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Alzheimer’s disease 

At the 37th Meeting of the Society of Southern German Psychiatrists in November 1906, 

dr. Alois Alzheimer described a series of pathological changes in the brain of a patient 

who was suffering from dementia1. He described a disease that is now known as 

“Alzheimer’s Disease” (AD). AD is the leading cause of cognitive decline and dementia 

in the elderly, and has a severe impact on the lives of millions2. The slow cognitive 

deterioration coupled with the insidious onset affects not only the patient, but also their 

loved ones3. But besides the cognitive decline, dr. Alzheimer also described several 

histopathological changes to the brain of his patient, including neuritic plaques and 

neurofibrillary tangles, which are now still recognized as hallmark symptoms. However, 

over 100 years of research have not provided conclusive evidence of the etiology of AD, 

nor is a cure currently available.  

The pathophysiology of AD 

The research into the underlying pathology of AD has mostly focused on the plaques and 

tangles, which are abnormal accumulations of insoluble proteins amyloid β and tau, 

typically present in AD4. The popular “amyloid hypothesis” states that these proteins 

are key to the pathogenesis of AD5. According to this hypothesis, an imbalance of 

production versus clearance of amyloid β causes accumulation of this protein, which is 

thought to have toxic effects6. Subsequently occurring complex molecular and cellular 

processes are thought to lead to neurodegeneration, atrophy and gliosis, causing 

cognitive decline and dementia7. Although the exact processes, including the role of the 

tau protein, are still unclear, research into the amyloid hypothesis has provided 

substantial evidence for an association of these proteins with AD. The amyloid hypothesis 

has also provided biomarkers for AD, which are means to detect AD before the symptoms 

are fully expressed. Biomarkers for AD include an elevated relative amyloid β 

concentration in the cerebrospinal fluid and hippocampal volume loss on structural 

Magnetic Resonance Imaging (MRI) scans3,8. It has also allowed for the generation of a 

functional biomarker model of AD, which helps to stage the disease and possibly to 

examine the effects of potential drugs on different aspects of the disease (Figure 1.1)7. 

However, given the enormous current and expected future impact of dementia, there is 

an urgent need for means that either cure or delay the disease process. To find such 

means, early diagnosis of AD is very important, as early detection of the disease process 

allows for investigation of the processes causing cognitive decline and dementia and 

earlier intervention. Therefore, new and more accurate biomarkers are needed. 
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Unfortunately, the amyloid hypothesis has so far not been able to provide either a cure, 

or an reliable, early biomarker.  

The amyloid hypothesis does not include vascular components in the description of the 

disease evolution, and (cerebro)vascular pathology is even an exclusion criterion for AD3. 

However, more recent evidence suggests that patients diagnosed with AD often have 

mixed pathology, exhibiting both classical AD symptoms and vascular pathology9. 

Furthermore, vascular pathology also exacerbates cognitive decline in AD patients 

(Figure 1.2). This, combined with evidence showing that amyloid deposition is not 

specific for AD, has given rise to new hypotheses regarding the pathophysiology occurring 

in AD patients10. Increasing evidence supports the vascular hypothesis, which states that 

cerebrovascular pathology plays a key role, and that amyloid β is not the cause of AD, 

but a part of a much larger pathological cascade leading to dementia11. 
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Figure 1.1: Hypothetical biomarker model for the different stages of Alzheimer’s disease7. Note that 

the progression of cerebrovascular pathology is still unknown, and therefore not included in this 

model.  

Figure 1.2: Hypothetical model of cognitive function during normal aging and AD. A combination of 

AD with (cerebro)vascular pathology increases the rate of cognitive decline. The graph is based on 

multiple sources25-28. 
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The vascular hypothesis for AD states that vascular risk factors, such as hypertension 

and atherosclerosis, start a cascade of microvascular events which interact with AD 

pathology10,12. An overview of the difference between the pathways of the amyloid and 

vascular hypotheses is shown in Figure 1.3. The vascular dysfunction occurs mainly at 

the microvascular level, where the blood vessels are strictly regulated by the so-called 

neurovascular unit13. The neurovascular unit is the collection of cellular and subcellular 

structures that work together to maintain homeostasis and support and protect the 

neurons and neuronal environment. An important part of the neurovascular unit is the 

blood-brain barrier (BBB), which prevents neurotoxic substances circulating in the blood 

from exiting the blood space while allowing nutrients to pass and to support the energy 

demand of the neurons. The neurovascular unit also regulates blood flow according to 

local demand and plays a role in the cerebral immune system. There are several findings 

that point towards involvement of vascular pathology in AD14. For example, 

cerebrovascular pathology, including microbleeds, infarctions and lacunes, in people 

with dementia is quite common10,15,16. Also, it is very common in AD to find White Matter 

Hyperintensities (WMHs) on MRI images, which are thought to be ischemic in nature, and 

caused by vascular damage17–19. WMHs are especially of interest as they increase the risk 

to develop AD and are associated with an increased rate of cognitive decline20,21. 
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Figure 1.3: Overview of two hypothesized pathological pathways to neurodegeneration and dementia. 

The amyloid hypothesis states that abnormal cleavage of the amyloid β precursor protein causes 

accumulation of insoluble amyloid, ultimately forming plaques which, through a currently unknown 

process, cause damage to the neurons and lead to neurodegeneration and dementia. The vascular 

hypothesis on the other hand, states that vascular risk factors start a cascade of events that cause 

impairment of the neurovascular unit. This results in damage to multiple functional elements of this 

unit, which causes a neuronal energy crisis and ultimately, neurodegeneration and dementia. The 

diagram is based on multiple sources4,10,29. 
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Neuroimaging 

Diagnosis of AD can be difficult, and neuroimaging can help with this as it is used to 

exclude other potential causes of the cognitive impairment, such as a brain tumor or a 

subdural hematoma. It can also be used to provide further proof for AD, by measuring 

hippocampal atrophy using MRI or the distribution of amyloid β using Positron Emission 

Tomography (PET) combined with an amyloid tracer22. However, hippocampal atrophy 

is a late marker, often observed quite some time after initial onset of the disease, when 

the cognitive impairment has already started (Figure 1.1). A disadvantage of PET is the 

necessity of using a radioactive tracer, and, combined with the fact that amyloid 

deposition also occurs in cognitively healthy subjects and in other diseases than AD, 

amyloid imaging may not be the most optimal choice for a biomarker23.  

MRI is commonly used in AD to detect atrophy and exclude other causes for the 

dementia. It also offers several promising techniques which may serve to further 

investigate different possible features of the vascular hypothesis.  

DCE-MRI 

Impairment of the BBB and the local blood volume can be measured using Dynamic 

Contrast-Enhanced (DCE) MRI. By injecting a (gadolinium-based) contrast agent while 

continuously acquiring images, the distribution of the contrast agent can be measured 

over time. Because a healthy BBB prevents the contrast agent from leaving the blood 

vessels, there should be no extravascular contrast agent. Therefore, the presence of 

contrast agent outside the blood pool can be considered proof of an impaired BBB. DCE-

MRI cannot only be used to diagnose an impaired BBB, it can also provide quantitative 

measures of the leakiness of the BBB.  

ASL 

Local cerebral blood flow can be measured using Arterial Spin Labeling (ASL). This 

technique requires no exogenous contrast agent, but instead uses magnetically labeled 

water (protons) in the arterial blood as an endogenous “contrast agent”. By mapping 

the accumulation of labeled water in brain tissue, the spatiotemporal distribution of the 

blood flow can be established. By analyzing the difference between images with labeled 

protons and images without labeling (the control images), local cerebral blood flow can 

be quantified. Because the blood flow is tightly regulated by the neurovascular unit, 

local blood flow differences may indicate neurovascular unit impairment by proxy.  
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Diffusion MRI 

Diffusion MRI is a technique that allows for measurement of proton movement due to 

the application of diffusion-weighting gradients into the MRI sequence. The brain white 

matter is composed of axons, which connect different parts of the cortex. This 

organization changes the diffusion of protons from being completely random, as in a 

reservoir of water, into an anisotropic process due to restricted diffusion in directions 

perpendicular to the white matter fibers. This allows for assessment of the integrity of 

the white matter, and the reconstruction of the geometry of white matter bundles. Since 

WMHs are associated with demyelination, it is likely that they affect these white matter 

tracts, which may be studied using diffusion MRI24.  

Aim and outline of this thesis  

By expanding our knowledge of the underlying pathophysiology of AD, new biomarkers 

and new targets for treatments may be found. As vascular pathology is hypothesized to 

be an important factor in the pathophysiology of AD, MRI can be considered a promising 

imaging modality, since it can be used to measure different aspects of the vascular 

integrity in the brain of living humans. Technological advances have enabled the use of 

neuroimaging techniques to measure the integrity of the BBB, which constitutes an 

essential part of the neurovascular unit. Because it can be measured in vivo, there is no 

need to perform the investigations after death or to obtain post-mortem tissue. As AD 

is a slowly progressing degenerative disease, death usually occurs when the disease has 

progressed to an advanced stadium, which makes it difficult to study the disease at an 

earlier stage. Modern neuroimaging methods overcome this limitation, opening up new 

lines of research. Therefore, the first research questions of this thesis are: 

In what ways can the integrity of the BBB be non-invasively measured in vivo? 

and 

What techniques have already been used to measure BBB integrity in early AD in vivo? 

In Chapter 2, we have reviewed the literature on available technologies that enable the 

in vivo assessment of the condition of the BBB. The review results showed that it is 

possible to examine the BBB in vivo, but that it is not often performed in AD, which lead 

to the next question: 

Is there BBB impairment in early AD? 
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In Chapter 3, we discuss the findings of measuring BBB impairment by applying a 

dedicated DCE-MRI sequence in patients with early AD and healthy controls. Because 

WMHs are indicative of vascular damage, the locations which most often have WMHs 

offer the best chance at finding BBB impairment. Therefore, the field-of-view of the 

DCE-MRI sequence was positioned to provide optimal coverage of the area around the 

lateral ventricles, which is where the WMHs are most often encountered.  

We found that using DCE-MRI to measure the subtle BBB leakage of early AD is possible 

but difficult. This leads to the question: 

How can the sensitivity of a DCE-MRI experiment be improved to detect subtle BBB 

leakage? 

In Chapter 4, we investigated this by combining the DCE-MRI data with computer 

simulation experiments, to analyze the influence of several methodological alterations 

on the ability to detect BBB leakage.  

Besides the BBB, other aspects of the neurovascular unit may also be impaired in early 

AD, such as the local blood flow, which raises the questions: 

Is the local blood perfusion in early AD altered?  

and 

Is there a correlation in early AD between blood flow impairment and other functional 

elements of the neurovascular unit? 

Chapter 5 describes the measurement of the local cerebral blood flow using an ASL 

sequence. Because the DCE-MRI and ASL sequences were used in the same subjects, we 

also analyzed the correlation between BBB impairment and perfusion differences.  

Besides vascular pathology, WMHs are also associated with demyelination. This indicates 

that WMHs also disrupt the normal connectivity patterns of the brain, which may also 

contribute to the cognitive decline. Therefore, the last main question of this thesis is: 

What is the impact of WMHs on the brain white matter in terms of structural 

connectivity? 

Chapter 6 describes the result of using diffusion MRI to reconstruct the brain white 

matter tracts and investigate the influence of WMHs on the volume of these tracts. Since 
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the hippocampus plays a major role in the pathophysiology of AD, this chapter focuses 

on the white matter tracts connecting the hippocampi with the rest of the cerebrum. 

In Chapter 7, we present our conclusions and the answers to the above questions. 

Furthermore, the results of the different studies are combined and discussed in a 

broader perspective. 
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Abstract 

Increasing evidence indicates that blood-brain barrier (BBB) impairment may play a role 

in the pathophysiology of cognitive decline and dementia. In vivo imaging studies are 

needed to quantify and localize the BBB defects during life, contemplating the 

circulatory properties. We reviewed the literature for imaging studies investigating BBB 

impairment in patients suffering from dementia. After selection, 11 imaging studies 

were included, of which 6 used contrast-enhanced magnetic resonance imaging (MRI), 2 

used contrast-enhanced computed tomography (CT), and 3 positron emission 

tomography (PET). Primarily the MRI studies hint at a subtle increasing permeability of 

the BBB, particularly in patients already exhibiting cerebrovascular pathology. More 

elaborate studies are required to provide convincing evidence on BBB impairment in 

patients with various stages of dementia with and without obvious cerebrovascular 

pathology. In the future, dynamic contrast enhanced MRI techniques and transport 

specific imaging using PET may further detail the research on the molecular nature of 

BBB defects. 
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Introduction 

Dementia is characterized by progressive cognitive decline and has a severe impact on 

the ability for independent living. It is an umbrella term and can have several causes. 

Most investigations of the pathophysiology of dementia have focused on Alzheimer’s 

disease (AD) and in particular its two biological markers: the senile plaques, which are 

accumulations of insoluble amyloid β (Aβ) protein, and the neurofibrillary tangles, which 

are composed of the tau protein1. However, after decades of research, the 

pathophysiology of Alzheimer’s dementia is still unclear and no effective cure has been 

found. Moreover, there is increasing doubt as to whether further investigation of the 

amyloid hypothesis, which states that Aβ is the main cause of Alzheimer’s dementia, is 

the right way to move forward2–4. As a result, interest in other potential causes of 

dementia has increased over the last years.  

Special attention has been paid to the impact of vascular pathology. Multiple common 

findings in dementia suggest the presence of a strong link between dementia and 

vascular pathology, including the high incidence of cerebral amyloid angiopathy5, the 

vascular origin of most of the risk factors2, and the notion that treatment of these risk 

factors decelerates cognitive decline2,6. Also, vascular abnormalities such as white 

matter lesions (of presumed vascular origin), microbleeds, and infarctions (see Figure 

2.1), are commonly found in brains of demented patients2. However, the underlying 

Figure 2.1: An overview of different types of cerebrovascular abnormalities commonly found in 

patients with dementia using MRI. A: a FLAIR image showing white matter lesions (arrows). B: a T2* 

weighted image showing microbleeds (arrows). C: A T2 weighted image showing a lacunar infarction 

(arrow). 
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mechanism of such - often small vessel - pathologies and the link with dementia is not 

completely understood.  

An important component of the cerebral microvasculature is the blood-brain barrier 

(BBB), which regulates the transport of molecules between the blood space and the 

parenchyma. Investigation of the cerebral microvasculature in AD has shown signs of BBB 

dysfunction. For example, there is evidence of vascular pathology involving the 

endothelial cells and the basement membrane, which are important components of the 

BBB7. Also, high levels of the albumin protein in the brain tissue were found which 

indicates BBB dysfunction8. Finally, the clearest example is the extravascular 

extracellular accumulation of Aβ, forming the senile plaques. Aβ should be regulated by 

the BBB and accumulation probably indicates failure of the regulatory process. 

Therefore, the BBB in dementia is a promising target for research.  

Aβ, and its relationship to Alzheimer’s disease, has received a lot of attention over the 

years, including its interaction with the BBB9,10. However, there is also the possibility of 

other, still unknown, mechanisms through which BBB dysfunction may contribute to the 

pathogenesis of AD and other forms of dementia. Insights into the pathologic 

mechanisms and role of the BBB in dementia require effective, preferably noninvasive, 

in vivo methods that are able to localize the BBB impairment. This review will first give 

a brief overview of the BBB and literature on its general role in dementia. Subsequently, 

this review will evaluate the current in vivo imaging methods that can be used to 

investigate the BBB, and will also discuss future promising methods.  

The Blood-Brain Barrier 

The main components of the BBB are specialized endothelial cells, which are supported 

by a basal membrane, pericytes and astrocytic endfeet. These constitute the capillary 

wall in the central nervous system (see Figure 2.2). The BBB prevents toxic compounds 

circulating in the blood from entering the central nervous system and removes waste 

products from the brain tissue, while allowing essential molecules to selectively pass. 

This maintains homeostasis and is accomplished through passive and active transport 

mechanisms (see Figure 2.3)11. The specialized endothelial cells are concatenated by 

tight junctions, and thus form a continuous layer at the luminal side of the capillaries. 

At the parenchymal side of the endothelium, pericytes and astrocytic endfeet are 

located, surrounded by a basement membrane.   
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Figure 2.2: Schematic overview of the different components of the capillary neurovascular unit which 

houses the blood-brain barrier. The capillary wall is formed by endothelial cells, supported by 

pericytes and astrocytic endfeet. A basal lamina surrounds the endothelial cells and pericytes. Tight 

junctions close the gaps between endothelial cells, regulating transport through the gaps between 

the cells. 

 

Figure 2.3: Schematic overview of different transport mechanisms through which compounds can 

cross the BBB. Small molecules such as CO2 and O2 cross the blood-brain barrier freely. Other 

compounds are strictly regulated via tight junctions, active transport pumps (efflux and influx), 

aquaporins and endocytosis (receptor-mediated and adsorptive)11. 
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Due to its complex nature, various mechanisms may impair the function of the BBB. Loss 

of BBB function may cause damage to neuronal cells or worsen their condition, which in 

turn may lead to neurodegenerative disorders5. In the case of impaired tight junctions, 

the BBB becomes more permeable to compounds with increasing size and 

lipophilicity12,13. This is a passive process, which shall be referred to as BBB permeability 

or leakage in this review. Furthermore, it should be noted that the loss of tight junctions 

also reduces the polarity of the cells14, which alters the expression of transporters. 

Consequently, passive and active transport cannot be strictly separated. In addition, 

active transport mechanisms may also become impaired, by which different effects may 

occur. Damage to influx transporters will cause a deficit in the brain, while damage to 

efflux transporters will lead to a buildup of a certain substance. As this is a disruption 

of an active process, this shall be referred to as BBB dysfunction in this review. BBB 

impairment may either be due to increased permeability or due to dysfunction of active 

transport mechanisms.  

The metabolism of the brain also depends on the circulation of CSF, which is produced 

in the choroid plexus in the lateral ventricles and is absorbed by the arachnoid 

granulations into the venous sinuses. At the interface between blood and CSF in the 

choroid plexus resides the blood-CSF barrier, and at the brain and CSF interface exists 

the brain-CSF barrier, both of which also exhibit tight junctions to limit transport of 

molecules to and from the brain tissue14. Although impairment of these barriers is not 

within the scope of this review, it is important to state that neurotoxic compounds may 

also flow from the blood into the CSF and subsequently into the brain. 

BBB dysfunction in dementia 

Different hypotheses exist on the specific role of the BBB in AD. A popular candidate for 

finding the link between the BBB and AD is Aβ15. An intact BBB will properly regulate Aβ 

using active transport mechanisms to control its in- and outflow16. The effect of Aβ in 

AD and its specific effect on the BBB has been described in detail in a recent review by 

Erickson and Banks10. They concluded that Aβ accumulation only partially explains BBB 

impairment in Alzheimer’s dementia. It was hypothesized that Aβ is neurotoxic and 

enters the brain through an impaired BBB, and subsequently induces neuro-

degeneration17,18. As described in another review by Burgmans et al.9, BBB dysfunction 

and accumulation of Aβ in the brain tissue may reinforce each other through different 

processes: Aβ accumulation causes BBB dysfunction through endothelial toxicity and an 
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increase in monocyte adhesion. On the other hand, BBB dysfunction causes Aβ 

accumulation through different mechanisms: through leakage of Aβ through the BBB, 

through an insufficient clearance of Aβ from the brain tissue, and through induced Aβ 

precursor protein cleavage19. BBB dysfunction and Aβ accumulation would then cause 

vascular pathology and Aβ depositions, respectively, which leads to neurodegeneration 

and dementia4. Although the exact role of the BBB in the pathogenesis of dementia 

remains unclear, there is substantial evidence for BBB dysfunction in dementia. 

Evidence from non-imaging studies 

Postmortem evidence  

The earliest evidence for microvascular pathology in dementia comes from the 

postmortem histological examination of brain tissue, which has also become the golden 

standard for diagnosis of the disease causing the dementia. Using this technique, Alois 

Alzheimer already described arteriosclerosis, neurofibrillary tangles, and plaques in the 

brain of one of his patients, who had severe memory impairment before death. With 

respect to the BBB, more recent postmortem investigations of dementia showed mixed 

results, with some finding BBB damage8,20–29, while others did not finding any evidence 

of a compromised BBB30–33. Additional evidence comes from studies which have 

investigated the claudin expression profile of AD patients. Claudin is a protein that is 

essential for the formation and functioning of the tight junctions34. An overexpression 

of claudin in the brain of patients with AD was found, which could indicate a response 

to cellular stress or vascular dysfunction, and likely has an effect on the BBB35,36. 

Although postmortem measures can provide valuable insight into the underlying cause 

of AD, only in vivo imaging methods can show us the extent and severity of the problem 

during life, while dealing with the effects of the circulation and homeostasis. 

Postmortem methods can be able to accurately pinpoint the site and extent of BBB 

dysfunction. However, postmortem methods have two main disadvantages. First, BBB 

dysfunction may be a postmortem effect, resulting from the absence of circulation and 

homeostasis31. Second, acquiring brains suffering from AD at an early stage is difficult, 

as patients usually live for years after initial onset of the symptoms and aging has a 

significant impact on BBB function37. Therefore, postmortem studies generally look at 

an end stage of the disease, while investigation of dementia at an early stage and during 

life may prove more informative.  
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Animal studies  

There are different animal models available which mimic the human AD phenotype quite 

closely38. Common examples are transgenic mouse models which develop a familial form 

of AD. These mice often also display cerebrovascular pathology39, indicating interplay 

between Aβ pathology and the cerebral blood vessels. Such models, in combination with 

different techniques for evaluation of the BBB (see also Wunder et al.40), have been used 

to show different pathways through which the BBB and Aβ interact with each other9. 

The animal studies have supplied a sizeable portion of the evidence in support of the 

hypothesized importance of BBB dysfunction in dementia. However, even though animal 

studies supply the possibility of validation of BBB assessment techniques and invasive 

imaging, the translation of results to human pathology remains difficult, especially since 

the cause of cognitive decline in dementia is probably multifactorial2.  

Albumin ratio  

A commonly used in vivo measure for BBB impairment is the albumin ratio, which is 

defined as the concentration of albumin found in the cerebrospinal fluid (CSF) divided 

by the concentration of serum albumin. Albumin is a relatively large molecule (molecular 

weight, 67 kDa) that circulates in the blood and can only enter the CSF by crossing the 

BBB. The amount of albumin crossing the healthy BBB is strictly regularized. Therefore, 

an increased albumin ratio is considered to be a measure of BBB impairment41,42. CSF is 

obtained using a lumbar puncture, a common, but somewhat burdening, procedure.  

An overview of different studies utilizing the albumin ratio to investigate the BBB is 

given in Table 2.1. The listed studies on AD provide convincing evidence of albumin 

leakage. In the literature we found 9 studies on AD supporting leakage of albumin into 

the CSF43–50. The higher albumin ratio was also found in studies investigating patients 

with vascular dementia46,48,49,51–53. However, two studies could not find a significant 

difference between demented patients and healthy controls54,55. Together, the majority 

of findings suggest that a higher albumin ratio is often present in patients suffering from 

dementia, especially those exhibiting vascular pathology. However, a disadvantage of 

the albumin ratio is that it does not provide insight into the localization of leakage, as 

it is a global measure. Also, it does not necessarily reflect BBB impairment. For instance, 

the leakage of albumin could also come from blood-CSF barrier defects, while the BBB 

could remain intact. Additionally, the albumin ratio may be increased when there is 
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albumin leakage through spinal cord vessels, subarachnoid vessels or the spinal cord, 

which cannot be differentiated from BBB leakage.  

Evidence from imaging studies 

So far, postmortem, animal model, and albumin ratio investigations have provided 

substantial information for BBB dysfunction and on the role of the BBB in the 

pathophysiology of AD. This evidence is mainly indirect however, without proof of the 

exact location of BBB defects, and illustrates the need for methods that examine the 

BBB in vivo and in a spatially resolved way. Both of these requirements can be met by 

using imaging techniques performed with a contrast agent, which is why the literature 

was searched for applications of such methods in patients with dementia.  

Search criteria  

In this study, we investigated the hypothesis of BBB dysfunction in dementia through a 

literature review. In particular, we focused on in vivo imaging methods to assess the 

BBB in dementia.  

Two sources, PubMed and Web of Science, were used to search for literature on the 

subject of localized in vivo BBB integrity measurements in people with dementia.  

We searched PubMed for articles which had the following terms in either the title, 

abstract or as a keyword: “blood-brain barrier“, “Alzheimer“, “mild cognitive 

impairment“, “dementia“, “permeability“, “integrity” and “function“. From the Web 

of Science we included articles which had the following terms as a topic: “blood-brain 

barrier“, “Alzheimer“, “mild cognitive impairment“, “dementia“, “permeability“, 

“integrity“ and “function“, excluding articles which used animals or in vitro techniques.  
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Table 2.1: Summary of albumin ratio studies assessing the BBB in dementia 

Investigated 
disorder, group size 

Mean age (y) of 
patients, 
controls 

Main findings Reference 

32 AD vs. 22 HC 69, 67 Higher albumin ratio Elovaara et al., 
1987 

64 AD vs. 17 VaD vs. 
52 HC 

65, 68, 43 No higher albumin ratio in AD, 
higher in VaD 

Leonardi et al., 
1985 

22 AD vs. 29 VaD vs. 
22 HC 

67, 68, 67 Higher albumin ratio in AD and 
VaD compared to controls but 
not between AD and VD 

Elovaara et al., 
1987 

31 AD vs. 14 HC 66, 65 No difference in albumin ratio Kay et al., 
1987 

53 VaD vs. 30 HC 74, 72 Higher albumin ratio in VaD Wallin et al., 
1990 

118 AD vs. 50 HC 72, 72 Higher albumin ratio in AD 
when combined with vascular 
pathology 

Blennow et al., 
1990 

13 EOAD vs. 33 AD vs. 
20 VaD vs. 17 HC 

64, 77, 72, 60 Higher albumin ratio in VaD Mecocci et al., 
1991 

25 AD vs. 25 HC 69, 69 Higher absolute albumin in 
serum in AD 

Frölich et al., 
1991 

45 AD vs. 30 VaD vs 
23 OND vs. 27 HC 

69, 70, 63, 63 No higher albumin ratio 
between the groups 

Mattila et al., 
1994 

13 AD vs. 14 VaD vs. 2 
other dementia vs. 29 
HC 

85, 85, 85, 85 Higher albumin ratio in AD and 
VaD 

Skoog et al., 
1998 

14 AD vs. 7 VaD vs 7 
HC 

78, 74, 79 Higher albumin ratio in AD and 
VaD 

Wada, 1998 

42 AD 70 Higher albumin correlates with 
hippocampal atrophy 

Matsumoto et 
al., 2007 

36 AD 71 High albumin in 22% Bowman et al., 
2007b 

157 AD 70 High albumin ratio in 42% of 
men and 13% of women 

Algotsson and 
Winblad, 2007 

36 AD 70 High albumin ratio in 22% Bowman et al., 
2012 

AD: Alzheimer’s Disease; HC: Healthy Controls; VaD: Vascular Dementia; FLD: Frontotemporal Lobe 

Dementia; PDD: Primary Degenerative Dementia; MBs: Microbleeds; PgP: P-glycoprotein; EOAD: 

Early Onset Alzheimer’s Disease; OND: Other Neurological Disorders 
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We also excluded non-English articles, reviews, animal studies and articles from before 

1985. Based on title and abstract, we excluded studies not focusing on (a form of or 

presumed pre-stage of) dementia and we only included in vivo human studies where BBB 

dysfunction was measured in the human brain in a way that the dysfunction was spatially 

definable. We cross-referenced other reviews to make sure we did not miss any 

studies5,15,37. 

The PubMed search resulted in 166 hits; the Web of Science search resulted in 302 hits. 

There was an overlap between the search results of 34 articles. After reading the title 

and abstract of each article, 11 studies remained.  

Search results 

From our literature search, we identified the following studies using in vivo imaging 

techniques to investigate the BBB: Bronge and Wahlund, 2000; Caserta et al., 1998; 

Wang et al., 2006; Dysken et al., 1990; Hanyu et al., 2002; Schlageter et al., 1987; Starr 

et al., 2009; Taheri et al., 2011a, 2011b; van Assema et al., 2012a, 2012b56–66. Of these 

studies, 6 used gadolinium-based contrast agents for MRI56,59,61–64, 2 used iodine-based 

contrast agents for CT57,58, and 3 used radioactive tracers for PET60,65,66. An overview of 

these studies can be found in Table 2.2, and the results are discussed in the following 

sections.  

In all these studies, the BBB impairment was measured inside human brains by means of 

neuroimaging techniques using a contrast reagent; either a passively leaking contrast 

agent for CT or MRI, or an actively transporting radiotracer for PET. For CT or MRI, the 

choice of applicable contrast agent differs per imaging modality. Moreover, the 

suitability differs per type of contrast agent as the BBB permeability depends, among 

other properties, on the size and lipophilicity of the compound12,13. Ideally, a contrast 

agent should not or barely pass an intact BBB, but should easily cross a damaged (i.e. 

leaky) BBB. As there are large differences between the analyses used in the studies, a 

brief overview of common contrast-enhanced imaging methodology is given in the 

following paragraphs. 

Dynamic contrast-enhanced imaging relies on the assessment of a temporal gradient in 

contrast agent concentration, by which the transfer rate of the contrast agent from the 

intravascular space into the extravascular extracellular space can be obtained as a 

measure of BBB permeability. There are different ways to perform this assessment. The 

most straightforward method is to investigate the relative signal enhancement in a 
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region of interest (ROI), which was used in 4 of the 6 MRI studies. A stronger signal 

enhancement of the ROI inside the brain indicates a higher concentration of contrast 

agent, which is interpreted as leakage.  

Another method is to use a pharmacokinetic model to analyze the contrast agent 

dynamics that cause specific enhancement of the brain tissue. This method was used in 

1 of the 2 CT studies, 2 of the 6 MRI studies and all 3 of the PET studies. With modeling, 

the BBB leakage may be determined in a more quantitative manner. The numerously 

available models differ in complexity and the number of assumptions under which they 

can be applied67. The most important difference between models is the amount of 

compartments that are considered. Commonly, a two-compartment model is used (see 

Figure 2.4), which assumes that each ROI contains a vascular compartment and an 

extravascular extracellular space compartment. Also important to note is that some 

models (such as the Patlak model68) do not take reflux of the contrast agent into 

account, which could lead to misinterpretation of the data. Significant reflux is very 

likely in high leakage scenarios such as in high-grade tumors (for an example see Figure 

2.5). The application of these methods in the included studies is discussed in the 

following paragraphs.  
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Table 2.2: Summary of in vivo imaging studies assessing the BBB in dementia 

Investigated 

disorder, 

group size 

Mean age 

(y) of 

patients, 

controls 

Type of assessment Main findings Reference 

AD/MCI/SCI/ 
VaD/FLD, 5 
with 
elevated AR 
vs. 5 with 
normal AR 

73,72 CE-MRI, signal 
enhancement 
ratio, max 25 mins 

No increased signal 
enhancement in WMLs 
compared to normal 
appearing white matter 
both in elevated AR 
and normal AR 

Bronge and 
Wahlund, 2000 

17 BD vs. 10 
ICE vs. 14 
HC 

78,77,79 CE-MRI, T1 
relaxation time 
measurements, 
max 15 mins 

BBB leakage only in 
WMLs in patients with 
BD 

Hanyu et al., 
2002 

11 MCI vs. 
10 HC 

74,74 CE-MRI, signal 
enhancement 
ratio, max 5 mins 

BBB leakage in 
hippocampus 

Wang et al., 
2006 

15 AD vs. 15 
HC 

74,73 CE-MRI, signal 
enhancement, 
NEX=9, max 30 
mins 

signal enhancement 
indicative of different 
blood-brain-CSF 
compartment kinetics 

Starr et al., 
2009 

45 VCI vs. 
20 HC 

64,51 CE-MRI, modified 
Patlak model, max 
23 mins 

Selective BBB leakage 
in VCI 

Taheri et al., 
2011b 

60 VCI vs. 
17 HC 

63,44 CE-MRI, modified 
Patlak model, max 
23 mins 

BBB leakage compared 
to controls 

Taheri et al., 
2011a 

26 PDD vs. 
15 HC 

67,62 CE-CT, washout 
curves, max 35 s 

No BBB leakage 
observed 

Dysken et al., 
1990 

14 AD vs. 9 
HC 

87,83 CE-CT, two 
compartment 
model, max 60 
mins 

No BBB leakage 
observed 

Caserta et al., 
1998 

5 AD vs. 5 
HC 

66,68 PET, [68Ga]EDTA 
tracer, Patlak 
model 

No BBB leakage 
observed 

Schlageter et 
al., 1987 

13 AD vs. 14 
HC 

65,62 PET, (R)-
[11C]verapamil 
tracer for PgP 
function, max 60 
mins 

PgP function decreased 
in AD 

van Assema et 
al., 2012b 

12 AD vs.6 
AD+MBs 

66,63 PET, (R)-
[11C]verapamil 
tracer for PgP 
function, max 60 
mins 

No increased PgP 
dysfunction observed in 
AD+MBs vs. AD 

van Assema et 
al., 2012a 

AD: Alzheimer’s Disease; BD: Binswanger’s Disease; ICE: Ischemic Cerebrovascular Events; CE: 

Contrast Enhanced; WMLs: White Matter Lesions; MCI: Mild Cognitive Impairment; SCI: Subjective 

Cognitive Impairment; VaD: Vascular Dementia; FLD: Frontotemporal Lobe Dementia; AR: Albumin 

Ratio; HC: Healthy controls; PDD: Primary Degenerative Dementia; MBs: Microbleeds; PgP: P-

glycoprotein; NEX: Number of EXcitations 
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Figure 2.4: Schematic overview of a two-compartment model in brain tissue. The region of interest 

(ROI) can either be a voxel or a multitude of voxels. Each ROI contains a blood compartment with 

volume vb, and an extravascular extracellular compartment with volume ve, into which the contrast 

agent leaks. These two compartments are separated by the blood-brain barrier. The cerebral blood 

flow (CBF) is the amount of blood per time unit entering and exiting the ROI. The transfer rate of the 

contrast agent into the extravascular extracellular compartment is denoted as Ki. 

 

Figure 2.5: T1 weighted images of a patient with a tumor (arrow) before (A) and after contrast injection 

(B), illustrating the signal enhancement both in the tumor and in the blood vessels such as the sagittal 

sinus and some arteries (arrowheads). 
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Magnetic resonance imaging  

Magnetic Resonance Imaging is an imaging technique that relies on the measurement of 

the electromagnetic energy absorption and relaxation behavior of protons (water 

molecules) in a magnetic field. By using paramagnetic contrast agents, such as 

gadolinium based compounds, the relaxation behavior of the protons is altered in such 

a way that the MRI signal changes. One of the most common contrast agents in MRI is 

gadolinium-diethylenetriaminepentacetate (Gd-DTPA). It is a relatively small molecule 

(molecular weight, 0.6 kDa) which is thought to pass the BBB through the tight junctions 

if they are damaged69. Although gadolinium-based agents are considered relatively safe 

compared to iodine-based agents, there are rare reports of nephrogenic systemic fibrosis 

as a consequence of Gd administration70. The most widely used technique to investigate 

the BBB in vivo is dynamic contrast enhanced-MRI (DCE-MRI), which applies dynamic 

imaging to visualize contrast agent distribution over time.  

Wang et al.64 used DCE-MRI in patients with MCI to investigate the hippocampus, with 

the cerebellum as a reference. Signal enhancement in the cerebellum and left 

hippocampus appeared not to be different between patients with MCI and healthy 

controls. However, in the right hippocampus the signal enhancement curve was less 

steep and was higher after contrast agent administration in the patients compared to 

controls. They interpreted this as a lower local blood volume and longer signal retention, 

indicative of vascular changes in the hippocampus rather than an indication of BBB 

permeability. Starr et al.61 used DCE-MRI in 15 patients diagnosed with probable AD and 

their healthy spouses. They placed multiple ROIs throughout the brain and showed 

aberrant temporal patterns of gadolinium-based signal enhancement, indicating altered 

blood-brain-CSF compartment kinetics. They also discussed whether the likely pathway 

of the contrast agent accumulation in the brain was blood-CSF-brain, or blood-brain-

CSF. Based on their results, they concluded that the latter pathway was more plausible 

in the timeframe (30 minutes) of the study. Unfortunately, no other study reported 

similar results, so further confirmation of this finding is needed.  
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Using DCE-MRI, Bronge and Wahlund56 focused on white matter hyperintensities (WMHs) 

in dementia to investigate the role of WMHs in the pathophysiology of dementia. They 

examined 10 patients with WMHs, 5 with elevated and 5 with normal albumin ratio. 

However, no significant difference was found in the WMHs between the two groups. 

Hanyu et al.59 also used DCE-MRI in patients with Binswanger’s disease (a rare, more 

diffuse and subcortical form of vascular dementia71). They analyzed periventricular 

WMHs in these patients and compared the results to periventricular WMHs in patients 

with ischemic cerebrovascular events and normal appearing white matter of healthy 

control subjects by measuring T1 relaxation times before and after contrast injection. 

The T1 relaxation time, which shortens with increased contrast agent concentration, 

was shorter in the patients with Binswanger’s disease compared to those in the WMHs of 

the patients with ischemic cerebrovascular events and to the normal appearing white 

matter in the control group. The lowered relaxation times in the patients with 

Binswanger’s disease also correlated with the mini-mental state evaluation test score, 

indicating a link between BBB dysfunction in WMHs in Binswanger’s disease and cognitive 

function.  

Two studies by Taheri et al.62,63 investigated BBB dysfunction in relatively large groups 

(n=45 and 60, respectively) of patients with vascular cognitive impairment (VCI) using 

DCE-MRI. In both studies they used a postcontrast scanning time of 24.5 minutes and the 

 

Figure 2.6: An example of BBB leakage as shown by Taheri et al. in a VCI patient. On the left is a 

FLAIR image of a patient with vascular cognitive impairment. The image on the right displays a color-

coded BBB leakage map62. 
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Patlak graphical approach was used to calculate BBB permeability and local blood 

volume maps. The resulting leakage maps were investigated by means of distribution 

histograms. They demonstrated an increased contrast agent leakage localized in the 

center of some WMHs, though not in every WMH, nor in its periphery (for an example, 

see Figure 2.6). An explanation for this not specific localization of BBB leakage was not 

given. Overall, the MRI based studies provide evidence for BBB dysfunction in AD, 

especially in patients with WMHs and vascular pathology.  

Computed tomography 

Contrast agents in computed tomography (CT) are often iodine-based and have a much 

stronger absorption of X-rays compared to, for instance, bone or soft tissue. This way, 

the distribution of the contrast agent becomes visible on a CT image.  

In our literature search we found 2 studies that used contrast-enhanced CT to investigate 

possible BBB dysfunction in dementia57,58. Dysken et al.57 used CT to investigate primary 

degenerative dementia. For this study, multiple ROIs were placed to determine the 

signal intensity course over time. However, no significant differences were found 

between the primary degenerative dementia patients and healthy controls. The dynamic 

CT measurement lasted up to 35 s after contrast administration, which is rather short 

compared to other studies using contrast-enhanced imaging (Table 2.2). If any weak BBB 

leakage exists, it would be more easily detected when the total measurement would be 

longer. A second CT study is by Caserta et al.58, who used a two compartment model for 

evaluating the temporal signal changes in a number of ROI’s in the gray and white 

matter. However, none of the pharmacokinetic measures appeared different between 

the patients with (probable) AD and healthy controls. In sum, the number of contrast-

enhanced CT studies is limited, and they do not provide any evidence for BBB impairment 

in dementia.  

Positron emission tomography 

Positron Emission Tomography (PET) is a technique which utilizes an administered 

radioactive tracer (radiopharmacon) that emits energetic gamma photons (511 keV) that 

can be detected in a spatially resolved way. Radiopharmacons can be designed to bind 

to specific biomolecules expressed in certain diseases. The most common PET tracer 

18F-Fluorodeoxyglucose (FDG) can be used to investigate glucose metabolism in the 

brain. The uptake of FDG in the brain is usually very strong and lowered in certain brain 

regions for patients with dementia72. However, because FDG-PET cannot differentiate 
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between a dysfunctional BBB through a lowered expression of the GLUT-1 transporter 

(an influx transporter which regulates the active transport of glucose across the BBB) 

and a decreased glucose metabolism rate, it seems an unsuitable technique for BBB 

assessment. Also, evidence indicates that the lower expression of the GLUT-1 

transporter is a consequence of AD, rather than a cause10.  

There are multiple pathways through which Aβ is cleared from the brain, but the main 

receptors are low-density lipoprotein 1, the receptor for advanced glycation end 

products (RAGE), and P-glycoprotein73,74. Van Assema et al. used (R)-[11C]verapamil, 

which binds to P-glycoprotein binding sites, in 15 patients with AD65,66. The binding 

potential of (R)-[11C]verapamil in gray matter was stronger in patients than healthy 

controls which indicated that Aβ clearance was lowered in AD. They also investigated 

AD patients without evidence of microbleeds compared to those who had microbleeds. 

The patients with microbleeds did not show any additional Aβ clearance problems, which 

indicates that lower clearance of Aβ is not linked to microbleeds in AD.  

A possible tracer for (passive) BBB permeability using PET is [68Ga]ethylenediamine-

tetraacetic acid ([68Ga]EDTA)75 (molecular weight 0.3 kDa), which is biologically inert 

and should not pass the intact BBB (Hawkins et al., 1984). An advantage of using tracers 

such as [68Ga]EDTA is that much lower concentrations of contrast reagent can be used 

compared to other common contrast agents used for CT or MRI76. This tracer has been 

used by Schlageter et al. to investigate BBB permeability in five patients with AD 

compared to five healthy controls60. They used a two-compartment kinetic model to 

analyze the decay curves of [68Ga]EDTA in ROIs located in the left and right 

hemispheres. No difference was found between patients and controls and they suggest 

that a more efficient scanner and higher dose might improve sensitivity to small leakage. 

Taken together, PET imaging has provided unique insight into BBB function in AD with 

regard to the disruption of Aβ clearance pathways. 

Promising future methods 

Currently, detailed knowledge on the nature of BBB impairment in dementia is lacking 

due to the fact that most of the imaging studies have focused on tight junction damage, 

while many other BBB pathways related to active transport of molecules may be 

impaired. The most convincing evidence for BBB impairment in dementia comes from 

MRI studies which used pharmacokinetic modeling in patients with vascular pathology. 

Expanding on this, we will discuss methodology improvements for existing techniques 



Blood-brain barrier impairment in dementia: current and future in vivo assessments 

31 
 

and propose underutilized methods which can be used to image defects of the BBB in 

vivo.  

DCE-MRI 

DCE-MRI methodology can be improved to increase the sensitivity to BBB permeability. 

Most progress can be made by increasing signal-to-noise ratio (SNR) or by increasing 

spatial resolution. A higher SNR would help to improve the sensitivity to low 

concentrations of gadolinium due to limited BBB leakage, and a better spatial resolution 

would help to detect small “hot spots” of leakage. Moving to higher field strengths such 

as 7 T may help in this regard77,78. Also, a multicompartment model68,79, combined with 

proper contrast agent concentration calculations80 and whole-brain voxel-wise analysis 

methods, should increase sensitivity for low and localized leakage.  

Microvascular water exchange MRI methods 

Water balance is an important part of the brain homeostasis. Water transport across the 

BBB is mostly osmotically driven through active uptake of essential salts, but distribution 

of water is regulated by aquaporins, which reside mainly on the astrocytic endfeet14,81,82. 

If the aquaporin function is impaired, the water balance may be disturbed and transport 

of water molecules across the BBB may be altered. Besides DCE-MRI, the water 

regulation can also be evaluated without the use of a contrast agent by using the MRI 

technique intravoxel incoherent motion (IVIM)83. Using IVIM, it is possible to get an 

indication of BBB aquaporin (dys)function84. 

PET 

One of the main advantages of PET imaging is that it allows for a very detailed evaluation 

of metabolic cell processes by binding radioactive labels to specific molecules40. This 

would allow for imaging of specific processes related to BBB function, possibly 

pinpointing which processes are interrupted in dementia. An example of how tracers 

may directly interact with specific components of the BBB, are amyloid transporter 

tracers65,66, such as 11C-, 13I- or 18F-labeled Aβ85-87. These tracers can be used to study 

intravascular and extravascular Aβ concentrations. In future studies, specific 

components and transporters of the BBB can be investigated using similar methods for 

other transport mechanisms (e.g. the monocarboxylate transporter 1 for lactate and the 

amino acid transporters). 
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Discussion 

Current state 

Most of the imaging of BBB impairment has focused on MRI rather than CT or PET, which 

are rarely used so far. PET studies show an impaired P-glycoprotein function but not a 

leaky or damaged BBB per se, while CT studies so far fail to show any effect. MRI studies 

do show evidence of BBB leakage in patients with dementia. This has particularly been 

found in patients with WMHs and vascular pathology. Actual BBB impairment in non-

vascular forms of dementia, including pure AD, has not been reported so far using in 

vivo imaging. Nevertheless, since most patients with dementia have mixed pathologies, 

including a certain degree of vascular pathology88, it is difficult to distinguish vascular 

and non-vascular dementia. We therefore cannot conclude that BBB impairment does 

not exist in pure AD.  

Our knowledge of BBB dysfunction in dementia from imaging studies is still in an early 

phase. This is illustrated by several problems. First, there are only 11 studies of in vivo 

BBB imaging in humans and more studies are prompted for. Second, the investigated 

patient groups are highly heterogeneous, as can be seen in Table 2.2. A total of seven 

different types of dementia were included in the studies using in vivo imaging. It would 

be advantageous to be able to meaningfully group the patients with dementia due to 

different causes. However, since that would require knowledge of the pathophysiology 

of dementia, this is currently not possible. Also, roughly half of the investigated patients 

in Table 2.2 suffered from vascular cognitive impairment (VCI), which implies that these 

patients already have cerebrovascular abnormalities. This VCI group is thus 

overrepresented. An additional problem is that postmortem histopathology often 

disagrees with clinical diagnosis88. It is known that pure AD is rare, as patients often 

have mixed pathology, including vascular abnormalities. This hampers investigating the 

link between AD and BBB impairment, because it is almost impossible to exclude the 

modifying influence of vascular factors. Third, the subject groups investigated so far are 

relatively small. Larger patient groups should increase sensitivity to subtle effects. 

Fourth, the limited evidence for BBB leakage in dementia hints at a very slow and subtle 

kind of leakage, but this was not always considered in the studies investigating BBB 

impairment in dementia. Using a proper pharmacokinetic model instead of signal 

enhancement methods may improve sensitivity for such limited leakage. Moreover, it 

remains uncertain which compartments, blood, extravascular extracellular, and/or 
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cerebrospinal fluid, need to be included in the modeling to obtain the most adequate 

quantification of the observable leakage. The signal enhancement ratio is useful to 

compare specific ROIs, but the use of a pharmacokinetic model would allow for better 

comparison of various studies, and enables the separation of contrast enhancement by 

the filling of microvessel lumen from the leakage into the parenchyma.  

In conclusion, the currently available literature does not provide sufficient insight into 

the nature and exact location of the BBB impairment in dementia. However, the data is 

indicative of (localized) BBB dysfunction in patients who already suffer from 

cerebrovascular pathology such as white matter lesions. Future research will have to 

prove the severity and extent of BBB dysfunction in dementia. 

Future directions 

Given its complex nature, future research should focus on the investigation of specific 

components of the BBB. Current research has predominantly focused on tight junction 

permeability and to some degree on the P-glycoprotein transporter. However, the BBB 

houses many more molecular transport mechanisms which, through a currently unknown 

cascade of events, may induce neurodegeneration and dementia. Also, since the loss of 

tight junctions influences the expression of active transporters, changes of passive 

transport mechanisms likely have more complicated effects on the entire BBB, making 

examination of separate transport systems even more challenging. As such, research 

focused on separate transport systems is needed to explore the exact pathway of the 

BBB pathology in dementia.  

Transport specific research in AD needs novel imaging methods. Assessment of aquaporin 

function through water exchange measurements and the permeability of the tight 

junctions using DCE-MRI methods are relatively easy to perform. However, if these BBB 

components are not or only a small part of the AD cascade, other techniques will have 

to be utilized. The most promising method is by using PET imaging with specific 

radiopharmacons that target specific transport receptors. Also, combining PET with MRI 

will open up even more routes of investigation. Using a PET-MRI, different contrast 

agents can be investigated at the same time, such as [68Ga]EDTA and Gd-DTPA. This 

allows for cross-validation of the contrast agents. It would also be possible to 

simultaneously measure cerebral blood flow with MRI and specific transporter function 

with PET to investigate interactions between ischemia and the BBB function. 
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Transport pathway specific imaging is particularly relevant in an early phase of 

dementia. Early diagnosis would be very helpful for patient care and research. Currently, 

diagnosis of AD during life is made mainly though neuropsychological evaluations of 

cognition. However, AD in its prodromal form may develop much sooner than the initial 

onset of cognitive decline89. The point at which patients consult a caregiver when they 

experience complaints may be long after the initial pathology starts. Imaging methods 

have the potential to make such early pathology visible. A complication is that patients 

suffering from prodromal AD may never actually progress to full AD90, which makes 

finding subjects in the very early stages of the disease even harder. Currently, the most 

reliable method to differentiate between the non-progressing and progressing groups is 

by observing the patient at a later stage of the disease when progress is already 

happening or has happened. Some recent Aβ based PET tracers (11C-PiB86, 18F-

florbetapir91 and 18F-flutemetamol92) have shown promising results on early diagnosis 

on AD. Although 11C-PiB has been the most extensively studied amyloid tracer, its short 

half-life of 20 minutes is an evident practical limitation, as it has to be produced in-

house, which requires proper equipment and facilities. The development of fluorine 

tracers, which have a half-life of 110 minutes, has largely overcome this limitation. The 

most promising fluorine based amyloid tracers, florbetapir and flutemetamol, are still 

under development. If these future tracers will actually be able to provide an early 

diagnosis of AD, transport specific investigation at an early stage of the disease will 

become possible.  

In conclusion, imaging studies on BBB function in dementia demonstrate BBB 

impairment, in particular in patients with vascular abnormalities. However, impairment 

in non-vascular forms of dementia, including AD, remains difficult to infer on. Future 

research should focus on larger patient groups and explicitly investigate the role of 

vascular abnormalities. There is also a lot of potential in examination of different BBB 

transport pathways. The BBB is a complex structure that plays an important role in brain 

homeostasis, so any specific transport pathway that is impaired may cause pathology. 

Transport pathway specific imaging using PET and investigation of AD at an early stage 

will allow for a more detailed examination of the parts of the pathological cascade 

leading to dementia. 
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Abstract 

Increased blood-brain barrier (BBB) permeability may represent a key mechanism in the 

early pathology of Alzheimer’s disease (AD). Our aim was to investigate whether the BBB 

is leaking blood-circulating substances in patients with early forms of AD, and if so, to 

examine the extent and pattern of leakage. As a pilot study, we scanned 16 patients 

with early AD and 17 healthy age matched controls using a dual time resolution dynamic 

contrast-enhanced MRI sequence for 25 minutes. The Patlak graphical approach was used 

to quantify BBB leakage rate (Ki) and local blood plasma volume (vp). Subsequent 

histogram analysis was used to determine the volume fraction of the leaking brain tissue 

(vL). Differences were assessed using linear regression analysis, adjusted for confounding 

variables. Ki was significantly higher in patients compared with controls in the total GM 

(p<0.05), and cortex (p=0.03). Patients had a significantly higher vL in the GM (p=0.004), 

NAWM (p<0.04), deep GM (p=0.01), and cortex (p=0.004), and a trend in WM (p=0.06). 

Over all subjects, the MMSE score decreased significantly with increasing vL in the deep 

GM (p=0.007), and cortex (p<0.050). This study demonstrates global BBB leakage in 

patients with early AD that is associated with cognitive decline. We suggest that a 

compromised BBB is part of a cascade of pathological events, eventually leading to 

cognitive decline and dementia.  
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Introduction 

Evidence is increasing that cerebral microvasculature impairment plays an important 

role in the pathophysiology of Alzheimer’s disease (AD)1,2. However, the exact pathway 

remains unclear. Results from histology and albumin sampling studies show that an 

increased blood-brain barrier (BBB) permeability is likely a key mechanism3.  

The BBB is a collection of cells and subcellular structures in the cerebrovascular wall, 

which separates the blood from the brain parenchyma. It regulates the delivery of 

important nutrients to the brain through active and passive transport mechanisms, and 

prevents neurotoxins from entering the brain4. It also has a clearance function, meaning 

that it removes surplus substances from the brain. A well-functioning BBB is essential to 

keep the brain tissue in a healthy condition. Previous studies suggest that deterioration 

of the BBB can cause an ill-conditioned environment for neuronal cells and other 

pathological changes, such as small vessel pathology, protein deposits, inflammation and 

neuronal cell death5,6. These changes may eventually lead to cognitive decline and 

dementia. 

BBB degradation in advanced stages AD has been shown mainly by using histology and 

the albumin ratio measurement7. For the detection of subtle BBB leakage in vivo, 

dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) can be used, which 

is a well-established method in (neuro)oncology due to relatively strong leakage of 

gadolinium contrast agent in (high-grade) tumors8. Using longer scan times, it is also 

becoming a promising method in neurodegenerative and cerebrovascular diseases, 

where the leakage is expected to be much lower9–12.  

To investigate whether BBB leakage contributes to the early pathophysiology of AD, we 

hypothesized that patients with early forms of AD will already show increased BBB 

permeability in comparison with age matched controls. For this, we initiated a pilot 

study that used a dedicated dual time resolution MRI acquisition protocol that separates 

the filling of the blood vessels from the leakage13. We also investigated differences in 

local blood plasma volume fraction, and the relationship between BBB permeability and 

global cognition. 
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Materials and Methods 

Participants 

Patients with MCI due to AD or patients at an early phase of AD were prospectively 

recruited at the memory clinic from the Maastricht University Medical Center (MUMC) 

and Leiden University Medical Center (LUMC). Since MCI due to AD and AD comprise a 

continuum of cognitive decline, both groups were combined for our primary analysis. All 

patients were referred by their general practitioner for memory complaints. They were 

diagnosed at each center in consensus by a multidisciplinary team according to the 

Dubois criteria for MCI and the criteria of the National Institute on Aging and the 

Alzheimer’s Association for AD14,15. Patients were included when they were diagnosed 

with either dementia of the Alzheimer type or mild cognitive impairment due to AD. To 

ensure the patients had an early stage of AD, the clinical dementia rating was ≤116. 

Healthy controls were recruited through advertisements in local newspapers. 

Participants were excluded in the following conditions: contraindications for scanning 

(e.g. brain surgery, cardiac pacemaker, metal implants, claustrophobia, large body 

tattoos); contraindications for contrast agent (renal failure) as determined by the 

estimated Glomular Filtration Rate (eGFR) < 30 mL/min, or known allergy to gadolinium 

based contrast agents; major vascular disorders (e.g. stroke, heart disease) history of 

stroke or other causes for vascular dementia; psychiatric disorders: history of major 

depression, schizophrenia, bipolar disorder, psychotic disorder NOS or treatment for a 

psychotic disorder (< 12 months); epilepsy; Parkinson’s disease; MS; brain surgery; brain 

trauma; electroshock therapy; kidney dialysis; Ménière’s disease; brain infections; major 

structural abnormalities of the brain; cognitive impairment due to alcohol/drug abuse 

or abuse of other substances; absence of reliable informant (for patients). An overview 

of the results of neuropsychological tests of the patients can be found in Table A3.1 in 

the Appendix. This study was approved by the local medical ethical committees of both 

institutes. Written informed consent was obtained from all subjects. All subjects 

underwent the mini mental state examination (MMSE) test before MRI17. The patients 

had a score ≤2 on the modified Hachinski scale, indicating that the dementia did not 

have a vascular origin. We included 18 patients and 19 healthy controls (5 and 4 at the 

LUMC, respectively). Two patients were excluded because of incomplete MRI 

examinations and 2 controls were excluded because of severe motion induced artifacts 

and a low renal function. Therefore, the data of 16 patients (7 AD, 9 MCI) and 17 healthy 
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controls was used for final analysis. Participant characteristics are provided in Table 

3.1.  

Imaging protocol 

To detect BBB leakage, a dual time resolution dynamic contrast-enhanced MRI protocol 

was implemented on a 3 Tesla MRI system (Philips Achieva, Best, the Netherlands) at 

both sites. This protocol consisted of two nested pulse sequences, a slow and a fast 

sequence13. The fast sequence was a saturation recovery gradient recalled sequence 

(TR/TE 5.2/2.5 ms, flip angle 30˚, 25.6x20x5 cm3 field of view (FOV), 256x200x10 

matrix, dynamic scan interval (DSI) 3.2 s) with a saturation prepulse given at a delay 

time (TD) of 120 ms. It was used during bolus injection (gadobutrol, 0.1 mmol/kg, 

injected using a power injector with a flow of 3 ml/s, followed by a 20 ml saline flush) 

for 1.5 minutes. The slow sequence was a saturation recovery gradient recalled 

sequence (TR/TE 5.6/2.5 ms, 25.6x25.6x10 cm3 FOV, 256x256x50 matrix, DSI 30.5 s) 

Table 3.2: Subject characteristics 

Mean (sd) or % Patients Healthy controls p 

Number 16 (7 AD,  
9 MCI) 

17 … 

Age (y) 
range 

73.6 (7.9) 
59 - 85 

75.8 (6.2) 
65 - 85 

0.4 

Sex (% women) 44 35 0.6 

Age of men (y) 
range 

71.0 (6.7)  
59 - 81 

74.6 (5.6)  
65 - 85 

0.2 

Age of women (y) 
range 

76.9 (8.6)  
64 - 85 

78.2 (6.9)  
66 - 86 

0.8 

MMSE 26.3 (1.9) 29.5 (0.6) <0.001 

White matter hyperintensity volume (cm3) 15.8 (15.8) 7.8 (11.9) 0.11 

Fazekas 1.8 (0.9) 1.4 (0.9) 0.16 

MTA (average l and r) 1.6 (1) 0.6 (0.7) 0.003 

Diabetes (%) 38 6 0.03 

Hypertension (%) 56 53 0.8 

Other vascular diseases† (%) 31 18 0.4 

MMSE: mini-mental state examination. MTA: medial temporal lobe atrophy. †: includes cardiac 

arrhythmia, coronary disease and atherosclerosis.  
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with the same prepulse. The slow sequence started immediately after the fast sequence, 

for a total time of 25 minutes. In the dual time resolution scan, the fast sequence 

allowed for a higher temporal resolution during initial arrival and recirculation of the 

contrast agent, while the slow sequence provided a higher spatial, but lower temporal 

resolution during contrast agent distribution and washout (Figure 3.1). To include most 

white matter hyperintensities (WMHs), the centers of the field of view in the fast and 

slow sequences were colocalized just under the genu of the corpus callosum. Additional 

information on the imaging protocol can also be found in the Appendix. 

MRI analysis 

Individual vascular input functions (VIF) were extracted from the superior sagittal sinus 

using an automated method18. The sagittal sinus was chosen as this was the largest 

cerebral blood vessel in the FOV, and has been used in other studies13,19,20. A two-

compartment pharmacokinetic model was applied per voxel using the Patlak graphical 

approach21, which was found to be the most appropriate model in a low-leakage 

regime22,23. The Patlak graphical approach provided the BBB leakage rate Ki and the local 

blood plasma volume vp. The Patlak graphical approach is based on linear fits of 

scatterplots. The slope of this fit is the blood-brain barrier (BBB) leakage rate Ki 

(assuming a tissue density of 1 g/ml), and the intercept is the local blood plasma volume 

vp. However, the scatterplots were rather noisy due to the very low permeability of 

brain tissue, thus yielding not only positive, but also negative slope values. To further 

increase the sensitivity of this leakage detection, a histogram approach was used. The 

histograms were normalized and noise was estimated by assuming that negative slope 

values can only be attributed to noise, and that a similar distribution of noise is also 

present in positive slope values. The data were then corrected by subtracting the 

estimated noise from the measured histogram. The remaining cumulative sum of the 

bins was defined as the BBB leakage volume fraction vL (Figure 3.2). 
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Figure 3.1: Example curves of the contrast agent concentration in venous blood used as a vascular 

input function, and the entire normal appearing white matter and the total gray matter (deep and 

cortex) of a single subject (male, age 75 y). The time axis is on a logarithmic scale to emphasize the 

rapid changes during contrast agent arrival and initial recirculations (moment of injection ± 1:45 

minutes). Below the time axis is a bar depicting when the fast and slow temporal resolution scan part 

was running. 

Figure 3.2: Overview of the noise estimation method. The noise estimation method is based on the 

bins with negative slope values, which are considered as noise. By assuming the same distribution 

on the positive side, the noise (dark gray bins in A) can be discerned from the detectable leakage 

(white bins in A). By subtracting the noise from the original histogram, the fraction of leaking tissue 

(vL) is obtained (B). 
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Statistical analysis 

All statistical analyses were performed using the Statistical Package for the Social 

Sciences (IBM Corp. Released 2011. IBM SPSS Statistics for Windows, Version 20.0, NY, 

United States). Group characteristics were compared using chi-squared (categorical 

variables) and independent-samples two-sided t-tests (continuous variables). 

Differences in the median Ki and vp values between the patients and controls were tested 

with an independent-samples two-sided t-test.  

The (uncorrected) differences in vL between the groups was first tested using an 

independent-samples two-sided t-test. Next, linear regression was used to correct for 

age, sex, relative WMH volume (except when testing BBB leakage in the WMHs), diabetes 

status, and other non-cerebral vascular disease incidence. We also used linear regression 

to investigate the association between BBB leakage and MMSE score in the different 

tissue classes, corrected for age, sex and relative WMH volume. All tests were performed 

in two steps: first the total white matter (WM) and total gray matter (GM) were 

investigated, which was then divided into normal appearing white matter (NAWM), deep 

GM, cortex and WMH. A false discovery rate (FDR) procedure (q=0.05) was performed to 

correct for multiple comparisons over various brain tissue regions24. 

We also did a post-hoc analysis of patients with MCI and AD separately, by comparing 

the BBB leakage fraction using independent-samples two-sided t-tests between the 

three groups. Statistical significance was inferred when p<0.05. 

Results 

The patients had a significantly lower MMSE score and were significantly more often 

diagnosed with diabetes than the controls. A chi-squared test revealed no significant 

difference in center enrollment (p=0.9). 

Examples of the obtained concentration time curves are displayed in Figure 3.1 and 

examples of representative Ki maps are displayed in Figures 3.3 and 3.4. There was no 

detectable leakage in the cerebrospinal fluid (CSF) of the lateral ventricles. An overview 

of the grouped histograms from which vL was calculated in the WM and GM is displayed 

in Figure 3.5.  
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Figure 3.3: Example of a FLAIR image (axial, A) of a patient (male, age 68 y) with the corresponding 

Ki maps superimposed (B). Ki values appear diffusely distributed in both subjects, with some 

periventricular hotspots. The leakage manifests in the normal appearing white matter, white matter 

hyperintensities as well as gray matter. Voxels with a low signal-to-noise ratio in the MRI signal 

intensity were removed, and the Ki map was masked to the cerebrum.  

Figure 3.4: Example of a FLAIR image (axial, A) of a healthy control (B, female, age 80 y) with the 

corresponding Ki maps superimposed (B). Voxels with a low signal-to-noise ratio in the MRI signal 

intensity were removed, and the Ki map was masked to the cerebrum. 
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Figure 3.5: Histograms of the fraction of leaking voxels for the patients and controls in the white matter 

(A) and gray matter (B). Bins containing noise have been removed, so only the bins representing 

actual leakage are displayed. Note that the patients have a larger proportion of leaking voxels 

compared with controls. The individual bins were statistically tested (* p<0.05) to illustrate that the 

nature of the difference between the groups is particularly in the low Ki range (these tests were not 

used to draw any further conclusions). The cumulative sum of the bins, vL, represents a summary 

measure that is more sensitive than the median Ki.  
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The results of the regional analysis of the various measures can be found in Table 3.2. 

In short, Ki was significantly higher in patients compared with controls in the total GM, 

and cortex, but not in the WM, NAWM, deep GM or WMHs (Table 3.2). Patients had a 

significantly higher vL in the GM (p=0.004), NAWM (p<0.04), deep GM (p=0.01), and 

cortex (p=0.004), a trend in WM (p=0.06) but not in WMH. When adjusting for all 

covariates the patients exhibited a significantly higher vL in the WM (β=0.136) and GM 

(β=0.214), and also in the NAWM (β=0.139), deep GM (β=0.182), cortex (β=0.207), but 

not in WMHs (β=0.075,Table 3.2). Investigating the impact of diabetes and other non-

cerebral vascular diseases in the total model, provided comparable results with patients 

exhibiting a significantly higher vL in the WM (β=0.125, p<0.05) and GM (β=0.2229, 

p=0.005), and also in the NAWM (β=0.128, p=0.03), deep GM (β=0.202, p=0.006), cortex 

Table 3.2: Regional comparison of DCE-MRI measures 

ROI 

Leakage rate  
(Ki x10-4 min-1) 

Fraction of leaking tissue  
(vL) 

Fractional blood plasma 
volume  
(vp x10-2) 

Patients Controls p Patients Controls p§ Patients Controls p 

WM 0.66 ± 
0.44 

0.70 ± 
0.64 

0.8 0.37 ± 
0.17 

0.57 ± 
0.14 

0.019†‡ 0.4 ± 0.2 0.6 ± 0.1 0.014† 

GM 0.89 ± 
1.12 

0.17 ± 
0.81 

<0.05 0.32 ± 
0.23 

0.12 ± 
0.10 

0.004†‡ 1.1 ± 0.4 1.5 ± 0.3 <0.001† 

NAWM 0.65 ± 
0.43 

0.70 ± 
0.64 

0.8 0.38 ± 
0.16 

0.27 ± 
0.13 

0.011†‡ 0.4 ± 0.2 0.6 ± 0.1 0.015† 

Deep 
GM 

1.25 ± 
1.15 

0.84 ± 
1.41 

0.4 0.28 ± 
0.21 

0.12 ± 
0.11 

0.004†‡ 1.1 ± 0.4 1.4 ± 0.2 0.008† 

Cortex 0.84 ± 
1.14 

0.08 ± 
0.08 

0.03 0.31 ± 
0.23 

0.11 ± 
0.10 

0.004†‡ 1.1 ± 0.4 1.6 ± 0.3 <0.001† 

WMHs 1.06 ± 
1.11 

0.61 ± 
0.77 

0.19 0.29 ± 
0.18 

0.24 ± 
0.16 

0.2 0.6 ± 0.3 0.9 ± 0.3 0.003† 

All data (other than p values) are mean ± one standard deviation. ROI = region of interest, WM = 

white matter, GM = gray matter, NAWM = normal appearing white matter, WMHs = white matter 

hyperintensities. 

† significant after correction for multiple comparisons using the False Discovery Rate (FDR) approach

‡ significant after additional correction for diabetes and other non-cerebrovascular disease 

§ Adjusted for age, sex, and relative WMH volume 
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(β=0.216, p=0.006), but again not in WMHs (β=0.092, p=0.2). Neither the presence of 

diabetes nor other vascular diseases was significant in any of these models. The median 

vp was significantly lower in the patients compared with the controls (Table 3.2) in all 

tissue classes. Over all subjects, the MMSE score decreased significantly with increasing 

vL in the deep GM (β=-0.039, p=0.007, and remained significant after FDR correction), 

and cortex (β=-0.033, p<0.050), with a trend in GM (β=-0.033, p=0.06) and NAWM (β=-

0.022, p=0.09), but not significantly in WM (p=0.1) or WMH (p=0.3).  

In the subset of patients with MCI, vL was also higher than for controls in the deep GM 

(p=0.02) and cortex (p<0.05) with a trend in the GM (p=0.05), WM (p<0.1) and NAWM 

(p=0.08), and also patients with AD had a higher vL than the controls in the GM (p=0.04) 

and cortex (p=0.04), with a trend in deep GM (p=0.07). There were no significant 

differences in other tissue types (p>0.1). When comparing MCI patients with AD patients, 

no significant differences were found in any of the tissue classes investigated (p>0.6). 

Discussion 

This study demonstrates increased BBB leakage in patients with early AD. The leakage 

was globally distributed throughout the cerebrum and associated with declined global 

cognitive performance. Using dual time resolution DCE-MRI, we found an increased Ki in 

GM for early AD. By also showing very subtle BBB impairment in the WM, vL proved to be 

even more sensitive to the differences in BBB leakage than the leakage rate Ki. Not only 

does this show that the differences between patients with early AD and healthy controls 

are in the extent of the BBB leakage rather than the rate (i.e. strength), it also shows 

that the leakage is widespread rather than localized to a single tissue class such as WMH, 

NAWM or cortex. Additionally, the BBB impairment did not (fully) originate from vascular 

pathology, as adding diabetes and other non-cerebral vascular diseases to the analysis 

model did not change the results. This suggests that the BBB impairment stems from the 

AD pathology instead of vascular comorbidities. Previously, only a few studies reported 

on BBB impairment in dementia using contrast-enhanced MRI. Starr et al. investigated 

the BBB in patients with early AD25. They found dynamic signal enhancement differences 

that suggest altered blood-brain-CSF compartment kinetics compared with the healthy 

controls, but not direct evidence of increased BBB permeability. Wang et al. 

investigated patients with MCI using DCE-MRI and also observed altered temporal 

enhancement patterns in the hippocampus (slower decay), indicative of increased BBB 

permeability26. Recently, Montagne et al. used gadobenate dimeglumine as a contrast 



Blood-brain barrier leakage in early Alzheimer’s disease 

55 
 

agent and found an elevated BBB impairment in the hippocampus of MCI patients, which 

increased with age11. Compared with these studies, we found more widespread BBB 

impairment, analogous to previous findings in (prestages of) vascular dementia9,10,27. 

However, Taheri et al.9,10 found that the leakage appeared to be mostly in the WMHs in 

patients with vascular dementia, which we did not find in the current study. An 

explanation for this is that the current approach may be more sensitive to the very subtle 

BBB impairment in patients without obvious cerebrovascular pathology, which would 

also make it applicable to other diseases which may express diffusely distributed 

leakage.  

The leakage observed in this study can be explained by a breakdown of the BBB tight 

junctions. It has been shown in rodents that tight junction damage allows gadolinium 

leakage through the BBB28. The regions with high BBB leakage were diffusely distributed 

throughout the brain, showing that BBB tight junctions are globally impaired. This could 

allow the passage of small and lipophilic molecules that cannot cross a healthy BBB. The 

loss of tight junctions also changes cell polarity, which influences the expression of 

transporter complexes and thus indirectly affects active transport across the BBB29. 

Therefore, both passive and active transport mechanisms may be impaired in early AD, 

possibly disturbing homeostasis1,11.  

Patients with early AD exhibited a global reduction in local blood plasma volume fraction 

compared with controls. This points toward widespread cerebrovascular differences 

between the groups, which is also reflected in the diffusely distributed BBB leakage. 

The lower local blood plasma volume may be a sign of global hypoperfusion of the brain, 

which has already been shown using other techniques for measuring cerebral blood 

flow30. Hypoperfusion or ischemia might be an underlying factor of diffuse 

cerebrovascular endothelial failure leading to leaky blood vessels, but many other 

pathological mechanisms have also been suggested to contribute in small vessel 

disease31.  

We found that cognitive decline was associated with stronger BBB leakage, and both the 

MCI and the early AD patients showed increased BBB leakage. These observations suggest 

that BBB impairment plays a role in the early pathophysiology of AD. A possible 

mechanism is that loss of tight junctions impairs the filter function of the BBB, leading 

to a toxic accumulation of substances in the brain. This, combined with the altered 

active transport systems, might add up to a significant impact on neuronal function that 

eventually leads to dementia5. Inserting this information into the hypothetical model by 
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Jack et al.32 suggests that BBB impairment would manifest earlier than other structural 

brain changes, although additional information is needed to compare BBB impairment 

to amyloid β and tau pathology. The current study does not give information on the 

interaction between amyloid β and the BBB, as amyloid β is actively transported across 

the BBB, whereas gadolinium leaks passively through the tight junctions4. Previous work 

with PET data has shown that clearance of amyloid β in AD is also impaired33. An impaired 

clearance of amyloid β would mean that the BBB is impaired in different ways, 

contributing to the pathological cascade leading to AD. BBB leakage may therefore help 

to provide a biomarker for early diagnosis, or at least a marker indicating vulnerability 

for the development of dementia. Successful prediction of dementia might eventually 

lead to optimized treatment, delay or even prevention of the disease.  

This study has some potential limitations. First, this is a pilot study with a limited group 

size. However, the fact that even in this relatively small group highly significant 

differences can be detected indicates that the effect is substantial and that the 

methodology is sensitive. Second, the diagnosis of the patients was not confirmed with 

neuropathology. However, the diagnosis was made using the latest research criteria14,15, 

which are stricter and more reliable than standard clinical criteria.  

In conclusion, in this pilot study, MRI was used to show global, diffusely distributed BBB 

leakage in patients with early AD, suggesting that a compromised BBB is part of the early 

pathology of AD, and might be part of a cascade of pathological events eventually 

leading to cognitive decline. 
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Appendix 

Table A3.1: Overview of neuropsychological test scores of the patients 

Neuropsychological test Cognitive domain Mean Score ± standard 
deviation 

RAVLT – immediate recall (words)† Working memory 24.7 ± 5.3 

RAVLT – delayed recall (words)† Episodic memory 2.0 ± 2.0 

RAVLT – recognition (words)† Episodic memory 20.1 ± 5.7 

Digit span WAIS-III - forward† Attention 7.4 ± 1.3 

Digit span WAIS-III - backward† Working memory 4.4 ± 1.3 

LDST (correct items after 90 s)† Processing speed 29.1 ± 12.2 

LDST (wrong items after 90 s)† Processing speed 0.1 ± 0.4 

Fluency (named animals)‡ Language 15.1 ± 5.7 

RAVLT = Rey auditory verbal learning test1 (memory), WAIS-III = Wechsler adult intelligence scale 

third edition2,3, LDST = letter digit substitution test4  

† data missing from 2 subjects 

‡ data missing from 1 (other) subject 

 

Image analysis 

T1 and FLAIR weighted images were used for automated, manually adjusted tissue 

classification of total white matter (WM), total gray matter (GM), deep GM, and cortex 

(FreeSurfer software package combined with FAST, FMRIB’s Automated Segmentation 

Tool). White matter hyperintensity (WMH) segmentation was performed using a semi-

automatic method, and used to determine the WMH volume relative to the intracranial 

volume and the normal appearing white matter (NAWM)5. The Fazekas score and medial 

temporal lobe atrophy (MTA) rating were determined by an experienced researcher 

blinded to the subject groups6,7. 

Motion correction and image registration of the dynamic series were performed using a 

six degrees of freedom linear transformation with an averaged precontrast image as 

reference (FLIRT, FMRIB’s linear image registration tool, fsl.fmrib.ox.ac.uk/fsl/fslwiki). 

Further analysis was performed using custom made software in Matlab (version 2012b 
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MathWorks, Natick, MA, USA). To account for the nonlinear relationship between signal 

enhancement and (relatively high) contrast agent concentration of the vascular input 

function (VIF), the signal conversion was implemented using in vitro data (diluted MnCl2 

stock solution with different gadobutrol concentrations (1-40 mM), baseline T1 

relaxation time of 1650 ms, comparable to human blood8). Conversion to contrast agent 

concentration in the tissue was performed assuming a linear relationship and a contrast 

agent relaxivity of 3.3 s-1 mM-1 9. 

Noise Suppression 

For the calculation of the leakage rate, the Patlak graphical approach10 is used, which 

is based on linear fits of scatterplots. The slope of this fit is the blood-brain barrier (BBB) 

leakage rate Ki (assuming a tissue density of 1 g/ml), and the intercept is the local blood 

plasma volume vp. However, the scatterplots were rather noisy due to the very low 

permeability of brain tissue, thus yielding not only positive, but also negative slope 

values. To further increase the sensitivity of this leakage detection, a histogram 

approach was used. The histograms were normalized and noise was estimated by 

assuming that negative slope values can only be attributed to noise, and that a similar 

distribution of noise is also present in positive slope values. The data were then 

corrected by subtracting the estimated noise from the measured histogram. The 

remaining cumulative sum of the bins was defined as the BBB leakage volume fraction 

vL. 

Dynamic susceptibility contrast (DSC)-MRI 

DSC-MRI was performed to determine the local cerebral blood flow and blood volume.  

Acquisition. The DSC-MRI was performed by a 3D gradient echo (PRESTO) sequence11 

with a TR/TE of 20/30 ms, flip angle of 8˚, voxel size of 1.9x1.9x3.5 mm3, matrix size 

of 128x128x30, Dynamic Scan Interval (DSI) of 1.56 s with 75 volumes, resulting in a total 

scan time of 117 s. Contrast agent (gadobutrol, 0.1 mm/kg, injected using a power 

injector with a flow of 3 ml/s, followed by a 20 ml saline flush) was injected at the 11th 

dynamic scan. The DSC-MRI sequence was performed after the DCE-MRI sequence. 

Analysis. The motion correction was performed using the mean of the precontrast 

images as reference. The raw signal-time series were converted to concentration using 

�
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Where C(t) is the contrast agent concentration over time, k is the proportionality 

constant for MRI in brain tissue, S(t) is the signal at time t and S0 is the baseline signal 

before contrast agent arrival. The proportionality constant k was set to 1 in this study, 

under the assumption that the transverse relaxivity (r2*) of tissue and blood is equal, 

and a change in contrast agent concentration gives a linear increase on the transverse 

relaxation rate (R2*). An individual vascular input function (VIF) was chosen in or near 

the anterior cerebral artery. Cerebral blood volume (CBV) was calculated using 

�
�

�

�
�

�

 

Where Hl and Hs are the hematocrit values in the large and small blood vessels, 

respectively, ρ is the brain mass density, and a is the time point at which the contrast 

agent concentration reaches baseline again after the initial injection peak. The total 

correction factor (1 – Hl)/ρ(1 – Hs) was set as 0.705 cm3/g 12. Voxels with CBV values 

above 10% were considered to represent large blood vessels and were discarded for all 

further analyses. The CBF was calculated solving 

 

Where R(t) is the tissue residue function and  denotes the convolution operator13. The 

deconvolution was performed using a block-circulant singular value decomposition 

method with a cutoff value of 10%, meaning that singular values below 10% of the 

maximal singular value were set to zero13,14.  

Statistics. Independent two-sided Student’s t-tests were used to test group differences 

in CBF and CBV in two steps; first the differences between the groups in the total WM 

and GM were tested, and in the second step, the NAWM, deep GM, cortex and WMHs. To 

test whether CBF and BBB leakage were correlated, the Pearson correlation coefficient 

between CBF and BBB leakage rate Ki and vL was calculated in every region over all 

subjects, using the same two-step approach. 

Results. An overview of the results is given in table A3.2. In short, there were no 

significant differences in CBF or CBV between the patients and controls in any of the 

investigated regions. No significant correlations were found between the CBF and the 

BBB leakage measures. 
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Conclusion. Both the CBF and the CBV values are comparable to those reported in the 

literature15,16. Using DSC-MRI, patients with early AD and healthy controls had 

comparable CBF and CBV values and CBF did not correlate with BBB leakage. 

  

Table A3.2: Regional comparison of DSC-MRI measures and correlation with blood-

brain barrier leakage 

ROI 

CBF (ml/100g/min) CBV (%) 
Correlation CBF 
and Ki 

Correlation CBF 
and vL 

Patients Controls p Patients Controls p Pearson’s r p Pearson’s r p 

WM 53.0 ± 
21.6 

54.0 ± 
29.7 

0.9 3.4 ± 
0.8 

3.6 ± 1.2 0.7 -0.14 0.5 -0.10 0.6 

GM 84.7 ± 
35.4 

81.7 ± 
40.1 

0.8 5.2 ± 
1.1 

5.2 ± 1.5 1.0 -0.11 0.6 -0.22 0.3 

NAWM 53.4 ± 
21.5 

54.5 ± 
29.6 

0.9 3.4 ± 
0.8 

3.6 ± 1.2 0.7 -0.14 0.5 -0.12 0.5 

Deep 
GM 

84.6 ± 
36.6 

78.3 ± 
38.0 

0.7 5.1 ± 
1.2 

5.0 ± 1.5 0.8 -0.15 0.4 0.04 0.8 

Cortex 84.8 ± 
35.3 

82.2 ± 
40.3 

0.9 5.2 ± 
1.1 

5.2 ± 1.5 1.0 -0.11 0.6 -0.19 0.3 

WMHs 42.0 ± 
16.6 

43.2 ± 
21.6 

0.9 3.0 ± 
0.7 

3.1 ± 1.0 0.9 -0.23 0.2 -0.19 0.3 

All data (other than p values) are mean ± one standard deviation. ROI = region of interest, CBF = 

cerebral blood flow, CBV = cerebral blood volume, WM = white matter, GM = gray matter, NAWM = 

normal appearing white matter, WMHs = white matter hyperintensities. 
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Abstract 

Dynamic contrast-enhanced (DCE) MRI can be used to measure blood-brain barrier (BBB) 

leakage. However, in neurodegenerative disorders such as small vessel disease and 

dementia, the leakage can be very subtle and the measured signal can be noisy, which 

requires an optimized DCE-MRI measurement and study design. To help improve future 

studies, a new measure indicative of the spatial extent of leakage is introduced and the 

effects of scan time and sample size are explored. Dual-time resolution DCE-MRI was 

performed in 16 patients with early Alzheimer’s disease (AD) and 17 healthy controls. 

The leakage rate (Ki) and volume fraction of detectable leaking tissue (vL) were 

calculated in cortical gray matter and white matter using noise-corrected histogram 

analysis of leakage maps. Computer simulations utilizing realistic Ki histograms, 

mimicking the strong effect of noise and variation in Ki values, were performed to 

understand the influence of scan time on the estimated leakage. The mean Ki was very 

low (in the order of 10-4 min-1) and highly influenced by noise, causing the Ki to be 

increasingly overestimated at shorter scan times. In the white matter, the Ki was not 

different between patients with early AD and controls, but was higher in the cortex for 

patients, reaching significance after 14.5 minutes of scan time. To detect group 

differences, vL proved more suitable, showing significantly higher values for patients 

compared with controls in the cortex after 8 minutes of scan time, and in white matter, 

vL was significantly higher in patients after 15.5 minutes. Several ways to improve the 

sensitivity of a DCE-MRI experiment to subtle BBB leakage were presented. We have 

shown how increasing the scan time affects the Ki estimation, and have provided vL as 

an attractive and potentially more time-efficient alternative to detect group differences 

in subtle and widespread blood-brain barrier leakage compared with leakage rate Ki. 

Recommendations on group size and scan time are made based on statistical power 

calculations to aid future research. 
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Introduction 

Impairment of the blood-brain barrier (BBB) is thought to be a key mechanism in the 

pathophysiology of several brain diseases such as small vessel disease, Alzheimer’s 

disease (AD) and multiple sclerosis1–4. A suitable method to investigate this impairment 

is dynamic contrast-enhanced (DCE) MRI, which is a non-invasive imaging technique that 

follows the arrival and distribution of a contrast agent over time. The most common 

contrast agents in MRI are gadolinium-based compounds, which almost completely 

remain intravascular in a healthy brain due to the BBB5,6. The BBB is a collection of 

anatomical elements in the wall of brain capillaries. It protects the neuronal tissue from 

neurotoxic compounds, while allowing essential molecules such as oxygen or nutrients 

to pass. When damaged, certain substances can pass the BBB more easily, which may be 

harmful to the brain parenchyma. In case of pathology, such as (high-grade) tumors or 

infarctions, microvessels become hyperpermeable and the contrast agent may 

extravasate more easily and accumulate in the brain parenchyma. This leakage can be 

detected, and the difference between intravascular and extravascular contrast agent 

concentration can be quantified using DCE-MRI7. However, compared to high-grade 

tumors and infarcted brain tissue, the leakage in neurodegenerative disorders such as 

Alzheimer’s disease is found to be very subtle, making it much more difficult to 

discriminate between intra- and extravascular contrast agent8–10. Furthermore, the 

spatial extent and distribution of the leakage is also of interest. Contrary to tumors, the 

leakage in a neurodegenerative disease may not be localized at an obvious site, making 

detection of the leakage within a large region more important. A priori, it remains 

unknown what better characterizes the BBB damage in a neurodegenerative disease; the 

magnitude of the leakage rate or the spatial extent of the leakage. Furthermore, 

investigating this also requires a more sensitive technique compared with tumors, as the 

leakage is orders of magnitude lower in the brain tissue and difficult to distinguish from 

noise. 

To measure such subtle diffuse leakage, the DCE-MRI methodology has to be further 

modified to detect low concentrations of contrast agent and slower signal changes over 

time. Previous studies have looked at the most optimal pharmacokinetic model and the 

ability to distinguish low leakage from zero6,11. However, improving the DCE-MRI 

experiment to voxelwise mapping of the leakage remains difficult. A straightforward 

way to improve the sensitivity for subtle leakage is to scan longer, which increases the 

amount of available data from which leakage can be estimated, and also allows the 
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contrast agent more time to extravasate and accumulate in the tissue. In the majority 

of studies which apply DCE-MRI in neurodegenerative diseases, a protocol of roughly 

20-30 minutes is used9,10,12–14, although some recent studies use shorter protocols of 16 

minutes6,15. In a group study, the sensitivity to subtle leakage can also be improved by 

increasing the group sizes. Additionally, the analysis method can be further improved, 

reducing the impact of noise on the leakage quantification.  

The aim of this study is to explore several ways to improve the ability to detect 

widespread subtle BBB leakage in neurodegenerative diseases. First, we explore the 

effect of changing the acquisition time on the measured leakage. Second, to determine 

the spatial extent of the lowest possible leakage rates, we propose a noise removal 

method and the alternative leakage measure ‘volume fraction of detectable leaking 

brain tissue voxels’ (vL), which may help to distinguish very low leakage from noise. We 

further investigated this using data from in vivo DCE-MRI measurements in patients with 

early AD and healthy age-matched controls. To obtain more insight into the relation 

between scan time and measurement of subtle BBB leakage, computer model 

simulations were implemented, using representative leakage rate (Ki) histograms that 

mimic the effect of voxelwise mapping of the leakage measures with in vivo noise and 

realistic variations in measured Ki values. In addition, we investigated the scan time and 

group size necessary to detect significant group differences, which may assist to 

motivate the best study design for future DCE-MRI studies. Data from both the white 

matter and the cortical gray matter are reported, as different requirements are 

expected for tissues with different degrees of vascularization. 

Materials and Methods 

Participants 

Sixteen patients with early AD (mean age 73.6 s.d. 7.9 years, 7 women), defined as being 

diagnosed with either mild dementia of the AD type or mild cognitive impairment due 

to AD, and 17 healthy age-matched controls (mean age 75.8 s.d. 6.2 years, 6 women) 

were included. All subjects underwent MRI at the Maastricht University Medical Center 

or Leiden University Medical Center. Subjects were excluded in case of contraindications 

for MRI, renal dysfunction, major structural brain abnormalities, alcohol/drug abuse, or 

other major vascular, psychiatric or neurological disorders. This study was approved by 

both the Medical Ethical Committee AZM/UM and the Committee for Medical Ethics 
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LUMC. Informed consent was obtained from all patients after they received verbal and 

written descriptions of the study.  

Image acquisition 

To detect BBB leakage, a dual time resolution dynamic contrast-enhanced imaging 

protocol was implemented for 3 T MRI (Philips Achieva, Best, the Netherlands). This 

protocol consisted of two nested pulse sequences, a slow and a fast sequence. This 

approach is comparable to the imaging protocol employed by Jelescu et al., which was 

found to be more precise and less biased at estimating BBB impairment in multiple 

sclerosis, compared with a conventional single time resolution scan, and was also found 

to be relatively insensitive to perfusion differences16. The slow sequence started 

immediately after the fast sequence, for a total time of 25 minutes, including 3 pre-

contrast (slow sequence) volumes which are needed for further analysis. All reported 

scan times include these 3 pre-contrast scans, the fast sequence and the postcontrast 

slow sequence volumes. In the dual time resolution scan, the fast sequence allowed for 

a higher temporal resolution during initial arrival and recirculation of the contrast agent, 

while the slow sequence provided a better SNR, but lower temporal resolution during 

contrast agent distribution and washout. Both sequences are based on a previously 

described sequence, for which the relation between signal and longitudinal relaxation 

rate is known and can be used for T1 mapping5. The fast sequence was a saturation 

recovery 3D gradient recalled sequence (TR/TE 5.2/2.5 ms, flip angle 30˚, 25.6x20x5 

cm3 FOV), 256x200x10 matrix, dynamic scan interval (DSI) 3.2 s) with a saturation pre-

pulse given at a delay time (TD) of 120 ms, used during bolus injection (gadobutrol, 0.1 

mmol/kg) for 1.5 minutes. The slow sequence was also a saturation recovery gradient 

recalled sequence (TR/TE 5.6/2.5 ms, 25.6x25.6x10 cm3 FOV, 256x256x50 matrix, DSI 

30.5 s) with the same pre-pulse. The two sequences were combined by upsampling the 

volumes of the fast sequence using linear interpolation to match the slow sequence FOV 

and voxel size. Because the sequences were combined on the MRI console, the time 

indices of each slow and fast volume relative to the start of the DCE-MRI sequence were 

present in the exported data. T1 weighted structural images were used for automated 

and manually adjusted tissue classification into white matter (WM) and gray matter (GM) 

using the FreeSurfer software package (version 5.1.0)17. A fluid attenuated inversion 

recovery (FLAIR) scan was used to segment white matter hyperintensities, which were 

excluded from the WM mask to create the normal appearing white matter (NAWM) 

mask18. 
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Leakage analysis 

The sequential images underwent correction for head displacement using a mutual 

information algorithm with an averaged pre-contrast image as reference (FLIRT, the 

linear image registration tool of the Oxford Centre for functional MRI of the brain 

(FMRIB), http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). An individual vascular input 

function (VIF) was extracted per participant from the superior sagittal sinus, also used 

by others16,19–21. Further analysis was performed using in-house developed software 

implemented in Matlab (version 2012b MathWorks, Natick, MA, USA). Translation of the 

signal enhancement to contrast agent concentration was performed in two ways. For the 

VIF, the signal enhancement was converted to the contrast agent concentration using in 

vitro concentration calibrations. These calibrations were performed using a diluted 

MnCl2 stock solution with a baseline T1 of 1650 ms, which is comparable to human blood. 

The signal change caused by different gadobutrol concentrations (1-40 mM) in the stock 

solution was measured for both the fast and the slow sequence. For the brain tissue, the 

expectedly low contrast agent concentration was calculated assuming a linear 

relationship between signal change and contrast agent concentration and using a 

contrast agent relaxivity of 3.3 s-1 mM-1 22. This approximation is valid for the low 

concentration found in brain tissue in our experiments23. Using phantoms with two 

different gadobutrol concentrations (1 and 40 mM), we measured the drift over the 

course of the DCE-MRI sequence. The baseline T1 values were based on T10 

measurements using a sequence comparable to the slow sequence but with different TD 

values (120-4000 ms)5. The mean T10 values for the tissue of the subjects was 

calculated, and the individual segmentations of the T1 structural scans were used to 

assign voxelwise T10 values to the WM and GM. These T10 maps were smoothed with a 

2x2x2 kernel to account for partial volume effects of the tissue. Next, a two-

compartment pharmacokinetic model was applied voxel-wise, using the Patlak graphical 

approach24. The Patlak plot provided the BBB leakage rate (Ki, in min-1) from the slope, 

and the fractional blood plasma volume (vp) from the intercept (assuming a hematocrit 

level of 45%). The vp was not further investigated in this study as it was mainly dependent 

on the data from the fast DCE-MRI sequence, and appeared relatively insensitive to the 

total scan time including the slow sequence25. The median Ki of all voxels within the 

NAWM and GM per subject was calculated, which is for simplicity referred to as leakage 

rate Ki for the remainder of this article.  
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Noise correction and fractional volume of leaking tissue 

calculation 

Due to noise on the concentration time curves, the slope of the Patlak plot was 

occasionally negative, which directly translates to a Ki value smaller than zero, which is 

physiologically meaningless. Therefore, we assumed that all negative Ki values were 

erroneous and caused by noise on the concentration time curves. Since noise on top of 

the signal in a non- (or negligibly-) leaking voxel would equally likely result in a negative 

as well as a positive Ki, we also assumed that the noise would give rise to an equal 

distribution on the positive side. Further investigation of the observed Ki histograms 

showed that the distribution was skewed towards the upper tail containing high Ki 

values, which we consider to be likely due to actual leakage instead of noise (Figure 

4.1A). By mirroring the negative bins to the positive side, the total noise was estimated 

and subsequently removed from the histograms, therefore classifying each Ki value as 

either due to noise or leakage. The bins remaining after noise correction were 

considered to represent the distribution of voxels that exhibit detectable leakage 

(Figure 4.1B). Note that the bins remaining after noise removal do not represent the 

Figure 4.1: An overview of the histogram method in the gray matter of a control subject (A) and the 

result of noise correction (B). By assuming that all bins with negative Ki values are due to noise, the 

noise in the positive bins can be estimated by mirroring the negative bins to the positive side. The 

remaining bins are then assumed to represent the voxels that exhibit leakage that can be 

differentiated from noise (in B). 
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complete distribution of the leaking brain tissue, but only the detectable part. The 

cumulative sum of the resulting bins was defined to represent the detectable fractional 

volume of leaking tissue: vL. Therefore, vL is a measure of the fraction of voxels that 

exhibit a detectable leakage in an ROI. A higher vL would indicate an increase of voxels 

showing leakage, but could also be indicative for an improved detection method. A 

higher Ki would indicate a stronger overall leakage. An example to illustrate the 

difference between Ki and vL is displayed in Figure 4.2, which shows two leakage 

distributions with roughly equal average Ki values but a very different vL. The behavior 

of vL and Ki when different input distributions are measured is displayed in Figure 4.3. 

This figure shows how vL is able to differentiate non-leaking voxels from voxels exhibiting 

leakage, and how altering the leakage rate and proportion of leaking voxels affects the 

mean Ki and vL.  

The aim of this study is to provide information on how to improve the experimental 

setup of future studies. To facilitate easy comparisons between this study and previous 

DCE-MRI studies, all Ki values reported in this study were calculated without usage of 

the noise suppression method. The noise suppression method is only utilized to calculate 

the vL, and any Ki mentioned in this study is based on the raw (and noisy) values.  
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Figure 4.2: An illustration of the effect of the noise suppression on two different histograms. The 

leakage distributions of A, which still exhibit noise and negative leakage rate values, have almost the 

same mean Ki (black distribution/dotted line: 1.09x10-4 min-1, white distribution/dash-dotted line: 

1.24x10-4 min-1) with a percentage difference of 14%, with the most notable differences in the section 

of the lowest Ki values. The white distribution has more low Ki values, close to the zero level, than the 

black distribution. After noise suppression, the difference between the distributions becomes more 

clear, showing relatively more voxels exhibiting leakage in the lowest leakage rate range for the white 

distribution. By calculating vL, the sum of the bins, this difference becomes quantitatively apparent, 

revealing a much higher percentage difference of 105% between the two distributions (black: 0.19, 

white: 0.40). 
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Figure 4.3: Simulations illustrating the behaviour of Ki and vL when altering the ratio and leakage value 

of leaking versus non-leaking voxels. The basic input distribution is shown in A. In short, the voxels 

were divided into a non-leaking and leaking portion, the latter of which is the input vL. The relative 

proportion of the leaking voxels (input vL) and leakage rate (Ki, LV) was varied to create the different 

input distributions. After adding noise to the concentration curves (for details, see the Methods 

section), the Ki values were recalculated and the resulting histogram was analyzed in the way 

described in the manuscript. The Ki, Total displayed in the graphs combines the Ki of the non-leaking 

and leaking voxels into the total distribution (denoted by the black curve), which is equal to Ki, Total = 

vL ∙ Ki, LV (because Ki, NLV = 0). The figure shows that the measured (total) Ki is not equal to the (input) 

Ki, LV of the leaking voxels. It also demonstrates that the relative volume of leaking voxels vL is more 

accurately measured when either the relative amount of leaking voxels or the leakage rate of the 

leaking voxels increases. For these simulations, a scan time of 15 minutes and a signal-to-noise ratio 

of 1.68 was used. All Ki values are x10-4 min-1. 
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Statistical analysis 

A two-sided Student’s t-test was used to determine significant differences in (median) 

Ki and vL between patients and controls in the NAWM and cortex. Statistical significance 

was inferred when p<0.05.  

To determine how shortening of the scan time affects Ki and vL, the statistical tests were 

repeated for shorter scan times by discarding the data beyond that time. For example, 

for a scan time of 10 minutes, the Patlak plot of each relevant voxel was constructed 

with data obtained from t=0 to 10 minutes.  

Sample size estimation 

The imaging data also allowed for a post-hoc power analysis, which was used to estimate 

the impact of group size and scan time on the statistical power. We used the measured 

effect and standard deviation as a function of scan time in both the NAWM and cortex 

over the subjects to calculate the 80% power levels for different effect sizes and group 

sizes using26 �
� ��	

� �. Here, N is the group size, σ is the pooled standard 

deviation over the subjects, Δ is the (absolute) mean difference in Ki or vL between the 

groups (i.e. effect size), α is the probability of a type I error (set at 5%), and β is the 

probability of a type II error (the power, 1-β, set at 80%). Smaller effect sizes were 

expressed as a fraction of the measured effect size, i.e. an effect size of 0.75ΔvL 

indicates that the difference in vL between the patients and controls was reduced by 

25%. The difference between the mean of the patients and controls, Δ, was based on 

the imaging data and thus depended on the scan time. These calculations served to 

indicate the relation between group size and scan time, and the effect on the power for 

various Δ values. 

Simulations 

To further investigate the effect on the measured Ki and vL when the scan time is 

shortened, computer model simulations of concentration time-curves were performed 

using Matlab. A VIF was calculated from the mean blood curve data of the controls by 

fitting a linear curve to the arrival phase, and a biexponential curve to the washout 

phase of the contrast agent concentration time-course27. SNR’s were calculated from 

the concentration curves in the white matter of the control subjects (SNR = mean / 

standard deviation from t = 20 to 25 minutes) and used to introduce random noise to the 

simulated tissue concentration curves. To simulate realistic Ki values of the region of 
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interest (ROI), a Pareto distribution was used to provide input Ki values, as previously 

described by Taheri et al.13. Although the true BBB leakage distribution is unknown due 

to the absence of a golden standard, we consider the Pareto distribution a reasonable 

model as it comprises a long tail combined with a relatively high fraction of voxels with 

subtle Ki values. It is given by the formula 





��
 

where f(x) gives the relative incidence of a Ki value (x) and a and b define the shape and 

scale of the distribution, respectively. We varied a and b to examine different leakage 

histograms (Figure 4.4). Note that only positive Ki values were included for the input. 

Next, the Ki values from the distribution were converted to concentration time courses, 

using pharmacokinetic modeling with the fitted VIF and an assumed vp. Noise was added 

to these curves and the Ki and vp measures were recalculated in the same way as the in 

vivo data for each simulated voxel. This was repeated for scan times increasing from 5 

to 25 minutes. We used the SNR (1.68) and vp (0.005, comparable to other studies) of 

the NAWM3,6. The NAWM was chosen because BBB leakage is suggested as one of the 

earlier mechanisms of white matter degeneration, and the measurement of contrast 

leakage is expected to be more challenging due to the lower blood perfusion compared 

with the cortex3,28. The distributions consisted of 90K voxels (180 cm3), which is 

comparable to the NAWM volume. 
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Figure 4.4: The median Ki of the simulated data versus scan time using different input distribution 

parameters (A) and Ki distributions calculated in the simulations for various scan times (B, C and D). 

The dashed lines in A indicate the median Ki of the profile used as input for the simulations. Ki

decreases with increasing scan time. The simulations also show that the measured Ki is biased, as 

the input Ki (dashed lines) is not reached, even after 25 minutes of scan time. This bias is 66% for 

the Ki profile with the lowest input median (blue) and 23% for the profile with the highest input median 

(green). The histograms show the effects of changing the scan time in more detail. The Ki distribution 

after noise was added to the concentration-time courses, with a scan time of 5 minutes (B), shows a 

wide range of Ki values. There is no discernable tail at the higher Ki values as is shown in the input 

distribution. A longer scan time (C) reduces the influence of noise and the tail of the Ki distribution 

containing the relevant values becomes better delineated, which continues at longer scan times (D). 
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Results 

An example of the concentration curves of single voxels with a low and a high Ki, with 

the corresponding individual VIF and the resulting Patlak plots are shown in Figure 4.5. 

In the NAWM, the patients had a median Ki of 0.75x10-4 (s.d. 0.46x10-4) min-1 and the 

healthy controls had a slightly lower value of 0.70x10-4 (s.d. 0.63x10-4) min-1 after 25 

minutes of scan time. This difference was not significant (P=0.8). In the cortex, the 

patients had a higher median Ki of 1.04x10-4 (s.d. 1.24x10-4) min-1 compared with 

0.08x10-4 (s.d. 0.76x10-4) min-1 in the control subjects after 25 minutes of scan time. 

This difference was significant (P=0.014), and remained significant until the scan time 

was shortened to less than 14.5 minutes of scan time (Figure 4.6).  

The drift measurements showed a signal decrease of 0.07% per minute in the 1 mM 

phantom and a decrease of 0.03% per minute in the 40 mM phantom. The simulations 

showed that, assuming an input Pareto distribution with a=1 and b=0.1, this drift results 

in a relative decrease in Ki of 4.2% (from 0.96x10-4 to 0.92x10-4 min-1), a relative decrease 

in vL of 7.6% (from 0.89 to 0.83), and no change in vp (0.005).  

Both the in vivo measurements and simulations showed that the observed median Ki will 

decrease with scan time (Figures 4.4 and 4.6). Further examination of the simulations 

revealed that at longer scan times, the Ki distribution histogram became more skewed 

towards higher Ki values, i.e. the upper tail of the distribution. The decreasing influence 

of noise results in a decrease of the median Ki, as less (noisy) voxels are present in the 

upper tail. The simulations also revealed that even though the measured Ki decreases 

with increasing scan time, the true (i.e. input median) Ki is not reached within a scan 

time of 25 minutes (Figure 4.4). To show the effect of SNR on the Ki estimation, we also 

performed simulations with different SNR but fixed scan time and input Ki. The results 

of these simulations are displayed in Figure 4.7.  

The patients exhibit a significantly higher vL compared with the controls in both the 

NAWM (patients: 0.41, s.d. 0.17, controls: 0.27, s.d. 0.13, p=0.018) and cortical gray 

matter (patients: 0.31, s.d. 0.22, controls: 0.15, s.d. 0.10, p<0.01) at 25 minutes scan 

time. We also found that vL decreases with increasing scan time (Figure 4.6).  

Leakage maps of a representative patient obtained at different scan times are displayed 

in Figure 4.8. As can be appreciated from Figure 4.6, 15.5 minutes of total scan time is 

the minimum to obtain a statistically significant (i.e. p<0.05) difference in vL between 
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the patient (0.52, s.d. 0.04) and control group (0.42, s.d. 0.03) in the NAWM. Only 8 

minutes are required in the cortex (patients: 0.58 s.d. 0.06, controls: 0.42 s.d. 0.04), 

and P<0.01 after 12.5 minutes.  
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Figure 4.5 (p. 80): Contrast agent concentration time curves in a blood vessel (A) and in tissue (B 

and D). The Patlak plots resulting from combining the tissue curves with the blood curve, are given 

(C and D). This resulted in a relatively high Ki (C) and a lower Ki value (D). The voxels were selected 

in the normal appearing white matter of a single patient with early Alzheimer’s disease. The gray 

background and filled markers indicate when the fast protocol was used. While the Patlak plot in C 

shows a clear upwards trend, resulting in a Ki of 5.4x10-4 min-1 (s.e. 1.1x10-4 min-1) and a vp = 1.1% 

(s.e. 0.18%), the Patlak plot in E shows a much less coherent pattern, resulting in a Ki 0.4x10-4 min-1

(s.e. 0.34x10-4 min-1) and a vp = 0.4% (s.e. 0.06%). A slight change in the points of E may cause the 

slope of the Patlak plot to become negative leading to the measurement of a negative Ki, which 

illustrates the need for a method to reduce the impact of noise. 

 

 

Figure 4.6: Median Ki of the normal appearing white matter and cortical gray matter of the patients 

and controls (A and B), and fraction leaking tissue (vL) (C and D) versus scan time. The error bars 

denote the standard error of the mean. The vertical dashed lines show the scan time at which a 

significant difference in the fraction of leaking tissue was found between the groups. The second 

graph in B shows a magnification of the same data in the cortex, to better demonstrate the differences 

between the groups. As with the simulated data, Ki decreases with scan time (A and B). Furthermore, 

vL also decreases with scan time (C and D).  
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Figure 4.7: Simulations showing the effect of the signal-to-noise ratio (SNR) on the accuracy of the 

Ki estimation. The SNR was scaled relative to the SNR found in the white matter (WM) of the in vivo 

measurement, which was 1.68. Figure A shows the output Ki relative to the standard deviation versus 

the noise level, while B shows the effect of various noise levels on different input Ki values.  

 

Figure 4.8: Overview of the leakage maps of a patient, superimposed on the T1-weighted image, at 

5 (A), 15 (B) and 25 (C) minutes of scan time. Note that voxels with a Ki value below the cutoff of 

10x10-4 min-1 are not shown to focus on the higher and more relevant Ki values. Figure A shows that 

the voxels have a wide range of Ki values at 5 minutes of scan time, but these are heavily influenced 

by noise. A longer scan time reduces the absolute Ki values (as seen by the transition from yellow to 

red in B) and less high Ki voxels are displayed, while more voxels fall below the threshold of 10x10-4 

min-1. At 25 minutes of scan time (C), the impact of noise is reduced further, and more voxels fall 

below the display threshold, while higher Ki voxels become more sparse but also more meaningful. 
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Figure 4.9: The relation between scan time and group size in the normal appearing white matter 

(NAWM) (A) and cortex (B) at a constant power level of 80%. ΔvL is the difference in the fraction of 

leaking tissue between the patients and the controls. The power contours for different effect sizes are 

shown (0.5ΔvL means that the difference between the patients versus the controls is half of the 

measured difference from the imaging data). The circles denote the current study. The graph shows 

that 80% power could still be achieved in the cortex by decreasing the group size to 9 (following the 

dashed line to the left), or decreasing the scan time to 15 minutes (following the dashed line 

downwards). However, the current group size and scan time are appropriate if the effect size would 

be smaller (0.75ΔvL) or if, instead of the cortex, the NAWM is of interest.  
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Based on the in vivo imaging data, the balance between required group sizes and scan 

times for a constant statistical power of 80% was calculated. The depicted relation 

allows for an estimation of the group sizes and scan time given a certain Ki or vL 

difference. The difference in Ki in the NAWM was not significant at any investigated scan 

time, and the power was quite low (power of 8% at 25 minutes of scan time and a group 

size of 16). In the cortex, the Ki was significantly different between the groups. The 

statistical power peaked with 75% power at 18 minutes of scan time for a group size of 

16 (57% for a scan time of 25 minutes). For the current study, vL proved more sensitive 

to differences between the groups (Figure 4.9). With 25 minutes of scan time and a 

group size of 16, the power of the effect in the NAWM is 85%. In the cortex, the current 

study reaches a power of 98%. This indicates that the current study had sufficient 

(statistical) power to find the difference for vL in the NAWM, but shortening the scan 

time or decreasing the group size would result in the study being underpowered. To 

measure the effect in the cortex, our data show that 80% power can still be achieved if 

the scan time would be lowered to 15 minutes, or the group size would be decreased to 

9 (Figure 4.9). However, the current study has 84% power at 0.75ΔvL, and further 

shortening of scan time or lowering group size with such an expected effect size will 

cause the power to fall below the 80% level. 

Discussion 

A number of ways to improve the sensitivity of DCE-MRI to detect widespread subtle BBB 

leakage were investigated in patients with early AD. In vivo imaging data showed that 

the (median) leakage rate Ki is strongly influenced by noise, and that both the observed 

Ki and fraction of leaking tissue vL decrease for longer scan times. Based on the in vivo 

imaging data, we also calculated the scan time and group size needed for different 

effect sizes.  

DCE-MRI has been used in tumors with success, but applications in neurodegenerative 

diseases are more difficult. In part, this difficulty can be attributed to the spatial 

distribution of the leakage. In tumors, increased contrast agent leakage is usually 

localized in the tumor tissue29. However, the leakage may be much more widespread in 

neurodegenerative diseases. Although voxelwise mapping of leakage may be an 

appropriate approach to detect widespread leakage, it is also more susceptible to noise 

compared with region-of-interest approaches. Furthermore, where in tumors the 

leakage rate may be the most important measure, there is no reason to assume that 
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hotspots of high leakage exist in neurodegenerative diseases such as AD. The commonly 

used mean Ki in a region may not be the most appropriate measure for an increase in 

leakage extent rather than rate (i.e. strength). This prompted us to develop the volume 

of detectable leakage vL. However, future studies may look into other possible ways to 

measure leakage extent. For example, in functional MRI, approaches based on clustering 

or independent component analysis have been successfully applied to increase 

sensitivity to more subtle signal changes due to cortical activation30,31. Similar methods 

may also be useful in DCE-MRI experiments in neurodegenerative diseases. 

The effect of noise on the leakage rate distribution changes with scan time, because for 

longer scan times the impact of noise on the concentration curves is reduced. This is 

due to the increased number of measurements (time-points) and because the contrast 

agent has more time to extravasate, resulting in higher extravascular concentrations 

which are easier to detect. The upper tail of the (skewed) distribution, containing the 

higher and more relevant voxelwise Ki values, becomes more apparent (see also Figure 

4.4). Concomitantly, the number of high values that can be attributed to noise are 

reduced and the noise values in general become more concentrated around zero. On the 

contrary, for decreasing scan times, the measured concentration-time curves become 

increasingly dominated by noise, leading to a stronger variation of slope values in the 

Patlak plots. At shorter scan times the resulting Ki histograms are broad and nearly 

symmetric, with a peak at a positive Ki value (due to the skewed input distribution). At 

such short scan times, actual leakage cannot be distinguished from noise. The skewed 

input distribution causes the median Ki to decrease with longer scan times. The vL also 

decreases for longer scan times. This is also caused by the decreasing influence of the 

noisy values in the upper tail of the distribution, causing a larger fraction of voxels to 

be attributed to noise, lowering the calculated vL.  

The subtle leakage profiles found in this study are comparable to previously reported 

values in neurodegenerative disease, which are as low as 10-4 min-1 6,12,13,15,32. The in 

vivo data show that detecting differences between a group of patients with a 

neurodegenerative disease and a control group is feasible. However, if the effect is 

somewhat smaller than what we measured (e.g. 0.75ΔvL), the detection of differences 

becomes more difficult, especially in the white matter. If the difference between the 

patient and control groups is only half of the original effect (0.5ΔvL), the required scan 

time and group size increase considerably, making such studies more challenging.  
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The simulations show an overestimation of Ki, which is still present at scan times up to 

25 minutes (Figure 4.4). The median Ki observed in the in vivo data is also below the 

detection limit of 10x10-4 min-1 previously reported by Cramer and Larsson6. This 

suggests that determining the absolute Ki value seems not feasible given the lower 

leakage values found in this study. This notion hampers direct comparison of leakage 

rate values between studies, as the Ki values strongly depend on the scan time and noise 

level. To obtain a representative alternative measure for BBB leakage per participant, 

we proposed vL. This measure proved more sensitive to the relatively larger number of 

subtly leaking voxels in the patients with early AD compared with the controls. Recent 

studies also emphasized the importance of signal drift on the leakage estimates11,33. We 

found a negative signal drift which, according to the simulations, causes a slight 

decrease in both Ki and vL. Because it has such a small influence on the Ki and vL and the 

effect is expected to be similar between the two groups, we did not further correct for 

it in our analysis.  

Given that DCE-MRI is most commonly used in oncology, scan times are often based on 

much higher Ki values than found in neurodegenerative disease. For example, Aerts et 

al. found that scan times beyond 7 minutes did not further improve leakage estimates 

in tumor tissue25. However, this was established assuming a (tumor) leakage value of 0.1 

min-1, which is three orders of magnitude higher than the currently observed values in 

early AD (Ki ≈ 1x10-4 min-1). A recent study showed the effect of scan time on the 

contrast-to-noise ratio of the leakage rate Ktrans (where Ki = Ktrans/(1-hematocrit)11. They 

concluded that the most optimal scan time depended on the value of Ktrans. Longer scan 

times provide a more precise value, but also give more time for the contrast agent to 

return back into the blood (reflux), which is assumed to be negligible in the Patlak 

model. The leakage rates found in our in vivo data, are much lower than those reported 

by Barnes et al. (approximately 20x10-4 min-1 after hematocrit correction). They 

reported that such subtle leakage strongly decreases the influence of reflux. On the 

other hand, the influence of noise becomes quite strong for such low leakage values, 

which is the central topic of the current study. Cramer and Larsson have also 

investigated the requirements for measuring subtle BBB leakage, and focused on the 

pharmacokinetic model and the sampling frequency6. Concerning the scan time, they 

show that increasing the scan time decreases the influence of noise, which manifests 

itself as a low standard deviation on the estimated Ki, but has no or negligible impact 

on the magnitude of Ki. There are two important methodological aspects worth 

comparing this study to that of Cramer and Larsson. First, we used a dual time resolution 
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DCE-MRI protocol. The high temporal resolution in the study of Cramer and Larsson 

should prevent undersampling of the VIF, similar to the high temporal resolution part of 

the dual time resolution protocol16. If a lower temporal resolution would be used, the 

undersampling of the VIF would cause the Ki to be overestimated, resulting in faulty 

leakage estimates16,25. The dual time resolution sequence also allows for a higher SNR 

during the long washout of the contrast agent, which may improve the leakage 

estimation. Second is the use of a Ki histogram to simulate the effects of a DCE-MRI 

experiment, whereas Cramer and Larsson used the more common Monte Carlo approach 

of single voxel Ki values. We feel that the histogram more closely simulates the 

combination of variations and noise in maps of (very low) Ki values, which way provides 

novel insights into the consequences of varying the scan time.  

The necessary scan time can also be influenced by other methodological choices, such 

as the choice of contrast agent and the pharmacokinetic model6,16,34,35. The intrinsic 

properties of the contrast agent such as lipophilicity, charge and size, determine how 

easily it may pass the BBB36. If a new contrast agent would be developed that can pass 

the BBB more easily, the subtle signal differences on MRI would be larger. This would 

make it easier to measure the leakage, which may translate to a shorter scan time. For 

the pharmacokinetic model we chose to use the Patlak plot to quantify the leakage, as 

this was previously shown to be the best approach for subtle leakages when the reflux 

can be ignored6,11. Different models require different scan times, depending on the 

underlying assumptions of the model11. Besides these methodological considerations, it 

is also important to consider the impact of a long scan time on the subject. It is common 

that a patient with a neurodegenerative disease has some form of cognitive impairment, 

which would increase the burden of an MRI experiment compared with a healthy control 

subject.  

In conclusion, we have introduced the leakage volume vL, which appears more suitable 

and time-efficient than leakage rate Ki to detect subtle BBB leakage differences between 

patients with early AD and controls. Compared with Ki, vL is a measure for the spatial 

extent of the leakage rather than the leakage strength. Computer simulations, showing 

how the measured leakage is affected by changing the scan time, and statistical power 

calculations were used to help to improve methodological study design. Overall, this 

information should assist future research aimed at investigating the subtle BBB leakage 

in neurodegenerative diseases.      
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Abstract 

The neurovascular unit, which protects neuronal cells and supplies them with essential 

molecules, plays an important role in the pathophysiology of AD. The aim of this study 

was to noninvasively investigate two linked functional elements of the neurovascular 

unit, blood-brain barrier (BBB) permeability and cerebral blood flow (CBF), in patients 

with early AD and healthy controls. Therefore, both dynamic contrast-enhanced MRI and 

arterial spin labeling MRI were applied to measure BBB permeability and CBF, 

respectively. The patients with early AD showed significantly lower CBF and local blood 

volume in the gray matter, compared with controls. In the patients, we also found that 

a reduction in CBF is correlated with an increase in leakage rate. This finding supports 

the hypothesis that neurovascular damage, and in particular impairment of the 

neurovascular unit constitutes the pathophysiological link between CBF reduction and 

BBB impairment in AD.  
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Introduction 

The pathogenesis of Alzheimer’s Disease (AD) is still unknown, despite decades of 

research. A popular hypothesis states that the accumulation of insoluble proteins is a 

central part of the pathological cascade that leads to AD1. However, there is also very 

strong evidence that cerebrovascular damage is a key element in this cascade2. The 

notion that cerebrovascular pathology contributes to AD has recently gained more 

popularity, as the amyloid hypothesis does not satisfactory represents the cause of the 

disease3. Therefore, assessment of the brain microvasculature in the brain is of 

particular interest in AD.  

Previously, it has been hypothesized that hypoperfusion and blood-brain barrier (BBB) 

impairment in AD are both integral parts of the pathological cascade leading to AD4,5. 

This hypothesis is centered around the neurovascular unit, a collection of capillary 

endothelial cells and smooth muscle cells, neuronal cells, neurons and subcellular 

structures in the brain6. Different parts of the neurovascular unit form functional 

elements, which work together to perform necessary functions. One of these functions 

is that the BBB protects the brain from circulating neurotoxins while allowing molecules 

essential to the parenchyma to pass7,8. Another important function of the neurovascular 

unit is the regulation of blood flow.  

A general hypothesis is that impairment of the neurovascular unit is a central feature in 

the pathophysiology that leads to AD. In short, the neurovascular unit hypothesis states 

that any damage to the neurovascular unit can start a complicated cascade involving a 

reduced cerebral blood flow (CBF) and BBB disruption9–13. This is a self-reinforcing loop 

which triggers other damaging responses including inflammation, oxidative stress and 

upregulation of vasoconstrictors4,9,14,15. It is also known that hypoperfusion is correlated 

with dementia severity16,17, indicating that, over time, the neurovascular unit 

impairment increases and chronic damage results in neurodegeneration and cognitive 

decline. The neurovascular unit has been found to be impaired in dementia, mainly due 

to inflammation, oxidative stress and a nitric oxide deficit, leading to reduced cerebral 

blood flow (CBF) and increased BBB permeability10,14,18. Given the gradual progression 

of AD, this impairment is expected to start early in the disease process. Furthermore, 

under the assumption that this loop is an integral part of the pathophysiology of early 

AD, the impairment of the different functional elements of the neurovascular unit are 

expected to co-occur, and thus may be correlated. Thus far, these mechanisms are, to 
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a large extent, deduced from animal and in vitro studies12. However, in vivo human 

studies are scarce. 

If there is widespread damage to the neurovascular unit, global deterioration of 

measures that should be strictly regulated by the neurovascular unit can be expected. 

Advanced MRI techniques allow for spatially resolved measurement of some of these 

measures that are relevant to AD, namely the CBF, BBB leakage and local blood volume. 

In this study, we measured CBF with arterial spin labeling (ASL), which magnetically 

labels protons of the arterial blood and subsequently follows their distribution 

throughout the brain19. These CBF measurements were combined with a dedicated 

dynamic contrast-enhanced (DCE-) MRI protocol which allows for the measurement of 

subtle BBB leakage. With DCE-MRI the spatiotemporal distribution of a contrast agent 

over brain vasculature and parenchyma is measured. It is a suitable method to examine 

local cerebral blood plasma volume (vp) and the leakage rate (Ki, in min-1) of a contrast 

agent from the blood space into the parenchyma20,21.  

Our aim was to investigate the functioning of neurovascular unit in terms of blood flow 

regulation and BBB function in AD by examining the possible link between cerebral 

(microvascular) perfusion and BBB leakage in the gray matter of patients with early AD 

and healthy controls.  

Materials and Methods 

Participants 

Patients were recruited at the memory clinics from the Maastricht University Medical 

Center (MUMC) and Leiden University Medical Center (LUMC). All patients were clinically 

diagnosed with either mild cognitive impairment (MCI) due to AD or mild dementia of 

the Alzheimer type, which we combined into one group and termed early AD. Diagnosis 

was made by consensus of a multidisciplinary team according to the Dubois criteria for 

MCI and the criteria of the National Institute on Aging and the Alzheimer’s Association 

for AD22,23. None of the patients had an evident cerebrovascular origin for the dementia 

such as a history of stroke. In addition, participants were excluded in case of 

contraindications for MRI, renal dysfunction, major structural brain abnormalities such 

as tumors, alcohol/drug abuse, cerebrovascular pathology, or other major psychiatric or 

neurological disorders. The controls were recruited through advertisements in local 

newspapers. All participants underwent the mini mental state examination (MMSE) test 
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before MRI24. This study was approved by both the Medical Ethical Committee AZM/UM 

and the Committee for Medical Ethics LUMC. Written informed consent was obtained 

from all participants. We included 16 patients and 18 healthy controls (4 and 3 at the 

LUMC, respectively). Two patients were excluded because of incomplete MRI 

examinations and 2 controls were excluded because of severe motion induced artefacts 

and a lowered renal function. Therefore, the data of 14 patients (7 AD, 7 MCI, mean age 

75.3 y, range 65 - 85 y, 8 males) and 16 healthy controls (mean age 76.4 y, range 65 - 

85 y, 11 males) was used for final analysis.  

Image acquisition 

CBF was measured using a pseudo-continuous (PC)ASL 2D multislice sequence with a 

TR/TE of 3847/14 ms, voxel size of 3x3x7 mm3, matrix size of 80x80x17, a 1525 ms 

postlabeling delay (PLD) of the most inferior slice, and a label duration of 1650 ms. 

Slices were obtained in the inferior-superior direction (35 ms per slice), and 50 control-

label pairs were acquired. The labeling slice was positioned perpendicular to the internal 

carotid arteries, with the help of coronally and sagittally oriented phase contrast 

angiograms. A single proton density (PD) sequence was acquired with the same 

geometric properties as the PCASL sequence and a TR of 10 s to scale the PCASL signal 

intensity to absolute CBF in ml/min/100 g of brain tissue.  

Blood-brain barrier leakage and local blood plasma volume were measured using a dual-

time resolution DCE-MRI sequence, which was developed to increase sensitivity to the 

subtle leakage expected in early AD. This protocol utilizes a high temporal resolution 

during contrast agent arrival and initial distribution to properly sample the initial arrival 

peak (the fast sequence), and a lower temporal but higher signal-to-noise during the 

longer washout (the slow sequence)25. The acquisition protocol and analysis method are 

analogous to a previously described procedure26. The fast sequence was a 3D saturation 

recovery gradient recalled sequence with a TR/TE 5.2/2.5 ms, flip angle 30˚, voxel size 

1x1x5 mm3, matrix size 256x200x10, SENSE factor 2 (direction RL), with a saturation 

prepulse given at a delay time (TD) of 120 ms, 29 volumes total, dynamic scan interval 

(DSI) of 3.2 s resulting in a scan time of 1.55 minutes. The contrast agent was injected 

at the fourth dynamic scan (gadobutrol, 0.1 mmol/kg, injected using a power injector 

with a flow of 3 ml/s, followed by a 20 ml saline flush). The slow sequence was a 

saturation recovery gradient recalled sequence (TR/TE 5.6/2.5 ms, flip angle 30˚, voxel 

size 1x1x2 mm3, matrix size 256x256x50 matrix, SENSE factor 2 (direction RL), DSI 31.8 

s, 45 volumes (including 3 precontrast volumes), with the same prepulse. The slow 
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sequence started immediately after the fast sequence, for a total scan time of 25 

minutes. The field-of-view (FOV) was centered on the corpus callosum, ensuring optimal 

coverage of the brain surrounding the lateral ventricles, which is the most common 

location of white matter hyperintensities. Since the white matter hyperintensities are 

presumed to be of vascular origin, we expected the periventricular region to show the 

most microvascular pathology27. The two sequences were combined by upsampling the 

volumes of the fast sequence using linear interpolation to match the slow sequence FOV 

and voxel size, although it should be noted that this posed a limit on the final resolution. 

A T1-weighted structural scan (TR/TI/TE of 8.4/706/4.0 ms, flip angle of 8˚, cubic voxel 

size of 1 mm, matrix size 256x155x256) was used for structural reference and to perform 

image registration between the various contrasts. All imaging was performed on a dual-

transmit 3 Tesla system (Philips Achieva, Best, the Netherlands), with a 32-channel 

receiver head coil.  

Image analysis 

Motion correction for all sequences was performed using FMRIB’s linear image 

registration tool (FLIRT28) using a mutual-information algorithm. Further analysis was 

performed by a researcher blinded to the using in-house developed software 

implemented in Matlab (version 2012b MathWorks, Natick, MA, USA).  

Arterial Spin Labeling MRI  

Motion correction was performed relative to the mean of the control images. Next, the 

label images were subtracted from the control images. Control-label pairs were removed 

when visual inspection of the subtraction result showed artefacts. CBF calculation was 

based on an adaptation of the formula proposed in the ASL whitepaper presented by the 

ISMRM Perfusion Study Group and the European Consortium for ASL in Dementia19 to 

correct for the 2D multislice readout scheme and by including a correction factor for 

background suppression29: 

����� �
���
�������������(���) � ,"�##�⁄

%�& �,��' ()
�* � ,"�##�⁄

 

 

Here λ is the blood-brain partition coefficient (set at 0.9 ml/g30), SIcontrol and SIlabel are 

the means over time of the control and label images, respectively, Tdelay is the post label 

delay (1525 ms), Tslice is the acquisition time for a single slice (35 ms), z is the slice 
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number, T1,blood is the longitudinal relaxation time of blood (set at 1650 ms for 3 T31), α 

is the labeling efficiency (set at 0.8519), αinv is a correction factor for the background 

suppression (set at 0.8329), SIPD is the signal intensity of the proton density image and τ 

is the label duration (1650 ms). This study will focus on effects in the gray matter (GM), 

as ASL in the white matter (WM) remains challenging29. 

Dynamic contrast-enhanced MRI  

Motion correction was performed relative to the mean of the precontrast images. 

Individual vascular input functions (VIF) were extracted from the superior sagittal sinus, 

which was chosen as this was the largest cerebral blood vessel in the FOV, and has been 

used successfully in other studies25,32–34. Translation of signal enhancement to contrast 

agent concentration was performed differently for the VIF and for tissue. The conversion 

of signal of the VIF to contrast agent concentration was implemented using an in vitro 

diluted MnCl2 stock solution with different gadobutrol concentrations (range 0-40 mM, 

baseline T1 relaxation time of 1650 ms, comparable to human blood). For tissue, we 

observed much lower signal changes. Therefore, a linear relationship between signal 

change and contrast agent concentration (Ct) was assumed for tissue, using35: �

+(,) +-��⁄

��� ∙ 0 
with a contrast agent relaxivity r1 of 3.3 s-1 mM-1 and S0 as the precontrast signal 

intensity36. The range of contrast agent concentration found in brain tissue was 

approximately 0-0.2 mM. At 0.2 mM, the linear approximation showed an error margin 

of ~2.2%. For this calculation baseline T10 values were used, based on measurements 

using a pulse sequence comparable to the slow sequence but with different TD values 

(120-4000 ms) using �
��1 ���⁄  where S is the measured signal and M0 is a 

fit parameter in which the magnetization and scanner-specific properties are 

combined37. The mean T10 values for the tissue of the participants was calculated, and 

the T1 structural scans were used to assign voxelwise T10 values. These T10 maps were 

smoothed with a 2x2x2 mm kernel. We also measured signal drift by using the total DCE-

MRI sequence on phantoms with two different gadobutrol concentrations (1 and 40 mM). 

After calculation of the concentration-time courses, the BBB leakage rate Ki (in min-1) 

and local blood plasma volume vp (fraction of total voxel volume) were determined using 

the Patlak graphical approach using38:  
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Where Hct is the hematocrit, which was set to 45% and Cp and Ct are the contrast agent 

concentration in blood plasma and tissue, respectively. Next, the mean Ki and vp were 

calculated per participant and used for statistical analysis.  

The noise on the concentration curves sometimes caused negative slope values in the 

Patlak plot. To further increase the sensitivity of this leakage detection for the lowest 

possible Ki values close to the noise level, a histogram approach was used. The 

histograms were normalized and noise was estimated by assuming that negative slope 

values can only be attributed to noise, and that a similar distribution of noise is also 

present in positive slope values. The data were then corrected by subtracting the 

estimated noise from the measured histogram. The remaining cumulative sum of the 

bins was defined as the BBB leakage volume fraction vL. For further details on this 

procedure, we refer to our previous work26. Note that the noise suppression method was 

only used to calculate vL, and when the Ki is reported, the mean of the entire histogram 

is meant without applying the noise suppression method.  

Structural reference  

The T1-weighted structural scan was processed using the FreeSurfer software package 

to automatically define the gray matter39. This software was also used to calculate an 

atrophy score per participant (atrophy score = 1–(GM volume + WM volume) / intracranial 

volume). Next, the mean values of CBF, Ki, and vp of the total GM were calculated per 

participant. As the ASL images had the lowest spatial resolution, it was chosen as a 

reference, and the T1-weighted image and the DCE-MRI images were linearly 

transformed to the ASL images to calculate the correlation between CBF and the DCE 

measures.  

Statistics  

All statistical tests were performed using SPSS (IBM SPSS Statistics for Windows, Version 

20.0, NY, United States). The difference in CBF, Ki, vL, and vp in the GM between the 

patients and controls, corrected for age and gender, was first tested using linear 

regression. Next, the Pearson correlation coefficient was calculated between the GM 

CBF and the DCE measures in the patient and control groups. Because the effect of age 

and atrophy may influence these correlations, they were subsequently added as 

covariates in a multivariable regression analysis. To find any regional differences, the 

group comparison analysis was repeated for different gray matter regions, the frontal, 

temporal parietal and occipital cortex and the deep (subcortical) GM. To correct for the 
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increasing number of statistical tests in the regional analyses, a false discovery rate 

(FDR) procedure for multiple comparisons (q=0.05) was applied. Statistical significance 

was inferred when p<0.05. 

Results 

The patients had a score ≤2 on the modified Hachinski scale, indicating that the 

dementia did not have a vascular origin40. All patients diagnosed with AD had a Clinical 

Dementia Rating (CDR) of 1, indicating a mild stage of dementia41,42. MRI revealed that 

the patients had a mean medial temporal lobe atrophy (MTA) score of 1.6 (s.d. 1.0)43 

and a mean Fazekas score of 1.9 (range 0-3, controls: 1.4, range 0-3, p=0.12)44. The 

incidence of other vascular risk factors, including atherosclerosis, cardiac arrhythmia 

and coronary disease, was not significantly different between the groups (patients: 5, 

controls: 2, p=0.14). On neuropsychological tests, the patients had a mean digit span 

Wechsler adult intelligence scale (WAIS-III) test score of 11.9 (s.d. 2.0)45, and a mean 

letter digit substitution test (LDST, correct items after 90 s) score of 29.5 (s.d. 12.7) 

correct and 0.1 (s.d. 0.3) incorrect46. 

Figure 5.1: A T1-weighted structural image for anatomical reference (A), and the gray matter 

segmentation as overlay on the T1-weighted image (B). Maps showing the cerebral blood flow 

measured using arterial spin labeling (C), the dynamic contrast enhanced MRI measures blood-brain 

barrier leakage rate Ki (D) and blood plasma volume vp (E) as color-coded overlays on this T1-

weighted image. All images are from the same patient with early Alzheimer’s disease. The maps 

show all values greater than zero and were masked to the brain (gray and white matter) tissue. 
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Example maps of the CBF, Ki and vp measures can be seen in Figure 5.1. To demonstrate 

the quality of the data, example concentration-time curves and a Patlak plot are shown 

in Figure 5.2. An overview of the results of the CBF, Ki, vL and vp values in the GM is 

displayed in Figure 5.3. The mean CBF in the GM was significantly lower in the patients 

(32.1 s.d. 7.0 ml/min/100g) compared with the controls (39.3 s.d. 6.4 ml/min/100g, 

p<0.001, also see Table 5.1). The mean Ki value in the GM showed a trend of a higher Ki 

in the patients (2.7x10-4 s.d. 1.4x10-4 min-1) compared with controls (1.8x10-4 s.d., 

1.3x10-4 min-1, p=0.055). The vL was significantly higher in patients (0.38 s.d. 0.29) 

compared with controls (0.12 s.d. 0.10, p=0.001). The vp in the GM was significantly 

lower in the patients (1.5 s.d. 0.5%) compared with controls (2.0 s.d. 0.3%, p<0.001). 

The atrophy score was not significantly different between the patients (34.4% s.d. 7.3%) 

and controls (32.7% s.d. 3.4%, p=0.4). Linear regression revealed a significant negative 

correlation between CBF and Ki in the GM of the patients (Pearson’s r=-0.69, p=0.007, 

also see Figure 5.4). There was no significant correlation between CBF and Ki in the 

controls (p=0.6). Between CBF and vL, a significant correlation was found in the GM of 

the patients (Pearson’s r=-0.54, p<0.05, Figure 5.4), but not for the controls (p=0.6). 

There were no significant correlations between CBF and vp for the patients (p=0.4) or 

the controls (p=0.9). Adding age and atrophy as potential confounders to these 

correlations had a minor effect on the correlation between CBF and Ki (Pearson’s r=-

0.73, p=0.011), and for the correlation between CBF and vL it raised the p value to 0.07 

(Pearson’s r=-0.57), making it a trend. The results of the regional CBF are listed in Table 

5.1. In short, all regions exhibit significant hypoperfusion in the patients compared with 

the controls, which remains after FDR correction. The drift measurements showed a 

signal decrease of 0.07% per minute in the low concentration (1 mM) phantom and a 

decrease of 0.03% per minute in the high concentration (40 mM) phantom. This causes a 

decrease in Ki (5% in patients and 9% in controls) and no change in vp.   
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Figure 5.2: Example concentration-time curves (A) and a Patlak plot (B) of a patient. The vascular 

input function and a concentration curve of a single cortex voxel exhibiting relatively strong leakage 

are shown (A). Note that the time scale is logarithmic to better show the initial arrival of the contrast 

agent. The corresponding Patlak plot (B) results in a vp of 1.4% and a Ki of 1.6x10-3 min-1.  
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Figure 5.3: The differences in cerebral blood flow (CBF), blood-brain barrier leakage rate (Ki), fraction 

of leaking gray matter voxels (vL), and local blood plasma volume (vp) of the total gray matter between 

the patients with early AD and controls. The error bars denote the standard deviation. *: p<0.05. 

 

Table 5.1: Cerebral blood flow per brain region 

Brain region Patients 
(mean ± s.d. 
ml/100g/min) 

Controls 

(mean ± s.d. 
ml/100g/min) 

Difference 
relative to 
controls (%) 

p# 

Total cortex 32.8 ± 7.2 40.2 ± 6.7 -22.6 <0.001* 

Frontal cortex 33.3 ± 7.6  38.9 ± 7.2 -16.8 0.009* 

Parietal cortex 32.4 ± 7.4 39.6 ± 6.7 -22.2 0.001* 

Temporal cortex 31.1 ± 5.5 36.8 ± 6.2 -18.3 0.003* 

Occipital cortex 30.7 ± 9.1 37.9 ± 8.3 -23.5 0.009* 

Deep gray 
matter 

27.9 ± 6.4 33.8 ± 5.2 -21.2 0.002* 

# corrected for age and gender 

* remains significant after correction for multiple comparisons 
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Figure 5.4: Scatter plot of local cerebral blood flow (CBF) versus blood-brain barrier leakage rate Ki

(A) and fraction of leaking voxels vL (B) of the total gray matter of the patients and controls. The line 

represents the (unadjusted) linear regression fit for the patients, with Pearson’s r=-0.66, p=0.006 for 

Ki and Pearson’s r=-0.54, p<0.05 for vL. 
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Discussion 

In the gray matter of patients with early AD, we have found evidence of global 

hypoperfusion, a trend for a higher leakage rate and a significant increase in leakage 

extent and decrease of blood volume. Most interestingly, we observed that a global 

reduction in CBF is correlated with an increase in BBB leakage in these patients.  

The cerebral blood flow values of this study (roughly 30-50 ml/min/100g) are in the 

range of commonly reported values in healthy elderly controls and patients with AD 

(roughly 20-60 ml/min/100g)19,47,48. Widespread hypoperfusion in MCI and AD has been 

found by numerous other studies using ASL and other modalities49–51. The most common 

finding is hypoperfusion in the frontal and temporoparietal regions, which mostly covers 

the region investigated in the current study52. The relative difference in CBF between 

the groups is roughly the same in all lobes and in the deep gray matter (Table 5.1), 

indicating that the hypoperfusion is global, instead of regional, as was found in some 

other studies50,53. Given that the atrophy between in patients did not significantly differ 

from healthy controls, the observed results are unlikely to be affected by differences in 

cortical thickness and inherent partial volume effects of the cortex voxels. We found Ki 

values of 1-3x10-4 min-1, which are comparable to previously reported values in patients 

with vascular cognitive impairment (0–6x10-4 min-1)54. The cerebral blood volume in AD 

has usually been studied using Dynamic Susceptibility Contrast (DSC-)MRI, where a lower 

blood volume is usually found in the temporoparietal regions, which are known to be 

impaired in AD49. Furthermore, it is frequently mentioned that blood volume differences 

are smaller and harder to detect compared with blood flow55,56. 

The subtle contrast agent leakage found in this study is often considered to be limited 

by the permeability-surface area product21,57,58. This means that, for more contrast 

agent to leak out of the blood space, the blood vessels have to become more permeable 

to the contrast agent. An alternative would be that the leakage is flow-limited, meaning 

that the leakage is limited by the amount of contrast agent supplied by the blood during 

a certain time period. For the current expected low permeability regime, the leakage 

should be more or less independent of the blood flow21,57,58. However, the observed 

correlation between CBF and BBB leakage indicates that either the leakage rate is not 

purely limited by the permeability-surface area product, or a common patho-

physiological pathway involves both BBB breakdown and hypoperfusion. Given the very 

low leakage values and modest reductions in CBF found in this study, we consider it 
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unlikely that the leakage rate is limited by the amount of contrast agent supplied by the 

blood. Therefore, it is more likely that a physiological process involving the 

neurovascular unit is responsible for this link, especially since the BBB and local 

compensatory mechanisms for hypoperfusion are essential functional elements of the 

neurovascular unit. 

The link between hypoperfusion and BBB leakage extent and strength complements the 

previous finding that hypoperfusion is correlated with cognitive decline and hippocampal 

volume decrease59. Atrophy is one of the hallmarks of AD, but adding atrophy as a 

confounder did not change the (qualitative) results. Adding age as a confounder also did 

not change the correlation, which shows that increased BBB leakage due to age or partial 

volume effects caused by atrophy cannot explain the observed link between 

hypoperfusion and BBB leakage. Together, this all points toward a complicated 

progressive cascade of events that involves decreased CBF, BBB leakage and 

inflammation60. Although the precise pathways remain to be elucidated, the correlation 

between hypoperfusion and increased BBB leakage does fit to the hypothesized positive 

feedback loop linking the BBB and perfusion management. Such a feedback loop would 

cause an increase in BBB leakage when the CBF decreases and, vice versa, a decrease of 

CBF when BBB leakage increases. BBB leakage can be caused by ischemia triggered 

inflammation, while the hypoperfusion is caused by upregulation of vasoconstrictors, 

oxidative stress, and insufficient clearance of amyloid β9. The recent finding that 

amyloid β can passively pass the BBB in a rat model of AD further supports the 

neurovascular hypothesis61. Furthermore, upregulation of vasoconstrictors would by 

definition decrease local blood volume as was found in this study. The lower blood 

volume may be further explained by a lower vascular density which has also been found 

in AD60.  

Measuring very low BBB leakage using DCE-MRI is very challenging, and it requires a 

modified acquisition and analysis scheme compared with DCE-MRI in high leakage 

scenarios such as (high-grade) tumors62. Several studies have investigated the effect of 

temporal resolution, the choice of the pharmacokinetic model, signal drift, and the total 

scan time on the ability to detect subtle BBB leakage63–66. It is also important to use a 

modified acquisition sequence. For this, we decided to combine the dual-time resolution 

DCE-MRI protocol used by Jelescu et al. with the sequence described by Larsson et 

al.25,37. The dual-time resolution protocol allows for accurate sampling of the rapid 

signal changes during the initial arrival of the contrast agent, while the slower scan has 



Chapter 5 

106 
 

a higher signal-to-noise during the slow washout, when it is more important to have a 

higher sensitivity to small signal changes. The sequence described by Larsson et al. 

allows for measurement of the T10 with slight adaptations to the scan parameters, and 

it also provides an analytical formula to convert the signal changes to the contrast agent 

concentration. However, further improvements of DCE-MRI protocols to increase 

sensitivity to subtle BBB leakage and decrease the influence of noise are necessary. This 

is especially relevant when voxelwise mapping of the leakage is desired, such as in 

neurodegenerative diseases where the leakage may not be localized to hotspots or clear 

anatomically defined regions.  

In this study, the neurovascular unit was found to be impaired in patients with early AD, 

resulting in a lower cerebral hypoperfusion and local blood volume, and a larger fraction 

of leaking voxels and a trend for increased BBB leakage. This, combined with our finding 

that hypoperfusion and increased BBB leakage are correlated, provides further evidence 

for the hypothesis that vascular damage, and neurovascular impairment in particular, 

play a key role in the pathophysiology of AD. 
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Abstract 

White matter hyperintensities (WMHs) are commonly found in Alzheimer’s disease (AD), 

and are presumed to represent effects due to microvascular pathology. Previous studies 

indicate that WMHs affect the white matter connections. The aim of this study was to 

investigate the association between WMH load and the volume of the hippocampal 

tracts. Using diffusion MRI combined with tractography, the tracts connecting the 

hippocampi with the cerebrum were reconstructed in 26 participants with subjective 

memory complaints, 20 with mild cognitive impairment, and 14 with AD. The tract-

specific WMH load and relative tract volume of the hippocampal tracts were calculated. 

The results show that tract-specific WMH load increases with relative tract volume. A 

possible explanation for this observation may be that WMHs cause pathological 

hypertrophy of the white matter tracts, or that the white matter fibers reposition near 

the WMHs. This work further elucidates the effect of WMHs on the white matter tracts 

and on cognition. 
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Introduction 

Although traditionally not regarded a manifest neuropathological sign of Alzheimer’s 

disease (AD), many patients diagnosed with AD exhibit vascular pathology1. Signs of such 

vascular pathology are hyperintensities in the white matter (WMHs) on brain MR images2. 

While their precise etiology is still unclear, WMHs are assumed to be an indication of 

cerebrovascular pathology3,4. WMHs are considered a normal part of aging, but severe 

and confluent WMHs are associated with cognitive decline2,4,5. Besides vascular 

pathology, WMHs also show demyelination and axonal loss6. Therefore, WMHs may 

negatively affect white matter bundles intersecting them. This effect of the WMHs would 

likely influence the entire white matter tract rather than merely causing local changes 

(also referred to as diaschisis), and therefore also influence the effectiveness of 

information transfer throughout the brain. For example, it has been found that a higher 

diffusivity of streamlines passing through WMHs in dementia is associated with stronger 

cognitive decline7. In multiple sclerosis, it was found that a single localized lesion causes 

altered diffusivity markers along the entire bundle, and the local damage may ultimately 

cause degeneration of the entire neuronal bundle8,9. There is also evidence that WMHs 

cause a decoupling of the structural connectivity of white matter tracts and the 

functional connectivity of the regions connected by these tracts10. Overall, it seems 

likely that WMHs are associated with disruption of the white matter tracts, which 

ultimately leads to cognitive decline.  

Structural brain connectivity can be measured using diffusion MRI (dMRI), combined with 

tractography to visualize the white matter tracts. In the presence of white matter fibers, 

the diffusion of water becomes more directional in the direction of the white matter 

fibers (anisotropic) rather than random (isotropic), which can be measured using dMRI11. 

Application of dMRI in AD has shown widespread damage to the white matter, which is 

expressed through a decreased fractional anisotropy and increased mean diffusivity 

mainly in the frontal and temporal white matter, which is already detectable at a very 

early stage12. Using tractography, the three-dimensional space taken up by the white 

matter fibers can be estimated13-15. The reconstructed white matter fiber pathways give 

an indication of the architectural connectivity patterns of the brain. 

In the current study, we primarily set out to investigate the effect of the white matter 

tracts when they cross WMHs. The study was performed in older adults evaluated for 

cognitive impairment. The hippocampal region is known to be affected already before 
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cognitive symptoms in AD16. In addition, various white matter tracts connecting the 

hippocampus with other parts of the brain, such as the cingulum and uncinate fasciculus, 

have been found to exhibit decreased fractional anisotropy in AD17. In this study, we 

focused on the white matter tracts connecting the hippocampi with the rest of the 

cerebrum. We used dMRI to reconstruct the pathways of the structural connections 

between the hippocampus and the rest of the brain in participants who were referred 

to the memory clinic and diagnosed with subjective memory complaints (SMC), mild 

cognitive impairment (MCI) or with dementia due to AD. Secondarily, we also studied 

the possible effect of WMHs in the hippocampal tracts on episodic memory, processing 

speed and executive functioning. 

Materials and Methods 

Participants 

The participants represent the first-time visitors at the memory clinic of the Maastricht 

University Medical Centre (MUMC+), the Netherlands, who were referred due to of 

cognitive complaints. All participants were selected from the Maastricht data of the 

Leiden-Alzheimer Research Netherlands (LeARN) consortium, a multicenter study on 

novel biomarkers for AD. Further information on participant inclusion and exclusion 

criteria, is described in a previously published paper18. Ultimately, from a total of 76, 

we included 60 participants (10 were excluded for missing data and 6 for failure of the 

preprocessing pipeline caused by imaging artifacts). Of these 60 participants, 26 were 

diagnosed with subjective memory complaints (SMC), 20 with mild cognitive impairment 

(MCI) and 14 with mild dementia due to AD. The diagnoses of MCI due to AD and dementia 

due to AD were made by experts at the memory clinic, based on the core clinical criteria 

of the National Institute on Aging-Alzheimer's Association workgroups on diagnostic 

guidelines for Alzheimer's disease19,20. 

Medical background 

All participants were interviewed regarding their medical history including 

(cerebro)vascular pathology and underwent standard neurological and psychiatric 

assessments, and neuropsychological tests, including the Mini-Mental State Evaluation 

(MMSE) for global cognition21, 15-word Verbal Learning Test (VLT) (immediate recall and 

delayed recall for episodic memory)22,23, and the Stroop Color-Word test for processing 

speed (part 1) as well as executive functioning (part 3)24. Based on structural MRI scans, 
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the visually rated medial temporal lobe atrophy score was determined25. Written 

informed consent was obtained from all participants, and the study was approved by the 

Medical Ethical Committee of MUMC+.  

MRI acquisition 

All imaging was performed on a 3T MRI system (Philips Achieva, Best, the Netherlands) 

with an 8-channel head coil. Diffusion weighted imaging was performed using a high-

angular resolution diffusion imaging (HARDI) sequence with 61 directions and a b-value 

of 1000 s/mm2, one b=0 scan, TR/TE 8250/80 ms, 128x128 matrix, 70 slices and a 2x2x2 

mm3 voxel size. A T1-weighted structural scan (TR/TE 8.2/3.7 ms, 8˚ flip angle, 240x240 

matrix, 180 slices and a 1x1x1 mm3 voxel size) was used for anatomical reference, and 

a fluid-attenuated inversion recovery sequence (FLAIR, TR/TE/TI 11000/125/2800 ms, 

512x512 matrix, 48 slices and a 0.5x0.5x3 mm3 voxel size) was used for WMH assessment 

(further details follow in the next paragraphs). 

MRI analysis 

The dMRI data were preprocessed using ExploreDTI (www.exploredti.com, v4.8.326). 

First, the diffusion weighted images were corrected for head motion and eddy current 

induced distortions. Next, using the T1-weighted image as reference, corrections were 

performed for echo-planar imaging distortions27. After the corrections, whole-brain 

deterministic tractography was performed based on constrained spherical deconvolution 

(CSD) reconstruction of the fiber pathways. The CSD tractography parameters included 

uniformly distributed seeds with a seed-point resolution of 0.5x0.5x0.5 mm3, a fiber 

orientation distribution threshold of 0.1, a maximum harmonic degree of 8, a maximum 

fiber deflection angle of 30˚ and a minimum fiber length of 50 mm. This resulted in ~2.5 

million tracts per dataset (range 1.9 – 3.1 million). The diffusion tensor was estimated 

per voxel to calculate the mean diffusivity (MD) and the fractional anisotropy (FA). 

The T1-weighted structural scans were segmented using the FreeSurfer software 

package (www.freesurfer.net, version 5.1.0, manually corrected where necessary28), 

which yielded 82 cortical and subcortical gray matter regions of interest (including both 

hippocampi), and also provided intracranial, gray matter and white matter volumes. To 

obtain a measure of global atrophy, an atrophy score was calculated using (gray matter 

volume + white matter volume) / intracranial volume29. The FLAIR images were used to 

semi-automatically detect the WMHs, based on a method described by De Boer et al.30. 
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All WMHs were manually checked and corrected where necessary. A global WMH load 

was calculated by dividing the WMH volume by the total white matter volume. 

Further analysis was performed in Matlab (version 2012b, MathWorks, Natick, MA, 

USA)31. The tractography data were used to find white matter tracts connecting the 

hippocampi with the remaining 80 cortical and subcortical gray matter regions and the 

tracts connecting the left with the right hippocampus. A connection was defined if a 

streamline passed through both regions. In cases where streamlines did not start or end 

within the regions of interest, only the section of the streamline connecting the regions 

was considered. The coordinates of all streamlines connecting the hippocampus with the 

region-of-interest were used to calculate the total volume of the space covered by the 

connections. A voxel was included if a minimum of three connecting streamlines crossed 

the voxel, to avoid false positives32. The volume of the tract which overlapped with 

WMHs was also determined. The white matter tract volume and the tract-specific WMH 

volume of the hippocampal tracts were normalized to the total white matter volume as 

obtained with FreeSurfer. This resulted in the relative tract volume and the relative 

tract-specific WMH load, respectively.  

Statistical analysis 

All statistical analyses were performed using Matlab. The group characteristics were 

compared using independent-samples (two-sided) Student’s t-tests for continuous 

variables and chi-squared tests for dichotomous variables (i.e. sex and the incidence of 

(cerebro)vascular pathology). The scores of the neuropsychological tests were compared 

between the groups using linear regression analyses, corrected for age, sex and years of 

education. 

The difference between the groups in mean volume of the white matter tracts 

connecting the hippocampi with the rest of the cerebrum was first tested using 

multivariate linear regression. The mean MD and FA of this tract volume were also 

compared between the groups using regression analysis. Next, the relations between 

white matter tract volume, tract specific WMH load and cognition were calculated. 

Three different cognitive domains were tested: episodic memory measured by the VLT 

delayed word recall (VLTDR)22,23, processing speed measured by the Stroop color-word 

test part 1 (Stroop 1) and executive function measured by the Stroop 324. A hierarchical 

method was employed: first relations between the relevant variables spanning the entire 

population were calculated, and if significant correlations were found, the participants 
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were divided into the three groups, based on the clinical diagnosis. To correct for age, 

sex, the incidence of hypertension, and years of education, these characteristics were 

included as covariates in all regression models. To account for potential group 

differences, the MMSE score was also added as a covariate when testing over all 

participants, as a proxy for the diagnosis. A false discovery rate (FDR) procedure (q=0.1) 

was applied to correct for multiple comparisons of the groups, brain regions or cognitive 

tests, when relevant33. All regression is performed using a robust least-squares method 

to account for outliers, all reported β’s are standardized, and statistical significance 

was inferred when p<0.05.  

Results 

Participant characteristics 

The group characteristics are listed in Table 6.1. The participants with AD exhibited a 

significantly higher global WMH load and medial temporal lobe atrophy score compared 

with the SMC participants, and significantly higher global atrophy compared with both 

the SMC and MCI participants. There was also a significant difference in sex between the 

SMC and AD groups, and the AD patients were significantly older than the SMC and MCI 

patients, which was adjusted for in the subsequent regression analysis. 

An overview of the performance on the neuropsychological tests per group is provided 

in Table 6.2. The immediate recall part of the VLT showed significant differences 

between all three groups, while the Stroop 1 score did not show significant differences, 

and the other neuropsychological tests showed significant differences between some, 

but not all, of the groups.  
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Table 6.1: Group characteristics 

 

SMC MCI AD 

Number of participants 26 20 14 

Sex (% female) 31 45 64* 

Age (y) 61.7 (12.0) 67.9 (8.2) 78.0 (6.7)*† 

Education (y) 11.0 (3.4) 10.1 (2.7) 10.3 (3.7) 

Total cerebral tissue volume (mlx103) 1.07 (0.07) 1.07 (0.11) 0.96 (0.08) 

White matter volume (mlx103) 0.47 (0.05) 0.47 (0.07) 0.43 (0.04) 

Gray matter volume (mlx103) 0.60 (0.04) 0.60 (0.05) 0.53 (0.04) 

Atrophy score (%) 68.4 (4.2) 67.6 (4.1) 63.4 (2.8)*† 

MTA score 1.3 (1.5) 2.3 (1.7) 3.2 (1.4)* 

Global WMH load (%) 2.4 (3.6) 3.1 (3.0) 5.7 (5.2)*† 

Number of microbleeds 1.3 (2.4) 0.5 (0.7) 2.1 (5.1) 

Number of lacunes 0.7 (1.1) 0.2 (0.6) 0.5 (1.1) 

Hypertension (%) 19 15 21 

Cerebrovascular pathology (%) 19 0‡ 7 

Cardiovascular pathology (%) 27 35 36 

SMC: Subjective Memory Complaints, MCI: Mild Cognitive Impairment, AD: Alzheimer’s Disease, 

WMH: White Matter Hyperintensities, MTA: Medial Temporal lobe Atrophy 25. 

Cerebrovascular pathology includes a history of stroke, aneurysm, or evidence of traumatic brain 

injury. Cardiovascular pathology includes hypertension, coronary artery disease, and cardiac 

pathology. The values between parentheses are standard deviations. All statistical tests were 

independent two-sided t-tests, except for sex and the presence of cerebrovascular and cardiovascular 

pathology, which were tested using a chi-squared test. Global WMH load was log-transformed prior 

to statistical testing because of the skewed distribution. *: significant difference between SMC and 

AD, ‡: significant difference between SMC and MCI, †: significant difference between MCI and AD. 

Significance was inferred at p<0.05.  
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Effect of WMH on tract volume 

An example of the hippocampal tracts is displayed in Figure 6.1. The absolute tract 

volumes, relative tract volumes and the tract WMH loads are listed in Table 6.3. The 

regression analysis did not show a significant difference in the mean volume of tracts 

connecting the hippocampus with the rest of the gray matter between any of the groups 

(p>0.2). There was a significant positive association between tract volume and the mean 

relative WMH load over all participants (β=0.86, p<0.001, also see Figure 6.2). Repeating 

the same analysis in the three groups showed that this association was mainly present 

in the AD patients (β=1.01, p<0.001) and in the SMC group (β=0.51, p=0.035, both of 

which remained significant after FDR correction over the groups), but not in the MCI 

patients (p=0.10). Neither the mean MD (p>0.11) or FA (p>0.07) in the hippocampal 

tracts was significantly different between any of the groups after FDR correction over 

the groups. 

Table 6.2: Neuropsychological test scores 

Neuropsychological test  
(score range) 

Cognitive 
domain 

SMC MCI AD 

MMSE (0-30) Global 
cognition 

28.8 (1.4) 28.1 (2.2) 24.5 (2.6)*† 

VLT, immediate recall (0-75) Working 
memory 

42.0 (9.9) 30.2 (6.8)‡ 20.4 (5.8)*† 

VLT, delayed recall (0-15) Episodic 
memory 

8.9 (3.3) 3.6 (2.6)‡ 2.2 (4.1)* 

Stroop 1 (in sec) Processing 
speed 

51.3 (8.8) 54.9 (12.6) 65.7 (20.3) 

Stroop 3 (in sec) Executive 
function 

112.0 (34.6) 149.0 (46.7) 187.4 (71.2)* 

MMSE: Mini-Mental State Evaluation, VLT: Verbal Learning Test. 

The values between parentheses are standard deviations. All statistical tests were corrected for age, 
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Figure 6.1: An overview of the hippocampal tracts of a single patient diagnosed with Alzheimer’s 

disease. In A, the FLAIR is shown with the hippocampi colored blue. The tracts are displayed as a 

red overlay on the same slice (B), and at a higher slice (C), which is above the hippocampi so they 

are not visible. In D, the T1 structural image with a blue 3D render of the left hippocampus is shown. 

The tracts of the left hemisphere are shown as a 3D render in E, with the T1 slice located just beyond 

the interhemispheric fissure. The tract volume is colored orange to yellow, scaled by the intensity of 

the FLAIR image. Therefore, areas colored yellow correspond to areas where the hippocampal tracts 

pass through white matter hyperintensities. In F, the 3D render of the tracts is shown for both 

hemispheres. Note how the tracts in B, C, E and F overlap the white matter hyperintensities, indicating 

that white matter fibers pass through these areas. 
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Table 6.3: Volumetry of hippocampal connections 

 Region connected with hippocampus SMC MCI AD 

Tract 
volume 
(ml) 

Whole cerebral cortex 0.90 (0.23) 0.82 (0.14) 0.82 (0.26) 

Frontal 0.39 (0.18) 0.29 (0.11) 0.31 (0.17) 

Temporal 1.12 (0.26) 1.03 (0.22) 1.04 (0.27) 

Parietal 0.84 (0.27) 0.93 (0.35) 0.71 (0.29) 

Occipital 1.28 (0.54) 1.29 (0.56) 1.30 (0.84) 

Relative 
tract 
volume 
(‰) 

Whole cerebral cortex 1.94 (0.52) 1.76 (0.31) 1.91 (0.62) 

Frontal 1.41 (0.42) 1.31 (0.37) 1.48 (0.65) 

Temporal 1.71 (0.51) 1.64 (0.31) 1.56 (0.55) 

Parietal 2.44 (0.67) 2.17 (0.57) 2.31 (0.82) 

Occipital 1.43 (0.41) 1.40 (0.39) 1.44 (0.44) 

Tract WMH 
load (‰) 

Whole cerebral cortex 0.32 (0.25) 0.39 (0.36) 0.48 (0.33) 

Frontal 0.16 (0.13) 0.22 (0.17) 0.34 (0.28) 

Temporal 0.25 (0.26) 0.29 (0.22) 0.30 (0.30) 

Parietal 0.30 (0.32) 0.42 (0.56) 0.50 (0.50) 

Occipital 0.29 (0.27) 0.52 (0.42) 0.54 (0.39) 

Fractional 
anisotropy 

Whole cerebral cortex 0.29 (0.04) 0.30 (0.03) 0.29 (0.04) 

Mean 
diffusivity 
(x10-3 
mm2/s) 

Whole cerebral cortex 1.24 (0.13) 1.21 (0.11) 1.28 (0.09) 

SMC: Subjective Memory Complaints, MCI: Mild Cognitive Impairment, AD: Alzheimer’s Disease, 

WMH: White Matter Hyperintensities 

The values between parentheses are standard deviations. All statistical tests were corrected for age, 

gender and years of education. The tract volume represents the mean volume of the individual tracts 

between the hippocampus and cortical regions. The raw tract volume was not statistically tested. The 

relative tract volume and the relative WMH load were normalized to the total white matter volume. No 

statistically significant differences were found.  
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Post hoc, we also investigated whether there was an association between the volume of 

the tracts connecting the hippocampi with the various cerebral lobes and the 

corresponding tract-specific WMH load. The association between relative tract volume 

and tract-specific WMH load appeared strongest for the fronto-hippocampal connections 

(β=0.80, p<0.001) and parieto-hippocampal connections (β=0.64, p<0.001), and was also 

significant for the temporo-hippocampal (intratemporal) connections (β=0.42, p=0.003), 

all of which remained significant after correction for multiple comparisons over the four 

lobes. There was a trend for an association between the relative tract volume of the 

occipito-hippocampal connections and the corresponding WMH load (β=0.27, p=0.07, 

which remains a trend after FDR correction over the lobes). Also, note that the occipito-

hippocampal tracts were the largest tracts (Table 6.3).  

Effect of tract-specific WMH on cognition 

None of the cognitive domains showed an association with either relative tract volume 

or tract-specific WMH load (p>0.1). However, because relative tract volume and tract-

specific WMH load were correlated, we reasoned that these measures may also reinforce 

Figure 6.2: The relative hippocampal tract volume versus the tract-specific white matter hyperintensity 

(WMH) load for the different groups. The displayed fit is based on the raw (not corrected for 

confounders) data of all the participants for visualization purposes. The fit reported in the manuscript 

is based on a robust method and corrected for age, gender, the incidence of hypertension, and years 

of education, and it has a standardized β of 0.86 and a p-value smaller than 0.001. 
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one another and together have an effect on cognition. Further investigation revealed 

that the interaction between increased relative tract volume and tract-specific WMH 

load was associated with a decreased processing speed (β=1.98, p<0.001) and with a 

decreased executive function (β=1.44, p=0.003), both of which remained significant 

after FDR correction over the three cognitive domains. The episodic memory did not 

show an association with the interaction between increased relative tract volume and 

tract-specific WMH load (p=0.4). Repeating this analysis for the different groups for both 

the processing speed and executive function scores revealed that this association mainly 

presented in the AD patients (p=0.041 for processing speed and a trend with p=0.055 for 

executive function), although the association was weak. There were no associations for 

either cognitive domain in the SMC or MCI groups (p>0.2).  

Discussion 

Main findings 

The aim of the current study was to investigate the effect of WMHs on the volume of 

the white matter tracts connecting the hippocampi with the rest of the cerebral gray 

matter. The study showed a correlation between increased relative white matter tract 

volume and tract WMH load, which was strongest for the fronto-hippocampal 

connections. No direct associations between cognition and relative tract volume or 

tract-specific WMH load were found. However, decreases in both processing speed and 

executive function were found to be associated with the interaction between an 

increased relative tract volume and an increase in tract-specific WMH load.  

Association tract volume and WMH load 

The results showed that a higher tract-specific WMH load was associated with a higher 

relative tract volume. When interpreting this result, it is important to note that the 

patients with AD had a significantly lower global atrophy score and higher medial 

temporal lobe atrophy score compared with the SMC group. This indicates that structural 

brain changes were already present in the AD group, which is to be expected as cerebral 

atrophy is one of the hallmarks of AD. Therefore, when interpreting the physiological 

meaning behind the correlation between a higher tract-specific WMH load and larger 

white matter tracts, it is likely that the white matter tracts are not enlarged, but that 

they do not atrophy as fast as other white matter tracts or cortical tissue. This would 

cause the bundles to remain relatively large compared with the cerebral tissue volume. 
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The results displayed in Table 6.3 seem to corroborate this, because they show that the 

absolute volume of the white matter tracts becomes smaller in the AD patients, while 

the relative tract volume stays roughly the same, although the differences are not 

significant.  

It is also important to note that a significant correlation between a higher tract volume 

and a higher tract WMH load may be caused by the larger tracts having an increased 

chance of incorporating WMHs. However, the results were strongest in the fronto-

hippocampal connections, which also happen to be the smallest. On the other hand, the 

occipito-hippocampal connections, which are the largest tracts, did not show this 

correlation. Therefore, larger tracts also incorporating more WMHs by chance is unlikely 

the explanation for the observed correlation between tract volume and tract WMH load. 

Other explanations may be that WMHs cause pathological hypertrophy of the white 

matter tracts, or that the demyelination of the neurons in the WMHs causes the white 

matter bundles to be rerouted in and around the WMHs. It was previously found that a 

higher WMH load was associated with cortical thickening (hypertrophy)34, hypothetically 

due to inflammation. This could also explain how the WMHs affect the tracts, as 

inflammation and glial cell activation have been found in both AD and WMHs 

specifically35. Both the hypertrophy and rerouting explanations assume that WMHs 

impose an active effect on the white matter tracts. Such structural effects of WMHs 

would probably be expressed in MD and FA differences, which were not shown by our 

diffusion metrics. This was surprising, as an increased MD and decreased FA in WMHs are 

widely reported in the literature36-38. The absence of significant differences in diffusion 

metrics in the current study may be due to the relatively early stage of the disease 

process of the patients. Future studies will have to validate these findings. Furthermore, 

the correlations were strongest in the fronto-, parieto-, and temporo-hippocampal 

connections, which also correspond to the widely reported progression of structural 

changes occurring over the transition from health to AD39. Our results indicated that the 

correlation between tract-specific WMH load and tract volume was only significant in 

the AD group, which implies that in early stages of the disease, the white matter tracts 

are still largely unaffected, even though WMHs may be present.  

Association of cognition with interaction tract volume and WMH 

load 

The results showed that neither the severity of WMH load on the hippocampal tracts nor 

the volume of the tracts was significantly associated with cognitive function. However, 
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both processing speed and executive function decreased significantly with the 

interaction between tract-specific WMH load and tract volume. An interpretation of this 

result is that, although these cognitive measures and the tract measures are not directly 

correlated, when tracts are relatively large with a relatively high WMH load, they are 

associated with cognitive decline. The finding that this was strongest in the AD patients 

indicates that this effect mostly occurs when the cognitive decline has progressed to 

such an extent that daily living activities are impacted and the WMH load is the largest. 

The main cognitive domains associated with WMHs are psychomotor speed and executive 

function, although a wide range of domains have been reported to be affected by 

WMHs35,40–42. However, despite the fact that the correlation between WMH load and 

cognitive decline is widely reported, the association can be hard to detect7,43,44. A 

possible explanation for this is the pathological heterogeneity of AD, but the current 

results offer another possible explanation. The interaction between tract volume and 

WMH load shows that WMHs may only affect cognition if they cause white matter tract 

alterations, indicating that not all WMHs are detrimental to the connectivity network. 

This may be because the WMHs are not at critical locations, or possibly because they are 

not yet large enough to influence function (cognition). This is supported by the findings 

that not all WMHs affect cognition, and that the location of the WMHs rather than the 

extent determines the impact on the cognitive function45,46. The process through which 

WMHs affect cognition is still unclear. It has been hypothesized that disruption of white 

matter may cause cognitive decline through impairing signal transmission47. The WMH 

related demyelination may be the prime cause of this signal transmission impairment, 

which might prompt compensatory mechanisms such as rerouting or expansion of the 

white matter tracts. The results of this study provide further evidence that WMHs affect 

the structure of the white matter tracts, which eventually influences cognition. 

Clinical relevance 

WMHs in AD may modify AD pathology, increasing cognitive decline and the risk of 

dementia35,48. The results of this study are in concordance with this hypothesis because 

the effect of WMHs on cognition is strongest in the AD group and thus seems tied to AD 

pathology. Furthermore, WMHs are strongly associated with vascular pathology, and, 

given their interactive role in cognitive decline and AD pathology, may be a sign of 

vascular problems exacerbating the symptoms4,37,44. Therefore, the current results stress 

the importance of preventing and treating vascular risk factors in the elderly. The 
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presence of WMHs indicates vascular pathology and may be interpreted as a warning 

sign. 

Study considerations 

The main strength of this study is that the methodology introduced in this study may be 

utilized in different brain regions and connections. Applying the connection-specific 

method to other diseases with possible white matter pathology involvement may reveal 

new pathological pathways and connections, because it allows for a much more specific 

and targeted assessment. A limitation of this study is that only three cognitive domains 

were investigated. Another limitation is that the current patient population was based 

on first-time visitors of a memory clinic. This means that the patients in the current 

study were in relatively early stages of AD, which is reflected in the relatively high MMSE 

scores. Possible correlations between tract volume and cognition may only be detectable 

at later stages of the disease, which has to be further investigated in future studies. 

Summary and conclusion 

To summarize, in participants experiencing cognitive decline, white matter tracts 

connecting the hippocampi with the rest of the brain are relatively larger in size if they 

incorporate WMHs, illustrating that WMHs affect white matter connectivity. The 

methodology that was presented in the current study can be applied in other 

neurodegenerative diseases to find specific white matter connections that are affected 

by pathological processes.  
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Thesis overview 

The aim of the research presented in this thesis was to investigate the extent and nature 

of microvascular damage in Alzheimer’s disease. To this end, multiple Magnetic 

Resonance Imaging (MRI) sequences were used to investigate different forms and effects 

of neurovascular pathology in patients suffering from Alzheimer’s disease. This was 

studied both in the earliest phases of the disease, as well as in full-blown Alzheimer’s 

disease. Specifically, we used Dynamic Contrast-Enhanced (DCE) MRI to investigate 

leakage of the blood-brain barrier, Arterial Spin Labeling (ASL) to measure local cerebral 

blood flow, and diffusion MRI to assess the effect of white matter hyperintensities 

(WMHs) of presumed vascular origin on the white matter bundles connecting the 

hippocampi with other brain regions. The combination of these methods resulted in a 

novel evaluation of damage to the cerebral microvessels and the subsequent effects on 

the white matter in Alzheimer’s disease. 

Main findings 

The blood-brain barrier is part of the neurovascular unit, which is a collection of cells 

and subcellular structures incorporated in the wall of the cerebral microvessels, along 

with other supporting cells, which together protect and support the neurons1–3. Vascular 

pathology has been implicated as being an important part of the pathophysiology of 

Alzheimer’s disease, and the blood-brain barrier is a prime suspect4. Therefore, the first 

questions of this thesis were: “In what ways can the integrity of the blood-brain barrier 

be non-invasively measured in vivo?” and subsequently “What techniques have already 

been used to measure blood-brain barrier integrity in early Alzheimer’s disease in 

vivo?”. In Chapter 2, an extensive literature search revealed that different methods can 

be used to measure blood-brain barrier integrity, and that these techniques have been 

applied in different diseases causing dementia, and at different stages of these diseases. 

A commonly used method is measuring the amount of albumin in the cerebrospinal fluid 

relative to the albumin concentration in the blood5. Since albumin can enter the 

cerebrospinal fluid by passing the blood-brain barrier, a process which is strictly 

regularized, a disproportionate amount of albumin in the cerebrospinal fluid indicates 

some failure of this regularization6. However, even though the albumin ratio may 

indicate blood-brain barrier impairment, it does not provide any further information on 

the spatial extent or location of this pathology. Neuroimaging techniques based on the 

use of contrast agents offer an alternative method to evaluate the blood-brain barrier 

in vivo. Chapter 2 shows that the first investigation of the blood-brain barrier in patients 
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with dementia using neuroimaging was performed with Positron Emission Tomography 

(PET) in combination with a gallium-68 tracer. Later, Computed Tomography (CT) and 

MRI were introduced and applied to study the blood-brain barrier in dementia. Different 

contrast media allowed for the investigation of both active and passive transport 

mechanisms of the blood-brain barrier. Overall, MRI in combination with a gadolinium 

based contrast agent seems to be the most popular neuroimaging method for detection 

of blood-brain barrier impairment. However, actual damage to the blood-brain barrier 

in a non-vascular form of dementia was not reported at that time, even though 

postmortem and albumin ratio studies did show that the blood-brain barrier is likely 

damaged or dysfunctional in Alzheimer’s disease.  

This prompted the next research question: “Is there blood-brain barrier impairment in 

early Alzheimer’s disease?”. To investigate this, an MRI study, using novel insights and 

a dedicated DCE-MRI protocol, was applied in patients with early Alzheimer’s disease 

and healthy controls. The protocol and results of this research are discussed in Chapter 

3. A dual-time resolution DCE-MRI protocol, in combination with the Patlak graphical 

approach to separate the blood signal from signal of extravasating contrast agent, was 

chosen to examine blood-brain barrier leakage in patients with early Alzheimer’s 

disease. A noise suppression method and novel measure for leakage extent (rather than 

leakage rate) were developed to increase sensitivity. The result was that there is indeed 

(passive) leakage of contrast agent though the blood-brain barrier in early Alzheimer’s 

disease, although it is very subtle and hard to detect. The in vivo data also showed that 

the blood-brain barrier leakage is proportional with cognitive decline, which suggests 

that the leakage worsens as the disease progresses. 

Even with the inclusion of the noise suppression method, the subtle blood-brain barrier 

leakage was still very difficult to measure, which might complicate further investigation 

of the effects of blood-brain barrier impairment in neurodegenerative diseases. 

Therefore, the next research question was: “How can the sensitivity of a DCE-MRI 

experiment be improved to detect subtle blood-brain barrier leakage?”. To assist future 

studies and gain further insight into the effect of noise and methodological differences, 

a simulation study was performed, which is described in Chapter 4. The simulations 

revealed that DCE-MRI, which is commonly used to investigate high-grade tumors7, 

overestimates the degree of blood-brain barrier leakage in neurodegenerative diseases, 

and that the measured leakage rate depends on the total scan time and probably also 

on the specific MRI sequence. Besides the scan time-dependent bias, it has also been 
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shown that such low leakage rates are below the detection limit on the single voxel 

level, which shows that measuring the absolute voxelwise leakage rate may not be 

feasible8. However, the results also showed that the noise suppression method is 

feasible, and that comparisons of the leakage rate between groups can be made with 

proper statistical power.  

Besides the blood-brain barrier, other functional elements of the neurovascular unit may 

also be impaired in Alzheimer’s disease4,9–11. Damage to the microvessels will likely have 

an effect on the distribution of blood throughout the brain. This prompted the next 

question: “Is the local blood perfusion in early Alzheimer’s disease altered?”. The local 

blood flow can be measured using MRI with an endogenous contrast agent by utilizing 

ASL12. In Chapter 5, the details and results of applying ASL in patients with early 

Alzheimer’s disease is described. It was revealed that already in early stages of 

Alzheimer’s disease, patients have global hypoperfusion in the gray matter, indicating 

that not only the blood-brain barrier may be impaired, but also the local regulation of 

blood flow. The next question therefore was: “Is there a correlation in early Alzheimer’s 

disease between blood flow impairment and other functional elements of the 

neurovascular unit?”. In Chapter 5, the results of the DCE-MRI experiment were 

combined with the ASL data to evaluate the relation between local blood flow and the 

blood-brain barrier impairment. This revealed that, indeed, hypoperfusion is correlated 

with an increase of the blood-brain barrier leakage rate. Together, the blood-brain 

barrier leakage and hypoperfusion indicate that different functional elements of the 

neurovascular unit are impaired and, because they are related, it is likely that 

Alzheimer’s disease affects the neurovascular unit as a whole. 

The microvascular effects of Alzheimer’s disease also manifest themselves in other 

ways. A very common finding in the elderly is the presence of white matter 

hyperintensities, which are presumed to be ischemic in nature and thus reflect 

microvascular pathology13,14. The previous chapters have shown that microvascular 

damage is widespread in Alzheimer’s disease, and that this damage may be linked to 

cognitive function. However, the pathway through which vascular damage may influence 

cognitive decline is unknown. One possible hypothesis is that WMHs are markers of local 

vascular and neuronal impairment, that influence the white matter connections of the 

brain13,15. Therefore, the next question was: “What is the impact of WMHs on the brain 

white matter in terms of structural connectivity?”. Using diffusion MRI, the white 

matter tracts of participants experiencing different degrees of cognitive decline and 
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dementia were visualized. It was found that the WMHs are associated with a relative 

increase in the volume of the white matter bundles which connect the hippocampi with 

the rest of the brain. This may indicate either a compensatory effect through the 

rerouting of the white matter fibers, or a swelling of the bundles caused by the 

microvascular damage. 

Conceptual background 

The brain is responsible for roughly 20% of the total body oxygen consumption16. Given 

that the brain only comprises 2% of the human body weight, the brain uses the most 

energy of all organs. The neurons rely on the neurovascular unit to supply all that energy, 

while protecting them from neurotoxic substances circulating in the blood. The 

neurovascular unit is a collection of cells and subcellular structures in the cerebral 

microvascular wall1. These elements cooperate to regulate local cerebral blood flow, 

the passage of molecules through the vascular wall and generally support the functioning 

of the neurons.  

The classical signs of Alzheimer’s disease are the accumulation of insoluble proteins and 

the atrophy of the cortex of the temporal lobe17. There are, however, other signs 

pointing towards a much broader underlying pathophysiology involving a global energy 

crisis. One commonly reported sign is hypometabolism found using FDG-PET18. Another 

sign is the reduced cerebral blood flow as we also demonstrated using arterial spin 

labeling in Chapter 5. This energy crisis could cause dysfunctioning of the neurons, which 

leads to cognitive impairment and dementia19,20.  

Unfortunately, the pathophysiology of Alzheimer’s disease is still not understood 

completely. It is clear that accumulation of the protein amyloid β is at least associated 

with Alzheimer’s disease, but exactly how is still unknown21. The most important missing 

piece of the puzzle is the pathway through which amyloid β damages neurons22. It also 

remains unclear what the temporal relationship is between amyloid β aggregation and 

the cognitive decline, and how other factors, most notably vascular pathology, fit into 

this hypothesized pathological cascade23. 

The involvement of the blood-brain barrier in the pathophysiology of Alzheimer’s disease 

is very likely. The blood-brain barrier is a complicated structure which has many 

different pathways regulating transport of molecules2. Many of these pathways have 

already been shown to be impaired in Alzheimer’s disease24. In Chapter 3, we have shown 

that contrast agents leak faster through the blood-brain barrier in patients with 
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Alzheimer’s disease than in control subjects. This allows for the possibility that also 

other, undesirable substances can exit the blood pool and could enter the surrounding 

tissue. This could lead to initiation of inflammation processes, leading to further 

neuronal damage25. The added value of the research described in this research is that it 

provides in vivo proof for blood-brain barrier leakage in patients with an early stage of 

Alzheimer’s disease. Moreover, it provides information on the localization of this 

leakage. Instead of hotspots at anatomically identifiable regions, such as were found in 

the white matter hyperintensities in vascular cognitive impairment26,27, the leakage was 

found to be diffuse and widespread. This widespread leakage fits the global nature of 

many signs of Alzheimer’s disease. For example, the atrophy of cerebral tissue, although 

starting at the medial temporal lobe and initially following a specific pattern, affects all 

brain regions in the later stages of the disease28. The plaques and tangles are also spread 

throughout the brain at the last stages29,30. 

There is also evidence that the opening of the blood-brain barrier may actually be 

beneficial. It has been shown in a mouse model for Alzheimer’s disease that amyloid β 

can leak from the brain to the blood through the blood-brain barrier and influence tight 

junction protein levels to facilitating its own leakage, which may show a beneficial 

effect of opening the blood-brain barrier31. In another study using a mouse model of 

Alzheimer’s disease, opening the blood-brain barrier using ultrasound facilitated 

clearance of amyloid β from the brain tissue, and it also had a significant positive effect 

on multiple memory tasks32. These findings do have to be replicated in humans however, 

which raises important ethical questions on patient safety and side-effects. Because the 

blood-brain barrier protects the brain from harmful substances circulating in the blood, 

opening the blood-brain barrier may cause more harm than good. The exact effects of 

opening the blood-brain barrier, and whether they are beneficial or harmful, should be 

investigated in future studies. Furthermore, using ultrasound in the brain also introduces 

technical challenges due to the size of the human brain and the thickness of the skull 

prohibiting the use of ultrasound techniques in some brain regions33. If these challenges 

can be overcome in some way, the blood-brain barrier might present a new target for 

therapeutic intervention. 

When considering the different hypotheses for Alzheimer’s disease, the research 

presented in this thesis fits into the neurovascular hypothesis (also see Figure 7.1). 

According to this hypothesis, vascular risk factors initiate a complex cascade of events 

that leads to damage to different parts of the neurovascular unit. This cascades involves 
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hypoperfusion, impaired clearance of amyloid β, and blood-brain barrier leakage4,9–11,34. 

Because amyloid β causes blood-brain barrier leakage and, at the same time is also a 

vasoconstrictor, the damage is also self-reinforcing35,36. Therefore, accumulation of 

amyloid β further reduces CBF and consequently causes ischemia, inflammation, 

oxidative stress, nitric oxide deficit, demyelination, and upregulation of vasoconstric-

tors4,20,24,25,37,38. In Chapter 3, evidence for widespread impairment of the blood-brain 

barrier is presented, while Chapter 5 shows global hypoperfusion, and the combined 

data shows the association between blood-brain barrier leakage, hypoperfusion and 

global cognition. In Chapter 6, it is shown that local changes to the microvessels, which 

manifest as WMHs, affects the white matter tracts, and that this is also correlated with 

cognition. This provides a more direct clue as to how vascular pathology may influence 

the cognitive function of a patient with Alzheimer’s disease. 

Figure 7.1: A functional biological model of the hypothesized interplay between different elements of 

the neurovascular unit in Alzheimer’s disease. A self-reinforcing cascade of events, thought to be 

initiated by vascular risk factors, leads to degradation of the neurovascular unit due to increasing 

hypoperfusion, breakdown of the blood-brain barrier and inflammation. 
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Clinical implications 

The research described in this thesis reinforces that vascular pathology is associated 

with Alzheimer’s disease. Putting this information into practice will require a paradigm 

shift, both for healthcare professionals and for the older adults at risk for Alzheimer’s 

disease. 

A possible way to combat widespread diseases is screening of the population. Conditions 

for screening include low costs, low chance for false positives and negatives and a low 

impact of the screening procedure for the patient. Given the impact vascular pathology 

has on the incidence and prognosis of Alzheimer’s disease, screening the vascular health 

of older adults may be worth it39. Several options are available. Simply measuring and 

regulating blood pressure and trying to improve overall cardiac health and condition may 

significantly improve the quality of life of many. This is cheap, has a relatively low 

burden for the patients and will also help reduce vascular disease. More extensive tests 

could include screening for atherosclerosis and peripheral vascular disease40. 

For healthcare professionals, recognizing the importance of the vascular components of 

Alzheimer’s disease means that treating vascular problems and conveying the 

importance of physical fitness becomes much more important. Besides the decreased 

risk of stroke or a heart attack, the decreased risk of cognitive decline and dementia 

are further arguments for promoting proper vascular health. It is also important to 

recognize that Alzheimer’s disease is not a well-defined, homogeneous disease41. Many 

different factors may play a role in the disease process, both vascular and non-vascular, 

and multiple methods aiming to prevent, delay, and treat cognitive decline and 

dementia due to Alzheimer’s disease may be needed. 

For the general public, awareness of the importance of vascular health needs to be 

expanded. Most of the vascular risk factors for Alzheimer’s disease are modifiable, 

meaning that the patient is able to change the likelihood of being diagnosed with 

Alzheimer’s disease by changing their lifestyle. It is widely known that obesity and a 

poor physical condition increases the risk of vascular diseases. However, the association 

between poor vascular health and dementia is not widely known, and may persuade 

more people to change their unhealthy habits. To achieve this, a general awareness 

campaign may be very beneficial. The main goals of this awareness campaign would be 

to spread knowledge on the current insights into the vascular component of dementia 

and to provide tips on improving overall fitness and vascular health.  
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Strengths and limitations 

Overall, the main strength of the research in this thesis is that it shows that several 

promising MRI techniques have been improved to a point that they can be applied to 

examine different aspects of the pathophysiology of Alzheimer’s disease. This includes 

measuring vascular function and health using ASL and DCE-MRI, blood-brain barrier 

integrity using DCE-MRI, and white matter bundle condition using diffusion-weighted 

MRI. All this information can be acquired in vivo and with a relatively low burden on the 

patient, using widely available MRI scanners.  

The main limitations of the research presented in this thesis are that most of the findings 

are based on a pilot study with limited participants, and that the measured group 

differences are small and were hard to find. This is the consequence of performing 

clinical research on largely untested hypotheses. The implementation of the dual-

temporal resolution DCE-MRI protocol proved to be sensitive to subtle pathology of the 

blood-brain barrier, but it required a very long scan time and a complicated analysis 

procedure. Such novel ideas first have to be tested in relatively small groups before they 

can be used to further investigate the pathophysiology causing cognitive decline and 

dementia in larger patient groups. 

Improving the DCE-MRI sequence and data analysis is needed before widespread use 

could be advocated. This has already partly been done in Chapter 4, but the scan time 

of the sequence is almost half an hour, which is too long and presents quite a burden on 

the patient, and on the availability of the scanner. It is also sensitive to imaging 

artifacts, and the field-of-view of the fast segment of the dual-time resolution sequence 

is limited, prohibiting actual whole-brain imaging. Improvements to the hardware and 

further tweaking of the imaging sequence, such as optimized parallelization settings and 

pulse sequences, may improve image quality, time resolution, and signal-to-noise. If 

sufficiently improved, it may become sensitive enough to detect subtle blood-brain 

barrier leakage in a much shorter total scan time, lessening the burden on the patient 

and making it more suitable for use in the clinic. The choice of contrast agent also 

influences the sensitivity of the DCE-MRI experiment to subtle blood-brain barrier 

leakage. A smaller and more lipophilic molecule will more easily pass the blood-brain 

barrier, allowing for more contrast agent to extravasate causing larger signal differences 

between leaking and non-leaking tissue42. Recent research has also shown that 

gadolinium-based contrast agents may accumulate in the brain43. Although blood-brain 

barrier leakage of contrast agent occurs even in healthy subjects, actual long-term 
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accumulation of the contrast agent was not anticipated in our work44. The effects of 

gadolinium accumulation from previous contrast agent injections should be considered 

in future studies using DCE-MRI, as it may affect the measurement. The analysis of the 

DCE-MRI data can also be significantly improved. In this thesis, the Patlak graphical 

approach was utilized as a pharmacokinetic model to distinguish between contrast agent 

in the blood and in the tissue45. However, the validity of this approach depends on the 

underlying assumptions on the behaviour of the contrast agent in vivo. For example, it 

assumes that once the contrast agent has left the blood pool, it does not “leak back” 

into the blood again (reflux), and is flow independent. If the leakage is indeed a passive 

process as is expected given the results in mouse models, this assumption may not be 

tenable46. However, due to the very low leakage rates, violation of this assumption 

probably has little influence on the outcome parameters of the model. Other, more 

advanced, pharmacokinetic models such as the two-compartment exchange model are 

available, which also take other physiological parameters into account, such as local 

perfusion, water (magnetization) exchange, and reflux. Although recent studies have 

shown that the Patlak graphical approach is suitable in low-leakage scenarios, a more 

advanced model may improve sensitivity and accuracy of the DCE-MRI measures, and 

provide more information on the underlying physiology differences caused by 

Alzheimer’s disease8,47. 

Several aspects of the ASL sequence can also be improved. First, it suffers from a low 

signal-to-noise, requiring many repeated measurements to accurately measure 

perfusion. Second, the resolution of the ASL sequence described in this thesis is also low 

at 3x3x7 mm3, and third, measuring the perfusion in the brain white matter is still 

challenging48. The recently published and widely supported whitepaper on the use of 

ASL will assist in standardizing protocols and the comparison of results between different 

studies12. With sufficient improvements, ASL will provide a quick and accurate 

estimation of local perfusion, without the use of an endogenous contrast agent. 

Diffusion MRI is widely used, but the diffusion sequence and the tractography methods 

could still be improved. A diffusion MRI sequence relies on a diffusion-weighted gradient 

along a certain axis to measure the diffusion of water in that direction. Measuring at 

different sensitization strengths and in more directions increases the amount of 

information available to reconstruct the distribution of the white matter axons. 

However, it is challenging to develop a sequence which gives enough information while 

still retaining a clinically feasible scan time. Improving the tractography procedures is 
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also challenging. All tractography algorithms can accurately reconstruct the geometry 

of white matter fiber bundles if they are highly organized in one direction. However, 

more complex configurations such as crossing, bending, kissing, or fanning fibers still 

present a challenge and often lead to faulty reconstructions49. The constrained spherical 

deconvolution method does help in this regard, but other techniques may improve the 

tractography even further. In short, tractography can be very useful to investigate white 

matter connections, but it should be used with care, realizing that it is a model working 

under certain assumptions50. With further improved tractography methods, the 

reconstruction of the white matter pathways would likely be much more reliable and 

may assist in finding which pathways are most affected in Alzheimer’s disease. 

The MRI sequences used in this thesis have been able to detect group differences 

between patients with Alzheimer’s disease and control subjects. If enough progress is 

made, it may also be possible in the future to develop sequences that can reliably 

differentiate between a healthy brain and a brain at risk for Alzheimer’s disease, at a 

single subject level.  

Future directions 

Above all, future studies should validate the research presented in this thesis by 

repeating it in larger patient populations. There is also a need for further investigation 

of the blood-brain barrier leakage measures. First, to provide solid proof that DCE-MRI 

is able to provide a reliable and accurate measurement of very subtle leakage of the 

blood-brain barrier. This will be very difficult, as validation requires either a flow 

phantom that mimics the in vivo conditions, or a golden standard method that is proven 

to be able to accurately measure subtle blood-brain barrier leakage, both of which do 

not exist currently. Second, to discover what underlying process causes the leakage 

found with DCE-MRI.  

To further investigate the role of the neurovascular unit in the pathophysiology of 

Alzheimer’s disease, other pathways and elements of the neurovascular unit should be 

investigated. For example, cerebral water management is regulated by the blood-brain 

barrier, and may also be disturbed in Alzheimer’s disease51. A possible way to measure 

water exchange is by using DCE-MRI51. Another possibility is to investigate local 

inflammation, which may be measured using PET52. However neuroinflammation is a 

complicated process and imaging of the different elements of the inflammation cascade 

is far from trivial53. Additionally, the blood-cerebrospinal fluid (CSF) barrier may also be 
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of interest. The blood-CSF barrier mainly resides in the choroid plexus endothelial cells, 

and there are signs that it is also impaired in Alzheimer’s disease54,55.  

An important are of research on Alzheimer’s disease aims to find the earliest marker to 

diagnose the disease. A reliable and early biomarker will not only make the patient 

aware of the future at an early stage, but it will also help to discover new treatments 

by enhancing our understanding of the underlying pathophysiology of Alzheimer’s 

disease and to provide sensitive marker to test the efficacy of such treatments in clinical 

trials. The research discussed in this thesis introduces blood-brain barrier integrity as a 

possible future biomarker. Inserting the new information provided in this thesis into the 

hypothetical biomarker model of Jack et al. provides a single point (Figure 7.2)56. If 

longitudinal research can be performed on the blood-brain barrier integrity at different 

stages of Alzheimer’s disease, this information may be used to extend this model. That 

should also provide information on the possible use of blood-brain barrier integrity as an 

early biomarker for Alzheimer’s disease. Furthermore, if the blood-brain barrier 

integrity differs at different stages of the disease, this information may also be used to 

assess the effectiveness of new drugs.  
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Figure 7.2: hypothetical biomarker model for the different stages of Alzheimer’s disease56. The 

insights of this thesis regarding cerebrovascular pathology have been added to the graph in the form 

of a black “X”. It is a single point due to the cross-sectional study design of the study described in this 

thesis. The patients either had a diagnosis of MCI or with early dementia due to Alzheimer’s disease, 

which puts the data on the border between the two diagnoses. The biomarker magnitude of the point 

is defined by the symptoms of the patients and the relative difficulty with which the blood-brain barrier 

(BBB) impairment was detected. Clinical function was largely intact, and memory was compromised, 

but only slightly. The medial temporal lobe atrophy of the patients was significantly higher compared 

with the healthy controls, which would suggest the BBB impairment was more difficult to detect. The 

orange dashed line denotes a hypothetical curve of BBB impairment, based on the data presented in 

this thesis. However, it is very likely that the position of this line will vary from patient to patient, and 

BBB impairment may start at an earlier phase for some, and later for others. 
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Conclusion 

The main message of this thesis is that microvascular pathology plays a factor in 

Alzheimer’s disease and that it can be measured using neuroimaging (MRI) methods. This 

message is not just meant for researchers, but also for healthcare professionals and the 

general public. The list of symptoms and signs which together define Alzheimer’s disease 

has changed over the years. Note that the first patient diagnosed with Alzheimer’s 

disease, Auguste D, also showed vascular pathology besides the plaques and tangles of 

insoluble proteins, but this aspect has received little attention in the last decades of 

research into Alzheimer’s disease57. The most recent consensus on the diagnosis of 

Alzheimer’s disease did not include a vascular component17. However, the cerebral 

microvascular pathology shown in this thesis and other studies, and the clear impact of 

vascular pathology on the prognosis of Alzheimer’s disease, may indicate the need for 

an update of the definition of Alzheimer’s disease. Perhaps it is time to recognize some 

cerebrovascular pathology, such as white matter lesions and microbleeds, as a normal 

part of Alzheimer’s disease. The pathophysiology of Alzheimer’s disease is likely a 

complicated cascade involving many elements which experience slow and progressive 

deterioration. Viewing the impact and deterioration of each element as unique features 

of the individual disease of a patient will help improve individual care and treatment. 
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Summary 

Alzheimer’s disease (AD) is the most common cause of cognitive decline and dementia 

in the elderly. Increasing evidence supports that vascular pathology may play an 

important role in the pathophysiology of AD. However, the pathways through which 

vascular pathology would cause neurodegeneration in AD are unclear. Neuroimaging, in 

the form of advanced Magnetic Resonance Imaging (MRI) methods, may assist in 

revealing the role of vascular pathology, although the effects are hypothesized to 

represent small changes which may be hard to detect. MRI sequences generally used in 

AD are mainly aimed at detecting (macro)structural brain abnormalities such as atrophy 

and excluding other conditions that may cause the symptoms. However, these sequences 

cannot be used to detect microvascular abnormalities. Hardware and analysis methods 

for MRI sequences have improved to a point that these small changes may become 

detectable by using advanced techniques. The main aim of this thesis was to apply 

several of these techniques in patients with an early stage of AD and control subjects to 

study cerebrovascular pathology in early AD. Specifically, Dynamic Contrast-Enhanced 

(DCE-)MRI was used to assess the blood-brain barrier (BBB), Arterial Spin Labeling (ASL) 

was used to asses local perfusion, and diffusion MRI was used to assess hippocampal 

structural connectivity of the white matter and its relation to white matter 

hyperintensities (WMHs).  

In Chapter 1, a general overview on AD, its known link with vascular pathology, and the 

neuroimaging techniques applied in this thesis are given. Furthermore, a short 

description of the aim, research questions and contents of the chapters of this thesis 

are provided. 

In Chapter 2, a literature review is presented to investigate different ways through 

which the BBB can be investigated non-invasively and in vivo. The results showed that 

multiple techniques can be used, but that the most common technique, the 

measurement of the concentration of albumin protein in the cerebrospinal fluid relative 

to that in the blood, does not provide information on the spatial extent or location of 

the BBB impairment. Neuroimaging techniques were also applied in AD, but it was found 

that most studies focused on patients who already exhibited cerebrovascular pathology, 

and results of BBB impairment in pure AD without any vascular pathology were scarce. 

It was also found that the most promising techniques to measure BBB impairment in AD 

in a spatially resolved way are to apply neuroimaging techniques with a contrast agent. 
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In Chapter 3, a pilot study was conducted, in which a novel dual-time resolution DCE-

MRI technique was applied in 16 patients with early AD and 17 healthy controls. The 

dual-time resolution protocol allowed for a proper separation of signal arising from 

contrast agent in the blood and the contrast agent which has leaked through the BBB 

into the brain parenchyma, although a total scan time of approximately 25 minutes was 

used. Using a pharmacokinetic model, the BBB leakage rate Ki was calculated. It was 

shown that the leakage rate was very low (order of 10-4 min-1) and difficult to measure. 

The patients showed a significantly higher Ki in the cortex, but not in other brain regions. 

However, a histogram analysis allowed for the calculation of the total (spatial) leakage 

extent, defined as the fraction of detectably leaking voxels vL. The vL proved more 

sensitive to detect group differences, and the patients showed a greater extent of BBB 

leakage compared with the controls both in the gray matter and white matter. The 

leakage extent was also found to be associated with a score for global cognition, 

indicating a progressive process of BBB leakage in AD.  

In Chapter 4, several methods to increase the sensitivity of a DCE-MRI experiment to 

subtle BBB leakage were explored. This was necessary to find ways to decrease the 

burden of the scan on the patient while retaining the possibility of measuring very subtle 

BBB leakage. The investigated methods included varying the total scan time and the 

application of a noise suppression method in combination with a measure for leakage 

extent. Computer simulations were combined with data from in vivo experiments to 

assess the effects of changing the scan time and applying the noise reduction method. 

By using a distribution of leakage rate values rather than single leakage rates in the 

computer simulations, realistic effects of noise and in vivo variations of the leakage 

could be investigated. It was found that the measured leakage rate differed from the 

true leakage rate, and that it depended on the total scan time. However, it was also 

found that measuring the differences between a group of patients exhibiting subtle BBB 

leakage and healthy controls was feasible at shorter scan times with proper statistical 

power, given a large enough group and effect size. For example, the statistical power 

calculations showed that with group sizes of 15, a scan time of 15 minutes is sufficient 

to detect differences in vL in the cortex.  

In Chapter 5, the results of the DCE-MRI experiment were combined with the ASL results. 

Both local perfusion and the permeability of the microvascular wall to contrast agent is 

tightly regularized by the neurovascular unit, a collection of cells and subcellular 

structures surrounding the brain capillaries which support and protect the neurons. 
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Therefore, differences in local perfusion and BBB permeability between healthy controls 

and patients with early AD point towards dysfunction of the neurovascular unit. 

Therefore, combining the DCE-MRI results with ASL allowed for the simultaneous 

investigation of different aspects of the cerebral microvessels. The results showed BBB 

leakage and global hypoperfusion. Furthermore, it was found that the hypoperfusion and 

increased BBB leakage were correlated. This suggests that the AD pathology likely 

interacts with multiple elements of the neurovascular unit. 

In Chapter 6, microvascular pathology in AD was investigated by using diffusion MRI to 

study the impact of WMHS on the white matter connections. WMHs are hyperintense 

regions on Fluid-Attenuated Inversion Recovery (FLAIR) MRI scans of the brain, and are 

frequently found in patients with AD. They are considered pathological manifestations 

of vascular origin, and are associated with cognitive decline in AD. Demyelination is a 

common histological finding in WMHs, and it is likely that WMHs affect the white matter 

connections between different cortical regions. Using diffusion MRI in combination with 

tractography, the structural white matter connections were reconstructed and 

hippocampal connections were investigated in patients with subjective memory 

complaints, Mild Cognitive Impairment (MCI, a prodromal form of AD) and AD. It was 

found that white matter tracts were relatively larger when they incorporated more 

WMHs. This increase in volume might indicate either a pathological process through 

swelling of the white matter, or a compensatory process through a rerouting of the white 

matter tracts to avoid the WMHs.  

In Chapter 7, the results of the research of this thesis are discussed in a broader 

perspective, and the research questions of the thesis, which were introduced in Chapter 

1, are answered. Furthermore, the conceptual background, clinical implications, 

strengths and limitations, possible future directions, and a general conclusion are 

presented. 

Overall, the advanced MRI methods described in this thesis were used to find differences 

between patients with AD and controls on a group level, to gain further insight into the 

pathophysiology of AD. Further improvement of these techniques will allow for the 

detection of even more subtle pathology. Primarily the DCE-MRI sequence may be 

improved to shorten the scan time, decrease sensitivity to noise and imaging artefacts, 

and acquire whole-brain images to make it clinically feasible. With sufficient 

improvements it may ultimately become possible to apply these techniques to diagnose 

AD on an individual level at an early stage. 
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Samenvatting 

De ziekte van Alzheimer is de meest voorkomende oorzaak van cognitieve achteruitgang 

en dementie bij ouderen. Er is steeds meer bewijs dat aantoont dat vasculaire 

pathologie, naast neurodegeneratie, een belangrijke rol speelt in de pathofysiologie van 

de ziekte van Alzheimer. De relatie tussen vasculaire pathologie en neurodegeneratie in 

de ziekte van Alzheimer is nog steeds onduidelijk. Medische beeldvorming, en dan met 

name het gebruik van geavanceerde Magnetic Resonance Imaging (MRI), kan helpen bij 

het onderzoek naar de rol van vasculaire pathologie, alhoewel de veronderstelde 

effecten waarschijnlijk klein en moeilijk te detecteren zijn. Algemeen toegepaste MRI 

sequenties bij de ziekte van Alzheimer zijn vooral gericht op het opsporen van (macro) 

structurele afwijkingen in de hersenen, zoals atrofie, en worden daarnaast ook gebruikt 

om andere aandoeningen uit te sluiten die de symptomen kunnen veroorzaken. Deze 

sequenties kunnen echter niet worden gebruikt om microvasculaire afwijkingen te 

detecteren. In de loop der tijd zijn MRI hardware en analysemethoden sterk verbeterd, 

waardoor deze kleine veranderingen gedetecteerd kunnen worden met behulp van 

geavanceerde technieken. Het belangrijkste doel van dit proefschrift was om een aantal 

van deze technieken toe te passen bij patiënten met een vroeg stadium van de ziekte 

van Alzheimer en controle proefpersonen, om zo cerebrovasculaire pathologie te 

bestuderen in het beginstadium van de ziekte. Dynamic Contrast-Enhanced (DCE) MRI 

werd gebruikt om de integriteit van de bloed-hersenbarrière (BBB) te bepalen, Arterial 

Spin Labeling (ASL) werd toegepast om lokale perfusie te meten, en diffusie MRI werd 

ingezet om de hippocampale structurele connectiviteit van de witte stof te beoordelen, 

vooral in relatie tot witte stof afwijkingen. 

Hoofdstuk 1 geeft een algemene inleiding over de ziekte van Alzheimer en het verband 

met vasculaire pathologie, en een overzicht van de MRI technieken die worden toegepast 

in dit proefschrift. Daarna volgt een korte beschrijving van het doel, de 

onderzoeksvragen, en de inhoud van de hoofdstukken.  

Hoofdstuk 2 bevat een literatuuroverzicht van de verschillende technieken waarmee de 

integriteit van de BBB kan worden gemeten op een non-invasieve manier en in vivo. De 

resultaten van het literatuuronderzoek gaven aan dat er verschillende technieken 

kunnen worden gebruikt. De meest gebruikte techniek is het meten van de albumine 

ratio. Bij deze techniek wordt de concentratie van het eiwit albumine in de 

cerebrospinale vloeistof vergeleken met die in het bloed. Helaas geeft de albumine ratio 
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geen informatie over de omvang of locatie van de BBB schade. Om BBB schade te meten 

in de ziekte van Alzheimer zijn ook beeldvormingstechnieken toegepast, die uitwezen 

dat er waarschijnlijk BBB lekkage aanwezig is bij mensen met de ziekte. Het bleek ook 

dat de meeste studies gericht waren op patiënten die al op een andere wijze 

cerebrovasculaire pathologie vertoonden, en resultaten van BBB schade in de mensen 

met de ziekte van Alzheimer zonder vasculaire pathologie waren schaars. Daarnaast 

bleek dat het mogelijk is om BBB schade te meten op een manier die het mogelijk maakt 

om de locatie in het brein en de distributie van de schade vast te stellen. De meest 

veelbelovende technieken hiervoor zijn beeldvormingstechnieken waarbij een 

contrastmiddel wordt gebruikt. 

Hoofdstuk 3 bevat de resultaten van een studie waarin een DCE-MRI techniek met 

dubbele tijdsresolutie werd toegepast in 16 patiënten met vroege ziekte van Alzheimer 

en 17 gezonde ouderen. De dubbele tijdsresolutie maakte het mogelijk om het signaal 

van het contrastmiddel in het bloed te scheiden van het signaal van het contrastmiddel 

dat door de BBB heen is gelekt naar het hersenweefsel. Daarvoor was wel een totale 

scantijd van ongeveer 25 minuten nodig. Met behulp van een farmacokinetisch model 

werd de BBB lekkagemaat Ki berekend. Deze lekkage bleek erg laag (ongeveer 10-4 min-1) 

en moeilijk te meten. De patiënten hadden een significant hogere Ki in de cortex, maar 

er waren geen significante verschillen in andere hersengebieden zoals de diepe grijze 

stof of witte stof. Het toepassen van een histogram analysemethode maakte het 

mogelijk om een nieuwe lekkagemaat te ontwikkelen. Deze lekkagemaat is gedefinieerd 

als de fractie van het aantal detecteerbaar lekkende voxels vL, uitgedrukt als een 

relatief volume ten opzichte van het totale hersenweefselvolume. De vL bleek gevoeliger 

de gemiddelde lekkage Ki voor verschillen tussen de groepen, en de patiënten 

vertoonden hiermee een sterkere mate van BBB lekkage dan de controles, zowel in de 

grijze als witte stof. De lekkagemaat vL bleek ook toe te nemen naarmate de globale 

cognitie (gemeten met een algemeen neuropsychologisch onderzoek) slechter werd. Dit 

suggereert dat BBB lekkage in de ziekte van Alzheimer een progressief proces is, omdat 

de BBB lekkage erger wordt naarmate de ziekte vordert. 

Hoofdstuk 4 beschrijft een onderzoek naar verschillende manieren om de gevoeligheid 

van een DCE-MRI experiment voor subtiele BBB lekkage te verhogen. Het DCE-MRI 

protocol duurt lang, ongeveer 25 minuten, wat erg belastend kan zijn voor een patiënt. 

Als de gevoeligheid van het protocol vergroot kan worden, kan de scan makkelijker op 

grotere schaal worden toegepast. Om de gevoeligheid te vergroten zijn verschillende 
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manieren onderzocht, namelijk het variëren van de totale scantijd, en de toepassing 

van een methode om ruis te onderdrukken in combinatie met de vL maat voor de fractie 

van lekkende voxels. Computersimulaties zijn gecombineerd met de data van in vivo 

experimenten om de effecten van het veranderen van de scantijd en het toepassen van 

de ruisonderdrukking beoordelen. Door het gebruik van een verdeling van 

lekkagewaarden in de computersimulaties, in tegenstelling tot het gebruik van een 

enkele lekkagewaarde, konden realistische effecten van ruis en in vivo variaties van de 

lekkage worden onderzocht. Het bleek dat de gemeten lekkage verschilde van de 

lekkage die als input was gebruikt, en dat de grootte van het verschil afhing van de 

totale scantijd. Er werd ook vastgesteld dat er genoeg onderscheidend vermogen was 

om verschillen te kunnen meten tussen een groep patiënten met subtiele BBB lekkage 

en gezonde controles bij kortere scantijden, onder voorwaarde dat de groepsgrootte en 

de grootte van het effect voldoende waren. Zo wezen statistische berekeningen 

bijvoorbeeld uit dat bij een groepsgrootte van 15, een scantijd van 15 minuten 

voldoende was om verschillen in vL in de cortex te kunnen detecteren, mits die 

verschillen ongeveer even groot waren als de verschillen die in de proefpersonen waren 

gevonden. 

Hoofdstuk 5 beschrijft de resultaten van een onderzoek naar de integriteit van de 

neurovasculaire unit in de ziekte van Alzheimer. De neurovasculaire unit is een 

verzameling van cellen en subcellulaire structuren in en rondom de vaatwand van de 

capillairen in de hersenen. Deze structuren bieden ondersteuning aan de neuronen en 

beschermen ze tegen neurotoxische stoffen die zich in de bloedbaan bevinden. Zowel 

de bloedperfusie als de permeabiliteit van de BBB worden streng gereguleerd door de 

neurovasculaire unit, en kunnen worden gemeten met behulp van ASL en DCE-MRI. 

Daarom zijn deze technieken gezamenlijk toegepast in patiënten met een vroege vorm 

van de ziekte van Alzheimer en gezonde controles. Uit de resultaten van dit onderzoek 

bleek dat de patiënten globale hypoperfusie en BBB lekkage vertoonden vergeleken met 

de gezonde controles. Daarnaast werd een correlatie tussen de hypoperfusie en de 

verhoogde BBB lekkage gevonden. Dit suggereert dat de achterliggende pathofysiologie 

van de ziekte van Alzheimer invloed heeft op de neurovasculaire unit als geheel, in 

plaats van op losse functionele onderdelen zoals de BBB. 

In hoofdstuk 6 worden de resultaten besproken van het toepassen van diffusie MRI om 

de impact van witte stof afwijkingen (Witte Matter Hyperintensities, WMHs) op de witte 

stof-verbindingen in de ziekte van Alzheimer te bestuderen. De WMHs zijn hyperintense 
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gebieden op Fluid-Attenuated Inversion Recovery (FLAIR) MRI-scans van de hersenen, en 

zijn een veelvoorkomende bevinding bij patiënten met de ziekte van Alzheimer. De 

etiologie van WMHs is niet geheel duidelijk, maar het wordt vaak aangenomen dat ze 

worden veroorzaakt door vasculaire pathologie. Daarnaast worden ze geassocieerd met 

cognitieve achteruitgang in ziekte van Alzheimer. Door middel van histologie is 

demyelinisatie gevonden in WMHs, en het is waarschijnlijk dat ze de witte stof banen 

tussen verschillende corticale gebieden beïnvloeden. Door het toepassen van diffusie 

MRI in combinatie met tractografie zijn de witte stof banen gereconstrueerd en zijn de 

hippocampale verbindingen van patiënten met subjectieve geheugenklachten, Mild 

Cognitive Impairment (MCI, een prodromale vorm van ziekte van Alzheimer) en de ziekte 

van Alzheimer onderzocht. Het bleek dat de witte stof banen relatief groter waren als 

er veel WMHs in voor kwamen. Dit was een verassend resultaat aangezien atrofie een 

van de kenmerkende verschijnselen is in de ziekte van Alzheimer. Deze toename in 

volume duidt op verminderde atrofiëring van het weefsel, en kan ofwel door zwelling 

komen als gevolg van een pathologisch proces, of een compensatieproces zijn dat 

aangeeft dat de witte stof banen veranderen om de WMHs te omzeilen. 

In hoofdstuk 7 worden de resultaten van het onderzoek van dit proefschrift besproken 

in een breder kader, en worden de onderzoeksvragen uit hoofdstuk 1 beantwoord. 

Daarnaast worden de klinische implicaties, sterke punten en beperkingen van het 

onderzoek, mogelijke toekomstige onderzoeksrichtingen, en een algemene conclusie 

beschreven. 

De geavanceerde MRI methoden beschreven in dit proefschrift zijn gebruikt om 

verschillen te zoeken tussen patiënten met de ziekte van Alzheimer en controles op 

groepsniveau. Het doel hiervan was om meer inzicht te krijgen in de pathofysiologie van 

de ziekte van Alzheimer. De verschillende MRI technieken kunnen nog verbeterd worden 

in de toekomst. Mogelijke verbeteringen van de DCE-MRI sequentie kunnen bijvoorbeeld 

de scanduur verkorten, de gevoeligheid voor ruis en beeldvormingsartefacten 

verminderen, en het bereik van de sequentie vergroten zodat BBB lekkage over de 

gehele hersenen kan worden gemeten. Pas als deze technieken verder worden 

verbeterd, zal het detecteren van de subtiele pathologie mogelijk worden in individuele 

patiënten, en kunnen de technieken in een klinische setting gebruikt worden. 
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Samenvatting voor niet-deskundigen 

Centraal in dit proefschrift staan de kleine bloedvaten in de hersenen van mensen met 

de ziekte van Alzheimer. De ziekte van Alzheimer is de meest voorkomende oorzaak van 

achteruitgang van het verstandelijk vermogen en dementie onder ouderen in Nederland. 

Ondanks vele tientallen jaren onderzoek is het nog steeds niet bekend welke 

onderliggende ziekteprocessen de ziekte van Alzheimer veroorzaken. Tot nu toe werden 

ophopingen van eiwitten in de hersenen, de zogenaamde plaques, als hoofdoorzaak 

gezien, en het onderzoek naar de ziekte van Alzheimer is daar dan ook vooral op 

toegespitst. Helaas heeft dat nog niet tot een duidelijke oorzaak van het ziektebeeld 

geleid, en het onderzoek heeft ook nog geen medicijn tegen de ziekte opgeleverd. Er 

zijn steeds meer aanwijzingen dat hart- en vaatziekten de kleine bloedvaten in de 

hersenen aantasten. Om die reden, was het doel van het onderzoek in dit proefschrift 

om de kleine bloedvaten in de hersenen van mensen met de ziekte van Alzheimer te 

onderzoeken. 

De bloedvaten in de hersenen zijn anders dan elders in het lichaam. De kleinste 

haarvaatjes die het hersenweefsel doorkruisen zijn namelijk gespecialiseerd om de 

hersencellen optimaal te kunnen ondersteunen en beschermen. Daarom hebben deze 

bloedvaatjes, in tegenstelling tot die in de rest van het lichaam, een bijzondere 

vaatwand die alle transport van stoffen van en naar het omliggende weefsel streng 

reguleert. Deze vaatwand bestaat uit meerdere soorten cellen en structuren, die samen 

de zogenaamde bloed-hersenbarrière vormen. De bloed-hersenbarrière zorgt ervoor dat 

de hersencellen voldoende voedingsstoffen krijgen om te kunnen blijven werken. Het 

zorgt er ook voor dat andere ongewenste stoffen die schadelijk kunnen zijn voor de 

hersencellen strikt in de bloedbaan worden gehouden, en niet de hersencellen kunnen 

bereiken.  

Om de haarvaten in de hersenen te kunnen onderzoeken is voor het onderzoek in dit 

proefschrift gebruik gemaakt van Magnetic Resonance Imaging (MRI). Met een MRI 

scanner kunnen afbeeldingen gemaakt worden van het lichaam, waaronder de hersenen. 

De MRI scanner is een veelzijdig apparaat dat met verschillende technieken een breed 

scala aan hersenfoto’s kan genereren, die gebruikt kunnen worden om verschillende 

soorten afwijkingen detecteren. Zo zijn er bijvoorbeeld scans die de lokale doorbloeding 

kunnen meten, en scans die hersenactiviteit kunnen meten.  
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In Hoofdstuk 1 is een korte introductie over de ziekte van Alzheimer en de rol van 

vaatziekten daarin gegeven. Het blijkt dat de aanwezigheid van hart- en vaatziekten 

ook de kans op de ziekte van Alzheimer vergroten, en ook de achteruitgang van de 

patiënt kunnen verergeren. Daarnaast is het zo dat bij mensen met de ziekte van 

Alzheimer bijna altijd ook een hart- of vaatziekte blijkt te zijn, de hersendoorbloeding 

verlaagd is, en er afwijkingen zijn in de kleine bloedvaten in de hersenen. Die 

afwijkingen bestaan vooral uit kleine ontstekingen rond de bloedvaten en verstoord 

transport van stoffen van en naar het breinweefsel, wat kan wijzen op problemen met 

de bloed-hersenbarrière.  

Door middel van het bestuderen van de huidige wetenschappelijke literatuur is eerst 

vastgesteld of al bekend is of er mogelijk schade is aan de bloed-hersenbarrière in 

mensen met de ziekte van Alzheimer. De uitkomsten van dit literatuuronderzoek zijn 

besproken in Hoofdstuk 2. Uit de literatuur bleek dat de bloed-hersenbarrière 

waarschijnlijk beschadigd is in de ziekte van Alzheimer. Het bewijs hiervoor kwam 

hoofdzakelijk van studies waarbij de concentratie van het eiwit albumine in het bloed 

en in het hersenvocht is gemeten. Als er teveel albumine in het hersenvocht zit 

vergeleken met de hoeveelheid albumine in het bloed, dan is de kans groot dat het 

albumine door de bloed-hersenbarrière is gelekt. Helaas kan deze methode alleen 

gebruikt worden om te meten óf het lekt, maar kan het niet gebruikt worden om te 

achterhalen waar de schade zich bevindt. Er zijn technieken waarbij het meten en 

bepalen van de locatie van de schade wel mogelijk is. Deze technieken maken meestal 

gebruik van een methode om het brein in beeld te brengen in combinatie met een 

contrastmiddel. De mate waarin het contrastmiddel dan de bloedbaan verlaat en in het 

weefsel komt is dan een maat voor bloed-hersenbarrière lekkage. Het bleek ook dat 

deze methodes zelden waren toegepast bij mensen met de ziekte van Alzheimer.  

Omdat er meer informatie nodig was over de bloed-hersenbarrière in de ziekte van 

Alzheimer, is er een onderzoek opgestart waarbij één van de meest veelbelovende 

technieken werd toegepast bij mensen met een vroeg stadium van deze ziekte. De opzet 

en resultaten van dit onderzoek zijn besproken in Hoofdstuk 3. De techniek die is 

gebruikt heet contrast-versterkte MRI. Tijdens het contrast-versterkte MRI onderzoek 

wordt een contrastmiddel ingespoten in de bloedbaan. Door continu MRI-beelden te 

blijven maken van het brein kan de aankomst en verspreiding van het contrastmiddel in 

beeld gebracht worden als een soort film. Aangezien het contrastmiddel niet door de 

bloed-hersenbarrière zou mogen gaan en dus in de bloedbaan zou moeten blijven, is de 
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aanwezigheid van contrastmiddel in het breinweefsel een teken dat de bloed-

hersenbarrière lek is. Met behulp van contrast-versterkte MRI is aangetoond dat de 

bloed-hersenbarrière bij mensen met een vroeg stadium van de ziekte van Alzheimer 

meer contrastmiddel doorlaat dan bij gezonde ouderen. Daarnaast bleek de mate van 

lekkage proportioneel aan de achteruitgang van het verstandelijk vermogen, wat 

aangeeft dat de lekkage erger wordt naarmate het ziekteproces vordert.  

De gemeten bloed-hersenbarrière lekkage was zeer subtiel, en een speciaal daarvoor 

aangepaste vorm van contrast-versterkte MRI was noodzakelijk om het toch te kunnen 

detecteren. In Hoofdstuk 4 zijn verschillende mogelijke aanpassingen aan het contrast-

versterkte MRI onderzoek besproken, die het onderzoek gevoeliger kunnen maken voor 

deze zeer subtiele lekkage. Voorbeelden van zulke aanpassingen zijn het toepassen van 

een methode om de ruis op de MRI beelden te schatten en te verwijderen, en de effecten 

van het langer meten van de verspreiding van het contrastmiddel. Uit dit onderzoek 

bleek dat de gemeten lekkage sterk wordt beïnvloed door ruis op de beelden. Dat is ook 

de reden dat onderscheid maken tussen het brein van een patiënt met de ziekte van 

Alzheimer en een gezond persoon nog niet mogelijk is. Daarnaast is onderzocht wat de 

kans is dat verschillen in bloed-hersenbarrière lekkage tussen een groep patiënten met 

de ziekte van Alzheimer en een controlegroep door toeval komen. Het bleek dat deze 

kans klein genoeg is om te kunnen stellen dat er daadwerkelijk verschillen zijn tussen 

de groepen, alhoewel deze kans wel afhangt van de grootte van de groepen en het 

verschil in lekkage.  

Op de wanden van de kleine bloedvaatjes in de hersenen zitten spiercellen, die de lokale 

bloedtoevoer reguleren. Deze spiercellen, samen met de bloed-hersenbarrière en 

andere ondersteunende cellen, vormen de neurovasculaire unit. De neurovasculaire unit 

is een naam voor de intensieve samenwerking van de zojuist genoemde cellen, en heeft 

als doel te zorgen dat de neuronen in de hersenen alles krijgen om optimaal kunnen 

functioneren. De neurovasculaire unit regelt de toevoer en afvoer van bloed, energie, 

en essentiële stoffen. Met behulp van de MRI techniek Arteriële Spin Labeling (ASL), kan 

de lokale bloedtoevoer in het brein gemeten worden zonder dat er contrastmiddel 

ingespoten hoeft te worden. In Hoofdstuk 5 zijn de ASL en contrast-versterkte MRI 

technieken gecombineerd, om zo te kunnen bepalen of de werking van verschillende 

elementen van de neurovasculaire unit in mensen met de ziekte van Alzheimer even 

goed is als bij gezonde controles. Uit de resultaten bleek dat mensen met de ziekte van 

Alzheimer een verminderde doorbloeding van de hersenen hebben, en dat de mate van 
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verminderde doorbloeding proportioneel is aan de lekkage van de bloed-hersenbarrière. 

Dat wijst erop dat in de ziekte van Alzheimer de gehele neurovasculaire unit is 

aangetast, en niet alleen de werking van losse onderdelen.  

Op MRI hersenscans van mensen met de ziekte van Alzheimer zijn vaak abnormale witte 

vlekken te zien. Deze vlekken bevinden zich in de witte stof van het brein, en worden 

daarom ook wel witte stof hyperintensiteiten genoemd. Naast de witte stof bevat het 

brein ook grijze stof, ook wel bekend als de hersenschors. Alhoewel er nog niet heel veel 

bekend is over deze witte stof hyperintensiteiten, is wel vastgesteld dat ze een uiting 

zijn van schade aan de witte stof, en dat deze schade waarschijnlijk is veroorzaakt door 

een langdurig bloedtoevoerprobleem. Daarom is het aannemelijk dat witte stof 

hyperintensiteiten een symptoom zijn van vaatschade in de hersenen. De witte stof van 

de hersenen bestaat uit zenuwcellen die verschillende delen van de hersenschors met 

elkaar verbinden, ofwel de bekabeling van het brein. De hersenschors is onder andere 

verantwoordelijk voor het denk- en rekenwerk, en de witte stof zorgt ervoor dat de 

verschillende stukken hersenschors goed kunnen samenwerken. Met behulp van diffusie-

gewogen MRI kunnen de witte stofbanen in beeld worden gebracht. In Hoofdstuk 6 is 

diffusie-gewogen MRI toegepast in mensen met verschillende maten van 

geheugenklachten, waaronder ook mensen met de ziekte van Alzheimer. De witte 

stofbanen van en naar de hippocampus, het gedeelte van de hersenschors dat 

verantwoordelijk is voor geheugen, zijn gereconstrueerd, en vervolgens is bekeken 

wanneer deze banen door witte stof hyperintensiteiten gingen. Het bleek dat als bij 

mensen de banen door meer witte stof hyperintensiteiten gingen, ze ook relatief groter 

werden. Een mogelijke verklaring is dat de witte stof hyperintensiteiten schade 

vertegenwoordigen die zwelling van de witte stofbanen veroorzaakt. Een andere 

mogelijke verklaring is dat de witte stofbanen de witte stof hyperintensiteiten gaan 

omzeilen, om zo de schade in de witte stof hyperintensiteiten te vermijden. Verder 

onderzoek zal moeten uitwijzen wat de verklaring voor deze bevinding is. 

In Hoofdstuk 7 worden conclusies getrokken uit de resultaten van het proefschrift. Ook 

worden de resultaten vanuit verschillende perspectieven besproken, en worden 

aanbevelingen gedaan voor toekomstig onderzoek.
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Valorization Addendum 

Healthcare problem 

Alzheimer’s Disease (AD) is the most common cause of cognitive decline and dementia 

in the elderly in the developed world. It is characterized by an insidious onset and slow 

deterioration of cognitive function, progressing until death. The impact of AD on daily 

life is enormous, both for the patient and loved ones. Increasing standards of living and 

healthcare also increases the prevalence of AD in developing countries as people live 

longer, and it is estimated that in 2040 roughly 90 million people worldwide will suffer 

from AD, making it a global healthcare problem. 

Despite the fact that AD has been identified and investigated since 1906, research efforts 

still have not been able to find the cause of AD, nor is a cure currently available. The 

main focus of AD research has been the accumulations of insoluble proteins amyloid β 

causing plaques, and τ causing tangles in the brains of patients with AD. However, 

treatments aimed at preventing or removing the plaques and tangles have so far not 

yielded a proper treatment for the symptoms of AD. Furthermore, biomarkers which aim 

for early diagnosis of AD, have so far shown mixed results, and sensitively and reliably 

diagnosing AD at an early (presymptomatic) state is not possible. This has prompted 

some researchers to search for alternate explanations that might cause AD. One of the 

most promising candidates is vascular pathology. It has been shown that patients 

exhibiting pure AD without vascular pathology are rare, and many risk factors have a 

vascular component or basis. A prime suspect for vascular pathology in the brain is the 

neurovascular unit, a structure located in the microvascular wall and unique to the 

brain, which is specialized to support and protect neuronal function. 

Main findings 

The main results of this thesis is that different elements of the neurovascular unit are 

damaged in AD. The blood-brain barrier is an important part of the neurovascular unit 

which strictly regulates transport between the blood and brain tissue. Using Dynamic 

Contrast-Enhanced (DCE) MRI, the blood-brain barrier was found to be impaired in AD, 

allowing small contrast agent molecules to leak out of the blood space. Although the 

consequences of the blood-brain barrier impairment are currently unclear, the 

uncontrolled passage of substances into the vulnerable brain parenchyma is very likely 

to be harmful. The research in this thesis also aims to assist future research, as possible 
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improvements to the DCE-MRI sequence and analysis have been investigated, making it 

more sensitive to the subtle blood-brain barrier leakage found in AD. Combining the DCE-

MRI technique with Arterial Spin Labeling (ASL) MRI not only showed that patients with 

an early stage of AD exhibit cerebral hypoperfusion, but that the hypoperfusion is also 

linked to the blood-brain barrier leakage severity. Given that local perfusion is also 

regulated by the neurovascular unit, this shows that AD affects multiple elements of the 

neurovascular unit, and that the neurovascular unit impairment is progressive.  

Another aspect of cerebrovascular pathology are White Matter Hyperintensities (WMHs), 

which are a common finding on brain MRI images of patients with AD. WMHs are 

considered to represent vascular pathology, and often exhibit local pathological effects 

such as demyelination. Using diffusion MRI, the research in this thesis has shown that 

the WMHs exhibit a direct effect on the hippocampal white matter bundles connecting 

the hippocampi with different gray matter regions. Specifically, it was found that WMHs 

cause an enlargement of the white matter tracts going through them. This indicates 

either a pathological swelling of the white matter tracts, or a compensation mechanism 

where white matter fibers are rerouted to avoid WMHs. Both hypothesized mechanisms 

could have a detrimental effect on information transfer speed, and consequently 

cognitive function.  

Combined, the research in this thesis provides additional evidence and possible pathways 

for cerebrovascular pathology in AD. Although the exact pathways through which AD 

develops or causes cognitive decline and dementia are still unknown, any knowledge on 

the complicated pathological cascade of AD will help finding new treatments, prevention 

methods, or biomarkers for early diagnosis.  

Target population 

The main targets of the results of this thesis are researchers aiming to further investigate 

the underlying pathological processes responsible for AD. The results provide new 

targets for investigation, which will have to be researched in future studies, as most of 

the results are based on limited numbers of patients, using novel and experimental 

techniques. This thesis also contains new neuroimaging and analysis techniques which 

can be applied not only in AD, but also in other neurodegenerative diseases such as small 

vessel disease and multiple sclerosis. With the information provided in this thesis, 

improved techniques can be developed which are less burdening and more sensitive, to 

further study AD. 
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The current results are also important for the general population, as anyone is at risk of 

developing AD. This thesis has provided further evidence for a vascular component of 

AD, but a cure or prevention method will require much more research. Still, if the role 

of vascular pathology in AD receives more attention, awareness of the importance of 

vascular health at a stage before AD symptoms arise will increase. A better vascular 

health for the general population will not only decrease the amount of vascular diseases, 

but may also help combat the symptoms of AD. An awareness campaign for the 

importance of vascular health to prevent dementia is likely to reach a large portion of 

the population, given the broad interest in AD. This is evident from the amount of 

attention AD gets in the media. For example, when the results of Chapter 3 were 

published, the Radiological Society of North America issued a press release which was 

widely shared by international media outlets. This shows a global interest in AD, and in 

particular novel starting points, which can be capitalized upon. 

Innovation and future directions 

The innovative aspect of this thesis is that novel neuroimaging methods were applied to 

investigate microvascular pathology in AD. This required adaptation of existing methods 

and advanced analyses to increase sensitivity, as AD is a progressive disease showing 

very subtle pathological changes in early stages. Given the results, the methods are 

proven to be feasible to detect group differences, but the neuroimaging methods applied 

in this thesis require improvement before clinical integration is possible and useful. 

Further application of the dual time resolution DCE-MRI sequence will elucidate the role 

of the blood-brain barrier in AD. Mainly, the results of the current thesis should be 

replicated in larger patient groups and in longitudinal studies to assess age-dependent 

effects. Also, the links between AD, cognitive decline, vascular pathology, and the 

blood-brain barrier should be further investigated. Furthermore, investigating the 

reproducibility of the DCE-MRI protocol is necessary to confirm that the method is 

reliable before clinical application can be considered.  

The DCE-MRI protocol may also be useful to develop pharmaceuticals that target the 

brain. Because the blood-brain barrier very tightly regulates the passage of molecules 

from the blood into the brain, drugs that target the brain may also be stopped, which 

poses a challenge for the development of new drugs. Certain techniques may be used to 

temporarily open the blood-brain barrier to allow for the passage of drugs, such as the 

use of high-intensity focused ultrasound. DCE-MRI may be applied to validate these 

techniques and to measure their effectiveness.  
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Improvements to the dual time resolution DCE-MRI sequence should include decreasing 

the scan time, increasing the spatial coverage of the fast portion of the protocol, 

decreasing the noise and imaging artefacts and improving the analysis to incorporate 

more physiological parameters to better model the in vivo conditions. Currently, the 

measured concentration differences and blood-brain barrier leakage rates are very 

small. As is shown in Chapter 4, improvements to the DCE-MRI sequence are both 

necessary and possible. If it is sufficiently improved and the reproducibility of the 

technique has been proven, DCE-MRI will be able to provide a truly quantitative 

measurement of blood-brain barrier leakage. The clinical application of the DCE-MRI 

protocol may include the ability to distinguish between a healthy and a non-healthy 

brain at risk for AD on an individual basis. Other possible future uses of the DCE-MRI 

protocol may be to evaluate the effectiveness of treatments for the BBB, and to provide 

a general overview of cerebrovascular health to help monitor potential vascular risk 

factors. 
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Dankwoord 

Dit proefschrift is tot stand gekomen dankzij vele personen, die direct of indirect invloed 

hebben gehad op de inhoud van het proefschrift of op de schrijver ervan. Ik kan met 

zekerheid stellen dat deze invloeden overwegend positief waren, en daarom wil ik ook 

al die mensen bedanken voor hun bijdragen. 

Allereerst wil ik mijn promotieteam bedanken. Beste prof. dr. ir. Walter Backes, prof. 

dr. Frans Verhey, dr. Jaap Jansen en dr. ir. Thijs van Osch, van harte bedankt voor jullie 

begeleiding, hulp en steun. Ik heb onze samenwerking altijd als zeer prettig ervaren, en 

jullie stonden altijd voor me klaar. Jullie open houding en feedback hebben tijdens mijn 

promotie een klimaat gecreëerd waarin ik me heb kunnen ontwikkelen en ik heb 

ontzettend veel geleerd. 

Beste Walter, bedankt dat je zo veel tijd voor me hebt vrijgemaakt. De vele momenten 

dat je het hele bord volgeklad had met formules om een mathematische onderbouwing 

te geven zal ik me altijd herinneren. De dagelijkse begeleiding was altijd geweldig, en 

je talent om een tegenslag om te toveren in een positief punt hebben me door menig 

crisis heen geholpen.  

Beste Jaap, ook jij stond altijd voor me klaar. Je inzicht en andere kijk op zaken waren 

bijzonder leerzaam, en samen met Walter zijn jullie een geweldig team. Ik heb me geen 

betere dagelijkse begeleiders kunnen voorstellen. Ontzettend bedankt voor alles! 

Beste Saartje, je achtergrond in de psychologie en je open houding heb ik ontzettend 

gewaardeerd. De klinische kant van het verhaal raakt soms wat ondergesneeuwd bij de 

wat meer technisch georiënteerde mensen, terwijl dat misschien nu juist het 

belangrijkste is aan ons onderzoek. Je feedback op de artikelen was altijd bijzonder 

nuttig, en ik heb je dan ook ontzettend gemist nadat je begon aan je nieuwe baan. 

Beste Frans, bedankt voor al je hulp en begeleiding. Je feedback en inzichten waren 

altijd bijzonder nuttig, en ik heb de samenwerking altijd erg goed gevonden. Bedankt 

dat je altijd voor me klaar stond! 

Beste Thijs, bedankt voor de gezellige scansessies in Leiden, en bedankt voor je hulp 

met de scanprotocollen en analyses. Jouw perspectieven over het onderzoek waren 

altijd heel waardevol. 
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Daarnaast wil ik graag alle coauteurs bedanken voor hun werk en ondersteuning. Jullie 

hulp was essentieel voor de totstandkoming van dit proefschrift. Ook wil ik de 

beoordelingscommissie, bestaande uit prof. dr. R.J. van Oostenbrugge, prof. dr. H.E. de 

Vries, dr. M.P.J. van Boxtel, dr. J.A.H.R. Claassen en natuurlijk prof. dr. J.E. 

Wildberger, van harte bedanken voor hun tijd en moeite, en voor het feit dat ze dit 

proefschrift positief beoordeeld hebben. 

Voor al mijn collega’s, zowel bij de Radiologie als bij de Neuropsychologie & Psychiatrie, 

bedankt! Ik heb een ontzettend fijne tijd gehad tijdens mijn promotie, en dat is ook 

vooral tijdens de gezellige gesprekken tijdens het koffie drinken of vlaai eten. Ook zal 

ik de leuke feestjes van de Radiologie en de geweldige uitjes van de Neuropsychologie 

nooit meer vergeten. Marc en Jos, sorry voor het constant stuk maken van de 

radstations. Bedankt voor jullie geduld en de geweldige faciliteiten die jullie hebben 

gerealiseerd! 

Dit proefschrift was niet mogelijk geweest zonder proefpersonen en hun begeleiders. 

Bedankt dat jullie de tijd en moeite wilden nemen om mee te helpen met dit onderzoek. 

Whitney, bedankt voor je steun. We hebben prachtige stukjes Nederland gezien op onze 

tandemfiets (en niet gezien toen het donker werd). Dankzij jouw navigatie hebben we 

het gered, en het was een geweldig avontuur! 

Beste Ed en Heidi, dank voor jullie werk en steun. Ik heb veel gehad aan jullie input en 

ik heb onze samenwerking altijd bijzonder veel gewaardeerd. 

Beste René, Frank, Tamar, May, Gerald, en Dorien, je kamergenoten zijn misschien wel 

de belangrijkste mensen tijdens een promotie, en ik had me geen betere kunnen 

wensen. Behalve natuurlijk wat de stand van de verwarming betreft, want dat bleef een 

strijd tot het bittere eind. Maar afgezien van dat heb ik altijd veel plezier gehad aan de 

discussies over promoveren, Marty plant, en andere willekeurige onderwerpen. Bedankt 

voor jullie steun en gezelschap, en ik wens jullie ontzettend veel succes voor de 

toekomst! 

Paps en mams, jullie hebben me gemaakt tot wie ik vandaag ben. Zonder het 

doorzettingsvermogen dat ik van jullie heb geleerd, had ik het nooit gered. Daarom 

mogen jullie dan ook bijzonder trots zijn op dit resultaat. Bedankt! 

Dag lief. Maastricht zit er op. Bedankt dat je me hebt gesteund, en bedankt dat je mee 

bent gegaan naar het zonnige zuiden. Ik weet niet of ik het gered had als je in Utrecht 
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was blijven wonen. We hebben geweldige dingen meegemaakt, en onze bruiloft overtrof 

alle verwachtingen. Nu is het tijd voor een nieuw hoofdstuk. Laten we er wat moois van 

maken! Ik hou van je!
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