm; A: 

Amyloid  protein-antibody staining.  
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3.5 Type of infarct and their effect on the CDR 

 

Table 23: Type of infarct and their effect on the “Clinical Dementia Rating” scores in 

cases of this study, p values of linear regression analysis, β: regression coefficient of 

linear regression analysis, n: number of observed cases in a given analysis, MI: 

Microinfarct, * : Significant p- value 

Parameter p β n 

Damaged tissue in 

% 

0.245 -0.085 165 

Large infarct 0.208 0.091 167 

Lacunar infarct 0.781 -0.020 167 

MIs overall 0.044* 0.147 165 

MI neocortical 0.515 0.047 165 

MI allocortical 0.015* 0.180 166 

MI white matter 0.952 -0.004 166 

MI subcortical 

nuclei 

0.829 -0.016 165 

 

3.5.1 Association of allocortical MIs and the degree of dementia 

17 out of 212 cases with available CDR scores exhibited allocortical MIs of which 11 

cases (65%) exhibited signs of dementia (Figure 16). 

The difference in the prevalence of allocortical MIs in demented and non-demented 

individuals was confirmed by the association of allocortical MIs with the CDR-score 

(p=0.015, further information on statistical analysis is provided in table 23). This 

association remained stable in linear regression model including AD-related 

pathology, age, and gender (linear regression analysis; n=162; allocortical MI 

p=0.024, β=0.15;controlled for age, gender, Aβ phases, Braak NFT stage, CERAD 

score) indicating that the impact of allocortical MIs on dementia is independent from 

AD pathology. When comparing cases with dementia with regard to its prevalence in 

different types of infarcts, allocortical MIs showed the highest frequency (Figure 16). 
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Area in percent of infarcted brain volume (p=0.245), the frequency of large infarcts 

(p=0.208) and lacunar infarcts (p=0.781) were not associated with dementia. The 

overall presence of MIs was associated with dementia (p=0.044), whereas neither 

neocortical MIs (p=0.515), white matter MIs (p=0.952) nor MIs in subcortical nuclei 

(p=0.829) showed an association with the CDR-score. 

 

 

 

 

Figure 16: Percentage of cases in this study with a score ≥ 1 (mild dementia) in the 

clinical dementia rating (CDR) among the different types of infarcts, %: percent, no 

inf.: cases with no infarct, allocort. MI: cases with microinfarcts in the allocortex, lac. 

inf.: cases with lacunar infarct, large inf.: cases with large infarct, other MI: cases with 

microinfarcts in areas other than the allocortex 
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4 Discussion 

 

The findings of this study allow me to discuss multiple cerebral pathologies in the 

context of aging and dementia. In the following, the prevalence of neurodegenerative 

and cerebrovascular pathology in age categories found here are set in the context 

with the findings from other studies. The associations of vessel disorders with 

distinct types of infarction are discussed in the context of the development of 

dementia with the main finding of capillary CAA being associated with allocortical MI 

and dementia. With this main finding I addressed the aim of this study to clarify the 

impact of distinct types of infarcts on dementia and its association with AS, SVD and 

CAA. 

 

4.1 Distribution of neurodegenerative pathology in different age 

categories 

The prevalence of A and NFT pathology and its end-stages increased with age in my 

sample. These findings were expected and are in line with the current state of 

research [20,140]. 

 

4.2 Frequencies of infarction  

In my study, 3.8 % of cases exhibited large infarcts, 9 % lacunar infarcts, and 16.2 % 

microinfarcts.  

The frequencies of the different types of infarcts show evident variations in contrast 

to several autopsy studies[8,25,99,139,165]. Population-based studies, such as the 

Honolulu-Asia aging study (HAAS) [165] or the religious order study (ROS) [8], 

reported frequencies of 36 % for macroscopic large and lacunar infarcts whereas in 

my sample only 12.8 % showed these types of infarcts. The frequency of MIs was 

reported with 24 % as a weighted average by a meta-analysis of 1.229 cases [25], 

including data of the previous cited HAAS and ROS, whereas in my sample only 16.2 

% showed MIs. 

To explain the discrepancy between the population-based studies and my sample it is 

important to note that my sample is a university hospital-based cohort of cases and 

also includes cases that have been recruited for research for neurodegenerative 
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disorders. This sample bias may explain the lower frequency of infarcts in my sample, 

which is not a population-based sample. Another reason for the differences in the 

frequency of MIs may be the methodical approach for scoring MIs, such as the 

detection method for the assessment of MIs, histopathology versus neuroimaging 

techniques, thickness of sections and the number of investigated brain regions 

[25,32,68,93,164]. My study assessed MIs specifically in the regions of the forebrain 

because of the minor role for the development of dementia of MIs affecting the 

brainstem or the cerebellum, whereas other studies included these regions in their 

detection protocol. An occurrence of MIs in 64 % of cases, examining 26 brain regions 

histopathologically including brainstem and cerebellum, has been reported in the 

HAAS[93] whereas I investigated 12 brain regions only in the forebrain finding a 

frequency of 16.2 %. A neuroimaging study investigated a prevalence of 14.7 % only 

for cortical MI using 3.0 Tesla magnetic resonance imaging [164]. In my study the 

assessment of the overall frequency of MIs is certainly limited and high resolution 

imaging studies may offer better methodical possibilities. However, todays imaging 

techniques do not permit the precise diagnosis of small vessel pathology and I did not 

aim to determine population based prevalences rather than the relationship between 

infarcts, its related vessel disorders, cognitive decline, and age.  

 

4.3 Types of infarcts and its prevalences in different age categories 

In my sample, MIs located in the allocortex are the only type of infarcts increasing in 

frequency with age. Other types and localizations of infarcts showed no increase in 

frequency with advancing age.  

The association of macroscopic large and lacunar infarcts, and MIs with age was 

reported in large population-based autopsy studies [55,62,77,116,160] whereas in 

my sample this association was limited to allocortical MIs. However, the separate 

analysis of the different types of infarcts by brain regions is a novel aspect that 

extends our knowledge about susceptible brain regions (allocortical region, especially 

the CA1 region of the hippocampus) for age-related brain damage by infarction (MIs). 

Two explanations for the differences of other studies analyzing the relationship 

between infarcts in general with age compared with my study showing that 

allocortical MIs are the only type of infarct, which increased in frequency with age, 

are possible: First, atrial fibrillation leading into cardioembolic large or lacunar 
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infarcts[46,62,77] are underrepresented in my sample because of the above 

mentioned limitations of my university hospital-based autopsy cohort, whereas other 

studies reported population based cohorts (Honolulu, Rotterdam, Island). Secondly, 

risk factors for infarction other than atrial fibrillation, i.e. AS, SVD, [7,15,172] were 

presumably overrepresented in the under 60-years-old cases of my autopsy based 

cohort due to the fact that only hospital-based autopsy cases were available, i.e. those 

cases who did not survive their infarcts despite best possible treatment.  

 

4.4 Atherosclerosis and small vessel disease in ≥85 years cases 

There was an increase of the prevalence and percentage of higher grades/stages of 

the severity and expansion of AS and the stage of SVD with age. Interestingly, a mild 

decrease in the prevalence of end-stages of these vessel pathologies in the ≥85 years 

age category was observed whereas the expansion of AS increased. Thus, it is 

tempting to speculate that the severity of AS or SVD may lower life expectancy. Such 

an effect would explain the decreased prevalence of end-stages in the severity of AS 

and the stage of SVD in the oldest age category of my sample. Thereby, the simple 

expansion of AS lesions in the circle of Willis, which increased with age as well did not 

seem to have an effect on life expectancy in my cohort. 

Studies by other authors showed an increasing severity and expansion of AS and SVD 

with age [1,30,126]. One large autopsy study reported an age-related progress of AS 

investigating the large arteries of the human body in the oldest-old [131]. However, 

all of these studies did not evaluate the expansion and macroscopical severity of AS-

affection in the arteries of the circle of Willis as it was done here. In so doing, my 

findings of an increase in the expansion of AS and a mild decrease of the severity of 

AS and the stage of SVD only in the oldest subgroup of the sample may extend the 

knowledge about the age-related severity and expansion of AS in the arteries of the 

brain. 

 

4.5 Stages of CAA and distribution of CAA type 1 and type 2 

In my sample, CAA was detected in individuals of 55 years and older. The expansion 

of CAA as represented by the CAA-stages increased with age. These findings confirm 

previous autopsy studies [9,49,117]. 
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Both types of CAA, capillary CAA (type 1) and CAA lacking capillary manifestation 

(type 2), were present with increasing age. Here, I found that the two types of CAA 

predominate in different age groups. CAA type 2 was most prevalent in individuals 

died between 55 and 75 years of age whereas CAA type 1 was more frequent in cases 

of 75 years of age and older. 

Currently these types of CAA are considered to represent cases with a different 

pathogenetic background [13,100,153,154]. Despite the predominance of CAA-type 2 

in the age group ≥ 55 years, CAA-type 1 cases of similar age were also seen indicating 

that CAA type 1 is not just an advanced stage of CAA-type 2 but indeed a distinct type 

of CAA that can evolve directly with capillary Aβ deposits. 

On the other hand, the predominance of the two types of CAA in different age groups 

in my sample with capillary CAA (type 1) being more prevalent in older individuals 

makes it tempting to speculate that at least in a distinct number of cases capillary 

CAA represents a more severe stage of CAA lacking capillary involvement (type 2) 

[114]. However, CAA-type 1 is more common in AD cases than CAA-type 2 

[13,49,154]. Since the apolipoprotein E ε4 allele is an age-related risk factor for AD 

[31,44,143] and linked to CAA-type 1[153], the increased prevalence of capillary CAA 

may be explained as a genetically driven effect characteristic for this type of CAA. 

Moreover, 81% of the people living with AD in the USA are older than 75 years [5,57]. 

Thus, CAA type 1, which is strongly associated with AD [150], is expected to be more 

prevalent in these individuals of 75 years and older just because of the high AD 

prevalence in this age group. This means that the increase in the prevalence of 

capillary CAA can still represent a genetically defined type of CAA that becomes 

prevalent in this age group because of the increased risk for apolipoprotein E ε4 allele 

carriers to develop Aβ pathology [44,132]. 

Another interesting finding is that the prevalence of CAA type 2 decreases in the 

oldest-old. It could be hypothesized that cases affected by CAA type 2 have either 

higher rates of deaths under the age of 85 years and are, therefore, less prevalent in 

the oldest-old or that they develop capillary Aβ deposition documenting more severe 

AD.  
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4.6 AS and SVD are associated with large and lacunar infarction 

The volume of infarcted cerebral tissue and the presence of large infarcts were 

associated in my sample with the severity of AS. The presence of lacunar infarcts was 

associated with the expansion of AS in the circle of Willis and SVD. It is well known 

that AS is a risk factor for the development of large and lacunar infarcts[115,155] and 

that SVD is a risk factor for lacunar infarcts [80,138,173], which is supported by my 

findings. However, the question arises why the affected brain volume and the 

presence of large infarcts are associated with the severity of AS but not with its 

expansion in the circle of Willis, whereas lacunar infarcts are associated with the 

expansion of AS in the circle of Willis but not with its severity. A possible explanation 

is that severity and expansion of AS, although, strongly related to one another, cause 

different type of changes in the human brain. The severity of AS as defined here 

provides information about the narrowing of the lumen of large arteries of the circle 

of Willis whereas the expansion of AS does not give this information, but indicates 

how widespread AS lesions are, probably correlating with the expansion of similar 

lesions in small arteries known as small vessel disease. Narrowing the lumen of larger 

arteries will then cause in case of plaque-rupture and local thrombosis more likely a 

large infarct than widespread atherosclerosis-related vessel changes in smaller 

arteries that more likely can cause smaller infarcts such as lacunar infarcts or 

microinfarcts.  

 

4.7 Capillary CAA is associated with the frequency of allocortical 

MI 

In this study, allocortical MIs were associated with capillary CAA (CAA-type 1). An 

association between vascular lesions including MIs with CAA has already been shown 

by many authors [26,33,48,54,112,113]. Olichney et al. 1995 showed that severe CAA 

as defined by capillary Aβ deposition was associated with brain infarcts [113] 

supporting the point of view that capillary CAA has impact on brain infarction. 

Moreover, severe CAA as defined according to Vonsattel et al. 1991 as CAA with 

related bleedings also showed an association with MIs[162] supporting the 

hypothesis that CAA is related to the development of MIs. A strong argument against 

a contribution of capillary CAA to the development of MIs is the fact that the site 
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where I found vessels affected by capillary CAA, i.e. in the subiculum, was distant 

from the area of the MIs seen in the CA1 sector of the Ammon’s horn. However, the 

subiculum as well as the CA1 sector are vessel territories related to the posterior 

cerebral artery. As such, it is possible that the subicular impairment of the capillary 

blood flow might alter the blood flow in the vessel territory of the posterior cerebral 

artery increasing the likelihood of cerebral microinfarction in this hypoxia and 

epilepsia vulnerable brain regions [110,135,169]. That capillary CAA can cause blood 

flow disturbances has already been demonstrated in an animal model for CAA 

pathology [149]. Therefore, I think that such an indirect effect of capillary CAA may 

be an explanation for the association seen between capillary CAA and allocortical, 

especially hippocampal MIs. Alternatively, a reduced expression of the excitatory 

amino acid transporter EAAT-2 around with capillary CAA in AD cases [150] may be 

another mechanism to explain increased vulnerability of the CA1 region in cases with 

capillary CAA. As such, it is tempting to speculate that capillary CAA increases the 

vulnerability of allocortical brain regions, especially the hippocampal CA1-subiculum 

sector, for developing MIs. More arguments in favor of the concept that capillary CAA 

is related to the occurrence of allocortical MIs in the hippocampus that support the 

development of dementia are: 1) The association between MIs and capillary CAA 

(CAA-type 1) is seen when focusing on allocortical MIs mainly occurring in the CA1 

region of the hippocampus. Accordingly, studies that include at MIs in the neocortex 

and subcortical brain regions without differentiating between them will not be able to 

see this effect [94]. 2) Different statistical approaches and different definitions of the 

variables were used among other studies which makes it difficult to compare the 

results in the literature [9,32,35,139].  

 

4.8 Allocortical MI and the degree of dementia 

The presence of MIs in the allocortex was not only correlated with capillary CAA but 

also with the degree of dementia as determined by the CDR-score. Here, no 

association of the CDR-score was seen with the frequency and presence of neocortical 

and subcortical MIs whereas a weak association was seen between MIs in general 

(neocortical, allocortical and subcortical MIs) and the CDR-score. These findings are 

on the first view contradictory to other studies. Although many other studies indicate 

an association between MIs and dementia in elderly individuals, most of them did not 
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further distinguish between allocortical and neocortical MIs[8,93,159,165]. One study 

distinguished between the different types of MIs as I did but they did not find obvious 

differences in the prevalence of MIs when comparing the presence of hippocampal, 

cingulate, and entorhinal MIs in demented AD cases and non-demented individuals 

[68]. However, Ince et al.  [68] did not test for an effect on the degree of dementia in 

the AD cases. Therefore, the different study designs may explain the divergent 

findings because the setting of my study allowed me to identify additive effects of 

allocortical MIs on the degree of dementia, which was not the case in the previous 

studies. However, a caveat may also be put on the samples being compared that 

differed among population based samples[25,93,159,165], cases recruited in 

dementia recruitment programs [68] and the hospital based sample analyzed here. 

The different recruitment strategies may produce biases. Support for my finding for 

an association between allocortical MIs and cognitive decline is provided by studies 

on strategic infarcts indicating that indeed hippocampal infarcts can cause or worsen 

cognitive dysfunction [34]. 

In so doing, I demonstrate that the anatomical localization of MIs is important in the 

development of dementia. My findings expand the strategic infarct concept especially 

in the hippocampus to MIs, referred to as strategic MIs, and the development of 

dementia. 

 

4.9 Clinical impact of allocortical MI 

The major clinical impact of allocortical strategic MIs as found in this study 

presumably its role in lowering the threshold for other pathologies in the 

development of dementia. My finding of an additive contribution of allocortical MIs to 

the degree of dementia (CDR-score) in a logistic regression model including AD-

related Aβ and τ pathology, age and gender supports the point of view that 

allocortical MIs are one player in a large concert of dementia driving pathologies in 

the elderly brain that all together result in cognitive decline [10,75,76,109,120,140]. 

Moreover, it highlights the impact of hippocampal vascular lesions on cognitive 

dysfunction, which is also reported by an imaging study investigating patients with 

stroke in the hippocampus [88]. A second aspect that can be concluded from the 

results presented here is the distinct role of capillary CAA, which is part of AD 

pathology, in contributing to blood flow alterations finally associated with allocortical 
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strategic MIs contributing to dementia. In other words, AD pathology may under 

certain circumstances cause vascular lesions and its dementia driving mechanisms 

are not restricted to Aβ and τ toxicity. In so doing, strategies to improve blood flow 

may be considered as a potential therapeutic strategy in the treatment of AD cases 

with capillary CAA. Since capillary CAA (CAA-type 1) is strongly associated with the 

ApoE 4 allele[153,154], a known and important risk factor for AD [23,89], these CAA 

type 1-related AD cases [150], may be ideally suited for such a treatment. 

 

4.10  Conclusion 

This study expands the current knowledge of vascular impact on cognitive decline in 

the elderly insofar that I could show that allocortical “strategic” MIs were associated 

with cognitive decline whereas large and lacunar infarcts, neocortical and subcortical 

MIs were not. Capillary CAA (CAA type 1), thereby, had impact on the occurrence of 

allocortical MI and represent a pathogenetic link between AD and allocortical 

microinfarcts in this type of AD cases pointing to improvement of cerebral blood flow 

as a potential novel therapeutic strategy in these cases. 

Moreover, I could confirm that AS in the circle of Willis is associated with large and 

lacunar infarcts, cerebral SVD with lacunar infarcts. Thus, capillary CAA can be 

considered to represent a risk factor for the development of dementia, especially in 

combination with allocortical strategic MIs. The effect of capillary CAA and 

allocortical strategic MIs on dementia in the context of AD-related pathology 

appeared to be an additive one. 
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5 Summary 

 

Vascular dementia (VaD) is a heterogeneous group of brain lesions and vessel 

disorders. Brain infarcts, microinfarcts, strategic infarcts and white matter lesions 

have been discussed to play a role. Several different vessels disorders and embolic 

events can cause these vascular brain lesions. As dementia caused by a single 

pathology is rarely seen in the elderly brain, vascular lesions are expected to co-occur 

in cases of neurodegenerative disorders. Therefore, it was necessary to evaluate the 

impact of vascular lesions in concert with Alzheimer’s Disease (AD)-related pathology 

in an autopsy study. 

Here, we studied 212 human autopsy cases for the impact of vascular lesions and 

underlying vessel disorders in the development of dementing disorders. Macroscopic 

and microscopic examinations were performed. Clinical data were analyzed to assess 

the degree of dementia. Types of infarcts and vessel disorders were investigated for 

its relation with age and prevalences in different age categories. Logistic and linear 

regression models were applied to clarify the interplay between the pathologies. 

Atherosclerosis (AS), small vessel disease (SVD), and cerebral amyloid angiopathy 

(CAA) were shown to be associated with age analyzing distinct prevalences in age 

categories of this sample. Only the frequency of allocortical microinfarcts increased 

with age whereas other types of forebrain infarcts showed no significant differences 

in prevalences of age-related subgroups. AD-related τ- and Aβ-pathology appeared to 

be the main variables to explain cognitive decline in the elderly. Strategic infarcts/ 

microinfarcts in the CA1-subiculum region, thereby, contributed significantly in the 

development of dementia. Gross infarcts and lacunar infarcts had no major impact on 

the development of dementia, but associations with AS and SVD were shown. The 

only vessel disorder that had an effect on the dementia-related hippocampal 

microinfarcts was capillary CAA whereby CAA-affected capillaries were often found 

outside the infarct presumably exhibiting an important prerequisite for 

hypoperfusion. 

Taken together, capillary CAA contributes to the development of dementia probably 

due to hypoperfusion-induced hippocampal (strategic) microinfarcts. Thus, capillary 

CAA- and its associated type of Alzheimer’s disease are associated with microinfarcts 

and hypoperfusion in the hippocampus, which is essential for memory function. 
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Other vessel disorders could not be targeted as major independent contributors to 

the vascular component of dementia presumably because they spare most frequently 

the hippocampal formation. 
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