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7.1 ABSTRACT 
Sporadic cerebral small vessel disease (SVD) has heterogeneous underlying 
pathology and current SVD MRI markers do not accurately capture this heterogeneity. 
Novel ultra-high field (7T) brain MRI markers provide a window of opportunity to study 
early changes and potential determinants of SVD. White matter hyperintensity (WMH) 
shape is a relatively novel MRI marker of SVD and has shown prognostic potential. 
However, the exact microstructural changes within or surrounding WMHs or potential 
causes related to WMH shape variations are unknown. Furthermore, impaired brain 
clearance via the recently discovered brain glymphatic system may be another early 
change or potential cause of SVD. In the WHIMAS (white matter hyperintensity shape 
and glymphatics study) we aim to study the link between WMH and especially their 
shape with brain clearance and other MRI markers on ultra-high field (7T) brain MRI 
and show if these markers are associated with cognitive functioning in older adults 
with memory complaints. 

The WHIMAS is a cross-sectional study that will be conducted at the Leiden 
University Medical Center (LUMC). Fifty outpatients from the memory/geriatric clinic, 
aged 65 years or older will be recruited for a 3T and a 7T MRI scan, as well as a 
standardised neuropsychological test battery (domains: memory, executive function, 
visuoconstruction, and processing speed). We will assess WMH shape markers 
(solidity, convexity, concavity index, fractal dimension, and eccentricity) and brain 
clearance markers (CSF-BOLD-coupling, CSF-mobility) and study their relation to 
other MRI markers and cognitive functioning. 

We aim to understand variations in WMH shape and find their relation to cerebral 
SVD and markers of brain clearance and cognitive functioning. These markers early 
in the disease process of SVD are extremely important as they may represent a basis 
for future patient selection for lifestyle interventions or for treatment trials aimed at 
prevention of dementia. 
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7.2 STRENGTHS AND LIMITATIONS OF THIS STUDY 
• In depth study of the link between white matter hyperintensities and especially 

their shape with brain clearance and other MRI markers on ultra-high field (7T) 
brain MRI in a memory clinic population. 

• Advanced and novel imaging techniques will be used both at 3T and ultra-high 
field (7T) MRI combined with novel advanced image processing techniques. 

• In depth study of the relation between white matter hyperintensity shape and 
glymphatics markers and cognitive functioning. 

• This observational study serves to steer future investigations and could be 
extended into a longitudinal study. 

• The studied markers early in the disease process of cerebral small vessel disease 
are extremely important as they may represent a basis for future patient selection 
for lifestyle interventions or for treatment trials aimed at prevention of dementia. 

7.3 INTRODUCTION 
Dementia is often characterized by a combination of neurovascular and 
neurodegenerative disease processes and mixed pathologies are common.1 The most 
common mixed pathology is Alzheimer’s dementia (AD) and cerebral small vessel 
disease (SVD).2,3 SVD contributes to the clinical phenotype of dementia in around 
45% of dementia cases.2–4 There are two main types SVD in an ageing population. 
One is SVD due to arteriolosclerosis, often related to hypertension.5 The other one 
is cerebral amyloid angiopathy, characterized by progressive amyloid accumulation 
in the vessel walls.5 Current SVD markers, such as white matter hyperintensities of 
presumed vascular origin (WMH), are unspecific and they fail to accurately capture 
the heterogeneity of SVD pathology. Therefore, novel brain MRI markers are needed 
to identify early changes and potential determinants of SVD. These markers are 
extremely important early in the disease process of SVD as they may represent a 
basis for future patient selection for lifestyle interventions or as outcome markers for 
treatment trials (such as currently being developed for cerebral amyloid angiopathy6 
aimed at prevention of dementia. 

WMH are the key brain MRI manifestation of cerebral SVD.7 Around 92% of all 
individuals over 60 years of age have WMHs8–10 and a higher WMH burden is a risk 
factor for occurrence of stroke and dementia.10 Especially the volume of WMH has 
been extensively studied, but this is a generic and non-specific marker that only has 
modest prognostic value.11 Although there is considerable variation in the shape of 
WMH, this marker has received only little attention.12 Recent studies have shown 
that normal appearing white matter around WMH that will progress on follow-up 
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MRI scans, already showed changes in structural integrity and hemodynamics at 
baseline.13,14 Furthermore, WMH typically localize at vascular endzones and progress 
along more proximal parts of the perforating arteries.15 How the perforating arteries 
are affected depends on the underlying pathological changes, such as large vessel 
atheromas at the origin of perforating arteries, small vessel atheromas or micro-
embolisms.16,17 These pathological changes may lead to hypoperfusion, defective 
cerebrovascular reactivity, and blood-brain barrier dysfunction,11 which in turn may be 
related to increase of WMH and thus also changes in their shape.12,17 Previous studies 
have also indicated that WMH shape may provide a better indication of underlying 
pathophysiological mechanisms than WMH volume alone and may harbor strong 
prognostically relevant information.12,18–20

SVD is a heterogeneous disease with many possible underlying causes. An important 
factor leading to brain changes in SVD might be impaired clearance of waste 
products, which has been linked to aging and dementia pathology.7 The process of 
brain clearance is postulated to be partly driven by the glymphatic system, where 
cerebrospinal fluid (CSF) and interstitial fluid ‘flush’ brain tissue and transport 
waste products out of the brain via perivascular spaces. Some first studies have 
shown that in cerebral amyloid angiopathy and Alzheimer’s dementia glymphatic 
function might be impaired.21 Currently, brain clearance related processes can only 
be studied invasively in humans, for example by contrast-enhanced MRI following 
intrathecal injection.22 This limitation made it difficult to implement research related 
to glymphatic dysfunction into clinical study protocols. However, recently developed 
novel ultra-high field (7T) brain MRI markers provide a window of opportunity to study 
the human glymphatic system in a non-invasive way. 

In the WHIMAS (white matter hyperintensity shape and glymphatics study) we aim 
to study the link between WMH, and especially their shape, with brain clearance and 
other MRI markers on high field (3T) and ultra-high field (7T) brain MRI. Furthermore, 
we aim to study the relation between WMH shape and glymphatics markers and 
cognitive functioning. Studying these imaging markers in SVD is important because 
at an early stage cerebral SVD is a target for preventive treatment that may postpone 
or even prevent the occurrence of dementia and stroke. Our study contributes to the 
first steps in this research into early detection of dementia. We specifically strive for 
early detection of the potentially treatable/modifiable part of the dementia pathology, 
namely SVD. Previous studies have already shown that early lifestyle interventions in 
populations at risk can slow the pathophysiological processes of cerebral SVD.23–25 
However, it is currently impossible to non-invasively identify individuals who have an 
increased risk of dementia at an early stage of the disease and who may benefit most 
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from available lifestyle interventions or from future preventive treatment. We aim to 
pave the way for personalized medicine approaches by finding brain MRI biomarkers 
that can identify these individuals at risk.

7.4 METHODS 

7.4.1 Study design 
This study is an observational cross-sectional study that will be conducted at the 
Leiden University Medical Center (LUMC). The study (NL78641.058.21) was approved 
by the Medical Ethics Committee Leiden Den Haag Delft (reg. P21.114) and is 
registered on ClinicalTrials.gov (ID-number: NCT06010511). The patient and funding 
organization Alzheimer Nederland has funded part of this research and is involved 
in the conduct and in the dissemination plans of our study. The study involves 
a whole-day visit at the LUMC for each participant and includes the following 
procedures: a 3T brain MRI scan of 60 minutes, a 7T brain MRI scan of 60 minutes, a 
neuropsychological assessment, and questionnaires on demographics and vascular 
risk factors. An overview of the study procedures can be found in figure 7.1. Objectives 
of the study include the following: 1) To study the association of a more complex 
WMH shape with anatomical, hemodynamic, and white matter integrity abnormalities 
on MRI; 2) To study the association between WMH shape and cognition/other cerebral 
SVD markers; 3) To study the association of novel MRI markers of brain clearance 
with cerebral SVD markers and cognition. 
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Figure 7.1. Overview of the study procedures. 
3D T1: T1-weighted MRI scan; 3D FLAIR: 3D fluid-attenuated inversion recovery SWI: susceptibility-
weighted scan; DWI: diffusion weighted scan; CSF: cerebrospinal fluid selective-T2prep-REadout with 
Acceleration and Mobility encoding 

7.4.2 Population 
We will prospectively include 50 outpatients over 65 years of age with memory 
complaints from the memory/geriatric clinic at one of their first visits, at the Leiden 
University Medical Center or the Alrijne hospital in Leiden. All participants give written 
informed consent prior to any study procedures. The current study involves 3T and 
7T MRI and newly developed sequences and markers, especially for brain clearance, 
which have not been applied in patient populations before. Therefore, we performed 
the sample size calculation based on the WMH shape analysis. To provide a frame 
of reference we performed a sample size calculation using data from a previous 
manuscript.26 The linear regression performed on hypertension and convexity, 
corrected for age and sex, was performed with data of 71 non-demented older adults. 
The same WMH shape analysis pipeline was used in the previous study as we aim 
to use in the current study. Using the data from this significant results, the sample 
size calculation performed in G*Power27 showed a result of 79 participants. As the 
data used in the calculation was obtained from community-dwelling individuals, we 
expect higher effect sizes in our study consisting of a memory clinic population. 
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In this population, the prevalence and severity of SVD and thus WMH will be higher, 
justifying our assumption of increased power. At the same time we do not want to 
risk an underpowered study. For example, in a case-control study comparing type 
2 diabetes patients with healthy controls an average effect size of 0.37 for a more 
complex WMH shape was found.12 To illustrate this we have calculated the sample 
size with two different effect sizes that are higher than the one used in the initial 
calculation (0.2 and 0.3), but still lower than 0.37 (as found by De Bresser et al., 2018). 
These calculations resulted in a sample size of 42 or 29 participants. Therefore, a 
number of 50 participants should give the necessary statistical power to overcome 
biological and clinical variation.

In order to be eligible to participate in the current study, a participant must meet all 
of the following criteria; participants receive care in the outpatient memory clinic or 
the geriatric clinic of the LUMC or the memory clinic of the Alrijne hospital in Leiden. 
Inclusion can be done if the participant is over 65 years of age and eligible for MRI. 
Moreover, the participant has to be native-level in the Dutch language. 

A potential participant who meets any of the following criteria will be excluded from 
participation in this study: 

• Claustrophobia 
• Contraindications for MRI such as metal implants and pacemaker 
• Regular use of benzodiazepines 
• Initiated treatment with antidepressants less than 6 weeks prior to inclusion 
• Not being able to provide written informed consent (assessed by the treating 

physician) 
• Individuals who have been declared mentally incapacitated 
• Other severe neurological disease outside of the dementia spectrum 
• Cognitive impairment due to known other neurological disease 
• Previous brain surgery 

7.4.3 Clinical data 
We will collect basic demographic information including age, sex and education 
level. Information about medical history, psychiatric comorbidity, medication, 
and current blood values are extracted from the clinical file of the participant. 
Furthermore, a cardiovascular risk factor questionnaire is used to gather information 
about hypertension, diabetes, arrythmia, alcohol consumption, smoking, physical 
activity, and medical history. Another questionnaire includes questions about sleep 
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habits, using an adapted version of the Pittsburg Sleep Quality Index.28 The sleep 
questionnaire is included, because of the influence of sleep on the glymphatic system. 

The following tests are included in the neuropsychiatric assessment: 
• Mini-mental state examination29

• Clock drawing30

• 15-Word Verbal Learning Test (immediate and delayed)31

• Visual Association Test32

• Stroop Color Word Test, 40 item version33

• Trail Making Test A&B34,35

• Letter Digit Substitution Test36

• Animal fluency test37

• Hospital anxiety and depression scale38

• Informant Questionnaire on Cognitive Decline in the Elderly39

7.4.4 MRI scans 
All MRI scans are performed at the LUMC using a 3T Philips Ingenia Elition and a 7T Philips 
Achieva MRI scanner (Philips Healthcare). The MRI scan protocols are shown in table 7.1. 

Conventional (3T) brain MRI scans will be used to determine global and functional 
markers of cerebral SVD, like WMH volume and presence of lacunes, microbleeds 
and superficial siderosis (on a 3D T1-weighted (3D T1), 3D fluid-attenuated inversion 
recovery (3D FLAIR), susceptibility-weighted imaging (SWI), and a diffusion weighted 
imaging (DWI) scan), hemodynamics (flow territory mapping;40). Furthermore, white 
matter structural integrity will be measured with a MR fingerprinting sequence41 and an 
inhomogeneous magnetization transfer (ihMT) scan42. An fMRI scan technique will be 
used to measure CSF fluctuations in the 4th ventricle as a measure of brain clearance43. 

Ultra-high field (7T) brain MRI scans will be used to determine WMH shape (solidity, 
convexity, concavity index, fractal dimension, and eccentricity) and other  markers of 
cerebral SVD in or surrounding the WMH, like enlarged perivascular spaces, (cortical) 
microinfarcts and microbleeds (on a T1-, T2-, FLAIR, and a T2*-weighted scan). 
Examples of WMH segmentations and the shape markers are shown in figures 7.2 
and 7.3. Moreover, a recently implemented MRI technique called CSF-STREAM (CSF-
selective-T2prepared REadout with Acceleration and Mobility encoding) will be used 
to measure CSF-mobility in perivascular spaces, as a proxy of glymphatic activity44. 
An example of measurements obtained with this technique can be seen in figure 7.4. 
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Heart rate and respiratory signal will be measured during the scans (3T and 7T MRI) 
with standard vendor-supplied equipment, namely a respiratory belt and pulse oximeter.

Figure 7.2. Overview of the MRI image processing pipeline for WMH shape. WMHs are automatically 
segmented from FLAIR MRI scans. T1-weighted scans are used to segment the lateral ventricles. The 
lateral ventricle masks are inflated and used to delineate between periventricular/confluent WMH. Then, 
the WMH shape markers are calculated on individual lesions. 
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Figure 7.3. Examples of shapes with high or low values of different shape markers. Solidity, convexity, 
concavity index, and fractal dimension are calculated for periventricular/confluent WMH. Eccentricity and 
fractal dimension are the shape markers that are calculated for deep WMH.
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Figure 7.4. Examples of images obtained with the CSF-STREAM sequence as a measure of glymphatic 
activity.  An image of the CSF-signal is shown on the left, and on the right is an example of a CSF-mobility map.

7.4.5 Statistics 
Linear and logistic regression analyses will be performed to investigate the 
association between WMH shape and brain clearance/other MRI markers/cognitive 
functioning. Potentially confounding demographic variables, such as age, sex, level 
of education and vascular risk factors will be included as covariates for subsequent 
analyses. The distributions of the variables will be tested for normality. If applicable, 
appropriate nonparametric test will be used of variables will be log transformed. 
For the main analyses the significance will be set at p <0.05. 

7.5 DISCUSSION 
SVD in an ageing population has heterogeneous underlying pathology which current 
MRI markers do not accurately capture. Novel 7T brain MRI markers provide a 
window of opportunity to study early structural changes and potential determinants 
of SVD. WMH shape is a relatively novel MRI marker and earlier studies have 
shown prognostic potential.18,19 However, the exact microstructural changes within 
or surrounding WMHs or potential determinants related to WMH shape variations 
remain unknown. Furthermore, impaired brain clearance via the recently discovered 
brain glymphatic system may be another early change or potential cause of SVD.45

In the WHIMAS study we aim to study the link between WMH and especially their 
shape with brain clearance and other MRI markers on high field (3T) and ultra-high 
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field (7T) brain MRI. Furthermore, we aim to study the relation between WMH shape 
and glymphatics markers and cognitive functioning.   

The WHIMAS study will generate data that can be used to postulate underlying 
mechanisms related to WMH shape variations as we will study the association 
between a more complex WMH shape and advanced structural and functional markers 
of cerebral SVD. We expect to gain a better understanding of the structural correlates 
of WMH shape variation using and combining the advanced measurements at 7T 
MRI. WMH shape has previously been related to an increased long-term dementia 
risk18 and increased long-term stroke- and mortality risk.19 In our study we expect that 
a more irregular shape of WMH will be related to disease severity (captured by other 
SVD markers) and cognition (memory, executive function, visuoconstruction, and 
processing speed). Moreover, we expect to capture WMH shape and other structures 
that may influence shape (such as veins) better at 7T MRI due to an increased spatial 
resolution. This will allow a more precise investigation of WMH shape in relation to 
other SVD markers and structural changes. 

Animal studies suggest that dysfunction of the glymphatic system plays a major role 
in the initiation and progression of not only neurodegenerative pathologies, but also 
SVD.45 Novel non-invasive markers of brain clearance that we will use in our study 
will allow us to study brain clearance in vivo in a non-invasive way. In our study we 
expect to find an association between CSF mobility and disease severity. Moreover, 
the BOLD-CSF coupling has been found to be reduced in patients with Alzheimer’s 
disease46 and cerebral amyloid angiopathy.47 Therefore, in our study we expect that 
the CSF-BOLD coupling will be reduced in our patient population, and will show an 
association with disease severity. 

Biomarkers early in the disease process of cerebral SVD are extremely important as 
they may represent a basis for future patient selection for lifestyle interventions and 
as outcome markers of treatment trials aimed at prevention or treatment of dementia. 
The results of our study will contribute as a body of evidence for novel brain MRI 
markers that could hopefully serve as early biomarkers for SVD. 

Strengths of our study include the specific patient population and the use of 
advanced ultra-high field 7T MRI state of the art imaging techniques in combination 
with advanced image processing techniques largely developed within our research 
group. The current study serves to steer future investigations and could be extended 
into a longitudinal study. 
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In conclusion, in the WHIMAS study we aim to find brain MRI changes that represent 
early determinants or changes of cerebral SVD. These markers early in the disease 
process of SVD are extremely important as they may represent a basis for future 
patient selection for lifestyle interventions or for treatment trials aimed at prevention 
of dementia. 
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