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1. Synopsis
1.1. Thesis objectives

With an increasing life expectancy worldwide, the prevalence of dementia and cognitive deterioration
is also rising continuously. Therefore, identifying and preventing risk factors for cognitive decline is
pivotal. Numerous risk factors for cognitive decline are already known, and among those are several
which can be modified, such as diabetes mellitus, high blood pressure, increased cholesterol, and
obesity®. These risk factors are known to be induced by an unhealthy diet?, but the effect of nutrition
on cognitive function and neurological health is not yet fully understood. In this cumulative thesis, we
aimed to study the possible interaction of nutrition, vascular brain changes, brain network organization

and cognition in healthy individuals with vascular risk factors.

To this end, the thesis covers two main research areas. In the first part (part A), we examined vascular
brain changes in association with other imaging markers related to changes in the brain microstructure
and cognitive deterioration. With this, we aimed to better define the presumed pathways of
cerebrovascular damage, which will be of use for the second part of the thesis. Our approach involved
a novel brain magnetic resonance imaging (MRI) analysis to quantify vascular brain damage, assess
cortical atrophy, and measure damage beyond the lesioned brain white matter. Two publications

resulted from this part of the thesis:

[1] In the first study, we examined the structural link between white matter hyperintensities
(WMH) as a marker of vascular brain damage and cortical atrophy. This study, further referred
to as ‘study 1’, was published in December 2020 in the Journal Cerebral Blood Flow and
Metabolism entitled “Linking cortical atrophy to white matter hyperintensities of presumed

vascular origin™3,

[2] In the second study, we focused on the characterization of the direct surrounding white
matter of WMH and identified microstructural damage with the novel imaging approach of
free—water imaging. This study, referred to as ‘study 2’, was published in April 2022 in the
Journal of Cerebral Blood Flow and Metabolism under the title “Free—water diffusion MRI
detects structural alterations surrounding white matter hyperintensities in the early stage of

cerebral small vessel disease™.

In the second part (part B), we evaluated the effect of an unhealthy diet on cognition and vascular
brain damage with consideration of the findings from the first part. Using mediation analysis, we
considered vascular brain damage and cardiovascular risk factors as mediators in the association
between nutrition and cognition. We hypothesize that an unhealthy diet is associated with more
pronounced cardiovascular risk factors and vascular as well as structural brain damage, which in turn

causes more cognitive deficits. Given the controversial discussion on the association of coffee
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consumption with cardiovascular risk, we specifically addressed the potential role of coffee for brain

health. In this second part, we performed two separate analyses:

[1] In the first study of the second part, we applied a structural equation modeling approach to
examine the direct, indirect, and total effect of an unhealthy diet on cognitive function, possibly
mediated by cardiovascular risk factors and brain structure. The manuscript for this study,

referred to as ‘study 3’, is prepared for submission.

[2] The second study of part B analyzed whether regular coffee consumption had beneficial or
detrimental effects on the microstructure of the brain, considering cardiovascular risk factors
as possible covariates in the association. This study, referred to as ‘study 4’, was published in
January 2023 in the journal Nutrients entitled “Association of coffee consumption with brain

MRI parameters in the Hamburg City Health Study”>.

The thesis is structured, to begin with a brief description of the study cohort, including the
methodological approach used for assessment and definition of demographic and clinical variables as
well as the MRI processing pipeline. This is followed by the description of the studies, separated into
parts A and B. Part A comprises a short introduction on the topic of cerebral small vessel disease and
microstructural brain damage as well as the description of the results of study 1 and 2. Part B includes
a short introduction on nutrition and the definition of dietary patterns, as well as the description of the
results of study 3 and 4. Finally, in paragraph 1.5, the results of all four studies are interpreted and

discussed in a broader context.

1.2. Methodological approach

1.2.1. Selection of the study sample

All data analyzed in the thesis are from the Hamburg City Health Study (HCHS), which is conducted at
the University Medical Center Hamburg—Eppendorf. As described in detail in a previous publication®,
the HCHS is a large, population—based, prospective, single—center cohort study initiated in 2016 with
the aim of gaining a deeper understanding of functional health impairments and major chronic
diseases in the general population. The study randomly invites 45,000 individuals between the age of
45 and 74 residing in the city of Hamburg, Germany. Although the study design includes a planned
follow—up every six years, at the time of the analyses, no longitudinal data were available, which
limited all analyses in this thesis to a cross—sectional design. Furthermore, since the studies included
in this thesis were published at different time points, different data sets were available, resulting in
variations in sample size and covariates. For part A (study 1 and 2), data from the first 1,000
individuals studied by brain MRI were available, while for part B (study 3 and 4), all data from the first

10,000 participants were available, of which 2,652 individuals received a brain MRI.



The HCHS was approved by the local ethics committee of the Landesarztekammer Hamburg (State of
Hamburg Chamber of Medical Practitioners, PV5131) and all participants gave written informed
consent. The study was registered at ClinicalTrials.gov (NCT03934957). All involved individuals in the
study adhered to the ethical principles of the Declaration of Helsinki, Good Clinical Practice and Good

Epidemiological Practice.
1.2.2. Assessment of demographic and clinical data

1.2.2.1. Demographic data and cardiovascular risk factors (all studies)

During their visit at the HCHS study center, participants underwent a detailed anamnestic and clinical
examination. Their educational status was determined based on years of education and highest
degree attained, which was then coded according to the International Standard Classification of
Education (ISCED)” and grouped into tertiles ranging from 1-3 (low, medium, high). Individuals with
diabetes mellitus were identified based on a fasting serum glucose level >126 mg/dl, non—fasting
serum glucose level >200 mg/dl, or self-reported prevalence of the condition. Hypertension was
defined as an increased blood pressure (=140/90 mmHg), or the use of antihypertensive medication
next to self-report. Smoking status was classified as active or non—-smoking, and alcohol consumption

was quantified based on the monthly frequency of alcohol intake.

Metabolic syndrome was defined according to the International Diabetes Federation consensus
worldwide definition® which requires the fulfilment of the abdominal adiposity criterion (waist
circumference >94 cm in men and >80 cm in women) and at least two other criteria®: high triglycerides
(2150 mg/dl) or the intake of lipid—lowering medication, low high-density lipoprotein cholesterol (men
<40 mg/dl and women <50 mg/dl) or the intake of cholesterol-lowering medication, high blood
pressure (systolic blood pressure 2130 mmHg or diastolic blood pressure 285 mmHg) or the intake of
anti—hypertensive medication, high fasting plasma glucose (=100 mg/dl) or previously diagnosed

diabetes mellitus according to self—report.

1.2.2.2. Nutritional behavior, including coffee consumption (study 3 and 4)
The nutritional behavior of all participants was assessed using a validated food frequency
guestionnaire (FFQ) containing 102 items, which was specifically developed for the European
Prospective Investigation into Cancer and Nutrition Study®. The adherence to several dietary patterns
was determined based on the FFQ scores, including the Mediterranean diet, the Dietary Approaches
to Stop Hypertension (DASH diet) and the Mediterranean—DASH Intervention for Neurodegenerative
Delay (MIND diet). The adherence to the Mediterranean diet was calculated with the German version
of the original Mediterranean Diet Adherence Screener® which assigns a score of 0 or 1 to 14 food
items. Therefore, the adherence score ranges from 0 (no adherence) to 14 (maximal adherence). The
DASH diet was evaluated according to a previously published scoring scheme?! which assigns a score
of 0, 0.5 or 1 to each of 10 items. Ultimately, this results in an adherence score between 0 (no
adherence) and 10 (maximal adherence). Adherence to the MIND diet was calculated as suggested in
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the original paper'? where a score of 0, 0.5 or 1 is assigned to 10 healthy and 5 unhealthy food items.

In total, this revealed an adherence score between 0 (no adherence) to 15 (maximal adherence).

Furthermore, the adherence to a fourth dietary pattern representing an anti—inflammatory diet was
calculated. As there is standardized definition for this dietary pattern, a data—driven approach was
applied to use the scores on all items of the DASH diet, Mediterranean diet, and MIND diet for the
definition of the anti—inflammatory diet. To be more precise, all item scores on all three dietary patterns
were converted into tertiles to avoid extreme differences in sample size between the groups. Then, all
items were correlated with the inflammatory markers CRP and IL—6 by using a Wilcoxon signed-rank
test. All items with a significant association with inflammatory markers were selected as items of the
anti-inflammatory diet. When multiple items represented the same food group, the item with the higher
effect size was selected. When one item represented a specific food of another item with a more
general food group, the more general item was selected. This approach resulted in nine items — four
items of the DASH diet (vegetables, fruits, total dairy, nuts/seeds/legumes), three items of the MIND
diet (red and processed meat, fast fried foods, wine) and two items of the Mediterranean diet
(carbonated drinks, tomato sauce). A higher score on the anti—-inflammatory diet represents intake of
more anti-inflammatory foods and avoiding more pro—inflammatory foods. The anti-inflammatory diet
was validated in a x?-test showing that the association of the score with several disorders including

heart failure, heart insufficiency, arterial fibrillation, cancer, and cognitive function is highly significant.

Coffee consumption was quantified based on the participants’ responses to the FFQ which also
includes the consumption of espresso, cappuccino, café latte and other preparation types. The
frequency of coffee consumption was classified into 5 groups: less than one cup per day (<1 c/d), one
to two cups per day (1-2 c/d), three to four cups per day (3—4 c/d), five to six cups per day (5-6 c/d),

or more than six cups per day (>6 c/d). One coffee was defined as a cup of 150 milliliters (ml).

1.2.2.3. Cognitive function (study 3)

Cognitive function was assessed using several cognitive tests that cover a variety of cognitive
domains. The cognitive screening tests utilized were part of The Consortium to Establish a Registry for
Alzheimer’s Disease Neuropsychological Assessment Battery (CERAD-NP), in specific the extended
German version (CERAD-NP/Plus)!® which includes tests for cognitive status (Mini—-Mental State
Exam modified after original version'4), verbal fluency (CERAD-NP/Plus Subtest Verbal Fluency),
verbal learning and verbal memory (CERAD-NP Subtest Word List Memory, CERAD-NP Subtest
Word List Recall), processing speed (Trail Making Test Part A as subtest of the CERAD-NP/Plus?®),
executive function (Trail Making Test Part B as subtest of the CERAD-NP/Plus'®) and general
intelligence level (Multiple—Choice Vocabulary Intelligence Test'6). To ensure the validity of the
cognitive test scores, participants were required to have sufficient German language skills and
cognitive data were checked for plausibility. Implausible data were subsequently excluded. Table 1
shows the descriptive sample characteristics of the first 10,000 participants in the HCHS to provide an

overview of the study sample.



Table 1. Study sample characteristics of 10,000 participants of the Hamburg City
Health Study. Categorical variables are reported in number (n) and percentage
(%), continuous variables are reported in median and interquartile range (IQR).
Demographic variables

Age [years], median (IQR) 63 (15)
Female sex, n (%) 5,108 (51)
Education [years], median (IQR) 13 (4)
Education [ISCED7]
Low 466 (4.9)
Medium 4,721 (50)
High 4,232 (45)
Cardiovascular risk factors
Body mass index, median (IQR) 26.1 (5.7)
Active smokers, n (%) 1,354 (14)
Diabetes mellitus, n (%) 794 (7.9)
Hypertension, n (%) 6,301 (63)
Hypercholesterolemia, n (%) 2,277 (23)
Metabolic syndrome, n (%) 3,540 (35)
Nutritional behavior
Mediterranean diet, median (IQR) 4(3)
DASH diet, median (IQR) 4.5 (1.5)
MIND diet, median (IQR) 6.5 (2.5)
Anti—inflammatory diet, median (IQR) 4.5 (1.5)
Coffee consumption [cups per day]
< 1 cup per day, n (%) 1,766 (18)
1 — 2 cups per day, n (%) 3,933 (39)
3 — 4 cups per day, n (%) 2,333 (23)
5 — 6 cups per day, n (%) 666 (6.7)
> 6 cups per day, n (%) 311 (3.1)
Cognitive function
Verbal fluency, median (IQR) 25 (10)
Verbal memory, median (IQR) 8(2)
Processing speed, median (IQR) 37 (17)
Executive function, median (IQR) 80 (42)
General intelligence, median (IQR) 32 (5)

1.2.3. Magnetic resonance imaging

A subgroup of all participants received state—of-the—art brain MRI, either randomly selected from all
participants or identified by an increased risk of cardiovascular diseases characterized by a
Framingham Risk Score above 717.

The brain MRI was performed using a 3 Tesla Siemens Skyra MRI scanner (Siemens, Erlangen,
Germany). The imaging protocol included the acquisition of 3D T1-weighted anatomical images using
a rapid acquisition gradient—echo sequence with the following sequence parameters: repetition time
(TR)=2,500 ms, echo time (TE)=2.12ms, 256 axial slices, slice thickness (ST) = 0.94mm, and in—

plane resolution (IPR)=0.83 x 0.83 mm?2. 3D T2—weighted fluid attenuated inversion recovery (FLAIR)
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images were obtained using the following sequence parameters: TR=4,700 ms, TE=392ms, 192
axial slices, ST =0.9mm and IPR=0.75 x 0.75mm. For single-shell diffusion weighted imaging (DWI),
75 axial slices covering the entire brain were acquired with gradients (b =1,000 s/mm?) applied in 64
noncollinear directions with the following sequence parameters: TR=8,500ms, TE=75ms,
ST=2mm, IPR=2x2mm?2, anterior—posterior phase—encoding direction. T1-weighted images and
DW!I underwent quality assurance by deriving measures of image quality from MRIQC!8, Freesurfer®,
and QSI-Prep?. Based on these measures, images with outliers in framewise displacement and
number of slices with signal dropouts (for DWI) were excluded. The FLAIR images were visually

checked for sufficient quality.

1.2.3.1. MRI preprocessing

For study 3 and 4, we implemented an MRI preprocessing protocol according to the latest
developments in neuroimaging, as described in detail in a published paper?® and made openly
available in a GitHub repository at: https://github.com/csi-hamburg/CSlframe/wiki. The relevant steps

for study 3 and 4 included preprocessing of T1-weighted images and DW!I using QSIPrep v.0.14.220
based on Nipype v.1.6.122. T1-weighted images were intensity normalized with N4BiasFieldCorrection
by using Advanced Normalization Tools v.2.3.123. DWI were further denoised (MRtrix3’s denoise?*)
and corrected for Gibbs ringing artefacts (MRtrix3’'s mrdegibbs?®) and Bl field inhomogeneity
(MRtrix3’s dwibiascorrect with N4 algorithm?3), followed by correction for head motion, eddy currents?®

and susceptibility distortions?”.

For study 1 and 2, preprocessing included only the registration of the structural images (FLAIR and
T1-weighted images) on the DWI to overlay the output of one modality on the other. FLAIR and T1-
weighted images were resampled to a resolution of 1x1x1mm, as well as DWI. The FLAIR and T1-
weighted images were then non-linearly registered on the resampled DWI image with nearest

neighbor interpolation.

1.2.3.2. Calculation of brain volume and cortical thickness (study 1, 2, 3 and 4)

The standardized FreeSurfer processing pipeline?® (v.5.3 for study 1 and 2, v.6.0.1 for study 3 and 4)
was applied on the registered Tl-weighted images for whole—brain parcellation including
segmentation of grey and white matter, ventricles, brainstem, and cerebellum. The brain volume was
calculated by summing up the brain tissue without the ventricles. From the white matter masks, the
brainstem, cerebellum, and all voxels located at the boundary to the grey matter were subtracted. The

white matter masks are needed for the filtering of WMH.

Similarly, the reconstruction of the cortical surface and the calculation of the cortical thickness were
conducted on T1-weighted images using the standardized FreeSurfer processing pipeline!® (v.5.3 for
study 1 and 2, v.6.0.1 for study 3 and 4). For study 4, we considered the mean cortical thickness
averaged over both hemispheres as input variables. For study 1, we calculated the cortical thickness

for each region in the Brainnetome atlas®®.


https://github.com/csi-hamburg/CSIframe/wiki

The measures of brain volume and cortical thickness were checked for quality. Data points with > 2

standard deviations from the mean were defined as outliers and excluded from subsequent analysis.

1.2.3.3. White matter hyperintensities segmentation (study 1, 2 and 4)

To segment WMH, FLAIR and Tl-weighted images were utilized. First, two independent raters
manually segmented WMH on 100 FLAIR images. The inter—rater overlap of manual segmentations
was then used as input for the FSL'’s Brain Intensity AbNormality Classification Algorithm (BIANCA), a
fully automated, supervised k—nearest neighbor (k—NN) algorithm3°, WMH were then automatically
segmented on both T1-weighted and FLAIR images for all participants, as segmentation on multiple
image modalities leads to more accurate results. WMH masks were divided into periventricular WMH
(PWMH) and deep WMH (dWMH) by defining a 10mm distance threshold to the ventricles, as
recommended3!. Finally, the WMH load was calculated as the ratio of WMH volume to brain tissue
volume, excluding the ventricles. This WMH load measurement was used for the calculation of the
WMH volume for study 1. The cohort was relatively mildly affected3334, with most WMH located in the

periventricular white matter.

To overlap the WMH masks on free—water (FW) maps and free—water corrected fractional anisotropy
(FA—t) maps in the analyses of study 2, they were registered into DWI-space by applying the warp

fields from the structural image registration.

For study 2, the WMH masks were further resized via interpolation and binarized to match the
resolution of the original DWI (2x2x2mm). WMH masks containing less than 4 voxels were excluded
from subsequent analyses to ensure that all imaging parameters measured within WMH are based on
a representative number of voxels. Again, we derived the WMH load from the ratio of WMH volume to
brain volume. We further calculated the logarithm of the WMH load to obtain normally distributed data.
This measure was used for study 2 and is referred to as ‘logarithmic WMH load’. Furthermore, to
analyze the non-lesioned, normal-appearing white matter (NAWM) in study 2, several regions of
interest (ROIs) were defined by dilating the WMH masks in 3-dimensional space with 1 voxel
increments. This step was repeated eight times, creating 8 NAWM masks (each 2mm size, in total a
diameter of 16mm surrounding WMH) which indicate the increasing distance to the WMH. The size of
the NAWM masks (in total 16mm) was chosen based on previous literature3>36, In the final step, the
voxels were filtered with a white matter mask (described in paragraph 1.2.3.2), excluding all voxels

that are not parcellated as white matter.

For study 4 and the inclusion of the larger MRI dataset (N=2,652), we updated the WMH segmentation
by implementing a supervised method called LOCally Adaptive Threshold Estimation3” for local
thresholding of lesion probability maps, which led to significant improvements in the outcome lesion
maps. Because the method was published in October 2018, after the first dataset of the HCHS was

already processed, we were not able to apply this method in the first dataset (N=1,000). Instead of
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using the brain tissue volume, we used the estimated intracranial volume (output from the FreeSurfer

processing pipeline?®) to normalize the WMH volume and retrieve WMH load.

1.2.3.4. Whole-brain tractography (study 1)

To determine the total number of streamlines terminating at the cortex, which was needed for the
connectivity analysis in study 1, we applied whole—brain tractography on DW!I using anatomically
constrained probabilistic streamline tractography3® by second order integration over fiber orientation
distributions3® with the publicly available MRtrix3 toolbox#?. Dynamic seeding was applied to improve
the biological plausibility of the tractography and consider the uncertainty in the determination of the
voxel-wise fiber orientations*. From the tractography, four tractograms were derived for all
individuals: (1) a tractogram containing all streamlines that terminate at the cortical surface; a
tractogram containing all streamlines that pass through at least one such voxel segmented as (2)
WMH, (3) periventricular WMH, or (4) deep WMH and then terminate at the cortical surface. Based on
the tractograms, the total streamline number and the number of streamlines passing through a WMH
were determined, and the proportion of WMH streamlines was calculated, further referred to as the
WMH connectivity. This step was repeated for the streamlines passing through periventricular and
deep WMH separately, further referred to as the periventricular or deep WMH connectivity. To
facilitate the statistical analysis of the data, we translated the cortical thickness and connectivity data

from ~320.000 vertices to 210 regions of the connectivity—-based Brainnetome atlas?.

1.2.3.5. Peak width of skeletonized mean diffusivity (study 3 and 4)

Peak width of skeletonized mean diffusivity (PSMD) was initially proposed in a paper published in
201642, PSMD is defined as the difference between the 5" and 95" percentile of mean diffusivity
values in the white matter skeleton2. Its source code was made openly available in 2019. We
estimated diffusion—tensor imaging (DTI) from preprocessed DWI using a least—squares fit4344, The
resulting mean diffusivity maps were used for the estimation of PSMD according to the published
protocol*? but adjusted the pipeline by using a non-linear registration with ANTs’ SyN registration°.
We included PSMD as imaging marker of microstructural integrity and vascular brain damage in study
3 and 4.

1.2.3.6. Free—water imaging and free—water corrected fractional anisotropy (study 2)

We also applied free—water imaging by fitting a bi—tensor model optimized for single—shell DWI on the
original DWI data*¢. This technique produced FW maps and FW-corrected diffusion tensors of the
tissue compartment, which were used to calculate FW—corrected FA-t. WMH and NAWM masks were

added to the maps to extract FW and FA-t values for each ROI, the dependent variables of study 2.

This is the end of a detailed description of the methodological approach for this thesis. Moving on, the
next paragraph will deal with a brief introduction on the topic of cerebral small vessel disease, which

will be followed by a description of the findings from study 1 and study 2.
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1.3. Part A

1.3.1. Introduction — Structural brain changes in cerebral small vessel disease and beyond

1.3.1.1. Cerebral small vessel disease

Cerebral small vessel disease (CSVD) is a prevalent brain disorder that affects the small blood
vessels in the brain, including the arterioles, capillaries, and venules. The pathogenesis of CSVD
ranges from endothelial dysfunction and blood-brain barrier damage over impairment in
vasodilatation, stiffening of the vessels and reduced blood flow to demyelination and inflammation*’.
These processes can lead to damage in both grey and white matter*® as well as the development of
stroke*?, cognitive decline and dementia*®. CSVD can lead to various symptoms, including memory
impairments>%51, mood disorders®? and gait disturbances33. While the underlying causes of CSVD are
still not fully understood, certain factors such as high blood pressure®® or smoking® are known to
increase an individual’'s risk of developing CSVD. Treatment options for CSVD include lifestyle

modifications, medication for symptom management, and secondary prevention>5(2),

Diagnosis of CSVD typically involves a combination of imaging and clinical evaluation. The most
observed imaging markers used to diagnose CSVD are: 1) White matter hyperintensities of presumed
vascular origin (WMH) are lesions of increased signal intensity on T2—weighted MR sequences in the
white matter. WMH can also occur in subcortical grey matter structures or the brainstem but should
then be referred to as ‘subcortical hyperintensities’ instead of WMH3; 2) Cerebral microbleeds occur
as small hypointense lesions on T2*—weighted gradient-recalled echo or susceptibility—weighted
imaging (SWI). Measuring 2mm to 10mm in diameter, they are generally not visible on computer
tomography scans, FLAIR, T1-weighted or T2—weighted images®; 3) enlarged perivascular spaces,
visible as round or linear structures in the same image intensity as cerebrospinal fluid. Generally,
perivascular spaces are structures along the walls of cerebral blood vessels which are filled with
fluid®”. They appear linear when viewed parallel to the vessel or round/ovoid when viewed
perpendicular to the vessel®®; 4) Recent small lacunar infarcts occur in the territory of a perforating
arteriole. Because of their predominant location in the primary motor and sensory pathways, they often
appear clinically as a stroke while other pathologies of CSVD propagate without acute symptoms*8; 5)
Lacunes of presumed vascular origin appear ovoid or round and are fluid—filled cavities in the
subcortical brain measuring 3mm to 15mm in diameter. They develop after a recent small lacunar
infarct or hemorrhage®®; 6) brain atrophy refers to a decrease in brain volume, in the context of CSVD
not related to a focal brain injury. It encompasses decreases in both gray and white matter volume and

an increase in cerebrospinal fluid structures®s.

Among the various imaging markers for CSVD, the most studied pathology is WMH. WMH are an
indicator of vascular and age-related brain damage®®, almost ubiquitous with increasing age® and
more prevalent in individuals with higher cardiovascular risk® (including in active smokers®#5 and in

patients with diabetes mellitus®®, overweight>® or hypertension®®). In a large multicenter study that
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included data from 10 European population cohorts with 1,805 men and women, the prevalence of
severe stage WMH increased dramatically with age, from 20.6% in the age group 65-69 years to
31.5% in the age group 70-75 years®t. The sharp increase is alarming, since individuals with severe
WMH have a yearly transition rate to disability or death of 29.5%62, related to the increased risk of
numerous diseases associated with WMH, such as accelerated cognitive decline®3-65, several types of
dementia®3, stroke®3, depression®®, and impaired daily functioning®” (including disturbances in gait33
and motor function®8). Extensive WMH burden in the general population has been linked to an 70.8%
increased risk of stroke and dementia and 60% increased mortality*°. WMH are associated with other
brain pathologies, including decreased brain volume®, decreased cortical thickness™ and lacunes™

and are more common in patients with subjective memory complaints®°.72-74,

1.3.1.2. Microstructural white matter damage beyond the lesion

Amassing evidence suggests that WMH represent only the most severe form of white matter damage.
Although less pronounced, damage can still occur in the non-lesioned, normal-appearing white
matter (NAWM) which is not visible to the naked eye but can be quantified with DWI and DTI. The
most common DTI-metrics to quantify white matter microstructure are fractional anisotropy (FA) and
mean diffusivity (MD). FA reflects the directionality of the movement of water molecules, which usually
move along the length of axons and rarely perpendicular to them?. Therefore, FA characterizes the
microstructural properties and integrity of white matter’s. Higher FA values indicate that water
molecules are more directed in their diffusion, suggesting a preserved microstructure while lower FA
reflects neuronal abnormalities?®. MD reflects the diffusion of water molecules in brain tissue, with a
lower magnitude of diffusion (and lower MD) indicates preserved microstructure. FA and MD can be
affected by age’-’ and in various conditions, such as cardiovascular risk factors (i.e.,
hypertension’-8 and diabetes mellitus’9-81-83), systemic inflammation8485, gait disturbances33, kidney
dysfunction®®, subjective memory complaints®’, several types of dementia®’-8°, amyloid positivity®®, and
depression®.%2, FA and MD are also associated with mortality (especially cardiovascular mortality)®3.
The 5-year prediction of stroke was significantly improved using markers of microstructural white
matter integrity beyond the Framingham Stroke Risk Profile%4. Additionally, both FA and MD are
influenced by lifestyle-related factors such as nutrition%:%, smoking”97:9%, alcohol consumption?8.99

and physical activity100.101,

Despite the new discoveries made possible with the development of DTI-metrics, values such as FA
and MD can be contaminated by freely diffusing water molecules in the brain*é. All water molecules
that are not hindered in their movement by cellular structures within the diffusion time are considered
free water (FW). In the brain, free water is found in the fluid—filled ventricles, around the brain
parenchyma or in vasogenic edema, for example occurring due to trauma'®? or tumors?*. To a lesser
degree, FW is also present in the white matter, which is a problem for the estimation of a diffusion
tensor6. When MRI voxels contain more than one tissue type, partial volume effects alter the diffusion

tensor indices as they are no longer tissue—specific but represent the average of all tissue
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compartments'®. In other words, voxels that contain cerebrospinal fluid contaminate the diffusion
tensor, causing elevations in MD and decreases in FA without apparent alterations in the white matter
microstructure. To correct for this contamination, a method called free—water imaging was developed
to calculate a two—tensor model which separates the isotropic free—water compartment from the free—
water corrected tissue compartment*®. Studies have shown that correcting for FW improves the
sensitivity and robustness of DTIl-metrics, enabling the detection of microstructural alterations in
various patient groups that were not noticeable before. For example, radial diffusivity derived from MD
was found to be increased in the brain of individuals converting from mild cognitive impairments to
Alzheimer’'s Disease only after correction for FW94. Similarly, microstructural brain alterations in

women with major depressive disorder were only detectable after FW correctioni,

After initially publishing the method of free—water imaging in 200946, subsequent analysis revealed that
FW itself — derived from the free—water compartment — is a valid and reliable measure of white
matter integrity, as FW highly correlated with age’’, hypertension!%, vascular dementia®, Alzheimer’s
Disease®88.104 and schizophrenial®’. Furthermore, FW was superior to conventional and FW-
corrected DTl-metrics in the association with cognitive declinel%8-111  |n addition, FW imaging has
been found to be better at distinguishing patients from healthy controls compared to conventional MRI
parameters. For example, hippocampal volumetry — a commonly used marker in the context of
cognitive deterioration and Alzheimer's Disease — did not differ between early patients with mild
cognitive impairments and healthy controls, but hippocampal FW detected early microstructural
differences between the groups!2. Also, while chronic stroke patients showed only slight differences in
FA—t from healthy controls, the differences in FW were substantial and of large magnitude!s,
Additionally, FW was also stronger associated with cognition than several imaging markers of
CSvD4,

Despite the vast amount of research in the context of cerebral small vessel disease, several questions
remain. Study 1 and 2 of this thesis deal with unanswered questions in the context of WMH. To be
more specific, in study 1, we analyzed the structural connectivity between WMH and cortical thickness
by conducting whole—brain tractography in the HCHS. In study 2, we focused more on microstructural
properties in the NAWM by applying free—water imaging in the HCHS. In the following paragraph, | will
give a short introduction to each of the two studies, describe the aim of the research and the findings.
A detailed discussion of the results can be found in paragraph 1.5 together with the findings from the

second part of this thesis.
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1.3.2. Study 1: Linking cortical atrophy to white matter hyperintensities of presumed vascular

origin

1.3.2.1. Background & aims

Several studies showed that WMH and cortical degeneration often occur together??.115, Individuals with
WMH progression over a three—year period have been shown to have more pronounced cortical
thinning compared to those with WMH regression!16(20), Cortical thinning, like WMH, is an imaging
marker of CSVD%. However, the exact relationship between the two CSVD markers is not yet clear,
and there is currently no evidence of a direct structural connection. Research on the connection
between stroke lesions and cortical degeneration may provide insight into this topic. In stroke, a
subcortical brain lesion causes cortical atrophy!'7118 through the degeneration of the white matter
tracts connecting the stroke lesion to the cortex!'”. This tract disturbance and subsequent cortical
atrophy can extend to distant gray and white matter regions and even to the contralesional
hemisphere!®®, It is hypothesized that similar mechanisms may be present in individuals with CSVD,
although this is not yet fully understood. This research question was covered in study 1 entitled
“Linking cortical atrophy of white matter hyperintensities of presumed vascular origin”3. To investigate
the relationship between cortical thinning and WMH, we applied whole-brain tractography to a large
population—based cohort with an increased risk of cardiovascular diseases. We expected a decrease
in cortical thickness in regions with more WMH streamlines compared to those with fewer WMH
streamlines. Moreover, we explored any differences in effect on cortical thickness based on the

location of WMH in the periventricular or deep white matter.

1.3.2.2. Methods & results

This paragraph is a summary of a previously published paper3.

Of the first 1,000 participants in the HCHS, 21 participants were excluded due to missing imaging data
(9 without any imaging, 3 without FLAIR, 9 without DWI), 40 participants were excluded due to poor
image quality or incomplete sequences (39 DWI, 1 FLAIR) and 9 participants were excluded due to
technical problems during image processing. Therefore, data from 930 participants with a median age

of 64 (IQR 14) years were included, of which 45.6% were female.

In the first part of the analysis, we projected the streamlines passing through WMH onto the cortical
surface in the FreeSurfer average space to analyze the connectivity between WMH and the cortex.
The visualization of the connectivity (Figure 1) revealed regional differences with higher WMH
connectivity in the occipital and frontal lobes corresponding to the following Brainnetome regions: the
cingulate gyrus (Brainnetome atlas labels A32p and A32sg), orbital gyrus (labels A12/471, A12/470),
inferior frontal gyrus (label A44o0p), medio—ventral occipital cortex (labels vmPOS, rCunG, cCunG) and
superior frontal gyrus (labels A9m, A10m). Consequently, lower connectivity was observed in the

parietal and temporal lobes. The pWMH revealed to have a similar connectivity pattern on the cortical
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surface with most connections to the frontal and occipital lobes. However, the dWMH connectivity was

lower in total and more homogeneously distributed over the cortex.

i B
Py
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Figure 13. Visualization of the WMH connectivity pattern on the cortical surface. Shown are
connectivity patterns of streamlines passing through a WMH (A), a periventricular WMH (B) or a
deep WMH (C). Color bars indicate the number of streamlines passing through a WMH relative
to all streamlines for each vertex on the cortical surface.

]

In the second part of the analysis, we investigated the relationship between the thickness of a cortical
region and its connectivity to WMH by applying a mixed—effects model. We found that WMH
connectivity, as included in Model 1, was significantly negatively associated with cortical thickness
(t(49.12) = -2.71, p = 0.009) after controlling for individual and regional differences in cortical
thickness. Additionally, we found lower cortical thickness in male participants (1(92.22) = 4.64, p <
0.001) and older participants (t(92.25) = -12.27, p < 0.001) participants, in the left hemisphere (1(19.24)
= 7.89, p < 0.001) and with a higher load of WMH (t (93.23) = -2.82, p = 0.005). In Model 2, we
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replaced the WMH connectivity with pWMH and dWMH connectivity. Only the pWMH connectivity
revealed to have a significant negative association with cortical thickness (t(62.33) = -3.38, p = 0.001).
Associations with age (1(92.57) = -11.9, p < 0.001), sex (1(92.53) = 4.4, p < 0.001), hemisphere (t(19) =
7.78, p < 0.001) and pWMH load (t(94.45) = -2.72, p = 0.007) were similar to the results in Model 1.
Both dWMH connectivity (p = 0.333) and dWMH load (p = 0.495) revealed to have no association with
cortical thickness. An overview of the results of the linear mixed—effect models is presented in Table 2

where the estimates, confidence intervals (Cl) and p—values are reported.

Table 2. Results of linear mixed—effect models analyzing the association between cortical thickness
and WMH connectivity with additional adjustment for age, sex, hemispheric differences, and lesion
load. The models also include two random effects to correct for inter—individual and regional
differences of cortical thickness.

Model 1 (WMH) Model 2 (PWMH and dWMH)

Estimate Cl p-value | Estimate Cl p-value
Intercept 2.74 2.64-2.84 | <0.001 2.73 2.63-2.84 <0.001
Age <0.01 -0.01-0.0 <0.001 <0.01 -0.01-0.0 <0.001
Left hemisphere 0.01 0.01-0.01 | <0.001 0.01 0.01-0.01 <0.001
Female sex 0.03 0.02-0.04 | <0.001 0.03 0.02 -0.04 <0.001
Connectivity
WMH -0.25 -0.43 - 0.07 0.009
dWMH 0.05 -0.05-0.16 0.333
pWMH -0.39 -0.62 -0.17 0.001
Lesion load
WMH -6.94 -11.76 — 2.21 0.005
dWMH 5.93 -11.10 — 22.96 0.495
pWMH -10.24 -17.63 — 2.85 0.007

In summary, WMH as an imaging marker of CSVD and vascular brain damage has a significant impact
on brain networks. It can be suggested that especially long—ranging white matter tracts with frontal
lobe connections are the most affected. Previous studies repeatedly demonstrated a link between
frontal lobe dysconnectivity and impaired executive function, a common clinical outcome of CSVD and
vascular cognitive impairment65120.121 - Additionally, our findings showed that thinner cortices have
more connections to WMH, suggesting secondary cortical degeneration following the development of
lesioned white matter. Further research advancing the quantification of CSVD markers and the
combination of WMH connectivity, brain network measures, and cortical atrophy over time is
necessary to fully understand the exact workings of WMH and CSVD on brain network measures and

cognitive deterioration.
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1.3.3. Study 2: Free—water diffusion MRI detects structural alterations surrounding white matter

hyperintensities in the early stage of cerebral small vessel disease

1.3.3.1. Background & aims

The WMH penumbra — or the perilesional zone of white matter surrounding WMH — is prone to
lesioning, as revealed with DTI%22, MD and FA were found to be altered in the WMH penumbra, with a
distance—dependent relationship: the lowest integrity (i.e., high MD and low FA) was found closest to
the lesion and improved with distance from WMH35122.123|n fact, studies have demonstrated a WMH
penumbra up to 9mm from the lesion with impaired white matter integrity24, even in relatively healthy
cohorts of 43 to 56 years of age!?s. Alterations in blood-brain barrier leakage and cerebral blood flow
even revealed a WMH penumbra of 10mm?35126 and 13mm??* size. This information can be used to
determine the time point at which microstructural alterations develop before tissue becomes lesioned.
Several studies addressed this topic!?’-12°, and the WMH penumbra revealed to have altered integrity
up to 9 years before the development of WMH3°, The question remains if the FW-content — as
indicator for decreased white matter integrity — is also increased in the penumbra of the WMH and if
there is a distance—dependent relationship to WMH itself. This was the research question of the
second publication of this thesis entitled “Free—water diffusion MRI detects structural alterations
surrounding white matter hyperintensities in the early stage of cerebral small vessel disease™. In this
paper, we examined the FW-content and the FA-t in the WMH penumbra and the spatial relationship
to WMH. We hypothesized that white matter in the direct surrounding of WMH (less distance) is
marked by lower white matter integrity, indicated by increased FW—content, and decreased FA-t. To
test this, linear regression models were employed to compare the concentric regions surrounding the
WMH, including 8 NAWM regions, in terms of their FW and FA-t values. In addition, we analyzed the
relationship between FW content in the NAWM and cerebrovascular risk factors in additional linear
regression models. We expected that individuals with more risk factors express higher FW and lower
FA-t.

1.3.3.2. Methods & results

This paragraph is a summary of a previously published paper*.

We used the data set from study 1 including 930 participants for this analysis. We had to exclude
additional 30 participants because of technical issues during the DWI processing. Therefore, the final
data set contained data from 900 individuals, characterized by a median age of 64 years (IQR = 14)
and 412 (45.8%) female participants. We used the WMH segmentations produced for the analysis in
study 1 and dilated the masks voxel-wise in three dimensions to create multiple ROIs. This resulted in
eight ROIs representing the rims with increasing distance from the lesion. A detailed description of the
calculation of FW and FA-t values is described in paragraph 1.2.3.6. To test the hypothesis that FW
and FA-t values are different in NAWM depending on the distance to WMH, we compared the
concentrically adjacent ROIs including WMH and the 8 NAWM ROIs in their FW and FA-t values with

linear regression models. We defined a contrast called ‘forward difference coding’ to compare
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neighboring NAWM ROlIs in the statistical analysis. The output of the statistical analysis is reported

with standardized coefficients () and p—values (p).

Our analysis revealed that FW is significantly higher in the NAWM regions compared to its outer
surrounding region in up to 8mm surrounding the WMH. In other words, NAWM ROI 1 (2mm distance
to WMH) contained more FW than NAWM with 4mm distance to WMH, which contained significantly
more FW than NAWM with 6mm distance to WMH. The outer region with significance was NAWM with
8mm distance to WMH showing significantly more FW than NAWM with 10mm distance to WMH. The
relationship between FA-t values was more complex, with the highest FA-t value found in the NAWM
4mm from WMH. Further distant NAWM contained lower FA-t values with significant decreases in up

to 14mm distance. A summary of these results is presented in Table 3.

Table 3. Results of multivariate linear mixed—effects regression analyzing FW and FA-t in WMH and
adjacent NAWM ROls.

Free—water FA-t

B p-value B p—-value
Intercept 0.205 <0.001 0.456 <0.001
Age 0.008 < 0.001 -0.002 0.01
Female sex 0.003 0.051 -0.001 0.35
Logarithmic WMH load 0.007 < 0.001 -0.004 <0.001
ROI contrasts
WMH — 2mm 0.166 < 0.001 -0.059 <0.001
2mm —4mm 0.07 < 0.001 -0.008 <0.001
4mm — 6mm 0.015 < 0.001 0.019 <0.001
6mm — 8mm 0.006 <0.001 0.015 <0.001
8mm — 10mm 0.002 0.017 0.011 <0.001
10mm — 12mm <-0.001 0.932 0.007 <0.001
12mm — 14mm -0.001 0.154 0.004 0.003
14mm — 16mm -0.001 0.18 0.002 0.141

The second part of the analysis focused on the association of FW and FA-t with cerebrovascular risk
factors including smoking, hypertension, and diabetes mellitus in WMH and in surrounding tissue. For
this analysis, ROIs with significantly increased FW were summarized in one WMH-FW—-penumbra.
This allowed us to examine the effect of cardiovascular risk factors (i.e., diabetes mellitus,
hypertension, smoking) on the microstructural integrity as quantified by FW imaging. The results
showed higher FW in the WMH-FW—-penumbra in active smokers compared to non—smokers (f =
0.006, p = 0.008). There were no significant differences of FW between smokers and non—smokers in
WMH (B = 0.001, p = 0.793). There were also no significant differences of FW in individuals with
diabetes mellitus (effect in WMH: 8 = -0.003, p = 0.639; effect in WMH—FW—penumbra: 8 < -0.001, p =
0.953) or hypertension (effect in WMH: f = < 0.001, p = 0.997; effect in WMH-FW—-penumbra: § <
0.002, p = 0.227). For FA—t, the results were similar. Active smokers had significantly lower FA—t

values in WMH (B = -0.015, p = 0.008) and WMH-FW-penumbra (8 = -0.007, p = 0.003) compared to
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non—smokers. There was no significant association with diabetes mellitus (effect in WMH: 8 = 0.007, p
= 0.607; effect in penumbra: § = 0.002, p = 0.533) or hypertension (effect in WMH: B = 0.002, p =
0.316; effect in penumbra: B = 0.003, p = 0.212). See Table 4 for all results.

Table 4. Results of multivariate linear regression models with cerebrovascular disease factors and
FW / FA-t in WMH and WMH-FW-penumbra.

Free—water FA-t
WMH penumbra WMH penumbra
B p B p B p B p
Intercept 0424 | <0001 | 0192 | <0001 | 0431 | <0.00l1 0478 | <0.001
Age 0.008 | <0.001 | 0.007 | <0.001 | 0.008 | 0.001 | -0.004 < 0.001
Sex 0.008 | 0.031 | -0.003 0084 | -0.011 | 0.008 | -0.002 | 0.336
;Z%a”thm'c WMH | 5017 | <0001 | 0004 | <0001 | 0001 | 0775 | -0003 @ 0.003
Smoking 0001 | 0793 | 0006 | 0008 | -0.015 | 0008 | -0.007 @ 0.003
Diabetes mellitus | -0.003 | 0.639 | <-0.001 = 0.953 | 0.07 | 0.607 | 0.02 | 0.533
Hypertension <0.001 | 0997 | 0002 | 0227 | 0002 | 0316 | 0003 | 0212

With supplementary analysis differentiating between WMH in the periventricular and deep white
matter, our objective was to investigate the FW in the WMH penumbra independent of the anatomical
location of the WMH. The results showed that both the WMH in the periventricular and deep white
matter have higher FW in the surrounding tissue with pWwMH and dWMH having significantly altered
FW in 8mm and 4mm distance, respectively. Also, the standardized effect sizes decreased with
increasing distance to white matter. Additionally, we examined differences in FW between the first and
last quartile of pWMH volume. The mean volumes for pWWwMH were 0.08ml (IQR = 0.073) in the lowest
quartile and 3.4ml (IQR = 2.55) in the highest quartile. The range of altered FW in the pWMH
penumbra is similar for participants in the lowest and highest quartile of p?WMH volume, indicating that

FW increases in the WMH penumbra represent more than solely the underlying anatomical structure.

Ultimately, FW could not only be superior to conventional DTI-metrics in the prediction of clinical
outcomes108-110 phyt also in the prediction of longitudinal WMH development. First indications in this
direction are given in the literature showing that NAWM contains increased tissue water contents prior
to the progression to WMH?L, However, longitudinal studies are needed that focus on the novel free—
water imaging approach. Despite attempts to control for the contamination of conventional DTI-

metrics with the development of free—water imaging, confounding of pulsativity cannot be ruled out32.

This completes the description of the first part of the thesis. A detailed discussion of the results can be
found in paragraph 1.5 together with the results of part B. In the following section, | will introduce the
relevance of a healthy nutrition, which foods are considered healthy and if regular coffee consumption

is beneficial or detrimental for neurological health, followed by the description of study 3 and 4.
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1.4. PartB
1.4.1. Introduction — Health benefits of nutrition and regular coffee consumption

In 1960, adult men living in Greece had a 90% lower mortality rate from coronary heart disease
compared to their counterparts in the United States'33. Together with a remarkably high adult life
expectancy in Greece and southern Italy, researchers concluded that the food patterns typical in these
areas might play a causal role for the particularly good health of their elderly population33. This
discovery resulted in the creation of the Mediterranean diet, which consists of foods commonly
consumed in Greece and southern Italy in the 1960s and is suggested to promote a healthy lifestyle
and reduce the risk of nutrition—related chronic diseases. The Mediterranean diet includes the daily
consumption of fruits, vegetables, beans, other legumes, nuts, bread, pasta, rice, couscous, polenta,
bulgur, other grains, potatoes, olive oil, cheese, yogurt and wine (in moderate amounts), a medium
consumption (a few times per week) of fish, poultry, eggs and sweets, and a low consumption (a few
times per months) of red meat33, The World Health Organization recommends the Mediterranean diet
to reduce cognitive decline and dementia®34. Over the past two decades, there has been an immense
amount of literature published in the health outcomes of the Mediterranean diet. Solely summarizing
recently published meta—analyses is already beyond the scope of this thesis but briefly describing a
selection of those gives an impression on the immense amount of data available on the dietary
patterns. A higher adherence to the Mediterranean diet was, according to a selection of meta—
analyses published between 2010 and 2022, associated with a reduced risk on the following adverse
health outcomes: all-cause mortality’3>, cardiovascular diseases (incidence3® and mortality35),
stroke36, depression!3¢, hypercholesterolemial®’, cognitive deterioration!36138.139  mild cognitive

impairment135138 and Alzheimer’s Diseasels,

A few years after the Mediterranean diet gained popularity, the DASH diet received public attention
following a clinical trial that showed the effective reduction of blood pressure in hypertensive patients
after following the DASH diet'4%, Several versions of the DASH diet exist, but generally, the diet
promotes a high consumption of vegetables, fruits and low—fat dairy products and a low consumption
of saturated fat, total fat, and cholesterol. In contrast to the Mediterranean diet, the DASH diet
supports the consumption of more low—fat dairy products, low dietary sodium, and no consumption of
alcohol. Because of the strong blood pressure—lowering effects, the DASH diet is recommended as
non—pharmacological treatment option of hypertension by the American Heart Association!4l.
According to a selection of meta—analyses published between 2010 and 2022, a higher adherence to
the DASH diet is linked to reduced risk on all-cause mortality’4>-144, cardiovascular diseases*2-145
including coronary heart disease (incidence*®> and mortality’*3), stroke (incidence!#> and mortality143)
and incident heart failure'#5, cancer (incidence!#?2144 and mortality*2-144), hypertension!46.147  diabetes
mellitus#2144, hypercholesterolemia'*’,  obesity'#7148,  systemic inflammation'4®, Parkinson’s

Disease!#?144 and cognitive deterioration1,
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The food components of the Mediterranean and DASH diet that were found to have the strongest
correlation with reduced cognitive decline and dementia were summarized in a new dietary pattern,
the MIND diet'2. This new diet aims to promote healthy nutrition for neurological health and is made up
of ten healthy components (green leafy vegetables, other vegetables, berries, nuts, olive oil, fish,
beans, poultry, and wine) and five unhealthy components (cheese, butter, and margarine, red meat,
fast fried foods, and pastries and sweets)!2. Despite being a recent development, research has shown
that the MIND diet is effective in reducing cognitive decline, both in cross—sectional'®%151 and
longitudinal analysis'®2, and in reducing the risk of demential®>® and Alzheimer’s Diseasel%31%4, |t was
also that the MIND diet was superior in delaying cognitive deterioration compared to, for example, the
Mediterranean diet and the DASH diet'215515%6  Also, the suggested neuroprotective effects of the
MIND diet were detectable on structural brain MRI parameters such as brain volume!®® and white

matter integrity153.

Although the MIND diet was developed to delay neurodegeneration, few studies examined whether
adherence to the MIND diet is associated with early microstructural alterations. A higher MIND diet
adherence was associated with better outcomes on brain volume in some%3 but not all studies!57.158,
Only one previous study examined the association with microstructural integrity and found a significant
relationship with MD but not FA3. To this end, we examined the association between the MIND diet,
as well as other dietary patterns, with alterations in brain structure and cognitive performance in the
HCHS, represented in study 3. Furthermore, as coffee consumption was previously found to reduce
the risk of several neurodegenerative diseases longitudinally, we conducted a second study,
represented in study 4, to examine the specific effects of coffee on the brain microstructure. A detailed

description of the findings of both studies is given below.

1.4.2. Study 3: Association between nutrition, brain structure and cognition and mediating
effects of metabolic syndrome — a structural equation modeling approach in the Hamburg City
Health Study

1.4.2.1. Background & aims

Although the literature overwhelmingly demonstrated that adhering to a specific dietary pattern, such
as the Mediterranean or DASH diet, is linked to numerous health benefits, recent studies have called
into question the general concept of dietary patterns due to inconsistent results across populations®®°.
For example, the MIND diet was developed based on data from a United States cohort that
demonstrated it to be more strongly associated with cognitive decline that other dietary patterns'2. This
finding was replicated in similar studies, also including cohorts from the United States54156.160,
However, studies including other populations, such as Canadian and European cohorts!90.161.162 fajled
to replicate this result, highlighting the challenge of transferring dietary patterns from one country to
another. Likewise, the Mediterranean diet recommends foods that are common in Mediterranean
regions, to be more specific, foods that were common in the 1960’s'%3, However, the transferability to

other regions is challenging because of limited availability, convenience or affordability®°. Therefore, it
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may be necessary to adapt dietary patterns to local nutritional behavior. In fact, the development of a
local dietary pattern based on data from the Swedish population was found to have a stronger
correlation with health outcomes in a Swedish cohort than the MIND diet!6. Similarly, non—inferiority of
a Dutch dietary pattern compared to the more popular Mediterranean and MIND diet was found in a
Dutch cohort162164, Therefore, while adherence to a specific diet pattern can have significant health
benefits, it may be important to consider the local context when developing and promoting dietary

guidelines.

Based on the discussion around dietary patterns, we aimed to study not the adherence to a specific
dietary pattern, but the general construct nutrition, represented by the adherence to several dietary
patterns (Mediterranean diet, DASH diet, MIND diet, anti-inflammatory diet). We analyzed the
association of this general construct with the brain microstructure and cognitive function. We
measured the brain microstructure with brain volume and the novel imaging marker PSMD, an

indicator of early vascular brain damage*2.

1.4.2.2. Methods & results

We conducted two structural equation models (SEM) to examine the association between nutrition,
cognition, and brain structure. SEM is a statistical approach which allows the analysis of direct and
indirect relationships between variables as well as the total effects in a model, considering additional
(mediating) variables. In SEM, measuring multiple manifest variables allows the definition of latent
constructs. The constructs represent theoretical concepts that cannot be directly measured. While
manifest variables measure observable aspects of a construct, they may not capture the entire depth
of the construct. Latent constructs provide a way to account for the underlying dimensions that

contribute to the observed patterns.

In our study, the first model included data from 10,000 participants and analyzed the association
between the latent constructs nutrition and cognition. The construct nutrition was represented by the
manifest variables DASH diet, Mediterranean diet, MIND diet and anti—-inflammatory diet (see
paragraph 1.2.2.2 for a detailed description of the assessment). The construct cognition represented
the performance on four cognitive domains: verbal fluency, verbal memory, processing speed, and
executive function. See paragraph 1.2.2.3 for a detailed description of the assessment. Furthermore,
we corrected for age, sex, and metabolic syndrome. Metabolic syndrome was added to the model as a
mediating factor. The second SEM was conducted in the MRI subsample and additionally contained
the construct brain structure, represented by the manifest variables PSMD and normalized brain

volume. Missing data points were imputed with full information maximum likelihood.

The first SEM was assessed in the full cohort, which contained 10,000 participants. Figure 2 gives an
overview of the SEM with the results. The direct effect and total effect of nutrition on cognition was
significant and positive (direct effect: f = 0.308, p < 0.001; total effect: § = 0.14, p < 0.001). There was
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a significant indirect effect of nutrition on cognition through metabolic syndrome (8 = 0.02, p < 0.001).

Table 5 gives a detailed description of all effects.

Table 5. Result of the structural equation model analyzing the association between nutrition and
cognition.

\ B | 95%Cl p

Direct effects
nutrition - metabolic syndrome -0.19 -0.21 --0.17 <0.001
nutrition = cognition 0.12 0.09 -0.15 < 0.001
age -> nutrition 0.09 0.07-0.11 <0.001
age - metabolic syndrome 0.23 0.21-0.25 <0.001
age -> cognition -0.58 -0.60 —-0.56 <0.001
sex > nutrition 0.41 0.39-0.43 <0.001
sex = cognition 0.05 0.03-10.08 <0.001
metabolic syndrome - cognition -0.09 -0.12 - -0.07 <0.001
Indirect effects
nutrition > metabolic syndrome = cognition ] 0.02 | 0.01-002 | <0.001
Total effects
nutrition - cognition ‘ 0.14 | 011-017 | <0.001
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Figure 2. Structural equation model analyzing the association between nutrition and cognition.
The numbers show the standardized coefficients. Positive associations are shown in green,
negative associations in red.

The MRI subsample contained 2,592 individuals after exclusion of individuals with missing MR
sequence (N = 28), pathologies on the MRI (N = 26), insufficient image quality (N = 6), or technical
issues during the brain parcellation (N = 53). Figure 3 gives an overview of the SEM with the results
from the MRI subsample. Nutrition was significantly and positively associated with cognition, both in
the direct and total effect (direct effect: § = 0.1, p < 0.001; total effect: B = 0.12, p < 0.001). In addition,
nutrition had a significant indirect effect on cognition through metabolic syndrome and brain structure

(B = 0.02, p < 0.001). Nutrition had no direct significant association with brain structure ( = -0.01, p =
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0.639) but the association was significant indirectly through metabolic syndrome (8 = -0.01, p = 0.03).

Table 6 gives a detailed description of all effects in the MRI subsample.

Table 6. Result of the structural equation model analyzing the association between nutrition, brain

structure, and cognition.

| B . 95%Cl p
Direct effects
nutrition - metabolic syndrome -0.19 -0.23--0.15 <0.001
nutrition - brain structure -0.01 -0.06 - 0.03 0.639
nutrition = cognition 0.1 0.04 -0.15 < 0.001
brain structure - cognition -0.21 -0.30--0.11 < 0.001
age - metabolic syndrome 0.2 0.16 - 0.24 <0.001
age -> nutrition 0.12 0.09-0.16 <0.001
age - brain structure 0.67 0.64 -0.70 <0.001
age - cognition -0.43 -0.05--0.35 <0.001
sex = nutrition 0.38 0.35-0.42 <0.001
sex - brain structure -0.28 -0.32--0.24 <0.001
sex = cognition -0.01 -0.07-0.04 0.639
metabolic syndrome - brain structure 0.05 0.01-0.08 0.025
metabolic syndrome - cognition -0.09 -0.14 - -0.03 0.001
Indirect effects
nutrition - metabolic syndrome - brain structure -0.01 -0.02-0 0.03
nutrlt_lc.m - metabolic syndrome -> brain structure -> 0.02 001 —003 < 0.001
cognition
nutrition - brain structure - cognition 0 -0.01-0.01 0.641
Total effects
nutrition - cognition 0.12 0.06 —0.17 <0.001
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Figure 3. Structural equation model analyzing the association between nutrition, brain structure
and cognition. The numbers represent the standardized coefficients. Positive associations are
shown in green, negative associations in red.

In conclusion, a healthy diet as proposed by the DASH diet, Mediterranean diet, MIND diet or an anti—
inflammatory diet is significantly associated with better cognitive performance. In addition, the nutrition
has a significant effect on brain structure by significantly reducing the prevalence of metabolic
syndrome. It is important to note that although the effects were significant, the effect size of nutrition to
metabolic syndrome, brain structure and cognition were small. Before | will discuss the mechanisms
forming a connection between unhealthy nutrition and neurodegeneration in detail in paragraph 1.5.2,
I will briefly introduce the topic of coffee consumption in the context of neurodegeneration and present

the result of our study in the next paragraph.

1.4.3. Study 4: Association between coffee consumption and brain MRI parameters in the
Hamburg City Health Study

1.4.3.1. Background & aims

The consumption of coffee has been shown to have a beneficial impact on several factors that
contribute to neurodegeneration and vascular brain damage. These include reducing systemic
inflammation levels, inhibiting the deposition of amyloid beta, and mitigating the risk of developing
cardiovascular risk factors. Coffee contains anti—inflammatory and antioxidant compounds, such as
caffeine, polyphenols, and heterocyclic compounds. A regular coffee consumption can reduce the risk
of mortality from inflammatory diseases!®>. Next to its anti—inflammatory mechanisms, coffee
consumption has been linked to a reduced amyloid beta depositioni®®, a hallmark of

neurodegenerative diseases such as dementia. This is due to the high solubility of the coffee
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constituent caffeine in lipid and water, which allows caffeine to cross the blood-brain barrier and act as
an antagonist to adenosine receptors®?, thereby reducing amyloid beta induced toxicity'®8. Human
studies have shown that regular coffee consumption was associated with lower amyloid beta
positivity'66 and lower risk of demential®®. For example, drinking 3-5 cups per day in midlife was
associated with 70% lower risk of incident dementia later in lifel’°. The neuroprotective properties of
adenosine receptor antagonist have also been shown for brain damage after ischemic strokel?1.172,
and in a Parkinson’s Disease mice model against the depletion of striatal dopamine levels'?3. A daily
coffee consumption of 3 cups has been linked to a lower risk of Parkinson’s Disease!’* and 20% lower
risk of strokel’®176 in large meta—analyses. Coffee consumption was also indirectly neuroprotective by
reducing cardiovascular risk factors like diabetes mellitus and metabolic syndrome®’”178, The reduced
risk of diabetes mellitus has been found to be one of the most significant health benefits of regular

coffee consumption?®.

Given that cardiovascular risk factors are a leading cause of CSVD®3, coffee consumption may help
decrease the development and severity of CSVD in individuals with high cardiovascular risk. However,
literature on this topic is incongruent with WMH showing either no significant association166.180.181
significant associations in subgroups?®? or in opposite directions82183, There is also a lack of research
for more sensitive imaging markers of brain microstructure. Only one previous study analyzed the
microstructural integrity in the context of coffee showed that a moderate—to—high coffee consumption
is associated with better microstructural integrity in 145 elderly individuals'84. Studies considering grey
matter volume as outcome variable in the context of coffee consumption had inconsistent results—
showing either a positivel85, negativel8118 or no significant association!®”. Only one previous study
considered cortical thickness in predefined regions of interest in the context of coffee consumption66,
Therefore, with this study, we aimed to investigate whether regular coffee consumption is associated
with multiple brain MRI markers of vascular brain damage and neurodegeneration, including WMH,
PSMD, and cortical thickness in a large, population—based cohort.

1.4.3.2. Methods and results

This paragraph is a summary of a previously published paper®.

We considered three brain MRI parameters for the analysis with coffee consumption representing
different underlying pathologies. We included cortical thickness as a measure of overall atrophy and
WMH as a measure of CSVD and accelerated vascular brain damage. WMH volume was further
corrected for intracranial volume and taken the logarithm to assure normal distribution, further referred
to as logarithmic WMH load. In addition, we included PSMD, which is also a marker of CSVD but more
sensitive to microstructural alterations. We applied three linear regression models with either PSMD,
logarithmic WMH load or cortical thickness as dependent variables. Coffee consumption was included
as the independent variable, with the reference group consumption of less than one cup per day.
Further, the covariates age, sex, education, diabetes mellitus, hypertension, smoking, body mass

index, adherence to the Mediterranean diet, and alcohol consumption were added to the model.
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Summary statistics of coffee consumption and MRI parameters
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Figure 4. Summary statistics of the association between coffee consumption and the MRI
parameters. The upper row shows boxplots with coffee consumption on the x-axis and PSMD
(A.1), logarithmic white matter hyperintensity load (logarithmic WMH load, A.2) and mean
cortical thickness (A.3) on the y—axis. The inferential test results above the boxplots indicate the
output from the non—parametric Kruskal-Wallis test. The bottom row shows the results of the
linear regression models. The dependent variable is PSMD (A.2), logarithmic WMH load (B.2)
and mean cortical thickness (C.2). Independent variables are presented on the y—axis. The
standardized estimates are presented on the x-axis. Pink dots indicate a significant association
and black dots a non-significant effect of the independent variable.

In total, 2,316 participants were included in the analysis. 19.8% of all participants consumed less <1
cup of coffee per day, 44% consumed 1-2 cups per day, 25.1% consumed 3-4 cups per day, 7.6%
consumed 5-6 cups per day, and 3.5% consumed >6 cups of coffee per day.). The distribution of the
MRI parameters across the groups of coffee consumption was visualized in Figure 4. After adjustment
for covariates, PSMD and mean cortical thickness were significantly different between the groups of
coffee consumption. Drinking 1-2 cups of coffee per day was associated with lower PSMD compared
to the reference group (<1 cup per day; B = -0.542, p = 0.022). Also, coffee consumption of 3—4 cups
was associated with lower PSMD, compared to the reference group (8 = -0.591, p = 0.028). Drinking
5-6 cups per day or >6 cups per day was not associated with a different PSMD compared to the

reference group (p > 0.05). In addition, 3—4 cups of coffee were associated with significantly higher
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cortical thickness compared to the reference group (B = 0.018, p = 0.015) whereas other groups of
coffee consumption did not significantly differ from the reference group (p > 0.05). There was no
significant difference in logarithmic WMH load between the groups of coffee consumption. See Table 7

for a detailed description of the results.

Table 7. Results of the linear regression models examining the association between coffee
consumption and microstructural brain parameters.

PSMD Mean cortical logarithmic WMH
[x10%] thickness [mm] load
B p B P B p

Intercept 23.961 <0.001 2.569 <0.001 -6.998 <0.001
Age 1.908 <0.001 -0.025 <0.001 0.557 <0.001
Female sex -0.888 <0.001 0.008 0.09 0.256 <0.001
Education (medium) -0.669 0.113 0.031 0.006 -0.113 0.35
Education (high) -0.632 0.141 0.045 <0.001 -0.245 0.048
Hypertension 041 0.037 -0.006 0.264 0.135 0.017
Diabetes mellitus 0.928 0.002 -0.015 0.071 0.121 0.166
Smoking 0.498 0.036 -0.013 0.048 0.159 0.021
Alcohol consumption 0.283 0.001 -0.006 0.02 0.012 0.649
Body mass index 0.14 0.112 0.008 0.002 0.009 0.734
Coffee (1-2 cups per day) -0.551 0.015 0.008 0.205 -0.034 0.608
Coffee (3-4 cups per day) -0.597 0.019 0.018 0.008 0.072 0.331
Coffee (5-6 cups per day) 0.044 0.901 0.003 0.72 0.016 0.87
Coffee (>6 cups per day) -0.492 0.332 0.002 0.908 -0.057 0.69

To conclude, assessing the pure impact of caffeine on large groups of people can be challenging. In
this study, we undertook an initial investigation into the effects of coffee on brain microstructure. Our
findings suggest that the potential neurological benefits of coffee may be attributed to caffeine, but
further research with a longitudinal design is needed to confirm this hypothesis. Also, the prevalence
of decaffeinated coffee consumption was low. Out of the total of 127 participants that reported to drink
decaffeinated coffee, only 5.5% reported a daily intake of one or more cups. Moreover, 94.5% of all
participants (N = 127) additionally drank caffeinated coffee, leaving only a small group of seven
individuals who exclusively drank decaffeinated coffee. This group was too small for meaningful
statistical analysis of the effects of decaffeinated coffee. Furthermore, we did not account for other
sources of caffeine, such as tea, soft drinks, energy drinks or chocolate, which could have provided a
more comprehensive assessment of caffeine intake. It is also worth noting that the study did not
differentiate between various types of coffee preparation. For example, coffee consumption may be
associated with increased sugar or fat intake if sweeteners or creamers are added. In the end,

disentangling this effect is nearly impossible.
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1.5. General discussion

1.5.1. Vascular brain damage related to cortical atrophy and microstructural degeneration

The first part of this thesis aimed to evaluate two distinct aspects of vascular brain damage (i.e.,
WMH): the structural connectivity of vascular brain lesions with cortical grey matter degeneration
(study 1), and microstructural alterations in the non—lesioned white matter (study 2). We employed
multiple image processing methods including the training of an WMH segmentation algorithm, cortical
parcellation, and whole—brain tractography. We also used free—water imaging to examine the FW in
the surrounding tissue of WMH in association with the distance to the lesion. Overall, the findings of
study 1 and study 2 shed light on the complex structural associations between vascular brain damage,
atrophy of the cortical grey matter and microstructural pathologies. In the following paragraphs, | will
discuss the findings of study 1 and 2 in the context of related pathological changes (paragraph 1.5.1.1)
and the differentiation between pWMH and dWMH (paragraph 1.5.1.2)

1.5.1.1. Association of WMH with cortical atrophy and brain microstructure

The findings of study 1 reveal that the two CSVD imaging markers WMH and cortical atrophy are
structurally linked. Disentangling this complex relationship is challenging because WMH and cortical
atrophy share numerous similar risk factors, particularly age and cardiovascular risk factors. Generally,
three main hypotheses have been proposed to explain the relationship between WMH and cortical
atrophy. First, the disconnection hypothesis states that WMH cause axonal damage, neuron loss and
cognitive deterioration, similar to the mechanisms described in stroke lesions!18119 |n the case of
WMH, impairments in blood flow after cerebral atherosclerosis are considered to lead to WMH?27
through axonal damage and disruption of white matter connections, further damaging neuronal cell
bodies and gray matter*’. A second explanation is the reverse hypothesis, which posits that cortical
gray matter damage via amyloid accumulation leads to myelin loss, axonal damage, and the
development of WMH, though this hypothesis is debated'®. The third hypothesis suggests that blood
flow impairment causes ischemia leading to both WMH and cortical thinning simultaneously. While
cross—sectional analyses found evidence for this type of association?%116.189  the results of longitudinal
studies were mixed with several studies demonstrating a pronounced longitudinal decline in cortical
thickness in individuals with a higher WMH burden®4190.191 " while a large cohort study found no
longitudinal association®2. In our study, we showed that WMH were structurally linked to degenerating
cortices. A study with a comparable methodological approach analyzing incident subcortical infarcts in
a genetic form of CSVD called Cerebral autosomal dominant arteriopathy with subcortical ischemic
strokes and leukoencephalopathy (CADASIL)7 supports our results. The same study also found that
the white matter tracts connecting the infarct with the degenerating cortex expressed accelerated
damage in their microstructure!'’, giving further indication that the disconnection hypothesis provides
a possible explanation for the association between WMH and cortical degeneration in CSVD. Other
studies have analyzed the relationship between white matter integrity in CSVD and cortical thinning

over time, but — similar to the findings with WMH — the results have been inconsistent!93.194,
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Nevertheless, these studies and our findings support the theory of secondary cortical degeneration
following WMH in CSVD.

In study 1, we also found a distinct connectivity pattern of WMH to the cortical surface. This
connectivity pattern can be explained by the distribution of hyperintensities in the white matter, which
is highest in the occipital and frontal white matter, explaining the increased connectivity to the closely
located frontal and occipital cortex9. A study that incorporated measures of the brain network along
with WMH and cortical thickness analysis revealed a higher WMH load related to lower global
efficiency!®. Since global efficiency is mainly associated with long—ranging white matter tracts, the
results indicate that long—ranging white matter fibers are significantly affected by WMH%5. Findings
from another study support this theory, which revealed that the mean tract length of white matter tracts
terminating at the cortical surface increased in the frontal, superior parietal and occipital lobes and
shorter in the superior temporal and postcentral cortices'®¢. The local minima and maxima of the tracts
length at the cortical surface are in line with the minimum and maximum WMH connectivity, indicating
that cortical regions with receiving longer tracts have a higher connectivity to WMH1%, An analysis with
high-resolution resting—state electroencephalography further confirmed that WMH affected functional

connectivity in long—ranging connections, especially in the frontal lobe®7.

In study 2, we examined the microstructural alterations of the white matter in WMH and the
surrounding penumbra. Studies that analyzed the penumbra of WMH showed that the surrounding
tissue is characterized by altered microstructural characteristics with the strongest alterations in the
closest proximity to WMH22-124126 \Vjth the development of a new DTI processing method called
free—water imaging*%, we analyzed if similar distance—dependent microstructural alterations can be
determined by the content of FW. After controlling for age, sex and logarithmic WMH load, the results
show that FW was significantly different between WMH and the first four ROIs of NAWM (2mm —
8mm) with the highest FW values in the WMH and lower FW with increasing distance from the WMH.
There were no significant differences in FW in adjacent ROIs between 10mm and 16mm. FW is
suggested to be an indicator of the microstructural integrity, with increasing values of FW suggesting
more unrestricted diffusion of water molecules, which is most probably due to damage of the white
matter microstructure. However, the pathological correlates of FW are far from being fully understood.
Based on the limited literature available, several mechanisms are suggested to cause an increase in
FW. Several authors discussed that FW is an indicator of structural white matter degeneration3?:19,
Analysis of the short and long T2 values representing water in different cellular structures suggests
that an increased water content in the NAWM happens due to demyelination of the white matter®s,
Moreover, carotid—femoral pulse wave velocity as a marker of aortic stiffness correlated with
increasing FW in white matter'%. However, histological studies should examine the pathological
correlates of increased FW. Currently, increases in FW can only be interpreted as the presence of
mechanisms leading to an increase in the extra— or intracellular space*. Despite the uncertainty of the

pathological mechanisms, we can conclude that the WMH penumbra as defined by alterations in FW

31



has a size of approximately 8mm. FW imaging has not been conducted in the WMH penumbra
previously, highlighting the novelty of this study. Comparable WMH penumbra sizes were determined

with studies including conventional DTI-metrics??4.

In addition, only smoking was significantly associated with FW and FA-t, indicating decreased
microstructural integrity in active smokers compared to non—-smokers in the WMH penumbra. There
was no significant difference between active smokers and non—-smokers in FW within WMH. Our
results are supported by previous findings showing FA differences between smokers and non-—
smokers exclusively in the penumbra but not in the WMH itself®”. This association can be explained by
the chemical composition of the cigarette smoke can cause neurotoxic brain swelling and plasma fluid
leakage into the interstitial space, increasing the extracellular water ratio®1%°. Diabetes mellitus and
hypertension were neither associated with FW and FA-t in WMH nor in the penumbra. Previous
literature focusing on uncorrected FA in the brain white matter found a significant association with
diabetes mellitus7-81-83 and hypertension’?8%, However, significant decreases in white matter integrity
were only present in patients with severe hypertension but not in patients with the mild form”. No
study previously examined the association between the cardiovascular risk factors with FW or free—
water corrected DTIl-metrics. One study included systolic blood pressure as an indirect marker of
hypertension in its analysis, with significant impact on FW1%, We did not consider additional
determinants of WMH severity, such as the disease duration®® or differentiation between participants

with good or bad controlled hypertension8%200.201 which can be considered a limitation.

1.5.1.2. Differences between periventricular and deep WMH

Typically, pWMH are located within a 10mm distance from the ventricles while dWMH are located
further away?3t. With the different locations, the two lesion types differ in several other factors as well.
First, there are differences in the anatomical microstructure of the periventricular and deep white
matter. The periventricular region has densely packed, long association fibers connecting distant
regions, while the deep white matter contains fibers connecting adjacent regions by short U-shaped
connections?%2. This had important implications for the methodological approach and the interpretation

of the findings of study 1 and 2.

In the context of study 1, differences in the connectivity profile to the cortical surface between pWMH
and dWMH can be largely explained by several factors. First, there are differences in the anatomical
microstructure of the periventricular and deep white matter. The periventricular region has densely
packed, long association fibers connecting distant regions, while the deep white matter contains fibers
connecting adjacent regions by short U-shaped connections?°2. The findings of study 1 showed that
pWMH had a higher connectivity profile in the frontal and occipital lobes which was significantly
associated with cortical thickness and very similar to the connectivity profile of overall WMH. In
contrast, dWMH had a more homogeneous connectivity profile on the cortical surface, and its
association with cortical thickness was not significant. Previous literature found similar differences with

stronger associations for pWMH with cortical thickness than dWMH, with pronounced effects in the
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frontal lobe™, supporting our findings. Also, the pWMH connectivity profile overlaps with the mean
tracts length examined in previous studies!%, indicating higher connectivity in cortical regions which
receive longer fiber tracts. Second, it was denoted that the two lesion types differ in their genetic
correlations?%® and clinical manifestation. pWMH are mainly associated with global brain atrophy®°.204
and cognitive deterioration including general cognitive decline2%, lower mental processing speed?206-208
and development of Alzheimer’s Disease®2. In contrast, dWMH are not associated with cognitive
deterioration205207 byt increase the risk of vascular dementia?’® and depression®1:52, This differentiation
suggests that pWMH and dWMH do not share the same pathophysiology?1°. Alterations in short
penetrating microvessels near large arterial blood vessels are suggested causal of pWMH while
dWMH occur in white matter where long microvessels with lower blood pressure are located, and
probably develop due to hypertension and subsequent hypoperfusion?'1212, Third, the prevalence of
pWMH was in the HCHS significantly higher than that of dWMH, covering 83% of the overall WMH
volume Similar distributions can be found in other studies with populations from Australial®®, the
Netherlands2%, France® and the United States?!3. The discrepancy in the distribution explains why
pWMH had a connectivity profile to the cortex very similar to the connectivity profile of the overall
WMH, as a large percentage of overall WMH represents pWMH.

As the anatomical microstructure also affects DWI parameters, such that densely packed white matter
regions tend to have a higher microstructural integrity, we had to make sure that the findings of study 2
were independent of the anatomical location of WMH. With supplementary analysis differentiating
between WMH in the periventricular and deep white matter, our objective was to investigate the FW in
the WMH penumbra independent of the anatomical location of the WMH. The results showed that both
the WMH in the periventricular and deep white matter have a higher FW in the surrounding tissue,

showing that the alterations in FW are independent of the anatomical location.

1.5.1.3. Final remarks

Some additional points need to be considered when interpreting the results of part A. First, despite the
usage of advanced segmentation methods for the quantification of WMH, the presence of additional
pathologies such as lacunes and enlarged perivascular spaces cannot be excluded. These imaging
markers of CSVD are also quite prevalent in population—based cohorts and have a strong correlation
with WMH?2%4 and cortical atrophy?'5216, Generally, the analyses of such pathologies are very limited
because of lacking automated quantification methods. Currently, manual segmentations or visual
rating approaches are applied to fill this gap, but both methods are very time—consuming and not
feasible for large datasets. This is a major limitation in the field especially because some studies
suggest that enlarged perivascular spaces contribute to cognitive deterioration independent of other
CSVD imaging markers?’. Future advancements in the quantification of these imaging markers will

help to paint a more complete picture of CSVD.
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1.5.2. Nutrition—-associated neurodegeneration and possible mechanisms

Both study 1 and 2 were strongly focusing on MRI analysis in CSVD. With study 3 and 4, we applied
the imaging methods in a more clinical context. In two separate analyses, we discovered that
maintaining a healthy diet and consuming 1-4 cups of coffee per day was associated with improved
brain microstructure. It is important to note that the effects of nutrition on the brain are mainly indirect,
mediated by cardiovascular risk, as healthy nutrition was associated with reduced metabolic syndrome
in study 3. All subcomponents of metabolic syndrome are significant contributors to neurodegenerative
disorders and cognitive deterioration. In the following paragraph, | will provide an in—depth discussion
of the mechanisms underlying the adverse effects of unhealthy nutrition on the components of

metabolic syndrome, and how these further lead to neurodegeneration.

1.5.2.1. Overweight and obesity

The brain (especially the hypothalamus) plays an important role in the maintenance of energy
homeostasis, appetite and body weight by processing multiple signals from the body, including the
hormone leptin secreted by adipose tissue when energy requirements are met?18219, | eptin signals the
brain to promote satiety and reducing food intake. However, unhealthy nutrients such as saturated
fatty acids and added sugars can promote the accumulation of adipose tissue, leading to increased
production of leptin and ultimately, leptin resistance. Various mechanisms have been proposed to
explain the development of leptin resistance, including defective transport of leptin across the blood—
brain barrier and impaired leptin signaling in the brain?1%.220, Prolonged exposure to high levels of leptin
can damage the blood—brain barrier, resulting in reduced leptin transport into the brain2!9.220, Another
mechanism is that the brain becomes resistant to prolonged leptin exposure?!9220, Regardless of
which pathway is involved, leptin resistance ultimately causes a distorted regulation of appetite,
leading to overconsumption and obesity?18220, Studies have shown that regions important for
behavioral feeding control exhibit reduced structural integrity??* and lower gray matter density??? in
overweight individuals. These findings further highlight the importance of leptin signaling in regulating

appetite and body weight.

Several studies have shown that overweight is strongly associated with several health issues,
including alterations in brain structure and cognitive function. In the United States, overweight was
associated with 14% of all deaths and 11% of disability—adjusted life years??®. Between 1990 and
2010, the disability—adjusted life years due to overweight increased by 45%, indicating a rise in
obesity—associated health problems??3. Research also suggested that higher body weight is
associated with various adverse effects on brain health, including WMH53, reduced white matter
integrity?>4, lower cerebral blood flow!?5, increased brain atrophy??®, lower cortical thickness??®, and
decreased performance on several cognitive tasks?25226, Obesity alone doubled the risk of developing
dementia??’, highlight the need for weight reduction in the general population. Adapting a healthier
eating pattern, changing the pattern of food consumption over a day, and reducing the portion size are

different aspects of nutrition for successful weight reduction??8. Lifestyle interventions targeting weight
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loss can have additional positive effects on brain health. Individuals with diabetes mellitus and
overweight who followed a lifestyle intervention for ten years had 28% smaller WMH volume in the
intervention group than the control group???, suggesting that longitudinal weight loss can be successful

in slowing neurodegeneration.

1.5.2.2. Type 2 diabetes mellitus

Maintaining controlled peripheral glucose levels and regulating glucose transport are crucial for proper
brain function, as a constant and adequate glucose supply into the brain is essential for cognitive
processes. Glucose is transported into the brain via glucose transporters located at the blood—brain
barrier which operates at full capacity to facilitate glucose transportation>°. However, a high intake of
sugar can lead to insulin insensitivity and high blood glucose levels, which ultimately result in type 2
diabetes mellitus?3t. This condition can further promote neurodegeneration and cognitive decline.
Patients with diabetes mellitus often exhibit greater atrophy®.232, higher WMH volume®® and lower

white matter integrity>379.81.82 the latter was also supported in a large meta—analysis®:.

Although the underlying mechanisms are still not fully understood, several pathways were suggested
to play a role in the development of structural brain alterations in diabetic patients. Among others, high
plasma glucose can cause endothelial dysfunction and blood—brain barrier damage, oxidative stress,
systemic and neuroinflammation?33. Furthermore, insulin deficiency leads to hyperlipidemia and
atherosclerosis, further promoting reduced cerebral blood flow and WMH23, In addition, studies
congruently showed that diabetic individuals suffer from cognitive deterioration?®*, which can be
explained by the hippocampus, a brain region crucial for short—term memory which is especially
vulnerable to the effects of insulin resistance and hypoglycemia235236, |n fact, hippocampal atrophy
has been detected in people who have been diagnosed with diabetes mellitus for less than a
decade?®’. Additionally, insulin resistance, another characteristic of diabetes mellitus, has been linked
to several pathogenic features associated with Alzheimer’s Disease?38. The exact mechanisms of the
proposed pathways are not fully understood yet but effective medication of diabetes mellitus can help
in the alleviation of CSVD and cognitive deterioration?3°. Next to dietary interventions helpful in weight
reduction, choosing plant fat over animal fat, whole grains, fiber, nuts, dairy products, and magnesium
are important adaptations in the nutritional behavior to improve insulin sensitivity, reduce blood

glucose levels and prevent the development of diabetes mellitus?40.241,

1.5.2.3. Hypertension

The cerebral autoregulation and the neurovascular unit ensure a constant blood supply to the brain,
with the former being responsible for a stable blood flow despite varying blood pressure, and the latter
responsible for the adequate blood supply to active brain regions22. Nutrient imbalances such as high
sodium intake?*3, red and processed meat consumption?#4245 high sugar intake2*® and alcohol
consumption?’ can lead to alterations in blood pressure and blood supply to the brain. A pro—
inflammatory diet increased the risk of developing hypertension over a time period of twelve years by

24%248,249_
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Hypertension is considered a major contributor to the development of CSVD*748. Increased blood
pressure, i.e., hypertension, is causal for loss of smooth muscle cells, narrowing of the lumen and
thickening of the vessel wall?®°. Once hypertension is developed, both the cerebral autoregulation and
the neurovascular unit do not work properly, leading to a distorted blood supply (i.e., hypoperfusion) of
the brain?5l, Decreased cerebral blood flow can easily cause lesions in the white matter?2,
Arteriolosclerosis, one of two major types of CSVD, is characterized by thickening of arterioles, which
is caused by arterial hypertension and therefore also known as “hypertensive small vessel disease”23,
Longer duration of hypertension was found to be related to more severe WMH manifestations2®,
Detrimental neurological effects of hypertension are also measurable on the microstructural scale. In
this thesis, hypertension was not significantly associated with free—water or FA-t in neither lesioned
nor non—lesioned white matter (study 2), but previous literature revealed that blood pressure was
significantly associated with increased free—water and reduced microstructural integrity in the white
matter, mediated by aortic stiffness19,

Effective treatment of hypertension is essential in reducing the manifestation of WMH in hypertensive
individuals, for example in the form of anti—-hypertensive medication and lifestyle interventions. Studies
have shown that anti—-hypertensive medication and a controlled blood pressure significantly decrease
the development of WMH in hypertensive individuals2®l. In addition, lifestyle interventions can
successfully reduce blood pressure as well. The DASH diet, a dietary pattern which was specifically
developed to reduce blood pressure, is similarly effective as anti-hypertensive medication!4°, and
reduces blood pressure as early as after two weeks of intervention%°. Especially a reduction in salt
intake is crucial for blood pressure control, as a low—salt DASH diet was superior in reducing blood

pressure than the “normal” DASH diet2%4,

1.5.2.4. Final remarks

In this thesis, we focused on brain structure in the context of nutrition. It is essential to acknowledge
that multiple factors can impact our nutritional behavior and mediate the impact of nutrition. For
instance, physical activity has been demonstrated to further enhance overall health. Previous clinical
trials have demonstrated that physically active participants who also follow a healthy diet have better
cognitive function2°5256  |ower blood pressure?s8, lower amyloid beta levels in the brain257 and lower
incidence of Alzheimer’s Disease?>® compared to participants who were physically active or followed a
healthy diet. Therefore, while our study found a correlation between an unhealthy diet and
microstructural brain alterations and lower cognitive performance in a population—based cohort, future
research should explore the impact of physical activity and healthy eating on patient cohorts to

achieve long—term success in preventing neurodegenerative disorders.

Another important factor to consider is the socioeconomic status. We could not control for income’s
effect in our study due to the high percentage of missing values in the income variable, and
consequently only added the educational level as covariate. However, previous research has shown

that income can modify the relationship between nutrition and cognitive function?>. Specifically, the
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MIND diet was found to have a positive impact on cognitive performance only in individuals with higher
incomes, while the opposite was observed in the low—income group?®®. This finding suggests food
decisions can be influenced by socioeconomic factors. For example, individuals with higher incomes
may have better access to less affordable healthy foods (such as nuts, berries, olive oil) and foods of
higher quality. Therefore, future research should consider the role of socioeconomic factors in the

relationship between nutrition and cognitive function.
1.6. Conclusion

In summary, this thesis aimed to enhance our understanding of the relationship between different
imaging markers of CSVD and the potential impact of healthy nutrition and regular coffee consumption
on brain health and cognition. Our studies revealed significant associations between WMH and cortical
atrophy (study 1), as well as increased free—water content in the surrounding tissue (study 2). These
findings were observed in a cohort with relatively low degree of CSVD manifestation®334, and the
effects may be even more significant in more severely affected populations. Future research is
necessary for the validation in other cohorts, including those with genetic forms of CSVD (for example
CADASIL), older patrticipants, and in cohorts with a higher diversity. This only mildly affected cohort
had a large variance in the microstructural brain health, attributable to age-related alterations and
differences in lifestyle. A replication of these analyses in cohorts with a higher prevalence of CSVD

might allow a better discrimination between age-associated and disease-associated brain alterations.

Furthermore, our findings from study 3 and 4 suggest that vascular brain health, as measured by the
novel imaging marker PSMD, is associated with healthy nutrition and regular coffee consumption.
Lifestyle factors, including nutrition, can therefore play a crucial role in the preservation of brain
structure. However, a large analysis revealed that the average consumption in nearly all of the
considered 195 countries was far below optimal for healthy foods and a far beyond optimal for
unhealthy foods?6°. In Europe alone, thirteen countries are considered to follow a Western diet,
characterized by a high consumption of ultra—processed foods which are often rich in simple sugar,
salt, saturated fatty acids and cholesterol?®1. As a consequence, unhealthy food consumption accounts
for a significant proportion of deaths and disability adjusted life years and reduces life quality and life
expectancy of billions of people®°. Therefore, the promotion and implementation of healthy dietary
habits is crucial for preventing major chronic diseases affecting the cardiovascular and neurological
system. Recognizing that nutritional behavior is within the control and responsibility of each individual
person is vital. However, it is important to acknowledge that maintain a healthy nutrition is becoming
increasingly challenging due to the current trends towards more (ultra-)processed foods. Addressing
this issue should not solely be an individual responsibility but also a shared task for society and
governmental institutions. Creating an environment that promotes and supports healthy nutrition is

crucial in enabling individuals to make informed choices and improve global health.
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2. List of abbreviations

B
c/d

CADASIL
CERAD-NP/Plus

Cl

cm
CSvD
DASH
DTI
DWI
dWMH
FA
FA-t
FFQ
FLAIR
FwW
HCHS
IPR
IQR
ISCED
MD
mg/dl
MIND
mi

mm
mmHg
MRI
ms
NAWM

PSMD
pPWMH
ROI(s)
SEM
ST

TE

TR
WMH

(standardized) coefficient

cup(s) per day

Cerebral Autosomal Dominant Arteriopathy with Subcortical Ischemic strokes
and Leukoencephalopathy

Consortium to Establish a Registry for Alzheimer’s Disease Neuropsychological
Assessment Battery / Extended Version

confidence interval

centimeter

cerebral small vessel disease

Dietary Approaches to Stop Hypertension

diffusion tensor imaging

diffusion weighted imaging

white matter hyperintensities in the deep white matter
fractional anisotropy

free—water corrected fractional anisotropy

food frequency questionnaire

fluid—attenuated inversion recovery

free—water

Hamburg City Health Study

in—plane resolution

interquartile range

International Standard Classification of Education

mean diffusivity

milligrams per deciliter

Mediterranean—DASH Intervention for Neurodegenerative Delay
milliliter

millimeter

millimeter of mercury

magnetic resonance imaging

millisecond(s)

normal—-appearing white matter

p—value

peak width of skeletonized mean diffusivity

white matter hyperintensities in the periventricular white matter
region(s) of interest

structural equation model

slice time

echo time

repetition time

white matter hyperintensities
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5. Summary

Cerebral small vessel disease (CSVD) contributes to cognitive deterioration and functional impairment
among the elderly population. CSVD is characterized by several imaging markers, including white
matter hyperintensities (WMH) and cortical thickness. Given that a majority of older individuals exhibit
signs of CSVD on brain MRI, it becomes imperative to identify risk factors and implement preventive
mechanisms to promote successful aging. This thesis focused on the investigation of WMH as imaging
marker of CSVD in order to gain insights into the disease. The research involved the data analysis
from a large, population-based cohort to quantify CSVD markers and assess microstructural brain

damage.

The first part of the thesis revealed several important findings regarding the association between the
prevalence and location of WMH and other imaging characteristics. The findings from study 1 revealed
that cortical regions with a higher proportion of connections to WMH demonstrated reduced thickness,
suggesting a direct structural link between WMH burden and cortical thinning. In study 2, the white
matter surrounding WMH exhibited an increase in free-water, indicating compromised microstructural
integrity. Notably, the damage to the white matter was most pronounced in the closest proximity to the
WMH, emphasizing that WMH is the end stage of a gradually deteriorating white matter. These
findings shed light on the intricate relationship between WMH, cortical thinning and microstructural

abnormalities in CSVD and contribute to our understanding of the disease’s underlying mechanisms.

The second part of the thesis delved into the clinical aspects of CSVD and microstructural brain
damage, with specific focus on the role of nutrition and coffee consumption. A food-frequency
questionnaire was utilized to assess adherence to different dietary patterns, and nutritional behavior
was then associated with imaging markers of brain structure and cognition. The findings of study 3
unveiled the associations between nutritional behavior, brain structure and cognitive function. One
notable result was the link between healthy nutrition and a reduced risk of metabolic syndrome, which,
in turn, contributed to the preservation of brain structure. Similarly, the cognitive performance was
significantly better in individuals with a healthier diet. In study 4, it was demonstrated that a moderate
coffee consumption was associated with preserved white matter structure and higher cortical
thickness. The findings of studies 3 and 4 emphasize the significance of nutrition in maintaining brain
health and suggest that adopting a healthy diet may serve a protective factor against CSVD-related

deterioration.
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6. Zusammenfassung

Die zerebrale Mikroangiopathie beeintrachtigt die kognitive Funktion und die Funktionsfahigkeit im
Alter. Diese Erkrankung zeigt sich durch typische Merkmale in der MRT-Bildgebung, wie etwa
Hyperintensitéaten in der weil3en Substanz (WMH) und eine Verédnderung der kortikalen Dicke. Da bei
einem Grof3teil der alteren Bevélkerungsgruppe Anzeichen der zerebralen Mikroangiopathie im MRT-
Bild nachgewiesen werden kénnen, ist die Identifizierung von Risikofaktoren und Implementierung von
praventiven MaRRnahmen entscheidend fiur ein erfolgreiches Altern. Diese Dissertation untersucht
WMH als Bildgebungsmarker von zerebraler Mikroangiopathie, um Erkenntnisse Uber diese
Erkrankung zu gewinnen. Fur die Analyse wurden Daten aus einer populations-basierten Studie
ausgewertet, um Marker von zerebraler Mikroangiopathie zu quantifizieren und mikrostrukturelle

Hirnschaden zu beurteilen.

Der erste Teil der Dissertation lieferte wichtige Erkenntnisse Uber den Zusammenhang zwischen der
Pravalenz und Lokalisation von WMH sowie anderen bildgebenden Markern. Die Ergebnisse der
ersten Studie zeigten, dass kortikale Regionen, die eine hohere Konnektivitdt zu WMH hatten, eine
geringere kortikale Dicke aufwiesen. Dies suggeriert eine direkte strukturelle Verbindung zwischen
WMH und Kortikaler Verdinnung. In der zweiten Studie wurde festgestellt, dass die scheinbar
unbeeintrachtigte weiRe Substanz in unmittelbarer Nahe der WMH eine Zunahme an freiem Wasser
auswies, was auf eine beeintrachtigte mikrostrukturelle Integritat hinweist. Insbesondere die weiRe
Substanz, die sich am nachsten zu den WMH befand, zeigte die starkste Schadigung. Dies
unterstreicht, dass WMH das Endstadium der graduellen Verschlechterung der weil3en Substanz
darstellen. Insgesamt liefern die Ergebnisse wichtige Erkenntnisse Uber die komplexe Beziehung
zwischen WMH, kortikale Dicke und mikrostrukturelle Veranderungen bei zerebraler Mikroangiopathie

und tragen zu unserem Verstandnis der zugrunde liegenden Mechanismen von CSVD bei.

Der zweite Teil der Dissertation untersuchte die klinischen Aspekte der zerebralen Mikroangiopathie
und mikrostrukturellen Schadigungen, insbesondere den Einfluss von Erndhrung und Kaffeekonsum.
Mit Hilfe eines Fragebogens zum Lebensmittelkonsum wurden verschiedene Diatmuster bewertet, um
die Verbindung mit bildgebenden Markern der Hirnstruktur und Kognition zu untersuchen. Die
Ergebnisse der dritten Studie zeigten signifikante Zusammenhénge zwischen Erndhrungsverhalten,
Hirnstruktur und kognitiver Funktion. Besonders erwéhnenswert war die Beziehung zwischen der
gesunden Ernahrung und dem geringeren Risiko fur das metabolischen Syndroms, das wiederum mit
einer verbesserten Hirnstruktur assoziiert war. Dariiber hinaus zeigten Personen mit einer gesiinderen
Erndhrung eine bessere kognitive Leistungsfahigkeit, teilweise bedingt durch das reduzierte Risiko fir
das metabolische Syndrom. Die vierte Studie zeigte, dass moderater Kaffeekonsum mit einer
besseren Erhaltung der weilen Substanz und einer héheren kortikalen Dicke assoziiert war. Die
Ergebnisse der dritten und vierten Studie betonen die Bedeutung einer gesunden Erndhrung fir die
Erhaltung der Hirngesundheit und empfehlen, dass eine gesunde Erndhrung Schutz vor

Schéadigungen durch zerebrale Mikroangiopathie bieten kann.
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Abstract

We examined the relationship between white matter hyperintensities (WMH) and cortical neurodegeneration in cere-
bral small vessel disease (CSVD) by investigating whether cortical thickness is a remote effect of WMH through
structural fiber tract connectivity in a population at increased risk of CSVD. We measured cortical thickness on
Tl-weighted images and segmented WMH on FLAIR images in 930 participants of a population-based cohort study
at baseline. DWI-derived whole-brain probabilistic tractography was used to define WMH connectivity to cortical
regions. Linear mixed-effects models were applied to analyze the relationship between cortical thickness and connec-
tivity to VWWMH. Factors associated with cortical thickness (age, sex, hemisphere, region, individual differences in cortical
thickness) were added as covariates. Median age was 64 [IQR 46-76] years. Visual inspection of surface maps revealed
distinct connectivity patterns of cortical regions to WMH. WMH connectivity to the cortex was associated with
reduced cortical thickness (p =0.009) after controlling for covariates. This association was found for periventricular
WMH (p =0.001) only. Our results indicate an association between WMH and cortical thickness via connecting fiber
tracts. The results imply a mechanism of secondary neurodegeneration in cortical regions distant, yet connected to
subcortical vascular lesions, which appears to be driven by periventricular WMH.

Keywords
Cerebral small vessel disease, cortical thickness, diffusion-weighted imaging, structural connectivity, white matter
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Introduction

White matter hyperintensities of presumed vascular
origin (WMH) are the most common radiological
marker of cerebral small vessel disease (CSVD).'
WMH are associated with various clinical sequelae
like dementia, cognitive impairment, mood disorders,
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mortality, an increased risk of stroke, and worsened
recovery from stroke.> * Supporting the hypothesis of
damage to small perforating arteries in CSVD, major
contributors for the development of WMH are athero-
sclerosis and cardiovascular risk factors like age, hyper-
tension and smoking.>>¢

Global cortical atrophy is another recurring pathol-
ogy in CSVD and found to be associated with the
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extent of WMH in whole-brain and region-specific
analyses.”” This association appears to contain a
location-dependent component, since spatial patterns
of cortical thinning were identified for WMH located
either in periventricular (pWMH) or deep white matter
(dWMH) %10

The hypothesis of secondary cortical degeneration
through damaged white matter tracts indicates a
direct pathophysiological link between WMH and cor-
tical thickness.'"'® In subcortical stroke and
CADASIL patients, cortical thinning occurred in
brain regions distant, yet connected to subcortical
lesions through degenerated white matter tracts.'*'®
Based on these observations, we investigate the
impact of WMH on cortical thickness through white
matter connectivity in a population at increased risk
for cardiovascular diseases. We hypothesize that a
higher connectivity between WMH and cortical regions
is associated with reduced grey matter thickness in
these areas after adjusting for the overall connectivity
and lesion load. We further distinguished between
pWMH and dWMH connectivity on the cortex to
underpin possible location dependent effects of
WMH on cortical thickness.

Material and methods

Study design and participants

Data from participants of the Hamburg City Health
Study (HCHS) was selected for this analysis. HCHS
is a single center, prospective, epidemiologic cohort
study with emphasis on imaging to improve the identi-
fication of individuals at increased risk for major
chronic diseases and to improve early diagnosis and
survival. A detailed description of the overall study
design was published separately.'” In brief, 45,000 citi-
zens of the city of Hamburg, Germany, between 45 and
74 years are invited to an extensive baseline evaluation.
A subgroup of participants with increased risk for car-
diovascular diseases undergoes a standardized MRI
brain imaging protocol. Specifically, this subgroup is
selected based on the presence of cardiovascular risk
factors using the Framingham Risk Score.'® For
this study, we analyzed the first 1,000 brain MRI
datasets from participants of the HCHS at the time
of baseline visit. Imaging data of insufficient quality
for white matter segmentation and reconstruction of
white matter fibers were excluded.

The local ethics committee of  the
Landesarztekammer Hamburg (State of Hamburg
Chamber of Medical Practitioners, PV5131) approved
the HCHS, and written informed consent was obtained
from all participants. The study has been registered at
ClinicalTrial.gov (NCT03934957). The HCHS design

ensures that all involved individuals abide by the ethi-
cal principles described in the current revision of the
Declaration of Helsinki, by Good Clinical Practice
(GCP) and by Good Epidemiological Practice (GEP).

Magnetic resonance imaging

Images were acquired using a 3T Siemens Skyra MRI
scanner (Siemens, Erlangen, Germany). For single-
shell diffusion weighted imaging (DWI), 75 axial
slices were obtained covering the whole brain with gra-
dients (b= 1,000 s/mm?) applied along 64 noncollinear
directions with the following sequence parameters: rep-
etition time (TR)=8500ms, echo time (TE)=75ms,
slice thickness (ST)=2mm, in-plane resolution
(IPR)=2 x 2mm?, anterior-posterior phase-encoding
direction. For 3D Tl-weighted anatomical images,
rapid acquisition gradient-echo sequence (MPRAGE)
was used with the following sequence parameters:
TR =2500ms, TE=2.12ms, 256 axial slices, ST =
0.94mm, and IPR=0.83x0.83mm> 3D T2-
weighted fluid attenuated inversion recovery (FLAIR)
images were acquired with the following sequence
parameters: TR =4700ms, TE=392ms, 192 axial
slices, ST=0.9mm and IPR =0.75 x 0.75 mm.

WMH segmentation

For segmentation of WMH, we used FSL’s Brain
Intensity AbNormality Classification Algorithm
(BIANCA), a fully automated, supervised k-nearest
neighbor (k-NN) algorithm." The training dataset
comprised WMH masks for the first 100 participants
generated by selecting only voxels that had been
marked by two experienced investigators (CM and
MP) independently with manual segmentation. Mean
Dice Similarity Index for manual WMH segmentations
of the training data was 0.63. Derived masks of WMH
were divided into periventricular (pWMH) and deep
(dAWMH) by defining a 10 mm distance threshold to
the ventricles.”>?! WMH load was calculated as the
fraction of whole brain tissue volume (excluding ven-
tricle volume). The algorithm was trained on multiple
modalities by including both T1-weighted and FLAIR
images to the algorithm. Additionally, spatial informa-
tion of each voxel was implemented in the algorithm
after linear registration to MNI space.

Probabilistic tractography

Whole-brain streamlines were reconstructed using ana-
tomically constrained probabilistic streamlines tractog-
raphy (ACT) by second order integration over fiber
orientation distributions (iIFOD2) using the publicly
available MRtrix 3 toolbox.”> ** Dynamic seeding
was applied.?® This approach addresses the uncertainty
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in the calculation of the fiber orientations in each voxel
and is constrained to anatomical priors to improve the
biological plausibility of the tractography. Specifically,
white matter fibers were reconstructed by starting
probabilistic streamlines strategically in the white
matter, producing streamline bundles that match the
distribution of modelled fiber directions in every
voxel. In addition, the reconstructed streamline densi-
ties were matched and adjusted with fiber density esti-
mated from the diffusion model for each voxel.

Analysis of cortical thickness and connectivity to
WMH

Figure 1 illustrates the methodological approach of our
study. Cortical surface arcas were defined, and cortical
thickness was measured on T1-weighted imaging data
using the standardized Freesurfer processing pipeline
(Version 5.3).%° Three steps were applied to calculate
connectivity of WMH with the cortical surface: (1) an
individual tractogram containing all streamlines was
reconstructed based on the whole-brain tractography
as described above. At their cortical terminations, all
streamlines were counted at each cortical vertex; the
number of terminating streamlines was taken as a mea-
sure of connectivity at corresponding cortical areas
(Figure 1(a)); (2) WMH segmentations generated pre-
viously were used to filter only the streamlines passing
through at least one voxel with WMH. Analogous to
step 1, the number of filtered streamlines was used as a
measure of connectivity to WMH, calculated at each

cortical vertex and normalized with respect to whole-
brain connectivity to account for physiological dispar-
ities in regional connectivity of the cerebral cortex
(Figure 1(b)). For simplicity, this connectivity to hyper-
intensities proportional to the overall connectivity is
simply referred to as WMH connectivity; (3) the
second step was repeated for previously generated
masks of deep and periventricular WMH separately.
The extracted connectivity from these masks is further
referred to as dWMH and pWMH connectivity (Figure
1(c)). Of note, “dWMH and pWMH connectivity” in
our study is not applied as a surrogate marker of struc-
tural white matter integrity since these measures do not
relate to specific, predefined white matter tracts. They
rather characterize the connectivity profile of cortical
brain areas, specifically in relation to the probability of
connectivity to WMH. To facilitate subsequent statis-
tical analysis and anatomical mapping, vertex-vise con-
nectivity was summarized with regard to 210 distinct
brain regions of the connectivity-based Brainnetome
atlas.’” To assess regional patterns of connectivity to
the different types of WMH, the regions were sorted in
descending order according to their median connectiv-
ity to WMH, pWMH and dWMH.

Statistical analysis

Demographic data of all participants was recorded,
and the median of demographic and imaging data
was calculated together with the interquartile range.

(a)

All tracts

WMH
segmentation
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Tractography

(b)
WMH tracts

Connected cortex
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dWMH & pWMH tracts
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Figure |. Methodological approach of the generation of a WMH connectivity pattern to the cortical surface. Whole-brain trac-
tograms were calculated for all individuals using anatomically constrained probabilistic tractography (a). All WMH were automatically
segmented with a k-nearest neighbor algorithm and the segmentation was used to select only the streamlines passing through at least
one voxel with WMH, visualized in (b). Derived masks of WMH were divided into p¥WMH and dWMH by a |0mm distance threshold
to the ventricles. These masks were used to further select streamlines crossing dWWMH and streamlines crossing pWMH, shown in
(c). Abbreviations: dWMH = deep white matter hyperintensities, mm = millimeter, pWMH = periventricular white matter hyper-

intensities, WMH = white matter hyperintensities.
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For the primary analysis, two linear mixed-effects
models were fitted both including cortical thickness
as the dependent variable and fixed effects age, sex
(female, male) and hemisphere (right or left) to control
for their known association with cortical thickness. In
addition, random effects for participants and cortical
region were introduced to control for inter-individual
and regional variability in cortical thickness.”® *® For
the first model (“Model 17) analyzing the impact
of WMH connectivity on cortical thickness, values of
WMH connectivity was included as an independent
variable together with modelling of random slopes for
a hypothesized region-specific effect size of the WMH
connectivity and lesion load. The second model
(“Model 2”) analyzed the impact of deep and periven-
tricular WMH connectivity on cortical thickness and
therefore included dAWMH and pWMH connectivity as
independent variables with modelling of random slopes
for an assumed region-specific effect of dAWMH and
pWMH connectivity and lesion load. All statistical
analysis was carried out using R (Version 3.5.1).>!

Results

Study sample characteristics

We considered MRI data from the first 1000 partici-
pants of HCHS for inclusion in this study. Of those,
21 participants were excluded due to missing imaging
data (9 no imaging data at all, 3 FLAIR, 9 DWI),
40 participants were excluded due to poor quality or
incompleteness of imaging data (39 DWI, 1 FLAIR)
and in 9 participants, image processing was unsuccess-
ful for technical reasons. The final sample for this study
comprised 930 participants (424 females; 45.6%) with a
median age of 64 (IQR=14, range 46-76) years.
Median brain volume was 1,484 ml (203), median
WMH 0.6ml (1.4), median pWMH 0.5ml (1.1) and
median dWMH 0.1 ml (0.2). Demographic and imaging
data are summarized in Table 1.

Distribution of cortical connectivity to WMH

Connectivity to WMH was averaged over all partici-
pants and visualized as a projection on the cortical sur-
face in Freesurfer average space for all WMH as well as
pWMH and dWMH, separately. As illustrated in
Figure 2, distinct patterns with regional differences in
connectivity to WMH can be observed. In general,
WMH demonstrated high connectivity with cortical
regions of the frontal and occipital lobes with lesser
and more sparse connectivity to parietal and temporal
lobes (Figure 2(a)). In reference to the Brainnetome
anatomical atlas, cortical regions with the highest con-
nectivity were almost exclusively located in the frontal,

Table I. Sample characteristics and image analysis results.

424 (45.6%)

Female sex [n, (%)]

Age [years], median (IQR) 64 (14)
Vascular risk factors
Current smoking [n, (%)] 167 (18.0%)
Hypertension* [n, (%)] 637 (68.5%)
Diabetes** [n, (%)] 74 (8.0%)
BMI, median (IQR) 26.36 (5.62)
Conventional MRI measures
Brain volume [ml], median (IQR) 1483.7 (203.1)
WMH volume [ml], median (IQR) 0.6 (1.4)
pWMH volume [ml], median (IQR) 0.5 (1.1)
dWMH volume [ml], median (IQR) 0.1 (0.2)
WMH load [%], median (IQR) 0.04 (0.098)
PWMH load [%], median (IQR) 0.035 (0.081)
dWMH load [%], median (IQR) 0.006 (0.015)
Cortical thickness [mm], median (IQR) 2.4 (0.6)
Connectivity measures
WMH connectivity [%], median (IQR) 0.5 (<0.1)
dWMH connectivity [%], median (IQR) 0.03 (<0.1)
PWMH connectivity [%], median (IQR) 0.4 (<0.1)

Abbreviations: dWMH = deep white matter hyperintensities,

IQR =interquartile range, ml = milliliter, mm = millimeter,

pWMH = periventricular white matter hyperintensities, WMH = white
matter hyperintensities.

*Presence of hypertension was defined as blood pressure >= 140/

90 mm/Hg, intake of antihypertensive medication or a self-reported
prevalence of hypertension.

**Presence of diabetes was defined as blood glucose level > 126 mg/dl or
a self-reported prevalence of diabetes.

occipital, limbic and insular cortex with less connectivity
to cortical areas at the parietal and temporal lobes.
Cortical areas with the highest connectivity to WMH
were located at the cingulate gyrus (Brainnetome atlas
region A32p and A32sg), orbital gyrus (A12/471, A12/
470), inferior frontal gyrus (A44op), medio-ventral
occipital cortex (vmPOS, rCunG, cCunG) and superior
frontal gyrus (A9m, A10m). WMH connectivity to peri-
ventricular WMH demonstrated a similar pattern with
highest connectivity observed in the frontal and occipital
lobes and lesser connectivity located at the parietal and
temporal cortices (Figure 2(b)). In contrast, deep WMH
connectivity analysis resulted in a different cortical pat-
tern. As illustrated in Figure 2(c), connectivity of
dWMH was generally lower compared to pWMH and
demonstrated a more homogeneous distribution over
the cortical surface. In respect to the Brainnetome
atlas, cortical regions with the highest dAWMH connec-
tivity were distributed without a preference for a specific
lobe.

Connectivity to WMH and cortical thickness

Results from mixed-effect linear models including con-
nectivity of all WMH (Model 1) or pWMH and
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(a)
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Figure 2. WMH cortical connectivity pattern grouped by WMH location. Frequency of cortical terminations of white matter tracts
reconstructed by probabilistic tractography passing through white matter hyperintensities relative to all streamlines terminating in the
respective vertex. Shown are connectivity patterns for white matter tracts passing through (a) all WMH as well as (b) periventricular
white matter hyperintensities and (c) deep white matter hyperintensities. Color bars indicate the proportion of streamlines passing
through a WMH on vertex level. This vertex-wise connectivity was only used for visualization, the statistical model includes the WMH
connectivity summarized in 210 cortical regions. Please see Figure | for the methodological approach.

dWMH separately (Model 2) are shown in Table 2. In
detail, Model 1 revealed a negative association between
WMH connectivity and cortical thickness controlled
for age, sex, hemisphere, region and participant
(t(49.12) = —2.71, p=0.009). Further factors associat-
ed with decreased cortical thickness were male sex
(t(92.62) =4.64, p<0.001), left hemisphere (t(19.24) =

7.89, p<0.001), higher age (t(92.65)=—-12.27,
p<0.001), and higher lesion load (t(93.33)=-2.82,
p=0.005).

For Model 2, the linear mixed-effects model

including the connectivity to the deep and periventric-
ular WMH as independent variables, the pWMH
revealed to have a negative association with cortical
thickness (t(62.33)=-3.38, p=0.001). Both the
connectivity of dWMH (p=0.333) and lesion
load of dAWMH (p =0.495) were not significant associ-
ated with cortical thickness. All other effects were
associated with a decreased cortical thickness in male
participants, in the left hemisphere, with higher age and
with higher periventricular lesion load (sex: t(92.53) =
4.4, p<0.001; hemisphere: t(19)=7.78, p<0.001;

age: 1(92.57)=—11.9, p<0.001; periventricular lesion
load: t(94.45)=—-2.72, p=0.007).

Discussion

Our study of topographical associations between
white matter hyperintensity connectivity and cortical
thickness provides two major results. First, WMH
demonstrated a distinct pattern of connectivity to cor-
tical regions with stronger connections to occipital and
frontal brain areas with specific connectivity patterns
for deep and periventricular WMH. Second, higher
probability of connectivity between WMH and the
cerebral cortex was associated with lower cortical
thickness suggesting a direct relationship between the
white matter lesions and cortical atrophy. This associ-
ation was specifically found for periventricular lesions
after adjusting for global connectivity, WMH lesion
volume, and demographic factors.

In our study, we found thinner cortical regions asso-
ciated with higher connectivity to WMH. These find-
ings are in line with a previous report of cortical
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Table 2. Results of linear mixed-effect models controlled for random effects.
Model I* Model 2%*
Predictors of cortical thickness (DV) Estimates Cl p-Value Estimates Cl p-Value
Intercept 2.74 2.64-2.84 <0.001 2.73 2.63-2.84 <0.001
age 0.00 -0.01-0.00 <0.001 0.00 —-0.01-0.00 <0.001
hemisphere (right) 0.01 0.01-0.01 <0.001 0.01 0.01-0.01 <0.001
sex (female) 0.03 0.02-0.04 <0.001 0.03 0.02-0.04 <0.001
Connectivity
WMH -0.25 —-0.43-0.07 0.009 - - -
dWMH - - - 0.05 —-0.05-0.16 .333
pWMH - - - —-0.39 —0.62-0.17 0.001
Lesion load
WMH —6.94 -11.76-2.12 0.005 - - -
dWMH - - - 5.93 —11.10-22.96 495
pWMH - - - -10.24 —17.63-2.85 0.007

Cortical thickness values were used as dependent variable. Both models included random effects of inter-individual and regional variability in cortical
thickness and random slopes of region-specific effect size of WMH connectivity and WMH lesion load.

P-values < 0.05 are indicated in bold. Abbreviations: Cl =95% confidence interval, DV = dependent variable, dWWMH = deep white matter hyper-
intensities, pYWWMH = periventricular white matter hyperintensities, WMH = white matter hyperintensities.

*Model | includes connectivity and lesion load of WMH.
**Model 2 includes connectivity and lesion load of pWWMH and dWMH.

thinning and white matter connectivity to subcortical
white matter lesions in CADASIL, a genetic disorder
with autosomal dominant hereditary transmission
characterized by cerebral arteriopathy with subcortical
infarcts and leukoencephalopathy.'® In this work, cor-
tical atrophy was shown to be specifically prominent in
regions with a higher probability of connectivity to
subcortical infarcts compared to unconnected cortical
areas. Similar remote effects of isolated stroke lesions
on distant, yet connected cortical areas were found in
stroke patients, where cortical thinning occurred as a
result of secondary degeneration of inter- and intrahe-
mispheric white matter tracts.'® However, studies on
the longitudinal association of WMH burden and cor-
tical thickness are contradictory. Several studies dem-
onstrated a pronounced longitudinal decline in cortical
thickness related to higher burden of WMH volume,
whilst a cohort study found no longitudinal effect of
WMH on cortical atrophy in a large group of elder
community-dwelling subjects.®*3*

We further studied distinct connectivity profiles of
periventricular and deep WMH and observed differen-
ces in the association with cortical thickness according
to the topological classification of WMH. Cortical
thickness was significantly lower with stronger connec-
tivity to pWMH while the connectivity to dWMH had
no impact on cortical thickness. In line with this, the
lesion load of pWMH had a significant impact on cor-
tical thickness, while the lesion load of dAWMH did not.
The distinction between periventricular and deep white
matter hyperintensities is of great importance when

analyzing the effect of WMH on cortical thickness
sincc pWMH and dWMH are known to differ both
in the effect on cortical thickness and in their clinical
manifestation. While pWMH are known to mainly
affect cognitive functioning including general cognitive
decline and mental processing speed, dWMH had no
effect on cognition but increases the risk of developing
depressive symptoms, late-onset depression and vascu-
lar dementia.’*> ¥ Additionally, previous literature
found that a higher pWMH volume was related to cor-
tical thinning in a clinical sample with cognitively
impaired patients, showing that pWMH was related
to frontal lobe thinning while dWMH had no effect.®
Moreover, our results are in line with reports of a lon-
gitudinal relationship between pWMH volume and
decline in cortical thickness in a patient population
with symptomatic atherosclerotic disease, while
dWMH again showed no significance.**

Visualization of WMH cortical connectivity pat-
terns in our study revealed distinct characteristics in
topology and cortical connectivity profiles. All types
of WMH (overall, deep and periventricular) were
found to primarily connect to brain regions in the fron-
tal and occipital lobes with less connectivity to areas in
anterior temporal lobe and pre- and postcentral gyri.
This visual impression was confirmed by applying a
standardized anatomical atlas demonstrating the rank
order of brain regions with highest connectivity to sub-
cortical WMH.

Furthermore, there was a striking disparity in prev-
alence and connectivity to cortical surfaces for
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periventricular and deep WMH. First, pWMH were
found to be much more prevalent than dWMH. This
distribution of WMH is comparable to normal aging
participants from other studies with more hyperinten-
sities in the periventricular white matter and few lesions
in the deep white matter.”*° Moreover, pWMH
showed a connectivity pattern similar to overall
WMH with strongly connected regions located in the
frontal, occipital, limbic and insular lobe. In contrast,
dWMH connectivity was overall lower and followed a
different pattern that was more evenly distributed
across all cortical brain regions. These distinctive con-
nectivity profiles are most likely explained by the char-
acteristic anatomical locations of dAWMH and pWMH
in relation to specific types of white matter fiber tracts.
In detail, d(WMH and pWMH could be associated with
disruption of short and long association fibers, respec-
tively. Short association fibers consist of arcuate
U-shaped fibers directly underlying the cortex, mainly
located in the parietal and temporal lobe.***' They
connect adjacent gyri and are primarily prone to dis-
ruption by dWMH. On the other hand, long associa-
tion fibers connect distant brain regions with each
other, run in close proximity to the periventricular
white matter and are therefore often affected by peri-
ventricular WMH.***> Moreover, previous studies sug-
gested that white matter tracts terminating at the
frontal and occipital cortex have a long tract length
on average while the postcentral and superior temporal
gyri are primarily connected to white matter tracts with
a rather short tract length.*’

This study was aimed at unraveling the relationship
between WMH resulting from CSVD and cortical
thickness in a large cohort of 930 participants at ele-
vated risk for cardiovascular diseases. Compared with
previous studies on CSVD, our sample was rather
mildly affected as suggested by a lower median
WMH volume.**#® Nonetheless, we were able to
detect a relevant association between higher probability
of connectivity between WMH and the cerebral cortex
and cortical thickness in our participants. This indi-
cates that distant grey matter degeneration is linked
to WMH and observable already in the early stages
of CSVD.

While the large number of participants and
advanced methodological approaches are strengths of
our study, we focused on associations of imaging find-
ings and potential pathophysiological mechanisms in
CSVD and did not analyze cognitive functioning in
this paper. This can therefore be considered a limita-
tion of our study. Since the assumed effects of WMH
connectivity (especially the differentiation between
pWMH and dWMH connectivity) on cognitive dys-
functions were not extensively investigated previously,
further research is necessary to address this topic.

Moreover, although the Hamburg City Health Study
is a longitudinal cohort study, only cross-sectional data
are currently available.

In conclusion, we reveal a direct relationship
between WMH and cortical atrophy through profiles
and degree of underlying white matter connectivity.
Our results indicate that reduced cortical thickness in
participants with cardiovascular risk factors is associ-
ated with a higher connection probability to underlying
to WMH. Further studies are needed to analyze the
effect of the connectivity and secondary cortical neuro-
degeneration on cognitive performance.
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changes on FLAIR, referred to as normal-appearing
white matter (NAWM).!

Microstructural alterations of the white matter can
be quantified with metrics derived from diffusion-
weighted MRI (DWI). For conventional diffusion-
tensor imaging (DTI) metrics, a tensor model is applied
on DWI which calculates a single compartment of the
diffusion signal within each voxel of the brain.
However, tensors from a single compartment are sus-
ceptible for partial volume effects which occur when
several tissue types reside in the same voxel. For exam-
ple, the presence of extracellular free-water (FW) can
contaminate the derived DTI metrics and limit the bio-
logical specificity of DTIL.® To overcome this limitation,
an algorithm for FW elimination was developed which
models two compartments of the diffusion signal. One
compartment models FW as isotropic with diffusivity
of water at body temperature. The voxel-wise fraction-
al volume of the FW compartment is used to measure
its contribution. The second compartment — the tissue
compartment — applies a diffusion tensor to character-
ize diffusion in the proximity of cells, from which scalar
measures such as fractional anisotropy of the tissue
(FA-t) can be derived.®* When conventional and FW-
corrected DTI metrics were compared, FW-corrected
measures showed the strongest association with demo-
graphic parameters and cognitive functioning and was
also superior in predicting mild cognitive impairments
(MCI), Alzheimer’s disease and vascular dementia.” "¢

In CSVD, the microstructural properties of NAWM
are intricate. Specifically, conventional DTI metrics
including fractional anisotropy (FA) and mean diffu-
sivity (MD) indicate that the microstructural altera-
tions of NAWM range from almost none to
extensive, depending on factors such as age, WMH
burden and cognitive functioning.'”?° In this work,
we set to identify if FW captures microstructural
changes of the white matter depending on the distance
to WMH, defining larger areas surrounding visible
WMH as ‘WMH penumbra’.>! We therefore examined
FW and FA-t alterations in multiple NAWM regions
that are adjacent to the WMH with different distances,
to better identify the WMH penumbra. Moreover, we
aimed to identify if FW and FA-t are associated with
cerebrovascular risk factors in WMH and WMH
penumbra.

Materials and methods

Study design and participants

We analysed data from participants of the Hamburg
City Health Study (HCHS). HCHS is a prospective,
single-centre, epidemiologic cohort study aiming to
improve the understanding of risk factors and

prognosis in major chronic diseases. A detailed descrip-
tion of the study design was published previously.?* In
short, 45,000 citizens of Hamburg, Germany, between
the age of 45 and 74 years are invited to an extensive
baseline evaluation. Brain MRI is conducted in a ran-
domly selected control group and in a subgroup of
participants with increased risk for cardiovascular dis-
cases as defined by a Framingham Risk Score >7.2
For the current analysis, we included the first 1,000
brain MRI datasets from HCHS participants at base-
line. 21 participants had to be excluded because of
missing imaging data (9 without imaging data, 3 with-
out FLAIR, 9 without DWI), 39 participants because
of incomplete DWI acquisition, 1 participant because
of poor FLAIR image quality, and 9 participants
because of technical issues during WMH segmentation.
After initial image processing, 30 participants had seg-
mented WMH <4 voxels and were therefore excluded.
The ethics committee of the State of Hamburg
Chamber  of  Medical  Practitioners  (Ethik-
Kommission Landesarztekammer Hamburg, PV5131)
approved the HCHS, and all participants provided
written informed consent. The HCHS has been regis-
tered at ClinicalTrials.gov (NCT03934957). The HCHS
design ensures that all involved individuals abide by the
ethical principles described in the current revision of
the Declaration of Helsinki, by Good Clinical
Practice (GCP) and by Good Epidemiological
Practice (GEP). The data underlying this article
cannot be shared publicly for the privacy of individuals
that participated in the study.

Clinical data assessment

All participants of the HCHS received detailed anam-
nestic and clinical examination of which age, sex,
(family) history of diseases and cardiovascular risk fac-
tors are of interest for the current study. A detailed
study protocol has been published previously.> In
short, diabetes was defined as either self-reported prev-
alence of diabetes or a blood glucose level >126 mg/dl.
Hypertension was defined as either self-reported
prevalence of hypertension, blood pressure >=140/
90mmHg or intake of antihypertensive medication.
The smoking status (yes/no) refers to active smokers
and non-smokers.

MRI sequences. All images were acquired on a single 3T
Siemens Skyra MRI scanner (Siemens, Erlangen,
Germany) and applied the same imaging protocol.
For 3D Tl1-weighted anatomical images, rapid acquisi-
tion gradient-echo sequence (MPRAGE) was used with
the following sequence parameters: repetition time
(TR)=2500ms, echo time (TE)=2.12ms, 256 axial
slices, slice thickness (ST)=0.94mm, and in-plane
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resolution (IPR)=0.83 x 0.83mm. 3D T2-weighted
FLAIR images were acquired with the following
parameters: TR =4700ms, TE=392ms, 192 axial
slices, ST=0.9mm, and IPR=0.75x0.75mm. For
single-shell diffusion MRI, 75 axial slices were obtained
covering the whole brain with gradients (b=1000s/
mm?) applied along 64 noncollinear directions with
the following sequence parameters: TR =8500ms,
TE=75ms, ST=2mm, IPR=2x2mm with an
anterior-posterior phase-encoding direction.

Imaging post-processing and definition of regions
of interest

An overview of the image processing pipeline is visual-
ized in Figure 1. FLAIR and T1-weighted images were
resampled to 1 x 1 x I mm for the purpose of the reg-
istration between modalities. To register the structural
images into DWI space without degrading the image
resolution to the DWI (2 x 2 x 2mm), we created a
registration target (resampled DWI into 1 x 1 x 1 mm).
The FLAIR and TI-weighted images were then non-
linearly registered on the Ixlxlmm DWI with
nearest-neighbour interpolation. Except for the
WMH segmentation which happened on the 1 x 1 x
1 mm structural images, all subsequent steps of the
imaging analysis were conducted on the original DWI
in 2 x 2 x 2 mm resolution and the registered FLAIR
and T1-weighted images in 1 x 1 x 1 mm resolution.

The standardized Freesurfer processing pipeline
(Version 5.3) was applied on the registered
T1-weighted images for the segmentation of brain
structures including grey and white matter, ventricles,
brainstem and cerebellum.?* Imaging data of insuffi-
cient quality for segmentation were excluded. For the
calculation of the brain volume, the brain tissue with-
out the ventricles was summed. White matter masks
were further edited by subtracting the brainstem, cere-
bellum, and voxels located at the boundary to the grey
matter (Figure 1(a)).

Segmentation of WMH and NAWM ROls

WMH were segmented with FSL’s Brain Intensity
AbNormality Classification Algorithm (BIANCA).>
The fully automated, supervised k-nearest neighbour
(k-NN) algorithm is based on native-space TI-
weighted and FLAIR images and considers spatial
information of each voxel after linear registration to
Montreal Neurological Institute (MNI) space. As a
training dataset for the k-NN algorithm, 100 FLAIR
images were manually segmented by two experienced
investigators (CM & MP) independently to form the
training dataset (mean Dice Similarity Index of the
training dataset: 0.63). Based on the segmentation of

the automatic algorithm, the WMH volume was calcu-
lated. The WMH mask was registered into DWI-space
by applying the warp fields from the structural image
registration. After registration, the WMH mask was
resized via interpolation and binarized to match the
resolution of the original DWI data (2 x 2 x 2mm) to
enable overlay on FW and FA-t maps in the subse-
quent analyses.

After resizing of the WMH mask, we filtered them
for minimum WMH size of 4 voxels (equivalent to
0.032ml on a 2x2x2mm image). By setting this
threshold, we ensured that all imaging parameters mea-
sured within WMH are based on a representative
number of voxels. Consequently, all participants with
a WMH volume <0.032 ml were excluded. WMH load
was defined as the ratio of WMH volume and brain
volume. We further calculated the logarithm of the
WMH load, referred to as ‘log WMH load’, to
obtain normally distributed data. For the analysis of
NAWM, regions of interest (ROIs) were created by
multiple dilations in the 3-dimensional space in white
matter areas adjacent to the WMH in 1 voxel incre-
ments (2mm). This process was repeated § times, cre-
ating 8 NAWM masks representing increasing distance
to the WMH. We avoided duplicate inclusion of voxels
in more than one ROI by excluding all voxels overlap-
ping with the previously created ROI in each dilation.
In the final step, a total of 8 rim-shaped ROIs (each
2mm size, in total a diameter of 16 mm surrounding
WMH) were available and refined by including only
voxels from the pre-defined white matter segmentation
(Figure 1(b)). The size of the WMH penumbra was
chosen based on previous literature.?*2’

Calculation of FW & FA-t

The bi-tensor model optimized for single-shell DWI
was fitted to the original DWI data to calculate the
signal attenuation for extracellular FW and tissue com-
partments separately.® The regularized non-linear fit
yielded FW maps, and FW-corrected diffusion tensors
of the tissue compartment, from which the FW-
corrected fractional anisotropy (FA-t) was calculated.
Utilizing WMH and surrounding NAWM ROIs, FW
and FA-t were extracted and subsequently averaged for
each ROI for further statistical analysis (Figure 1(c)).

Statistical analysis

Demographic data was summarized and reported with
median and interquartile range (IQR). Normality of
the data was checked with skewness and kurtosis,
with the thresholds suggested for large datasets.”® We
conducted two separate statistical analyses. First, we
tested for differences of FW and FA-t between WMH
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A.) White matter segmentation

Freesurfer

segmentation
& refinement
of WM mask

WM mask

B.) WMH & NAWM segmentation

Tlw

BIANCA
algorithm

NAWM ROI
definition

WMH &
8 NAWM ROIs

C.) Free-water analysis

—_—

apply bitensor
model

filter voxels
with masks
from A) and B)

FW map

FA-t map

Y

output: FW & FA-t values
for WMH and 8 NAWM ROIs

Figure 1. Visualization of the image processing pipeline. (a) Definition of white matter (WM) masks using T |-weighted images and
Freesurfer.?* The WM mask was further refined by excluding structures such as brainstem and cerebellum. (b) TI-weighted images
and FLAIR were used for segmentation of the white matter hyperintensities (WMH) with a trained automatic algorithm (BIANCA).>®
The WMH mask was registered and resized to match the original DWI data resolution (2x2x2mm). Registered WMH masks were
repeatedly dilated by one voxel and filtered with the white matter mask. (c) A bi-tensor model was applied on original DWI data to
extract a tissue compartment and a free-water compartment from which free-water and free-water corrected FA (FA-t) maps were
extracted. The WMH and NAWM ROls were applied on the free-water and FA-t maps to calculate the average values for each region.
DWI: diffusion-weighted image; FA: fractional anisotropy; FLAIR: fluid-attenuated inversion recovery; FW: free-water; NAWM:
normal-appearing white matter; ROI: region of interest TIw: T|-weighted image; WM: white matter; WMH: white matter

hyperintensities.
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and surrounding NAWM ROIs with increasing dis-
tance to the WMH. For this purpose, we conducted
separate linear mixed-effects models with either FW
or FA-t as the dependent variable. We added a variable
with 9 categories (i.e., WMH and 8 NAWM ROIs) and
pre-defined contrasts with forward difference coding to
compare each white matter ROI with the next rim of
NAWM ROI. Age, sex, and log WMH load were
added as independent variables. Since FA-t and FW
were measured at multiple regions within subjects, a
random effect was included to control for individual
differences. Based on the results from this model,
NAWM ROIs with significantly different FW values
were merged into one single ROI, termed “WMH-
FW-penumbra’. In the second analysis, we tested the
association of FW and FA-t values in WMH and
WMH-FW-penumbra ROIs with cerebrovascular risk
factors separately in two multivariate linear regres-
sions. As before, age, sex, and log WMH load were
added as independent variables next to variables of
vascular risk (i.e., diabetes, smoking and hypertension).
Results of all linear regressions are presented with stan-
dardized coefficients (f) and p-values (p). Effects were
interpreted as significant if p <0.05. All analysis was
carried out using R Version 3.6.3.%

Supplementary analysis. To investigate the contribution
of physiological, CSVD-independent effects on altera-
tions of free-water in WMH-FW-penumbra, we con-
ducted two post-hoc, supplementary analyses: 1) we
separately calculated periventricular alterations of
free-water in the WMH-FW-penumbra of deep and
periventricular WMH. This was done to investigate if
similar effects in the WMH-FW-penumbra would be
observed in deep WMH, which occur in a much more
heterogeneous spatial pattern as compared to periven-
tricular WMH, which are more stereotypically located
in the white matter in close proximity to the ven-
tricles.>*™! 2) We compared free-water extent in the
WMH-FW-penumbra in both participants from the
first (lowest) and forth (highest) quartile of WMH
volume. This approach was chosen to investigate if
the extent of free-water changes would occur at similar
distances from WMH independent of WMH extent.
Methods and detailed results can be found in the
supplement.

Results

Study sample characteristics

We included MRI data of the first N= 1,000 partici-
pants of the HCHS in our analysis. The final dataset
comprises 900 participants (412 females; 45.8%) with a

median age of 64 years (IQR = 14). The sample char-
acteristics are summarized in Table 1.

Differences in white matter microstructure
across ROIs

Results from linear mixed-effects models demonstrated
significant differences in FW between concentrically
adjacent ROIs including WMH and the first 4
NAWM ROIs (2mm-8 mm) with the highest FW in
the WMH and lower FW values with increasing dis-
tance from the WMH (Table 2, Figure 2). The differ-
ences between ROIs were significant after controlling
for age, sex, and log WMH load. There were no signif-
icant differences of FW in adjacent ROIs between
10mm-16mm. Independent from the region, the
results show that FW values were higher with increas-
ing age (f=0.008, p<0.001) and higher log WMH
load (f=0.007, p < 0.001) while sex was not significant
($=0.003, p=0.051).

The linear mixed-effects model also revealed that
FA-t differs significantly in all concentrically adjacent
ROIs between WMH and 14mm distance from the
WMH. These differences were significant after control-
ling for age, sex, and log WMH load (Table 2, Figure 3).
FA-t was the lowest in WMH, increased to a peak at
the 4 mm ROI and declined with further increasing dis-
tance. Of all comparisons of concentrically adjacent
ROIs, only the comparison of FA-t between the ROI
at 14mm with the ROI at 16 mm did not show a sig-
nificant difference. Independent of the white matter
region, FA-t was generally significantly lower with
higher age (f=-0.002, p=0.01) and higher log
WMH load (f=-0.004, p<0.001) while sex did not
have a significant effect (f=-0.001, p=0.35).

Table I. Sample characteristics with demographic data,
cerebrovascular risk factors, and MRI measures.

Demographic characteristics

Female sex, n (%) 412 (45.8%)

Age [years], median (IQR) 64 (14)
Cerebrovascular risk factors

Active smoker, n (%) 141 (15.7%)

Diabetes mellitus,” n (%) 73 (8.1%)

Hypertension,” n (%)
Conventional MRI measures

618 (68.7%)

Total brain volume [ml], median (IQR) 1,483 (203)
WMH volume [ml], median (IQR) 0.66 (1.4)
WMH load [%], median (IQR) 0.04 (0.1)

IQR: interquartile range; ml: millilitre; n: number of participants; WMH:
white matter hyperintensities.

*Prevalence of diabetes mellitus was defined as blood glucose level
>126 mg/dl or self-report.

PPrevalence of hypertension was defined as blood pressure >= 140/
90 mm/Hg, intake of antihypertensive medication or self-report.
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Table 2. Results of multivariate mixed-effects linear regression
analysing free-water and FA-t in WMH and adjacent NAWM
ROls.

Free-water FA-t

B P B P
Intercept 0.205 <0.001 0.456 <0.001
age 0.008 <0.001 -0.002 0.0l
Sex—female 0.003 0.051 —0.001 0.35
log WMH load 0.007 <0.001 —-0.004 <0.001
ROI contrasts
WMH — 2mm 0.166 <0.001 —-0.059 <0.001
2mm—4 mm 0.07 <0.001 —-0.008 <0.001
4mm—6 mm 0.015 <0.001 0.019 <0.001
6mm-8 mm 0.006 <0.001 0.015 <0.001
8mm—10mm 0.002 0.017 0.011 <0.001
10mm—12mm <-0.001 0.932 0.007 <0.001
12mm—14 mm —0.001 0.154 0.004 0.003
14mm—16 mm —-0.001 0.18 0.002 0.141

Two multivariate linear regression models were conducted with either
free-water or FA-t as the dependent variable, as indicated above. P-values
<0.05 are indicated in bold. Models are additionally adjusted for random
effects of individual differences.

p: standardized estimate; FA-t: free-water corrected fractional anisotro-
py; log: logarithmic; mm: millimetre; NAWM: normal-appearing white
matter; p: p-value; ROI: region of interest; WMH: white matter
hyperintensities.

Association of microstructural integrity with
cerebrovascular risk factors

Based on the results of the ROI analysis, the “WMH-
FW-penumbra’ was defined and included the first 4
NAWM ROIs 2mm - 8mm) where significantly
increased FW was found between concentrically adja-
cent ROIs. In the second part of the analysis, we exam-
ined the association of FW and FA-t with
cerebrovascular risk factors both in WMH and in the
WMH-FW-penumbra. Results from multivariate
linear regression demonstrated higher FW in
WMH-FW-penumbra in active smokers (f=0.006,
p=0.008) compared to non-smokers; no significant
differences between smokers and non-smokers were
found in WMH ($=0.001, p=0.793). Additional
cerebrovascular risk factors were not significantly asso-
ciated with FW. Moreover, FW in WMH and WMH-
FW-penumbra was higher with increasing age (effect in
WMH: f=0.008, p<0.001; effect in penumbra:
p=0.007, p<0.001) and higher log WMH load
(effect in WMH: =0.017, p <0.001; effect in penum-
bra: f=0.004, p<0.001), next to a significant main
effect of sex on FW in WMH (f=-0.008, p=0.031).
See Table 3 for all results of the linear regression.

0.6
—
8
z
é 0.4
E
0.2
0.1 0.4
free-water I

(T

WMH

0 2 4 6 8 10 12 14 16

distance to WMH [mm]

Figure 2. Distribution of free-water in white matter hyperintensities (WMH) and adjacent normal-appearing white matter regions.
The boxplot displays the raw free-water distribution across the regions. The visualized circle displays the color-coded free-water in
each region. A solid line between two adjacent regions represents a significant difference in free-water, based on the outcome of the
multivariate linear regression. A dotted line represents no significant difference between the adjacent regions.

mm: millimetre; WMH: white matter hyperintensities.



Mayer et al.

1713

FA-t

0.3

0.4 (5
|

0

WMH

]
[ ] -
[] .
. ! .
] :
LA |
. - -
. * 0
2 4 6 8 10 12 14 16

distance to WMH [mm]

Figure 3. Distribution of free-water corrected fractional anisotropy (FA-t) in white matter hyperintensities (WMH) and adjacent
normal-appearing white matter regions. The boxplot displays the raw FA-t distribution across the regions. The visualized circle
displays the color-coded FA-t in each region. A solid line between two adjacent regions represents a significant difference in FA-t,
based on the outcome of the multivariate linear regression. A dotted line represents no significant difference between the adjacent

regions.

FA-t: free-water corrected fractional anisotropy; mm: millimetre; WMH: white matter hyperintensities.

For FA-t, results of multivariate linear regression
showed that active smokers had significantly lower
FA-t values in WMH and WMH-FW-penumbra com-
pared to non-smokers (effect in WMH: f=-0.015,
p=0.008; effect in penumbra: f=-0.007, p=0.003).
Other vascular risk factors, i.e., diabetes and hyperten-
sion, were not significantly associated with FA-t.
Moreover, FA-t in both WMH and WMH penumbra
was significantly depending on age (effect in WMH:
p=0.008, p=0.001; effect in penumbra: f=-0.004,
p<0.001) next to significant main effects of sex on
FA-t in WMH (f=-0.011, p=0.008) and log WMH
load on FA-t in WMH-FW-penumbra (f=-0.003,
p=0.003). See Table 3 for all results of the linear
regression.

Supplementary analysis

Results from our post-hoc analysis show that 1) both
WMH in the periventricular and deep white matter
have increased FW in the surrounding tissue, and
that 2) the extent of FW increase in the surrounding
tissue was present similarly both in the first and last
quartile of the periventricular WMH volumes.

Discussion

We examined the microstructural alterations of white
matter in WMH and surrounding tissue in a large
population-based cohort at increased risk for cerebro-
vascular diseases using DTI derived metrics of extra-
cellular FW and FA-t. We further examined the
association of FW and FW-corrected FA with major
vascular risk factors both in WMH and in the WMH-
FW-penumbra. Our results show that FW was signifi-
cantly higher in the NAWM up to 8 mm surrounding
the WMH with a distance-dependent decline.
Additional, post-hoc analysis revealed that the FW
alterations in the NAWM is present both in periven-
tricular and deep WMH and independent from the
degree of periventricular WMH volume, indicating an
anatomically independent effect. The spatial relation-
ship of FA-t values was more complex with the highest
value located in NAWM of 4 mm distance to WMH
and decreasing further distant. As a second finding,
active smokers had significantly higher FW and lower
FA-t in the WMH-FW-penumbra while diabetes and
hypertension were not significantly associated. This
study therefore helps to determine the dimension of
microstructural deterioration in the penumbra of
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Table 3. Results of multivariate linear regression models with cerebrovascular risk factors and free-water/FA-t in WMH and WMH-

FW-penumbra.

Free-water FA-t

WMH penumbra WMH penumbra

B P b P B P B P
Intercept 0.424 <0.001 0.192 <0.001 0.431 <0.001 0.478 <0.001
age 0.008 <0.001 0.007 <0.001 0.008 0.001 —0.004 <0.001
sex — female -0.008 0.031 —-0.003 0.084 —0.011 0.008 -0.002 0.336
log WMH load 0.017 <0.001 0.004 <0.001 0.001 0.775 -0.003 0.003
smoking — active 0.001 0.793 0.006 0.008 -0.015 0.008 -0.007 0.003
diabetes — yes —0.003 0.639 <-0.001 0.953 0.007 0.607 0.002 0.533
hypertension — yes <0.001 0.997 0.002 0.227 0.002 0.316 0.003 0.212

The dependent variable is either free-water or FA-t measured in WMH and in WMH-FW-penumbra, as indicated in the table. The penumbra is defined
as the normal-appearing white matter in the direct surrounding of WMH with higher free-water (diameter 8 mm). P-values < 0.05 are indicated in bold.
p: standardized estimate; FA-t: free-water corrected fractional anisotropy; log: logarithmic; p: p-value; WMH: white matter hyperintensities.

WMH based on FW measurements and to assess the
relationship between FW in this penumbra and cere-
brovascular risk factors.

In CSVD, the NAWM surrounding apparent WMH
is affected by microstructural alterations not visible on
FLAIR and was previously described as the “‘WMH
penumbra’, characterized by a stronger tendency to
convert to WMH.?'%%? Several studies examined the
extent of alterations in the white matter by analysing
DWI and perfusion data, indicating that the degree of
microstructural deterioration in NAWM increases in
closer proximity to WMH.?*?!2%3% However, results
show heterogeneity in defining the diameter of the
WMH penumbra which depends on the imaging
parameter used — it varies from a 4mm penumbra
defined by decreased FA and increased MD up to a
12mm penumbra defined by CBF, and 20 mm for a
penumbra defined by blood-brain barrier leak-
age.”%2!?73% Despite inconsistent findings regarding
the spatial extent of the WMH penumbra, all studies
found that WMH represent the peak of microstructural
degeneration in CSVD 20-21:26.27.34

In the current analysis, we characterized the extent
of the WMH penumbra based on free-water imaging,
reflecting the microstructural properties of the WMH
and surrounding NAWM. In line with the notion of
microstructural damage peaking in WMH, we found
that WMH were characterized by the highest FW and
the lowest FA-t values. In addition, there was a con-
stant increase in FW with closer proximity to WMH
starting in NAWM of 8mm distance to WMH.
Previous literature already indicates that FW in
NAWM varies depending on the diagnosis of
Alzheimer’s Disease, presence of MCI, and dementia
severity.''*> However, the spatial distribution of FW in
NAWM was not previously examined. Increased

extracellular FW may be an indicator for microvascu-
lar degeneration, demyelination and fibre loss
which are pathological markers of CSVD.**%’
Neuroinflammatory processes and blood-brain-barrier
leakage next to damage of the ependyma leading to
cerebrospinal fluid entering the brain parenchyma are
additional pathological mechanisms which could result
in increases of the extracellular FW in WMH and
NAWM. ¥4 Taken together, the results of our study
suggest that pathological white matter alterations
implied in CSVD are detectable with free-water imag-
ing in and, most importantly, beyond visible WMH.
Longitudinal studies will help to delineate factors
which influence the progression of the WMH-FW-
penumbra.

Next to FW, FA-t demonstrated a more complex
pattern in the NAWM ROIs with highest values in
NAWM of 4mm distance and decreasing in both
closer and more distant ROIs. The counterintuitive
results were already observed in other studies examin-
ing FW-uncorrected FA-values.?**' The peak of FA-t
values as a halo surrounding the WMH is a finding
discordant to the linear decrease of FW. A possible
explanation for the peak in the direct surrounding of
WMH is the majority of WMH in this study being
located in the caps of the ventricles which contain
densely bundles white matter tracts and, subsequently,
have by nature higher FA-t values compared to white
matter with a low density of tracts.’4*%
Consequently, FA-t (or FA in general) is prone to
local differences by higher values in regions with dense-
ly bundles white matter tract compared to regions out-
side the main fibre tracts. This bias can be unmasked
with free-water imaging. Previous studies already
found that FW is more correlated with clinical deficits
and provides a greater biological specificity than
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conventional DTI metrics, where alterations in FA and
MD can be explained by increases in FW 51012

We examined the association of FW and FA-t with
cerebrovascular risk factors represented by hyperten-
sion, smoking, and diabetes. Our results show a signif-
icant association of FW with smoking in the
WMH-FW-penumbra. However, neither the relation-
ship between smoking status and FW in WMH was
significant nor was FW associated with other vascular
risk factors. For FA-t, active smoking status was sig-
nificantly associated with lower FA-t values in both
WMH and the WMH-FW-penumbra, while diabetes
and hypertension were not significantly associated.
The results are in line with previous literature showing
that chronic smokers have significantly lower FA and
smoking cessation is positively related to lower FA in
NAWM, but no study examined the effect of smoking
on changes of FW in the NAWM so far.***® As a
potential pathophysiological mechanism underlying
the association with FW, chemical constituents of the
cigarette smoke are suggested to cause neurotoxic
swelling of the brain and plasma fluid leaking into
the interstitial space which leads to more extracellular
water.*”*® Previous literature also indicates an associ-
ation of diabetes and hypertension with uncorrected
FA in the brain white matter but their association
with FW has not been examined previously.*®#* !
Our analysis revealed that FA-t and FW were not sig-
nificantly associated with diabetes or hypertension. As
an important limitation, we did not consider the time
since diagnosis or differences between participants with
or without antihypertensive medication - two factors
which were shown to be associated with WMH sever-
ity.*>? Additional analysis is necessary to examine
whether diabetes and hypertension might have an influ-
ence on FW in a cohort with severe manifestations of
CSVD, syndromes of neurodegeneration or other neu-
rological diseases affecting the brain microstructure.

Generally, all significant effects reported in this
paper were found in a cohort which displayed a rela-
tively low degree of CSVD manifestation on MRI.
Therefore, our study provides novel findings for early
stages of CSVD demonstrating subtle alterations in the
cerebral white matter surrounding WMH. Due to the
selection of the participants from a population-based
study, we cannot exclude an impact of physiological
white matter microstructure on our findings.
However, given the results from our post-hoc analysis,
we would argue that our findings nonetheless indicate
pathophysiological processes occurring in CSVD as a
spectrum of increasing alterations of the white matter.
The cross-sectional nature of our study is an additional
limitation and further studies are needed to investigate
the course of deterioration longitudinally and to exam-
ine whether increased FW is a predictor of conversion

into WMH. Moreover, given the selection of partici-
pants from a population-based study, it is not possible
to provide an a-priori categorization of unaffected indi-
viduals. While our results are based on the application
of a bi-tensor model which accounts for signal contri-
bution from tissue and extracellular, i.e., FW, compart-
ments, it has been shown that perfusion significantly
affects the estimation of the FW fraction.>® Therefore,
novel three-compartment diffusion MRI methods
which account for the signal contribution of blood per-
fusion, in addition to that of FW and tissue compart-
ments, might be helpful to delineate the complex
interplay of vascular and tissue-changes observed in
CSVD.” Such models require the acquisition of
multi-shell diffusion data, for which more robust esti-
mation of FW is also available.”*

To conclude, we presented results of the, so far, larg-
est free-water imaging analysis in a population-based
study in the context of CSVD. We showed that the
WMH-FW-penumbra has a size of 8 mm surrounding
WMH and that FW increases in closer proximity
to WMH. In contrast to that, FA-t shows a more com-
plex spatial distribution to WMH with peaks at 4 mm
distance which is congruent with previous studies. In
addition, our analysis found significantly higher FW
and lower FA-t in active smokers compared to non-
smokers. Further research will be necessary to better
understand the longitudinal trajectory of FW and cel-
lular tissue alterations in NAWM and their spatial rela-
tionship to WMH. This might ultimately help to
identify which factors are beneficial in preventing
NAWM from the progression to WMH.
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Supplement Material S1. Analysis of penumbral tissue for periventricular and deep WMH
Methods

In this additional analysis, we measured free-water (FW) measurements in the WMH and penumbra of
periventricular and deep WMH separately to investigate if similar effects in the WMH penumbra would
be observed in deep WMH, which occur in a much more heterogeneous spatial pattern as compared to
periventricular WMH, which are confined to the white matter in close proximity to the ventricles.? To
differentiate between periventricular and deep WMH, we applied a threshold of 10mm from the
ventricles, as proposed previously.! After the differentiation, we applied the same analysis steps as in the
main manuscript, separately for the deep WMH and periventricular WMH. Regions of interest (ROIs) were
created by dilating the periventricular / deep WMH mask in the 3-dimensional space in 1 voxel increments
(2mm). This process was repeated 8 times to create 8 normal-appearing white matter (NAWM) masks. To
avoid confounding effects of periventricular WMH located in the penumbral tissue of deep WMH and vice
versa, we excluded both the WMH mask and the first penumbral tissue mask (2mm surrounding WMH)

of each WMH type from the other WMH type. Then, FW was extracted and averaged for each ROI.

The statistical analysis contained the same linear mixed-effects models as applied in the main manuscript,

with FW as the dependent variable. Models were defined separately for periventricular and deep WMH.
Results

The linear mixed-effects models showed, that both WMH in the periventricular and deep white matter
have increased FW in the surrounding tissue (table 1). For a visualization of the distribution of the deep
and periventricular WMH, see figure 1. Although the effect is less extensive in the case of deep WMH (FW
increased in up to 4mm distance to the lesion), the significant results both in periventricular and deep
WMH indicate that FW alterations are not solely associated with the distance to the ventricles.
Additionally, we see that the standardized effect sizes (B) decrease with increasing distance to both

periventricular and deep WMH, indicating a direct relationship between FW in the penumbra and WMH.

Figure 1. Heatmap of the periventricular and deep WMH of the study sample (N =900).
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Table 1. Results of the linear mixed-effects models analyzing the free-water content in the deep and

periventricular WMH.

Free-water in periventricular .
WMH Free-water in deep WMH
B p B p
Intercept 0.212 <0.001 0.197 <0.001
age 0.008 <0.001 0.005 <0.001
sex - female -0.003 0.056 -0.006 0.009
log WMH load 0.008 <0.001 0.009 <0.001
WMH - 2mm 0.175 <0.001 0.119 <0.001
2mm —4mm 0.07 <0.001 0.052 <0.001
4mm —6mm 0.016 <0.001 0.011 <0.001
ROI 6mm —8mm 0.007 <0.001 <0.001 0.623
contrasts 8mm —10mm 0.004 0.001 -0.001 0.433
10mm —12mm <0.001 0.392 -0.001 0.31
12mm —14mm <-0.001 0.7 -0.002 0.174
14mm —16mm <-0.001 0.461 -0.002 0.248

Two multivariate linear regression models were conducted with free-water as the dependent
variable. As indicated above, free-water in either the periventricular or deep WMH were included. P-
values < 0.05 are indicated in bold. Models are additionally adjusted for random effects of individual
differences.

Abbreviations: B = standardized estimate, log = logarithmic, mm = millimetre, p = p-value, ROl =region

of interest, WMH = white matter hyperintensities.




Supplement Material S2. Analysis of penumbral tissue for lowest and highest quartile of periventricular

WMH volume
Methods

As a second approach, we examined FW in the penumbra of periventricular WMH separately for
participants in the first (<25%, Q1) and last (>75%, Q4) quartile of WMH volumes. For this, we divided the
cohort into four quartiles based on their periventricular WMH volume and only considered the lowest and
highest quartile for further analysis. Mean volumes for periventricular WMH were 0.08ml (IQR = 0.073)
for Q1 and 3.4ml (IQR = 2.55) for Q4. A heatmap of the periventricular WMH volumes in both groups
(Q1/Q4) is visualized in figure 2.

Results

Again, we applied two linear mixed-effects models as described in the main manuscript. In this analysis,
only FW in the WMH and penumbral tissue of either Q1 or Q4 of the periventricular WMH was considered.
The results are shown in table 2. In short, although the groups varied in periventricular WMH volume (i.e.
the extent of WMH into periventricular white matter), the extent of FW increase in the WMH penumbra
was similar for WMH in Q1 and Q4. The results indicate that the FW increases in proximity to WMH do

not solely reflect the underlying, physiological anatomical structure.

Figure 2. Heatmap of the lowest and highest quartile of periventricular WMH volume in the study sample

(N = 900).
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Table 2. Results of the linear mixed-effects models analyzing the free-water content in the first and
fourth quartile of the periventricular WMH volume.

Free-water in Q1 periventricular | Free-water in Q4 periventricular
WMH volume WMH volume
B p B p

Intercept 0.189 <0.001 0.222 <0.001
age 0.005 <0.001 0.006 <0.001
sex - female <-0.001 0.962 -0.009 0.008
log WMH load 0.001 0.657 0.006 <0.001
WMH —2mm 0.142 <0.001 0.183 <0.001

2mm —4mm 0.069 <0.001 0.069 <0.001

4mm — 6mm 0.017 <0.001 0.013 <0.001

ROI 6mm —8mm 0.007 0.001 0.005 0.001
contrasts 8mm —10mm 0.003 0.208 0.001 0.452
10mm—12mm 0.001 0.724 -0.002 0.295

12mm —14mm <0.001 0.916 -0.003 0.031

14mm —16mm <0.001 0.893 -0.003 0.061

Two multivariate linear regression models were conducted with free-water as the dependent
variable. As indicated above, either participants in the first or fourth quartile of the periventricular
WMH volume were included. P-values < 0.05 are indicated in bold. Models are additionally adjusted
for random effects of individual differences.

Abbreviations: B = standardized estimate, log = logarithmic, mm = millimetre, p = p-value, Q1= first
quartile (<25%), Q4 = fourth quartile (>75%), ROl = region of interest, WMH = white matter
hyperintensities.
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Abstract: Despite associations of regular coffee consumption with fewer neurodegenerative disorders,
its association with microstructural brain alterations is unclear. To address this, we examined the
association of coffee consumption with brain MRI parameters representing vascular brain dam-
age, neurodegeneration, and microstructural integrity in 2316 participants in the population-based
Hamburg City Health Study. Cortical thickness and white matter hyperintensity (WMH) load were
measured on FLAIR and T1-weighted images. Microstructural white matter integrity was quan-
tified as peak width of skeletonized mean diffusivity (PSMD) on diffusion-weighted MRI. Daily
coffee consumption was assessed in five groups (<1 cup, 1-2 cups, 3—4 cups, 5-6 cups, >6 cups).
In multiple linear regressions, we examined the association between brain MRI parameters and coffee
consumption (reference group <1 cup). After adjustment for covariates, 3—4 cups of daily coffee
were associated with lower PSMD (p = 0.028) and higher cortical thickness (p = 0.015) compared to
<1 cup. Moreover, 1-2 cups per day was also associated with lower PSMD (p = 0.022). Associations
with WMH load or other groups of coffee consumption were not significant (p > 0.05). The findings
indicate that regular coffee consumption is positively associated with microstructural white matter
integrity and cortical thickness. Further research is necessary to determine longitudinal effects of
coffee on brain microstructure.

Keywords: cerebral small vessel disease; coffee consumption; cortical atrophy; diffusion-weighted
magnetic resonance imaging; microstructural integrity; neurodegenerative diseases; white matter
hyperintensities

1. Introduction

Coffee is one of the most consumed beverages worldwide. Even subtle effects of coffee
on health might have wide-ranging implications on the population level [1]. Since coffee
constituents such as caffeine can easily cross the blood-brain barrier, coffee is suggested to
impact neurological health [2]. For example, regular coffee consumption was associated
with a lower risk of cerebrovascular and neurodegenerative disease such as stroke, Parkin-
son’s disease, dementia, and cognitive decline [3-8]. These neuroprotective associations can
be explained by the various ingredients of coffee which have anti-inflammatory properties,
reduce amyloid-f levels in the cells, and decrease cardiovascular risk [9-12].

Despite the association of regular coffee consumption with fewer neurodegenerative
diseases, it remains unclear how coffee is associated with pre-clinical brain pathologies
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such as lesions in the white matter, degeneration of the cortex, or alterations of the mi-
crostructural integrity. White matter hyperintensities (WMH) are hyperintense lesions on
T2-weighted images and are associated with an increased risk for stroke and depression,
cognitive deterioration, and gait disorders [13-15]. As a marker of cerebral small vessel
disease (CSVD) and vascular brain damage, WMH can vary in the degree of expression,
depending on the age and the presence of cardiovascular risk factors, e.g., smoking or
hypertension [16-18]. Previous studies have reported diverging results on the association of
consumed coffee with imaging markers of CSVD. They found either beneficial associations
of coffee with lacunar infarcts [7], beneficial [19] or detrimental [20] associations with WMH
volume, or no significant associations at all [21,22].

A recently developed and valid imaging marker of microstructural integrity is the peak
width of skeletonized mean diffusivity (PSMD), calculated as the distribution of the mean
diffusivity (MD) between the 5th and 95th percentile in the white matter skeleton [23]. Only
one study analyzed the association of coffee consumption with microstructural integrity,
as quantified by fractional anisotropy, with a higher coffee consumption being associated
with higher integrity of the white matter microstructure [24].

Damage to the brain structure is not restricted to white matter, but also extents to the
cortex, e.g., in the form of atrophy. Except for one study focusing on the quantification
of cortical thickness in regions susceptible for Alzheimer’s Disease [22], the link between
coffee consumption and cortical thickness was only indirectly examined by measuring total
brain volume or grey matter volume, with incongruent results between studies [7,21,25,26].
This study aimed at investigating whether coffee consumption is associated with multiple
brain MRI markers of vascular brain damage and neurodegeneration, including WMH,
PSMD, and cortical thickness in a large, population-based cohort.

2. Materials and Methods
2.1. Study Design

This study included data from the Hamburg City Health Study (HCHS), an ongoing
population-based, single-center, prospective cohort study investigating risk factors of major
chronic diseases to improve prognosis and treatment options. A detailed description of the study
design was published previously [27]. To describe briefly, 45,000 citizens of the city of Hamburg,
Germany, between the age of 45 and 74 years are invited to receive an extensive baseline clinical
evaluation. An MRI of the brain is conducted in a subgroup which comprises participants
with increased cardiovascular diseases risk (determined by a Framingham Risk Score >7) and
control participants [28]. This study included data from the first 10,000 participants, of which
2652 received a brain MRI. A total of 17 participants were excluded because of at least one
missing MR sequence (12 without FLAIR, 14 without T1, 14 without diffusion-weighted MRI),
26 participants had to be excluded because of anomalies in the neuroradiological evaluation,
29 participants had to be excluded because of insufficient FLAIR (N = 23) or T1-weighted
(N = 6) image quality, and 80 participants had to be excluded because of technical issues during
brain parcellation (IN = 53) or WMH segmentation (N = 27). Of the remaining participants, 2316
had complete data on coffee consumption.

2.2. Clinical Data Assessment

Coffee consumption was quantified as the average number of cups consumed per
day over the last 12 months, based on the participants’ responses on a validated food
frequency questionnaire (FFQ) [29]. The FFQ also examined the regular consumption
of decaffeinated coffee. The questions were stated as follows: “Over the last 12 months,
how often did you consume caffeinated/decaffeinated coffee? This also includes the
consumption of espresso, cappuccino, café latte, and other preparation types.” One coffee
corresponds to 150 milliliters. The frequency of coffee consumption was classified into
five groups: less than one cup per day (<1 ¢/d), one to two cups per day (1-2 ¢/d), three
to four cups per day (3—4 c/d), five to six cups per day (5-6 c/d), or more than six cups
per day (>6 c¢/d). In addition, all participants received detailed anamnestic and clinical
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examination. For the current analysis, the covariates age, sex, educational status, diabetes,
hypertension, smoking status, body mass index (BMI), adherence to the Mediterranean diet,
and alcohol consumption were included. In short, educational status was evaluated on a
scale from 1-3, based on the International Standard Classification of Education (ISCED) [30].
Diabetes mellitus was determined from self-reported prevalence, fasting serum glucose
level (>126 mg/dL) or non-fasting serum glucose level (>200 mg/dL). Hypertension was
determined based on self-reported prevalence, blood pressure (>140/90 mmHg), or intake
of antihypertensive medication. Smoking status was classified as active smokers or non-
smokers. Adherence to the Mediterranean diet was calculated with the German version of
the original Mediterranean Diet Adherence Screener (MEDAS) [31]. Alcohol consumption
was measured as the frequency of alcohol consumption on a scale from 0—4, and converted
into the monthly frequency.

2.3. MRI Acquisition and Processing

MR images were acquired on a single 3T Siemens Skyra MRI scanner (Siemens, Erlangen,
Germany). All participants received the same imaging protocol. Structural imaging consisted
of a 3D T1-weighted rapid acquisition gradient-echo sequence (MPRAGE; 256 axial slices,
echo time (TE) = 2.12 ms, slice thickness (ST) = 0.94 mm, repetition time (TR) = 2500 ms,
in-plane resolution (IPR) = 0.83 x 0.83 mm) and a 3D T2-weighted fluid-attenuated inver-
sion recovery (FLAIR) image (192 axial slices, TR = 4700 ms, TE = 392 ms, 192 axial slices,
ST =09 mm, IPR = 0.75 x 0.75 mm). For single-shell diffusion MRI (dMRI), 75 axial slices
were obtained covering the whole brain with gradients (b = 1000 s/mm?) applied along
64 noncollinear directions (TR = 8500 ms, TE = 75 ms, ST = 2 mm, IPR = 2 X 2 mm with
anterior-posterior phase-encoding direction). MR data were preprocessed as described previ-
ously and full documentation of the MRI processing pipeline is available in a GitHub repository
(https:/ / github.com/csi-hamburg/CSlframe /wiki; accessed on 30 December 2022) [32]. In
short, dAMRI and T1-weighted images were preprocessed with QSIPrep 0.14.2. as implemented
in Nipype 1.6.1. [33,34]. Among other steps, the pipeline includes intensity normalization,
skull-stripping, MP-PCA denoising, removal of ringing artefacts, and correction for Bl field
inhomogeneity, head motion, eddy current, and susceptibility distortions [34].

For the measurement of the brain volume and cortical thickness, brain parcella-
tion was conducted on T1-weighted images using Freesurfer v.6.0.1. [35,36]. All images
were thoroughly inspected both visually and quantitatively (outliers defined as measures
exceeding 2 standard deviations from the median), and output of insufficient quality
(i.e., segmentation errors) was excluded.

WMH were segmented as described in detail previously [32]. In short, we applied
the Brain Intensity AbNormality Classification Algorithm (BIANCA) implemented in
FSL with LOCally Adaptive Threshold Estimation (LOCATE) on preprocessed FLAIR
images and T1-weighted images [37,38]. After applying both algorithms, the segmentations
were refined using Freesurfer v.6.0.1 parcellations to exclude non-white matter regions
(among others, corpus callosum and basal ganglia) [35]. Finally, the lesion load was
calculated by normalization for intracranial volume, as calculated by Freesurfer v.6.0.1. [35].
The normalized lesion load is further referred to as ‘log WMH load’.

PSMD was calculated based on standard procedures and adapted for our purposes
by using non-linear registration with the Advanced Normalization Tools (ANTs) SyN
registration [23,39]. PSMD is calculated as the difference between the 95th and 5th percentile
of MD values on the white matter skeleton in standard (MNI) space. White matter areas
susceptible to partial volume effects of cerebrospinal fluid were excluded by masking.

2.4. Statistical Analyses

Demographical data were summarized and reported with median and interquartile
range (IQR) for continuous variables and number and percentage (n, %) for categori-
cal variables. Demographical characteristics and cardiovascular risk factors were tested
for significant difference between groups of coffee consumption by applying Pearson
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Chi-square test for categorical variables and Kruskal-Wallis-test for continuous variables.
To investigate the association between coffee consumption and MRI markers, we conducted
multiple linear regression models with MRI markers as the dependent variables (mean
cortical thickness, log WMH load, PSMD). Coffee consumption and covariates (age, sex,
education, smoking status, diabetes, hypertension, BMI, adherence to Mediterranean diet,
alcohol consumption) were added as independent variables to the models. The lowest
group of coffee consumption (<1 cup per day) was set as the reference group. The output of
the linear regression analysis was reported with standardized coefficients (3) and p-Values
(p)- A p <0.05 was interpreted as significant. All statistical analyses were carried out using
R software v.4.2.2. [40].

3. Results
3.1. Study Sample Characteristics

The final cohort consisted of data from N = 2316 participants who had a median age
of 65 (IQR = 14) years, with 44.3% female participants. Of all participants included, 19.8%
consumed <1 cup of coffee per day, 44% consumed 1-2 cups per day, 25.1% consumed
3—4 cups per day, 7.6% consumed 5-6 cups per day, and 3.5% consumed >6 cups of coffee
per day. The consumption of decaffeinated coffee was less prevalent. In total, N = 127
(5.5%) reported consuming decaffeinated coffee on a regular basis (at least 1 cup per day).
However, 120 of the 127 (94.5%) participants also drank caffeinated coffee, leaving only
seven individuals exclusively consuming decaffeinated coffee. Since this group was too
small for statistical analysis, we only included the consumption of caffeinated coffee.

Subjects consuming more caffeinated coffee were more often younger, male, of higher
education, and possessing a higher BMI. Moreover, a higher coffee consumption was
positively associated with smoking and negatively associated with diabetes mellitus and
hypertension (Table 1). The median WMH volume was 1.48 mL (IQR = 2.22) and the
median cortical thickness was 2.61 mm (IQR = 0.13). For a detailed description of the study
sample, see Table 1. In Figure 1A.1,B.1,C.1, the distribution of the MRI parameters across
the groups of coffee consumption are visualized.

Table 1. Descriptive statistics of the overall cohort, as well as for each group of coffee consumption.

Coffee Consumption

Characteristics p-Value *
Overall - _; g 1-2¢d 3-40d 5-6c/d >6 c/d
Cohort
Group size 2316 459 1020 581 176 80
Sociodemographic characteristics
Age, median (IQR) 65 (14) 67 (13) 67 (13) 62 (14) 61 (13) 60 (9) <0.001
o 1026 191 501 254 55 25
Female sex, n (%) (44.3) (41.61) (49.12) 43.72) (31.25) (31.25) <0.001
Education ! <0.001
Low, 1. (%) 98 25 47 18 6 2
e (4.23) (5.75) (4.78) (3.2) (3.49) (2.53)
Medium, n (%) 1087 219 472 275 80 41
s T (46.93) (50.34) (47.97) (48.85) (46.51) (51.9)
High, n (%) 1048 191 465 270 86 36

(45.25) (43.91) (47.26) (47.96) (50) (45.57)
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Table 1. Cont.

Coffee Consumption

Characteristics p-Value *
Overall 1 g 1-2 o/d 3-4c/d 5-6 c/d >6 c/d
Cohort
Cardiovascular risk factors
. o 320 37 113 110 39 21
Smoking, n (%) (13.82) 9.3) (12.58) (21.07) (24.68) (28.77) <0.001
Diabetes mellitus, n (%) 210 61 88 45 12 4 0.01
2 9.07) (13.96) (9.23) (8.43) (7.14) (5.33) :
1611 330 734 380 121 46
: o/ 3
Hypertension, n (%) (69.56) (73.99) (74.37) (68.1) (69.94) (61.33) 0.015
. 26.15 26.18 25.96 26.11 26.49 28
BMI, median (IQR) (9.45) (5.59) (5.44) (5.43) (4.59) 4.9) 0.02
Alcohol consumption 3
[monthly frequency], ©) 3(9) 3(7) 10 (13) 10 (14) 3(9) 0.001
median (IQR)
Adherence to the
Mediterranean diet, 4(3) 4 (3) 4(3) 4 (3) 5(@3) 4(2) 0.945
median (IQR)
MRI parameters
Brain volume [mL], 1210.3 1204.38 1195.82 1226.89 1238.15 1240.43 <0.001
median (IQR) (166.6) (157.79) (168.59) (162.09) (162.73) (150.83) ’
Mean cortical thickness 2.61 2.6 2.61 2.62 2.61 2.62 <0.001
[mm], median (IQR) (0.13) (0.13) (0.13) (0.13) (0.11) (0.11) .
WMH volume [mL], 1.48 1.59 1.29 1.32 1.28
median (IQR) (22 161218 251) (2.09) (1.93) (1.71) 0.002
PSMD [x10°], median 22.3 22.77 22.52 21.96 2224
(IQR) 4.31) 4.61) (4.36) (4.05) (4.37) 21.44(281)  <0.001

All demographic variables were tested for significant difference between groups of coffee consumption. p-Values
< 0.05 were interpreted as significant and are indicated in bold. * Pearson Chi-square test applied for categorical
variables; Kruskal-Wallis test applied for continuous variables. ! Educational level as defined by the International
Standard Classification of Education (ISCED). ? Prevalence of diabetes mellitus was determined based on fasting
serum glucose level (>126 mg/dL), non-fasting serum glucose level (>200 mg/dL), or self-report. 3 Prevalence of
hypertension was determined based on blood pressure (>140/90 mmHg), intake of antihypertensive medication, or self-
report. Abbreviations: BMI = body mass index, ¢/d = cups per day, IQR = interquartile range, mL = milliliter,
mm = millimeter, MRI = magnetic resonance imaging, PSMD = peak width of skeletonized mean diffusivity,
WMH = white matter hyperintensities.

3.2. Association of Coffee Consumption with MRI Parameters

After controlling for age, sex, level of education, diabetes mellitus, hypertension, smoking,
BMI, Mediterranean diet, and alcohol consumption, the amount of coffee consumed was
associated with PSMD and mean cortical thickness, but not with log WMH load (Table 2). A
daily coffee consumption of <1 cup per day was set as the reference group. Drinking 1-2 cups of
coffee per day was associated with lower PSMD, compared to the reference group (p = —0.542,
p = 0.022). Moreover, 34 cups of coffee consumption per day was associated with lower PSMD,
compared to group drinking <1 cup per day (3 = —0.591, p = 0.028). Drinking 56 cups per
day (B = —0.014, p = 0.97) or >6 cups per day (p = —0.461, p = 0.386) was not associated with
a different PSMD, compared to the reference group. For cortical thickness, 3—4 cups of coffee
were associated with significantly higher cortical thickness (3 = 0.018, p = 0.015), compared to
<1 cup per day. Drinking 1-2 cups of coffee per day was not significantly associated with a
difference in cortical thickness (3 = 0.004, p = 0.544) when compared to drinkers with <1 cup
of daily consumption. The result was also insignificant for a daily consumption of 5-6 cups
per day ( = 0.002, p = 0.831) and >6 cups per day ( = —0.001, p = 0.941). The association
with log WMH load was not significantly different between the groups of coffee consumption,
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with <1 cup per day as the reference group (1-2 cups per day: 3 = —0.025, p = 0.71; 34 cups per
day:  =0.061, p = 0.429; 5-6 cups per day: 3 = 0.001, p = 0.994; >6 cups per day: 3 = —0.01,
p = 0.944). See Table 2 for the detailed output of the linear regression.

Summary statistics of coffee consumption and MRI parameters
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8223, BIC = 8308 AIC = 4230, BIC = 4315

Figure 1. Summary statistics of the association between coffee consumption and the MRI param-
eters. Daily coffee consumption is indicated in cups per day (c/d) and categorized in five groups
(<1e¢/d,1-2¢c/d,3-4 c/d,5-6 c/d, >6 c/d). The upper row shows boxplots with the groups of coffee
consumption on the x-axis and peak width of skeletonized mean diffusivity (PSMD, (A.1)) logarithmic
white matter hyperintensity load (log WMH load, (B.1)) and mean cortical thickness (C.1) on the
y-axis. The inferential test results above the boxplots indicate the output from the non-parametric
Kruskal-Wallis test. The bottom row shows the results of the linear regression models where the
dependent variable is either PSMD (A.2), log WMH load (B.2), or mean cortical thickness (C.2).
Independent variables are the same in all regressions and presented on the y-axis. The standardized
estimates are presented on the x-axis. Pink dots indicate a significant association and black dots a
non-significant association of the independent variable. Abbreviations: AIC = Akaike information
criterion; BIC = Bayesian information criterion; c¢/d = cups per day; MedDiet = adherence to the
Mediterranean diet; mm = millimeter; n,,s = number of observations; p = p-Value; (edjan = median;
x? = chi-square from the Kruskal-Wallis test.
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Table 2. Results of the linear regression models examining the association between coffee consump-
tion and microstructural brain parameters.

Dependent Variable fj%?] Tl\liliecil;ecszr[trlrc:rll] log WMH Load *
B p B p B p

Intercept 23.96 <0.001 2.571 <0.001 —-6.967 <0.001

Age 1.917 <0.001  —0.025 0.001 0.558 <0.001

Sex—female —0.84 <0.001 0.009 0.074 0.273 <0.001
Education—medium ! —0.705 0.125 0.031 0.012 —0.148 0.257
Education—high 1 —0.663 0.155 0.044 <0.001 —0.294 0.027
Hypertension—yes 2 0.455 0.029 —0.006 0.245 0.133 0.026
Diabetes—yes 3 0.911 0.005 —-0.013 0.147 0.097 0.299
Smoking—yes 0.577 0.023 —0.013 0.06 0.153 0.035
Alcohol consumption 0.303 0.001 —0.006 0.017 0.025 0.358
BMI 0.114 0.221 0.008 0.002 0.015 0.586
Mediterranean diet —0.002 0.986 —0.001 0.569 —0.039 0.123

Coffee consumption—1-2 c/d —0.542 0.022 0.004 0.544 —0.025 0.71

Coffee consumption—3—4 c/d —0.591 0.028 0.018 0.015 0.061 0.429
Coffee consumption—5-6 c/d —0.014 0.97 0.002 0.831 0.001 0.994
Coffee consumption—>6 c/d —0.461 0.386 —0.001 0.941 —0.01 0.944

Three linear regression models were conducted with either PSMD, mean cortical thickness or log WMH load
as the dependent variable. Coffee consumption was quantified in groups with <1 cup per day set as reference
category. Numbers indicate coefficients and p-Values. The p-Values < 0.05 were interpreted as significant and are
indicated in bold. ! Educational level as defined by the International Standard Classification of Education (ISCED).
Low educational level was set as reference. 2 Prevalence of hypertension was determined based on blood pressure
(>140/90 mmHg), intake of antihypertensive medication, or self-report. > Prevalence of diabetes mellitus was
determined based on fasting serum glucose level (>126 mg/dL), non-fasting serum glucose level (>200 mg/dL),
or self-report. * Log WMH load refers to the logarithm of WMH volume and normalization for estimated total
intracranial volume. Abbreviations: 3 = standardized coefficient, BMI = body mass index, c¢/d = cups per day,
log = logarithmic, mm = millimeter, p = p-Value, PSMD = peak width of skeletonized mean diffusivity,
WMH = white matter hyperintensities.

4. Discussion

In this study, we examined the association of cortical thickness, cerebral small vessel
disease (in the form of WMH), and microstructural integrity with coffee consumption in
a population-based cohort including data from 2316 middle-aged to elderly participants.
Our results show that individuals with a regular and moderate coffee consumption of
3 to 4 cups per day had higher cortical thickness and less microstructural white matter
alteration, as quantified by the PSMD. Individuals drinking 5 or more cups per day did
not significantly differ on any MRI parameter from individuals drinking <1 cup per day,
indicating a U-shaped relationship. Moreover, there was no significant association of coffee
with CSVD quantified by WMH, which is in congruence with the few studies examining
the same association [7,21,22]. While PSMD measures subtle changes in the white matter
microstructure and already captures early signs of structural damage, WMH reflects an
end stage of white matter damage. Thus, our findings are novel in providing evidence for
an association of a moderate coffee consumption with findings of early microstructural
brain damage.

Multiple factors that are known to induce neurodegeneration and vascular brain dam-
age can be beneficially influenced by the consumption of coffee, i.e., systemic inflammatory
processes, deposition of amyloid-3, and the development of cardiovascular risk factors. In
the following section, we will discuss each factor in the context of coffee consumption and
reflect these on the results of our analysis.

Of the more than 1000 bioactive compounds of coffee, multiple constituents (such
as caffeine, polyphenols, or heterocyclic compounds) have anti-inflammatory and anti-
oxidant properties, measured by reduced CRP levels and a lower risk of mortality from
inflammatory diseases in regular coffee drinkers [9,41,42]. Chronic inflammatory processes,
on the other hand, increase the risk for vascular dementia, Alzheimer’s Disease, and stroke,
and are associated with an increased WMH prevalence at baseline, an increased WMH
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progression over time, and a reduced white matter integrity 20 years later [43—47]. The
negative relationship between coffee consumption, vascular brain damage and cognitive
decline can therefore be explained by the anti-inflammatory properties of coffee [34].
Only one previous study analyzed the microstructural integrity in the context of cof-
fee [24]. They found that a moderate-to-high coffee consumption—reflecting approximately
1-6 cups of coffee per day—was associated with better microstructural integrity in
145 elderly individuals [24]. The results are comparable to our findings, including the
more sensitive marker PSMD, with a lower PSMD in middle-aged to elderly individuals
with a moderate coffee consumption of 1-4 cups per day.

Next to its anti-inflammatory mechanisms, coffee consumption has an influence on the
central nervous system through its binding to adenosine receptors. The constituent caffeine
is highly soluble in lipid and water, which allows caffeine to easily cross the blood-brain
barrier. Caffeine has a chemically similar structure to adenosine and can, once in the
brain, act as an adenosine receptor antagonist by binding to Al and A2a receptors [2]. Via
blockage of adenosine receptor A2a, caffeine can reduce amyloid-3 induced toxicity [10].
In humans, coffee consumption was associated with a lower amyloid-{3 positivity on PET
scans and, subsequently, a lower risk of dementia [4,22]. A midlife coffee consumption
of 3-5 cups per day was associated with a 70% lower risk of incident dementia [3]. Corti-
cal thickness as an MR imaging marker of neurodegeneration was higher in individuals
with a coffee consumption of 3—4 cups per day in our cohort. Only one previous study
considered cortical thickness in predefined regions of interest in the context of coffee con-
sumption [22]. Previous results measuring cortical thickness indirectly via grey matter
volume are heterogeneous with either positive, negative, or no associations of coffee con-
sumption [21,25,26,48]. Moreover, adenosine receptor antagonists were protective against
hippocampal damage after induced neurotoxicity and brain damage after ischemic stroke,
most probably due to the suppression of glutamate release [49,50]. Similar mechanisms
are suggested for the neuroprotective associations of caffeine, e.g., against the depletion
of striatal dopamine levels in a Parkinson’s Disease mice model [51]. In humans, a daily
coffee consumption of 3 cups was associated with a lower risk of Parkinson’s Disease in a
large meta-analysis including 901,764 participants, and associated with 20% lower risk of
incident stroke [8,52,53].

Coffee consumption may also be neuroprotective in an indirect way by reducing
cardiovascular risk factors such as diabetes or metabolic syndrome [11,12]. A large umbrella
review including 218 meta-analyses revealed that the reduced risk of diabetes mellitus is
one of the most beneficial outcomes of regular coffee consumption [1]. Since cardiovascular
risk factors are the major cause in the development of CSVD, coffee might help in reducing
the degree of CSVD in individuals with high cardiovascular risk [54]. Although our study
is limited in its cross-sectional design, we observed that the prevalence of diabetes mellitus
was 13.96% in participants drinking less than 1 cup of coffee per day, compared to a
prevalence of 5.33% in participants consuming more than 6 cups of coffee per day (Table 1).

A U-shaped relationship between coffee consumption and health outcomes has been
reported in previous studies, with a moderate coffee consumption found in individuals with
the most beneficial health parameters. Drinking 2.5-5 cups of coffee per day was associated
with a reduced risk of dementia and metabolic syndrome, and a consumption of 1-3 cups
per day was associated with a reduced risk for stroke, cardiovascular diseases, coronary
heart disease, Parkinson’s Disease, and overall mortality [3,8,11,41,52]. Our findings also
indicate a U-shaped association between microstructural white matter integrity, cortical
thickness, and coffee consumption with better associations on the structural MRI for
a consumption of 14 cups per day, while individuals with a daily consumption of 5
or more cups did not significantly differ from individuals drinking <1 cup in any MRI
parameter. It is suggested that coffee has both beneficial and detrimental associations with
health, where the detrimental mechanisms of a very high coffee consumption outweighs
the positive, serving a possible explanation for the U-shaped association of coffee with
health parameters [52]. At the same time, the comparability of studies is limited due to
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differences in portion sizes leading to a high risk of bias and very low quality of evidence
in meta-analyses [55].

This study has strengths and limitations. In a large middle-aged to elderly popula-
tion, we examined the relationship between coffee consumption and several brain MRI
parameters. We quantified PSMD as novel imaging marker of microstructural integrity,
and additionally included measures of vascular brain damage and neurodegeneration
to better understand the association of coffee consumption with structural brain alter-
ations. The study included data from a large population-based cohort, and we applied
an advanced processing protocol on the MR images. Still, only cross-sectional data are
currently available, and no conclusions about causality can be drawn from observational,
cross-sectional data. The lack of longitudinal data in our analysis should be considered a
limitation. As observed in this cohort, coffee consumption was positively correlated with
the consumption of alcohol and smoking, which are known to negatively influence both
overall and neurological health. Therefore, the true strength of the association between
coffee and health parameters might even be underestimated. At the same time, individuals
consuming more coffee tended to be younger, higher educated, and less often diagnosed
with hypertension or diabetes. Despite the inclusion of important covariates in the linear re-
gression models, we cannot rule out potential residual confounding factors. This study was
intended to be exploratory, given that multiple predictors were assessed and adjustment
for multiple testing was not performed. In addition, we did not compare the association of
caffeinated with decaffeinated coffee, because of the small sample size drinking exclusively
decaffeinated coffee (N = 7). The suggested associations of caffeine on neurological health
need to be studied in detail in larger cohorts.

5. Conclusions

To summarize, a coffee consumption of 1-4 cups per day is associated with a lower
PSMD, indicating better microstructural integrity. Moreover, we found that a coffee con-
sumption of 3—4 cups per day was associated with preserved cortical thickness. In total,
a moderate coffee consumption was related to better structural brain parameters than a low
coffee consumption in a population-based cohort with middle-aged to elderly individuals.
Further research is necessary to determine whether coffee consumption has a potentially
protective effect against microstructural brain alterations longitudinally.
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