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Network Localisation of White
Matter Damage in Cerebral Small
Vessel Disease

Marvin Petersen'™, Benedikt M. Frey?, Eckhard Schlemm?, Carola Mayer?, Uta Hanning?,
Kristin Engelke?, Jens Fiehler?, Katrin Borof?, Annika Jagodzinski®*, Christian Gerloff,
Go6tz Thomalla® & Bastian Cheng?

Cerebral small vessel disease (CSVD) is a widespread condition associated to stroke, dementia and
depression. To shed light on its opaque pathophysiology, we conducted a neuroimaging study aiming
to assess the location of CSVD-induced damage in the human brain network. Structural connectomes
of 930 subjects of the Hamburg City Health Study were reconstructed from diffusion weighted imaging.
The connectome edges were partitioned into groups according to specific schemes: (1) connection

to grey matter regions, (2) course and length of underlying streamlines. Peak-width of skeletonised
mean diffusivity (PSMD) - a surrogate marker for CSVD - was related to each edge group’s connectivity
in a linear regression analysis allowing localisation of CSVD-induced effects. PSMD was associated

with statistically significant decreases in connectivity of most investigated edge groups except those
involved in connecting limbic, insular, temporal or cerebellar regions. Connectivity of interhemispheric
and long intrahemispheric edges as well as edges connecting subcortical and frontal brain regions
decreased most severely with increasing PSMD. In conclusion, MRI findings of CSVD are associated with
widespread impairment of structural brain network connectivity, which supports the understanding

of CSVD as a global brain disease. The pattern of regional preference might provide a link to clinical
phenotypes of CSVD.

Cerebral small vessel disease (CSVD) is a condition comprising clinical, histopathological and imaging features
thought to arise from damage to small perforating brain vessels'. Imaging markers considered to be manifesta-
tions of CSVD are recent small subcortical infarcts, lacunes, white matter hyperintensities of presumed vascular
origin (WMH), enlarged perivascular spaces and cerebral microbleeds. The clinical sequelae of CSVD constitute
the condition’s major relevance in the ageing western societies. As per current research, CSVD is associated with
ischaemic and haemorrhagic stroke, cognitive decline, dementia, late-life depression as well as gait and urinary
complaints*~. However, open questions remain concerning the underlying pathophysiology and causal relations
between CSVD and its clinical sequelae®.

Neuroimaging techniques are at the forefront of modern investigations of brain diseases. They offer insights
into pathophysiological characteristics of various neurological disorders and thus also provide valuable informa-
tion about the link between CSVD and its sequelae. On T2-weighted MRI data, WMH are a typical manifestation,
however, brain tissue damage in CSVD is known to extend beyond lesions detectable by visual analysis. Diffusion
weighted and diffusion tensor magnetic resonance imaging (DWTI and DTI) in particular is capable of detecting
CSVD-induced microstructural brain changes not visible on conventional T2-weighted data. Specifically, patients
with CSVD were found to have altered microstructural properties in lesional and perilesional tissue detectable
by DWI and DTI’-’. Based on these findings, a surrogate marker for the extent of CSVD termed “peak-width of
skeletonised mean diffusivity” (PSMD) was proposed to capture microstructural white matter damage beyond
traditional markers such as the volume of WMH. Therefore, PSMD features superior quantification capabilities

while being robustly computable compared to other common CSVD surrogate markers'.
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Connectomes are the subject of investigation in structural brain network analysis. They represent DWI-based
reconstructions of human brain networks composed of nodes and internodal connections called edges'". In terms
of anatomical correlates, nodes refer to cortical or subcortical grey matter areas, whereas edges represent the
interconnecting white matter fibre tracts. Connectomes can be analysed by mathematical models to assess the
integrity of brain networks in vivo and thus enable the appreciation of structural alterations in neurological disor-
ders. In CSVD, application of graph theoretical measures to connectome data revealed decreased global efficiency
of information transfer mediating cognitive symptoms'2, While this finding describes pathological changes in
large-scale brain network topology, connectome analysis also allows for localisation of altered structural integrity
beyond the analysis of topological network parameters. In this study, we aimed to specify the impact of CSVD on
the structural brain architecture using PSMD as a surrogate marker for CSVD. We chose to focus on two major
aspects of white matter fibre tracts represented by edges in the structural connectome: first, edges were grouped
according to interconnected grey matter areas to localise changes in distant yet connected brain regions. Second,
edges were analysed according to their course and length (short or long intrahemispheric, interhemispheric) to
specify the individual vulnerability of underlying white matter tracts. We hypothesised that structural disintegra-
tion relating to CSVD would affect a wide range of edges in the connectome. These changes would, however, show
predominance for brain areas known to be involved in brain functions impaired in patients with CSVD.

Methods

Study population — the Hamburg City Health Study. The Hamburg City Health Study (HCHS) is a
single center prospective, epidemiologic cohort study with emphasis on imaging to improve the identification
of individuals at risk for major chronic diseases and to improve early diagnosis and survival. A detailed descrip-
tion of the overall study design has been published separately'. In brief, 45,000 citizens of the city of Hamburg,
Germany, between 45 and 74 years are invited to an extensive baseline evaluation. A subgroup with present cardi-
ovascular risk factors undergoes standardised MRI brain imaging. For this study, we analysed the first 1,000 brain
MRI datasets from the HCHS baseline visit.

Standard protocol approvals, registration and participants consents. The local ethics committee
of the Landesérztekammer Hamburg (State of Hamburg Chamber of Medical Practitioners, PV5131) approved
the HCHS and written informed consent was obtained from all participants. Good Clinical Practice (GCP),
Good Epidemiological Practice (GEP) and the Declaration of Helsinki were the ethical guidelines that governed
conduct of the study.

MRI acquisition. Images were acquired using a 3-T Siemens Skyra MRI scanner (Siemens, Erlangen,
Germany). Measurements were performed adapting a protocol as described previously'. In detail, for single-shell
diffusion weighted imaging (DWTI), 75 axial slices were obtained covering the whole brain with gradients
(b=1000s/mm?) applied along 64 noncollinear directions with the following sequence parameters: repeti-
tion time (TR) = 8500 ms, echo time (TE) = 75ms, slice thickness (ST) =2 mm, in-plane resolution (IPR) = 2
X 2mm, anterior-posterior phase-encoding direction. For 3D T1-weighted anatomical images, rapid acquisi-
tion gradient-echo sequence (MPRAGE) was used with the following sequence parameters: TR =2500ms,
TE=2.12ms, 256 axial slices, ST =0.94 mm, and IPR = 0.83 x 0.83 mm. 3D T2-weighted fluid attenuated
inversion recovery (FLAIR) images were measured with the following sequence parameters: TR =4700ms,
TE=392ms, 192 axial slices, ST =0.9mm, and IPR=0.75 x 0.75mm.

Data preprocessing, connectome reconstruction and measurement of connectivity.  All data
was pre-processed using MRtrix 3.0 (http://www.mrtrix.org), Advanced Normalization Tools (ANTs, https://
github.com/ANTsX/ANTs), the FMRIB Software Library 5.0.10 (FSL, https://fsl.fmrib.ox.ac.uk) and FreeSurfer
6.0 (https://surfernmr.mgh.harvard.edu)'®. Preprocessing steps for connectome reconstruction included bias cor-
rection, brain extraction, parcellation via FreeSurfer and tractography based on constrained spherical deconvolu-
tion (CSD) with subsequent application of spherical-deconvolution informed filtering of tractograms (SIFT2)'%'7.
The detailed pipeline can be found in the supplementary materials. Network nodes were defined by parcellation
of the grey matter areas in T1-weighted images according to the Desikan-Killiany atlas'®. Connectomes were not
thresholded prior to edge connectivity quantification'’. Two nodes were assumed to be connected by an edge if
DWI signal-derived streamlines were running between them.

We investigated and localised the impact on white matter integrity in different components of the structural
connectome. Therefore, network edges were grouped into categories representing two general anatomical aspects
of brain architecture. Firstly, edges were grouped according to their connection to cortical brain regions using
a predefined anatomical atlas that was condensed into major sections of the cerebral cortex, specifically frontal,
temporal, parietal, occipital, limbic, insular, subcortical and cerebellar grey matter (Fig. 1b and Supplementary
Table S1)*. Every edge was then assigned to these two regions based on which it connects. Thus, every edge was
assigned twice: For example, an edge connecting the occipital and frontal region was allocated to both regions
also meaning that an edge could count to the same group twice if it connected two regions from that group.
Secondly, edges were grouped based on their length and course inside or between the two hemispheres (short
or long intrahemispheric, interhemispheric) as illustrated in Fig. 1. Edges were determined as either running
inter- or intrahemispherically, according to whether they were connecting brain regions on the same or different
hemispheres, respectively. For definition of edge length, median streamline length of all edges was determined
and their median was applied as a cut-off value for streamline length in each participant individually assigning
edges into categories of short (if equal or below median) and long (if above median) edges. These definitions
de facto resulted in three categories of network edges: long interhemispheric, long intrahemispheric and short
intrahemispheric (see Fig. 1a)
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Figure 1. Illustration of edge grouping schemes applied in our study. Edges were grouped based on anatomical
principles to investigate distinct impact of CSVD on different aspects of the human brain architecture. In a,

the grouping by hemispheric course and length of edges is exemplarily illustrated from an anterior point of
view. Grey areas represent nodes defined by atlas regions, edges are shown in colour coded by directional
trajectory of white matter fibre tracts (X anterior-posterior, Y left-right, Z inferior superior). From top to
bottom, intrahemispheric short edges, intrahemispheric long edges and interhemispheric edges are shown. In b,
anatomical parcellations (grey areas) based on the Desikan atlas are shown. Edges were grouped by connectivity
to a condensed selection of brain areas (blue). Abbreviations: CSVD = cerebral small vessel disease.

The individual edge connectivity was determined by summing up the weights of streamlines reaching from
one node to the other with higher sums indicating increased connection strength, i. e., higher connectivity. Due to
the application of SIFT2 the connectivity of an edge corresponds to the density of underlying fibres as estimated
by CSD and is therefore interpreted by us as an indirect measure of white matter integrity'”. Connectivity values
were then summed up for each group of edges with respect to localisation (i. e., frontal or temporal edges) and
course (i. e, long or short, intra- or interhemispheric edges). Again, higher values indicate increased connection
strength in these separate groups of edges, whereas lower values point to decreases in connection strength. In
addition, relative connectivity was computed by dividing an edge group’s connectivity by the total connectivity
of all edge groups.

Peak-width of skeletonised mean diffusivity computation. The PSMD tool provided at http://www.
psmd-marker.com was used to compute PSMD°. The process consists of two steps. First, DTI data including
mean diffusivity (MD) were skeletonised via Tract Based Spatial Statistics Procedure (TBSS)?!. PSMD is the dif-
ference between the 95th and 5th percentiles of the MD voxel values within the skeleton.

White matter hyperintensity segmentation. We segmented WMH using the Brain Intensity
AbNormality Classification Algorithm (BIANCA) implemented in FSL* The training dataset consisted of masks
of 100 participants and obtained by selecting only the voxels that were identified as WMH by two raters (MP, CM)
independently via manual segmentation. White matter hyperintensity volumes were calculated.

Statistical analysis. Linear regression models were applied to assess associations between values of PSMD
as a surrogate marker of CSVD and an edge group’s connectivity. To account for the effects of age, sex and brain
volume they were added as covariates to the linear models. Details regarding simple and multivariable linear
models including actual p-values are listed in the supplementary materials (Supplementary Tables S2-S5). A for-
mal interaction analysis served to ascertain the distinctiveness of the linear models (“connectivity ~ PSMD * fibre
length group + (1|Subject)”, “connectivity ~ PSMD * grey matter area + (1|Subject)”, Supplementary Table S6).
In addition, we calculated separate multivariable linear models including WMH load as defined as the volume
of WMH normalised by individual brain volumes (Supplementary Tables S7 and S8). Statistical significance
was defined as p < 0.05 and all p-values reported were corrected for multiple testing according to Bonferroni.
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Female sex [n, (%)] 424 (45.6%)
Age [years], median (IQR) 64 (14)
Vascular risk factors

Current smoking, [n, (%)] 167 (18.0%)
?—XIK[(J;:)t]ensmn (>=140/90 mm/Hg), 169 (18.2%)
Diabetes, [n, (%)] 74 (8.0%)
Conventional MRI measures

Brain volume [ml], median (IQR) 1483.7 (203.1)
‘WMH volume [ml], median (IQR) 0.6(1.4)
WMH load [%)], median (IQR) 4.4(9.8)
Diffusion imaging measures

PSMD, median (IQR) 0.0002 (0.0001)
ﬁ&r;{x)ecmme densitiy [%], median 88(3)

Table 1. Sample characteristics and image analysis results - the Hamburg City Health Study. Abbreviations: mm
= millimeter, PSMD = peak-width of skeletonised mean diffusivity, WMH = white matter hyperintensities.

Figure 2. Distribution of white matter hyperintensities (in all participants, projected on a brain template in
MNI-space. Frequency of WMH is illustrated as indicated by the colour bar. Z-values and Y-values refer to axial
and sagittal slice position in MNI-space, respectively. Abbreviations: WMH = white matter hyperintensities.

Descriptive statistics of epidemiological and clinical data from all participants are provided as median and the
interquartile range. The statistical analysis was performed in R (v3.1.4).

Results
Sample characteristics. In total, data from 1000 participants was available. After quality assessment
of imaging data, 70 participants were excluded due to missing data (n =21), poor quality or incompleteness
(n=40), or failed post-processing due to data incompatibility (n=9). Thus, the analysis population encom-
passed 930 subjects. Epidemiological, clinical and imaging characteristics of all participants are shown in Table 1.
Median age was 64 years (IQR = 14) and 45.6% of participants were female. Vascular risk factors were present
in a considerable proportion of participants: arterial hypertension was present in 18.2% of participants, diabetes
mellitus in 8.0% and 18.0% of participants were currently smoking.

Connectomes exhibited a median network density of 88% (IQR = 3%). Overall, the study sample showed only
a minor to moderate lesion load with mainly periventricular distribution of WMH (see Fig. 2).
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Figure 3. Effects of PSMD on edge groups connected by grey matter region (a) and hemispheric course

and length (b). Simple linear regression results are shown using PSMD as independent and grey matter
connectivities as well as course- and length-dependent connectivities as dependent variables. X-axis values
correspond to the PSMD (no unit). Y-axis values correspond to the connectivity which represents the sum of
all edge weights assigned to a respective group. R corresponds to the linear model before covariate inclusion
whereas R? and significance levels (asterisks) correspond to the state after inclusion of covariates. Error bars
show the 95% confidence interval. Figures are arranged from highest (top) to lowest (bottom) statistical
association. (*p < 0.1; **p < 0.05; ***p < 0.01). Abbreviations: PSMD = peak-width of skeletonised mean
diffusivity.

Connectivity analysis. CSVD effects on grey matter area-specific connectivity. Results from linear models
are shown in Fig. 3a. Before covariate inclusion an increased PSMD was associated with a statistically significant
decline of connectivity in all groups of edges. Here, the strongest effects were observed between PSMD and
subcortical (R=-0.4, p < 0.001), frontal (R=-0.29, p < 0.001) and occipital connectivity (R=-0.29, p<0.001).
On the contrary, insular (R=-0.18, p < 0.001), temporal (R=-0.14, p < 0.01), and cerebellar connectivity
(R=-0.12, p < 0.05) were of weakest correlation with PSMD (Supplementary Tables S2). After inclusion of age,
sex and brain volume as covariates, correlations involving limbic, insular, temporal and cerebellar connectivity
did not remain statistically significant (Supplementary Tables $3). Formal interaction analysis showed that all
relationships regarding PSMD and investigated grey matter regions were of statistically significant difference
(Supplementary Table S6). Computation of the relative connectivity indicated a preferential association of PSMD
with decreased connectivity of subcortical and frontal brain regions: relative subcortical (R=-0.48, p < 0.001),
frontal (R=-0.14, p < 0.01) connectivity exhibited negative correlations with PSMD, whereas the relative insular
connectivity (R =0.23, p < 0.001), temporal (R=0.45, p < 0.001) and cerebellar (R =0.31, p < 0.001) were posi-
tively correlated with PSMD (Supplementary Tables S4 and Fig. S1). After covariate inclusion these correlations
remained significant (Supplementary Table S5).

CSVD effects on intra- or interhemispheric connectivity. The median cut-off to differentiate between long and
short edges was 10.37 cm. Figure 3b illustrates the corresponding linear models. Interhemispheric (R=-0.55,
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p < 0.001), long intrahemispheric (R=-0.39, p < 0.001) and short intrahemispheric (R =-0.26, p < 0.001) edge
connectivity significantly decreased with higher PSMD levels (Supplementary Table S2). Results remained sig-
nificant after covariate inclusion (Supplementary Table $3). Formal interaction analysis showed that all relation-
ships were of statistically significant difference (Supplementary Table S6). Moreover, PSMD correlated negatively
with relative interhemispheric (R =-.0.38, p < 0.001) and intrahemispheric long edge connectivity (R=-0.31,
p < 0.001), but positively with relative intrahemispheric short edge connectivity (R =0.43, p < 0.001), thus indi-
cating a specific association of higher PSMD with reduced interhemispheric and long intrahemispheric edge con-
nectivity (Supplementary Table S4 and Fig. S1). These results remained significant after covariate inclusion aswell
(Supplementary Table S5). Using WMH instead of PSMD as a predictor, multivariable linear models explained
less variance of the observed connectivity data or showed non-significant correlations (Supplementary Tables S7
and S8).

Discussion

We report on the specific localisation of damage to the structural connectome associated with CSVD in a
population-based sample of 930 subjects at increased risk for cerebrovascular diseases. We found that overall,
CSVD was associated to a widespread decrease of structural connectivity. However, assessment of the relative
connectivity indicated that the observed effects exhibited a regional preference. With regard to specific brain
regions, edges connecting subcortical or frontal areas showed the most prominent decrease of connectivity in
conjunction with higher CSVD burden as defined by PSMD. Regarding tract course and length, a preferential
agsociation of CSVD markers with decreased interhemispheric and long intrahemispheric connection integrity
was found. These observations provide insights into structural brain network alterations associated with CSVD
and advance the understanding of the pathophysiology of the disease itself and its clinical sequelae.

Effective communication between brain regions is accomplished by white matter pathways. Damage to these
white matter pathways resulting from neurological or psychiatric disease hampers communication between brain
areas and may further cause secondary damage by remote effects to cortical brain regions*’. We observed signifi-
cantly decreased connectivity along with increasing markers of CSVD in a considerable fraction of network edges
indicating that a large proportion of white matter fibre pathways are indeed affected by CSVD. Of note, these
changes were observed in our group of participants with relatively low WMH volumes compared to previous
studies of patients with manifest cognitive impairment or extensive WMH!2%*, Our findings point to widespread
impairment of white matter integrity in the absence of extensive WMH detectable in T2-weighted MRI. Our
results further demonstrate that despite of their apparent focal locality in the cerebral white matter, CSVD lesions
are linked with disseminated structural changes in the brain architecture. This is in line with the recent perception
of CSVD as a global instead of a focal brain disease®.

In terms of anatomical localisation, our results showed that edges connecting subcortical or frontal brain
regions are more prominently affected in subjects with higher CSVD burden. This was apparent in pronounced
significant negative effects regarding subcortical and frontal relative connectivity, whereas in all other groups of
edges, relative connectivities were of non-significant or positive association. We hypothesise that specific impair-
ment of frontal and subcortical edges in CSVD are the structural determinants of prominent clinical sequelae
such as impaired attention and executive brain functions. In line with our findings, previous studies reported
frontal-subcortical pathophysiology in CSVD in terms of reduced glucose metabolism?. Lesion symptom infer-
ence analysis further indicated that WMH in regions of frontal-subcortical circuits can predict processing speed
performance®.

CSVD is considered to be among the main contributing factors to vascular cognitive impairment (VCI) and
vascular dementia (VaD) which show specific clinical characteristics as compared to other types of dementia.
VCI and VaD typically include executive dysfunction, impaired complex information handling and lowered
self-control, which can be attributed to dysfunction in frontal brain networks, whereas compared to Alzheimer’s
disease the episodic memory deficits seem to be less severe?’-?*. However, how vascular pathology contributes to
cognitive decline and dementia remains vague. One hypothesis is that cognitive decline originates from injury to
fronto-subcortical pathways®. Moreover, it has been hypothesised that cognitive symptoms in CSVD are medi-
ated by frontal atrophy**2. Our findings are coherent with both theories. Frontal subcortical pathways could suf-
fer by preferential frontal and subcortical fibre tract impairment in CSVD. Besides, damaged fibres could induce
remote effects like frontal atrophy'**.

In terms of the course of white matter tracts, our observations indicate that interhemispheric and long-range
connections are preferentially impaired by CSVD which is in line with findings of previous studies'***. One prob-
able explanation for this is the periventricular predominance of tissue damage in CSVD in close proximity to the
course of long-range connections that run in an anterior-posterior trajectory. Accordingly, in our sample WMH,
as a common CSVD manifestation, are primarily appearing in periventricular regions.

From a network perspective, interregional communication in the brain is reflected by the connectomes inte-
grational capacity - i.e., the capability to integrate information from remote regions - which is demonstrably
relevant for cognitive function***. The association between CSVD and cognitive dysfunction was found to be
mediated by affection of integrational capacities'’. Based on our results and the insight from both theoretical
models on’® and studies of stroke patients”’, that effective network integration is contingent on the integrity of
long-range connections, we suggest that this mediation occurs through the distuptive effect of CSVD on white
matter fibre tracts linking remote brain areas. Thus, our findings provide a further piece in the pathophysiological
puzzle relating CSVD and cognitive decline.

Besides, functional network investigations indicate that decreased long-range connectivity is associated with
Alzheimer’s disease®®. Conceivably, long-range connectivity is associated with cognitive symptoms across etiol-
ogies. Although recent work concludes that VaD and AD are affecting cognitive performance independently®*,
our results support the hypothesis of pathophysiological overlap between both entities*! 3.
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Strengths and limitations of our analysis. Strengths of this work lie in the large sample, and the
state-of-the-art and reproducible neuroimaging pipeline. Applying PSMD values as a CSVD surrogate marker
taking subvisible changes into account lead to increased explanatory precision in the linear regression analysis
compared to the more commonly used measure of absolute WMH volumes.

The limitations are as follows. Although the sample has been risk-enriched by selection of subjects with a
certain load of vascular risk factors, it stems from a population-based study and exhibits rather low burden of
CSVD-associated lesions visible on structural MRI. Hence, investigations in a more severely affected sample
might differ in results.

Since our analysis was focussed on investigating the location of CSVD-induced damage and thus deciphering
the association of CSVD with patterns of connectome disruption without relating our findings to behaviour, we
can only speculate on possible clinical implications of the observed associations.

Current methods of structural connectome reconstruction are an imperfect attempt to approximate white
matter connections in the human brain. Although this methodology offers great advantages for in-vivo investiga-
tions of structural cerebral connectivity, this general limitation has to be considered when interpreting our results.
Diffusion-to-axon mapping, i.e., inferring white matter fibre orientation and integrity from diffusion-weighted
imaging, requires assumptions and approximations making it an indirect and error-prone process. A recent study
compared state-of-the-art tractography methods by using synthetic data as a gold standard*’. Accordingly, most
approaches reconstruct a considerable amount of false positive streamlines including analysis pipelines very sim-
ilar to ours. Using our approach, the probability that short streamlines are false positive is higher than for long
streamlines. Even modern tractography approaches struggle to reconstruct complex fibre patterns like crossing,
kissing, fanning and bending fibres because they lead to similar signal profiles within a voxel®. Besides tractog-
raphy the observed results depend on further analysis design choices like the parcellation scheme underlying
the nodes*®. Qur choice is informed by the wide usage of the Desikan-Killiany atlas to provide comparability
and the rather coarse scheme increasing robustness of SIFT*. Not least, data quality has substantial impact on
this type of analysis*. Since complex network analysis builds upon the reconstructed connectome, it inherits the
shortcomings of the reconstruction approach because it builds upon it. Network characteristics such as global
efficiency are abstract concepts that might oversimplify connectional patterns present in large-scale biological
systems. However, alterations of large-scale network topology computed by graph theory have shown to be linked
to clinical phenotypes of various neurological diseases and therefore present an innovative imaging biomarker
in modern structural brain imaging studies*. Thus, we encourage the reader to interpret our results with the
necessary care.

Future investigations. While this work limited on a topological approach to locate white matter alterations
a fixel-based analysis allows to assess it in 3D space and thus displays a promising complementary approach.
Moreover, future work might assess diffusion measurements in a sample not exhibiting any white matter hyper-
intensities, thus addressing the issue of white matter pathology beyond lesions accessible in T2-weighted MRI.

Conclusion

We demonstrated that in a sample of participants from a population-based study with an increased risk for vascu-
lar disease, white matter damage by CSVD is associated with widespread decreased structural brain connectivity.
Specific parts of the structural connectome were preferentially affected. Decreases in connectivity were more
pronounced in interhemispheric, long, frontal and subcortical edge groups. Our results link to the supposed
pathophysiology of clinical sequelae of CSVD and shed further light on the underlying mechanisms of cognitive
and depressive symptoms in CSVD in particular.

Data availability
Anonymised data of the analysis not published within this article will be made available on reasonable request
from any qualified investigator after evaluation of the request by the Steering Board of the HCHS.
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Abstract

Background

Cerebral small vessel disease is a common finding in the elderly and associated with
a broad range of clinical sequelae. Previous studies suggest disturbances in the
integration capabilities of structural brain networks as a mediating link between
imaging and clinical presentations. To what extent cerebral small vessel disease might

interfere with other measures of global network topology is not well understood.

Methods

Connectomes were reconstructed via diffusion weighted imaging in a sample of 930
participants from a population based epidemiologic study. Linear models were fitted
testing for an association of graph-theoretical measures reflecting integration and
segregation with both the Peak width of Skeletonized Mean Diffusivity (PSMD) and
the load of white matter hyperintensities of presumed vascular origin (WMH). The latter
were subdivided in periventricular and deep for an analysis of localisation-dependent

correlations of cerebral small vessel disease.

Results

The median WMH volume was 0.6 ml (1.4) and the median PSMD 2.18 mm?/s x 10
(0.5). The connectomes showed a median density of 0.880 (0.030), the median values
for normalised global efficiency, normalised clustering coefficient, modularity Q and
small-world propensity were 0.780 (0.045), 1.182 (0.034), 0.593 (0.026) and 0.876
(0.040) respectively. An increasing burden of cerebral small vessel disease was
significantly associated with a decreased integration and increased segregation and

thus decreased small-worldness of structural brain networks.

Conclusion

Even in rather healthy subjects increased cerebral small vessel disease burden is
accompanied by topological brain network disturbances. Besides the known mediation
effect of integration parameters, the segregation parameters might as well contribute

to the understanding of the known clinical sequelae of cerebral small vessel disease.
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Introduction

White matter hyperintensities of presumed vascular origin (WMH) are a common
finding in MRI of elderly people and are a hallmark of cerebral small vessel disease
(CSVD) [Wardlaw et al., 2013]. CSVD is considered to result from damage to small
perforating arteries, arterioles, capillaries and venules of the human brain and
represents an increasing burden in the ageing societies of industrialised countries
[Pantoni, 2010; ter Telgte et al., 2018]. Besides rare hereditary causes, the major
underlying pathology is arteriolosclerosis due to age and cardiovascular risk factors
[Pantoni, 2010]. The clinical importance of CSVD lies in its association with various
clinical sequelae such as ischaemic and haemorrhagic stroke, cognitive decline,
dementia, late-life depression as well as gait and urinary complaints [Frey et al., 2019;
Pantoni, 2010; Rensma et al., 2018; ter Telgte et al., 2018].

Findings from structural magnetic resonance imaging play a pivotal role in defining
CSVD. The most common surrogate marker is the extent of WMH. However, this
measure has some weaknesses such as the error-prone quantitative assessment of
WMH via automated segmentation [Frey et al., 2019] as well as rather weak correlation
with clinical symptoms [Baykara et al., 2016]. A novel surrogate marker of CSVD called
‘peak width of skeletonised mean diffusivity’ (PSMD) was suggested to overcome
aforementioned limitations due to the robust nature of its computation and evidently
strong correlations with clinical symptoms [Baykara et al., 2016; Wei et al., 2019]. The
PSMD measures the distribution width of the mean diffusivity, i.e. the mean diffusion
of water in all directions calculated by the diffusion tensor, in the white matter and
thereby assesses the microstructural properties of the tissue. As WMH represent the
part of the pathologic process visible on conventional MRI and thereby presumably
only the tissue worst affected by CSVD, the PSMD particularly might be more sensitive
to rather subtle pathologic changes in the microstructure of the brains white matter.

In recent years, growing evidence supports the understanding of the brain as a
complex network of interconnected areas. The structural connectome as a
comprehensive map of neuronal connections interprets the brain as a network based
on two components: Nodes, which represent pre-specified cortical areas; and edges,

representing the interconnecting white matter tracts [Fornito and Bullmore, 2015].
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Connectomes allow inferences about the structural organisation and integrity of the
human brain via graph theoretical analysis with global graph parameters reflecting
topological network characteristics. As such, measures of segregation (e.g. the
clustering coefficient and the modularity Q) reflect on the network’s capability of
distributed and parallel information processing, whereas measures of integration (e.g.,
global and local efficiency) give hints about the brain’s capacities of combining

information from such distributed processes.

The analysis of these global topological characteristics allows for the investigation of
pathologic alterations in the structural network of the brain underlying neurological
conditions like Alzheimer’s, stroke and multiple sclerosis [Crofts et al., 2011; Stam,
2014; Stellmann et al., 2017]. In the context of CSVD, previous studies suggest
disturbed topological network properties as a possible mechanism underlying clinical
presentations in these patients [ter Telgte et al., 2018]. Decreased integration
parameters were observed in particular and related to e.g. cognitive performance of
the participants [Lawrence et al., 2014; Reijmer et al., 2015; Tuladhar et al., 2016b].
However, to what extent CSVD affects the degree of segregation in structural network
topologies is less comprehensively studied.

The aim of this study was to investigate how brain network topology is affected by
CSVD, namely the association of topological network parameters with the PSMD as a
novel and robust marker of white matter integrity in CSVD and WMH load as the most
common imaging markers representing CSVD. In addition, a deeper understanding of
localisation-dependent correlations of CSVD was pursued by subdivision of WMH in
periventricular (pPWMH) and deep (dAWMH).
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Methods

Study design and participants

The Hamburg City Health Study (HCHS) is a single centre, prospective, epidemiologic
cohort study with emphasis on imaging to improve the identification of individuals at
risk for major chronic diseases and to improve early diagnosis and survival. A detailed
description of the overall study design was published separately [Jagodzinski et al.,
2019]. In summary, of all inhabitants living in Hamburg, a random sample is drawn
from a total of 45,000 (aged 45-74) based on the official inhabitant data files. A written
invitation to participate in HCHS is sent to their home address. All individuals willing to
participate are invited to a baseline visit where they undergo an extensive assessment
of their cardiovascular history and status. Of these, all participants with a Framingham
stroke risk score (FSRS) of >7 points are invited to additional brain scans [Aparicio et
al., 2017]. Furthermore, 1,500 healthy participants are selected for a control group.
For an explorative analysis of cognitive functions, results from the ,Mini Mental Status
Test” (MMST), the Trail Making Test part A (TMTA) and the Trail Making Test part B
(TMTB) were selected. In addition, age, sex and years of educations were selected
for analysis. For the present study, the MRI datasets of the first 1,000 participants
undergoing imaging studies were selected - independent of FSRS. The local ethics
committee approved the HCHS, and written informed consent was obtained from all
participants.

MRI acquisition

Images were acquired using a 3-T Siemens Skyra MRI scanner (Siemens, Erlangen,
Germany). For single-shell diffusion weighted imaging (DWI), 75 axial slices were
obtained covering the whole brain with gradients (b = 1000 s/mm2) applied along 64
noncollinear directions with the following sequence parameters: repetition time (TR) =
8500 ms, echo time (TE) = 75 ms, slice thickness (ST) = 2 mm, in-plane resolution
(IPR) = 2 x 2 mm, anterior-posterior phase-encoding direction. For 3D T1-weighted
anatomical images, rapid acquisition gradient-echo sequence (MPRAGE) was used
with the following sequence parameters: TR = 2500 ms, TE = 2.12 ms, 256 axial slices,
ST =0.94 mm, and IPR = 0.83 x 0.83 mm. 3D T2-weighted fluid attenuated inversion
recovery (FLAIR) images were measured with the following sequence parameters: TR
= 4700 ms, TE = 392 ms, 192 axial slices, ST = 0.9 mm, and IPR = 0.75 x 0.75 mm.
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Quantification of CSVD

For segmentation of WMH, we used FSLs Brain Intensity AbNormality Classification
Algorithm (BIANCA) [Griffanti et al., 2016], a fully automated, supervised k-nearest
neighbour (k-NN) algorithm. The training dataset comprised masks of WMH for the
first 100 participants. These masks were derived by selecting only the voxels that had
been identified as WMH by two trained raters (MP and CM) independently with manual
segmentation. The mean Dice Similarity Index between the segmentation of both
raters was 0.63.

Derived masks of WMH were divided into periventricular (oWMH) and deep (dWMH)
by a 10mm distance threshold to the ventricles [DeCarli et al., 2005; Griffanti et al.,
2018]. WMH load was calculated as the share of WMH in the brain tissue volume
(intracranial volume - ventricle volume) and logarithmised for further statistical analysis
due to a right-skewed distribution. Logarithmic pWMH respectively dWMH load were
calculated analogously.

PSMD was calculated with the available original scripts on diffusion tensor imaging

(DTI) data (http:/www.psmd-marker.com, [Baykara et al., 2016]). In brief, the pre-
calculated maps of MD were brought to MNI space using the coregistration of the pre-
calculated FA maps with the FSL-TBSS package [Smith et al., 2006]. Following white
matter tract skeletonisation of the standardised MD maps, the PSMD was calculated
via histogram analysis.

Connectome reconstruction

All imaging data was processed using MRirix 3.0 ([Tournier et al., 2019],
http://www.mrtrix.org), Advanced Normalization Tools (ANTS,
https:/github.com/ANTsX/ANTs), the FMRIB Software Library 5.0.10 (FSL,
https://fsl.fmrib.ox.ac.uk) and FreeSurfer 6.0 (https://surfer.nmr.mgh.harvard.edu).

Network nodes were defined by parcellation of the grey matter areas in T1w according
to the Desikan-Killiany and Aseg atlas [Desikan et al., 2006; Filipek et al., 1994]
including a total of 84 cortical and subcortical regions. There was no anatomical
overlap between brain regions considered as nodes in the analysis. DWI
preprocessing involved denoising, removal of Gibbs ringing artifacts, eddy current
correction and motion correction, bias field correction as well as susceptibility

distortion correction based on nonlinear registration [Andersson and Sotiropoulos,
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2016; Avants et al., 2008; Kellner et al., 2016; Tustison et al., 2010; Veraart et al.,
2016]. Constrained spherical deconvolution and anatomically constrained
tractography (ACT) [Smith et al., 2012] allowed for streamlines reconstruction from
preprocessed diffusion images. Upon that streamlines were filtered by spherical
deconvolution informed filtering of tractograms (SIFT2) [Smith et al., 2015]. Two nodes
were assumed to be connected by an edge if DWI signal-derived streamlines were
running between them. The edge weight was determined by the weighted streamline
count reaching from one node to the other. The detailed pipeline and an illustration of
regions of interests derived from the atlases and used for node definition can be found

in the supplementary materials.

Connectome analysis

Connectomes produced were further processed with the brain connectivity (BCT)
toolbox [Rubinov and Sporns, 2010] in matlab (v2018b). This included connectome
normalisation and global graph parameter computation. The following topological
global graph parameters have been extracted: global efficiency, clustering coefficient,
modularity Q and small-world propensity. The graph parameters are explained in Box
1. The global efficiency and clustering coefficient are sensitive to low level features of
the connectomes as they are derived from the value of connection weights and degree
distribution. To account for this dependency, both were normalised against graph
parameters derived from and averaged over 100 null models which were acquired by
randomly rewiring subject connectomes preserving the degree distribution [Maslov et
al., 2002]. Corresponding standard errors are listed in the results. Furthermore, the
network density, i.e. the fraction of present and possible connections, and median
edge weight, i.e. the median of all connection weights, were computed for all

participants.

Statistical analysis

The statistical analysis has been performed in R (v3.1.4). To assess the associations
of the CSVD surrogate markers with global graph parameters, a linear regression
analysis was performed. For facilitated interpretability effects of simple linear
regressions are conveyed in the first place. Subsequently, we report whether
significance remains after correcting for age, sex, brain volume and median edge

weight. To compare the correlations of pWMH and dWMH regarding the global graph
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parameters, Pearson and Filon’s z was applied [Diedenhofen and Musch, 2015]. For
an explorative analysis of associations with cognitive functions, simple and
multivariable linear regression models adjusted for age, sex and years of education
were fitted for the association between performance in MMST, TMT-A and TMT-B with
global graph parameters and CSVD surrogate markers, respectively. Unless stated

otherwise, descriptive statistics are given as median with interquartile range (IQR).

Data assessment and quality assurance

The quality of the initial data and the reliability of the relevant processing steps in our
pipeline were assessed repeatedly. DWI-data was initially checked for completeness
of the sequence and signal-to-noise ratio, mean voxel intensity, outlier count and
maximum voxel intensity outlier count were calculated [Roalf et al., 2016]. Finally, the
output statistics of the outlier replacement step of FSL's eddy were used for

additionally identifying data with poor quality.

Results

Sample characteristics

Descriptive statistics are listed in table 7. Due to missing data and after quality
assessment, the final sample for this study comprised 930 participants. 21 participants
were excluded due to missing imaging data, 40 participants were excluded due to poor
quality or incompleteness of imaging data (39 DWI, 1 FLAIR) and 9 participants were
excluded due to poor quality of certain processing steps. The median subject age was
64 years (IQR = 14), 45.6% were women. Figure 1 depicts a heatmap delineating the
spatial distribution of WMH, the median WMH volume was 0.6 ml (1.4) and the median
PSMD 2.18 mm2/s x 10 (0.5). The structural connectomes showed a median density
of 0.880 (0.030), the median values for normalised global efficiency, normalised
clustering coefficient, modularity Q and small-world propensity were 0.780 (0.045),
1.182 (0.034), 0.593 (0.026) and 0.876 (0.040) respectively. The median score for the
MMST was 28 points (2), the median time for the TMTA was 36 seconds (17) and 79
seconds (37) for the TMTB. A mean connectome matrix can be found in the

supplementary materials.
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Association of CSVD surrogate markers with global graph parameters

Simple linear regression analysis of the relationship between CSVD surrogate markers
and global graph parameters revealed consistent and statistically significant
correlations which are illustrated in figure 2. The normalised global efficiency (R=-0.66,
p<0.001) and small-world propensity (R=-0.57, p<0.001) were negatively correlated
with PSMD. Normalised clustering coefficient (R=0.46, p<0.001) and modularity Q
(R=0.37, p<0.001) were positively correlated with PSMD. Correlations of log WMH
load, log pWMH load and log dWMH load with global graph parameters exhibited
smaller effect sizes and significance levels. After correcting for age, sex, brain tissue
volume, median edge weight and cardiovascular risk factors, all but the following
correlations remained significant: WMH load with respect to the modularity (p=0.115),
dWMH load with respect to global efficiency (p=0.422) and small-world propensity
(p=0.614) as well as pWMH load with respect to clustering coefficient (p=0.104) and
modularity (p=0.155) remained significant. Applying Pearson and Filon’'s Z for
correlation comparison revealed that global efficiency (R=-0.39 vs R=-0.19, p<0.001)
as well as small world propensity (R=-0.32 vs R=-0.16, p<0.001) correlated
significantly stronger with pWMH load than with dWMH load. Correlations of pWMH
and dWMH with the normalised clustering coefficient (p=0.177) and modularity Q
(p=0.398) showed no statistically significant difference. Further details of the linear

regression results are listed in the supplementary materials.

Analysis of cognitive function, CSVD surrogate markers and global graph parameters
MMST was found to be associated with PSMD (simple regression analysis p=0.017
and multivariable analysis p=0.244, respectively), pWMH (p=0.020 and p=0.789,
respectively), global efficiency (p=0.019 and p=0.599, respectively) and modularity Q
(p=0.013 and p=0.281, respectively). There was no association of MMST and dWMH
(p=0.191 and p=0.956, respectively), Clustering coefficient (p=0.263 and p=0.957,
respectively) and small-world propensity (p=0.053 and p=0.637, respectively).

TMTA was found to be associated with PSMD (p<0.001 and p=0.021, respectively),
pWMH (p<0.001 and p=0.059, respectively), dWMH (p<0.001 and p=0.005,
respectively), global efficiency (p<0.001 and p=0.009, respectively), modularity Q
(p<0.001 and p=0.059, respectively) and small-world propensity (p<0.001 and

p=0.002, respectively). There was no association of TMTA and Clustering coefficient
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(p=0.083 and p=0.877, respectively). After correcting for multiple testing, only the
association with small-world propensity remained significant.

TMTB was found to be associated with PSMD (p<0.001 and p<0.001, respectively),
pWMH (p<0.001 and p=0.315, respectively), dWMH (p<0.001 and p=0.185,
respectively), global efficiency (p<0.001 and p=0.006, respectively), Clustering
coefficient (p<0.001 and p=0.058, respectively), modularity Q (p<0.001 and p=0.014,
respectively) and small-world propensity (p<0.001 and p<0.001, respectively). After
correcting for multiple testing, only the association with small-world propensity and

PSMD remained significant.

Discussion

In this analysis of a population-based sample of 930 subjects, we investigated the
association of CSVD with brain network topology using state of the art methodology
to reconstruct structural connectomes derived from DWI and structural imaging data.
As a main finding, we identified a significant association of CSVD burden with
decreased integration and increased segregation of structural brain networks resulting
in a weakened small-world structure. These findings provide novel insights into the
effects of CSVD on the architecture and integrity of brain networks and may foster the

understanding of the clinical sequelae of CSVD.

Association of CSVD with global graph parameters

Recent research provided evidence about the topological properties of the underlying
network organisation of the human brain [Latora and Marchiori, 2001; Sporns and Zwi,
2004]. Accordingly, the human brain is organised in a topological paradigm called
‘small world’ as it applies to most real-world networks [Costa et al., 2011]. Small-
worldness describes a compromise between pronounced segregation, meaning that
distributed and specialised processing happens in subsections of the brain, and
integration, the brain’s capacity of integrating information from distributed processes
[Watts and Strogatz, 1998]. Hence a networks small-worldness is immediately
depending on sufficient integration and segregation characteristics. To investigate the
network topology of the reconstructed connectomes and its alteration by CSVD,
topological network parameters were assessed and related to PSMD as a novel and
robust surrogate parameter of white matter integrity and WMH load as the most

common imaging marker representing GSVD. The investigated connectomes were of
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strong small-worldness as the mean small-world propensity of 0.87 was above the
suggested threshold of 0.6 [Muldoon et al., 2016]. It turned out that the integration
parameter - global efficiency - decreases while the segregation parameters - clustering
coefficient and modularity Q - increase with higher CSVD burden. Both phenomena
ultimately result in weakening of small-world topology as a relatively low small-world
propensity accompanies high CSVD burden. To put this into context, the observed
alterations of brain network topology might suggest that the brain’s capacity of
integrating distributed information decreases, while the capability of distributed
computation increases with higher CSVD burden. We found that periventricular WMH
(PWMH) drive the reduction of integration capabilities and small-worldness overall,
showing significantly higher effects than deep white matter WMH (dWMH). The effects
of dWMH on segregation parameters were of statistical significance whereas the
effects of pWMH were not. Since long-range connections are preferentially passing
through ventricle-near regions [Brodal, 2016], the observed topological alterations
might be explained by a disproportionate decrease of long-range connections in CSVD
as suggested in previous studies in this cohort of participants of the HCHS [Petersen
et al., 2020].

Global efficiency depends on the integrity of these long-distance connections, as these
connections enable communication of remote brain regions [Watts and Strogaiz,
1998]. Hence a reduction of these fibres might explain the reduced global efficiency
we observed in subjects with high CSVD burden. This is in line with the hypothesis
that primarily pWMH are responsible for global efficiency decline and therefore the
cognitive decline in CSVD patients, as supported by other studies [Cees De Groot et
al., 2000].

The increased clustering coefficient and modularity might be attributable to affected
long-range connections as well. Provided they are underrepresented, long-range
connections might lead with higher probability to open triangles, respectively less
modular structure, decreasing the average clustering coefficient and modularity.
Conversely, less long-range connections might yield higher segregation parameters.
Moreover, in presence of CSVD pathology the normal appearing white matter (NAWM)
fibre density might increase compensatorily yielding more intensively connected node
neighborhoods and modules, as hypothesised in stroke patients [Crofts et al., 2011;
Dancause et al., 2005].
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Importance of global graph parameters for clinical sequelae of CSVD

These findings are of clinical relevance hence they might illuminate how associations
between CSVD and its known clinical sequelae are mediated. A lower global
efficiency, regardless of health status, is associated with poorer cognitive performance
[Bassett et al., 2009; Berlot et al., 2016; Heuvel et al., 2009; Li et al., 2009]. In line with
this, recent studies found that the interrelation of CSVD occurrence and cognitive
decline is mediated by a decreased global efficiency [Lawrence et al., 2014; Tuladhar
et al., 2016a; Tuladhar et al., 2016b]. In our study, we found only a rather weak
association of global graph parameters with the cognitive performance after correction
for multiple testing - we assume mostly due to the modest variance in our rather
healthy cohort.

Looking beyond cognition, results from other cohort studies back the assumption that
late-life depression is associated with CSVD, summarised as the vascular depression
hypothesis [Alexopoulos, 2006]. Depressive CSVD patients were found to have a
significantly decreased global efficiency compared to patients without depressive
symptoms [Xie et al., 2017]. However, no mediation effect of the brain’s integration
capabilities could be verified in this study, due to the small percentage of participants

demonstrating signs of depression (N=20).

PSMD versus WMH as surrogate markers for CSVD

Previous studies using diffusion weighted imaging (DWI) report that CSVD patients
exhibit a higher mean diffusivity (MD), meaning an increased diffusion magnitude, as
well as a decreased fractional anisotropy (FA), suggesting a decreased directionality
of diffusion [van Norden et al., 2012; Tuladhar et al., 2016a]. These findings might
reflect a decreased fibre integrity and pathologic aggregation of free water in the
extracellular compartment [Duering et al., 2018] and indicate that DWI is able to reflect
microstructural changes caused by CSVD. Based on comparison of the linear models
R2 values, our analysis suggests a superior explanatory power of PSMD compared to
the different WMH loads with regard to the global efficiency, clustering coefficient and
small-world propensity. This observation may be owed to the robust calculation of the
PSMD in contrast to the error-prone nature of WMH segmentation. The algorithm we
used for the automated segmentation of WMH tends to underestimate dWMH [Griffanti
et al., 2016], potentially blurring the influence of WMH load on the topological network
properties. As mentioned before, the PSMD might be more sensitive to rather subtle
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microstructural pathologies. The moderate CSVD burden in our study sample might
therefore favour the PSMD, as the median WMH volumes were rather low compared
to other cohort studies investigating CSVD. These results accentuate the PSMD'’s high
capability of capturing CSVD severity - even in brains appearing healthy on

conventional MRI [Baykara et al., 2016].

Methodological considerations on structural connectome reconstruction

Weighted structural connectomes were successfully reconstructed in all participants.
Our connectomes exhibited a rather high density with regard to comparable previous
studies [Lawrence et al., 2014; Tuladhar et al., 2016a; Tuladhar et al., 2016b] which is
owed to our usage of the ‘2nd order integration over fibre orientation distributions 2’-
algorithm (iFOD2) [Tournier, J.-D. Calamante, F. & Connelly, 2010] during
tractography without a separate thresholding step [Civier et al., 2019]. Tract-tracing
studies of macaque brains yielded similarly densely connected connectomes
suggesting biological plausibility and accuracy of the type of connectome used in this
study [Markov et al., 2011].

Strength and limitations of our study

Briefly, advantageous features of this work lie in the utilisation of PSMD as a CSVD
surrogate parameter, the size of the sample and a state of the art and reproducible
processing pipeline applied to it.

Our study has limitations. Even though the cohort represents a population with
increased cardiovascular risk, the overall analysed participants were relatively healthy
regarding imaging findings of CSVD. Findings might be different in a more severely
affected sample. However, we would argue that our findings in a group of patients with
relatively mild degree of CSVD point towards changes in white matter microstructure
and disturbances of brain network topology already detectable at an early stage of
CSVD. As we think of CSVD as a chronic-progressive disease, it is likely that other
graph parameters calculated in this study would follow characteristic trajectories
depending on disease progression. Extrapolation to datasets with patients in more
advanced stages of CSVD would most certainly be possible for the Clustering
Coefficient, which is strongly dependent on overall connectivity strength (reflecting
progressing loss of structural white matter integrity in CSVD). However, Modularity

and Small World Propensity are parameters in graph theory more sensitive to
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topological network changes (specific anatomical pattern of white matter
degeneration). Therefore, hypotheses regarding the translation of findings in our group

to more severely affected patients cannot be tested validly in the current sample

Conclusion

To summarise, in a large sample of subjects with vascular risk factors we were able
to demonstrate that CSVD is associated with alteration of structural brain network
topology considered crucial for maintenance of proper brain function — independently
from the used surrogate parameter. Higher burden of CSVD goes along with a shift of
brain network topology towards reduced integration, which might reflect the pathology
underlying impaired cognitive function in CSVD and an increased segregation and
consequently altered small-world structure. These findings might reflect a pathology
of the brain network functionality in CSVD that could explain the associated sequelae.
Since the clinical impacts of increased segregation are not well understood yet, these

parameters might serve as a promising subject for future studies in CSVD patients.
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Box, table and figures:

Weighted clustering coefficient [Onnela et al., 2005; Watts and Strogatz, 1998]
The weighted clustering coefficient of a node is defined as the normalised sum of
geometrically averaged edge weights of all triangles associated with the node.
Thus, the average of this parameter over all nodes indicates how intensively the
network is locally interconnected and thereby reflects its capability of segregated
computation.

Modularity Q [Newman, 2006]

The modularity Q is the result of an iterative optimization process. First, partition of
the connectome in nonoverlapping modules - i.e. highly interconnected subgroups
of nodes - is performed by applying Newman’s spectral community detection. Upon
that the modularity Q is calculated: for each module the weighted count of edges
present within the module is surveyed and subtracted by the weighted edge count
expected by chance. Subsequently, all module specific values are summed up
resulting in Q. Hence, a positive Q indicates a higher intramodular connectivity
than expected by chance, indicating modular structure. Based on the former
partition a new partition is defined by an optimization algorithm and this process is
reiterated until Q doesn't increase anymore. This maximal Q is the value reported.

Weighted global efficiency [Latora and Marchiori, 2001]

The global efficiency is defined as the average inverse shortest path length. The
length of a path between two nodes is the total weight of edges comprising that
path.

Small-world propensity {Muldoon et al., 2016}

The small-world propensity allows for quantification of small-world structure in
weighted and dense networks: it indicates how much a networks clustering
coefficient and shortest path length deviate from random and lattice null models
with the same node amount and degree distribution and relates both deviations.
Thus, the parameter provides insights about the degree a network exhibits parallel
presence of strong integration and segregation characteristics. A network with a
small-world propensity above 0.6 is considered to show pronounced small-world
structure.

Box 1: Global graph parameters derived in this study
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Figure 1: Distribution of White Matter Hyperintensities (WMH) in a cohort of 930
participants. The map presents the frequency of WMH in a specific voxel as indicated

by the coloured bar and superimposed on a standard brain template in MNI-152 space.
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Figure 2: Association of CSVD surrogate markers with global graph parameters
Results of simple linear regression modelling are illustrated using CSVD surrogate
markers as independent variables (columns) and global topological graph parameters
as dependent variables (rows). Gray bands represent confidence intervals. Correlation
(R) from simple correlation analysis and explained variance (R?) from multivariable
models are reported. Asterisks indicate level of significance after inclusion of
covariates (*=p<0.05, **=p<0.01, ***=p<0.001). PSMD = peak width of skeletonised
mean diffusivity, WMH = total White Matter Hyperintensities, pWMH = periventricular
White Matter Hyperintensities, dWMH = deep White Matter Hyperintensities.
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Variable

Count

Sex = female

424 (45.6%)

Age [years], median (IQR)

64 (14)

Vascular risk factors

History of smoking, n (%)

560 (66.1%)

History of hypertension, n (%)

637 (72.0%)

Diabetes, n (%)

74 (8.7%)

Body-Mass-Index, median (IQR)

26.2 (5.5)

Conventional MR| measures

Brain volume [ml], median (IQR)

1483.7 (203.1)

Ventricle volume [ml], median (IQR) 25.4 (18.4)
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 (0.09)
pWMH load [%], median (IQR) 0.03 (0.08)
dWMH load [%)], median (IQR) 0.01 (0.01)
PSMD [mm2/s x 10*4], median (IQR) 2.18 (0.5)
Graph theoretical network measures

Edge Strength, median (IQR) 28.1 (9.5)

Network density, median (IQR)

0.880 (0.030)

Norm. global efficiency, median (IQR)

0.780 (0.045)

Standard error for null model global efficiency, median (IQR)

0.001 (<0.001)

Norm. clustering coefficient, median (IQR)

1.182 (0.034)

Standard error for null model clustering coefficient, median

(IQR)

<0.001 (<0.001)

Modularity Q, median (IQR)

0.593 (0.026)
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Small-world Propensity, median (IQR)

0.876 (0.040)

Table 1: characteristics of the study sample
PSMD = peak width of skeletonised mean diffusivity, WMH = total White Matter

Hyperintensities, pWMH = periventricular White Matter Hyperintensities, dAWMH =
deep White Matter Hyperintensities, Norm. = normalised

Data was partly unavailable for the following variables (n): History of smoking (83),

History of hypertension (45), Diabetes (80), Body-Mass-Index (56)
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3 Darstellung der Publikationen mit Literaturverzeichnis

Hintergrund

Diese Arbeit basiert auf zwei Veroffentlichungen (Frey et al., n.d.; Petersen et al.,
2020) und behandelt die Auswirkungen der cerebralen Mikroangiopathie (engl.
cerebral small vessel disease, CSVD) auf die Hirnnetzwerktopologie. Der CSVD
liegt eine altersassoziierte pathologische Veranderung der kleinkalibrigen
perforierenden cerebralen Gefalle zugrunde (Pantoni, 2010). Klinisch
charakterisiert durch ein substantiell erhdhtes Schlaganfall- und Demenzrisiko, ist
sie von hoher sozio6konomischer Bedeutsamkeit in den Industrienationen (Debette
and Markus, 2010; Rensma et al., 2018). Weiterhin manifestiert sich die Erkrankung
klinisch durch kognitive Einschrankungen, Depression und Gangaufféalligkeiten (de
Laat et al., 2010; Frey et al., 2019; van Agtmaal et al., 2017; van der Holst et al.,
2018). Diese Assoziation von Klinik und Pathologie der CSVD ist weitgehend

ungeklart und Gegenstand aktueller Untersuchungen.

Moderne Methodiken der Hirnbildgebung - besonders die
Magnetresonanztomographie (MRT) — erlauben die Untersuchung der CSVD in-
vivo und leisten einen groBen Beitrag zur Aufklarung der Pathophysiologie.
Typische Manifestationen der Erkrankung in der MRT sind T2-Hyperintensitaten der
weiRen Substanz vaskularer Ursache (engl. white matter hyperintensities of
presumed vascular origin, WMH), Atrophie, vergro3erte perivaskulare Raume und
cerebrale Mikroblutungen (Wardlaw et al., 2013). Vor allem MR-
Diffusionsbildgebung (engl. Diffusion-weighted imaging, DWI) scheint geeignet um
CSVD-induzierte Effekte auf die Integritat der weil3en Substanz zu detektieren. So
zeigten mehrere Studien charakteristische Veranderungen in Diffusions-Tensor-
Bildgebung-basierten (DTI) Metriken, welche sensitiv flr mikrostrukturelle
Hirnparenchymveranderungen sind. Diese wiesen auf einen Faserverlust und
erhohte isotrope Wassermobilitat in WMH und der perilasionalen weil3en Substanz
hin (de Groot et al., 2013; Maillard et al., 2013). In diffusionsgewichteten Bildern
codiert sind neben mikrostrukturellen Informationen auch solche der Faserverlaufe
der weil3en Substanz. Auf Basis dieser Informationen ist die Rekonstruktion
struktureller Konnektome mdglich. Strukturelle Konnektome sind approximative

Reprasentationen des menschlichen Hirnnetzwerks, die sich aus Knoten und diese
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verbindende Kanten zusammensetzen. Die Knoten repréasentieren hier Subareale
der grauen Substanz und Kanten durch Traktographie rekonstruierte Faserbindel
der weil3en Substanz. Unter Anwendung netzwerkanalytischer Methoden, erlauben
sie eine Charakterisierung topologischer Aspekte einer Krankheit. Wie bei anderen
Hirnerkrankungen ist im Falle der CSVD eine Assoziation von primarer
Gefal3pathologie und Kklinischer Symptomatik durch netzwerktopologische
Krankheitsaspekte anzunehmen. Folglich wurde diese Analyse mit dem Ziel der
Charakterisierung von CSVD-induzierten netzwerktopologischen Veradnderungen

durchgefuhrt.

Methodik

Die untersuchten Daten sind Bestandteil der Hamburg City Health Study (HCHS) —
einer prospektiven und populationsbasierten Kohortenstudie. Bei den untersuchten
Probanden handelt es sich um die Subgruppe der ersten 1000 Teilnehmern mit

kardiovaskularem Risikoprofil.

Die Quantifikation der CSVD-Belastung erfolgte durch Berechnung der peak-width
of skeletonised mean diffusivity (PSMD) und der WMH-Last (WMH load). Die PSMD
ist eine auf DTI basierende Metrik, deren Berechnung robust ist und die in
ausgepragtem MalRe mit klinischen Symptomen der CSVD korreliert (Baykara et al.,
2016). Fur die WMH-Last wurde das WMH Volumen automatisiert quantifiziert
(Griffanti et al., 2016) und ins Verhaltnis zum intrakraniellen Volumen gesetzt.
Zudem wurden die Lasionen gemdafR der Distanz zu den Ventrikeln in

periventrikulare und tiefe WMH unterteilt.

Die Rekonstruktion der strukturellen Hirnnetzwerke basiert auf T1- und
diffusionsgewichteter MR-Bildgebung. Mittels FreeSurfer wurde die graue Substanz
gemall dem Desikan-Killiany-Atlas in 84 Areale parcelliert, welche die
Netzwerkknoten definierten (Desikan et al., 2006). Probabilistisch traktographiert
wurde unter Anwendung von in Mrtrix3 implementierten Methodiken wie
Constrained spherical deconvolution (CSD) sowie Spherical deconvolution-derived
filtering of tractograms (SIFT2) (Smith et al., 2015; Tournier et al., 2004). Zwei

Knoten wurden von einer Kante verbunden, falls Streamlines zwischen beiden
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Knoten verliefen. Jeder Kante wurde ein Konnektivitdtswert zugeordnet, der der

gewichteten Anzahl der ihr zugrundeliegenden Streamlines entsprach.

Um zu untersuchen, welche Netzwerksektionen bevorzugt CSVD-induzierte Effekte
aufweisen, wurden Kanten gemal zweier Schemata unterteilt. 1) Entsprechend der
verbundenen Areale der grauen Substanz in frontale, parietale, okzipitale,
limbische, insulare und subcortikale Areale assoziierende Kanten. 2) Entsprechend
Kantenlange und Verlauf in kurze intrahemisphérische, lange intrahemisphéarische
und interhemispharische Kanten. Die Summe der Konnektivititswerte einer
Kantengruppe wurde berechnet, um einen reprasentativen Konnektivitatswert pro
Faserbtndelpopulation, pro Proband zu erhalten. Aufgrund der Anwendung von
CSD erlaubt dieser Konnektivitatswert Ruckschliusse auf die tatsachliche
mikrostrukturelle Faserarchitektur. Er entspricht nach Anwendung der Faserdichte
der dem Diffusionssignal zugrundeliegenden realen Fasern der weil3en Substanz.
Ebenso wurde die relative Konnektivitat berechnet, die dem Quotienten aus

Konnektivitat einer Kantengruppe und der Gesamtkonnektivitat entspricht.

Die Berechnung von topologischen Netzwerkparametern erlaubte die Untersuchung
der Assoziation von CSVD mit Veranderungen der globalen Netzwerktopologie.
Dabei handelt es sich um Parameter, die Netzwerkcharakteristiken wie die
Segregation (Clustering-Koeffizient, Modularitat Q), Netzwerkintegration (Globale
Effizienz) oder Small-worldness (Small-world propensity) zusammenfassen. Die
Paramter wurden unter Anwendung der Brain connectivity toolbox (Rubinov and
Sporns, 2010) berechnet.

Der Zusammenhang obiger Gruppenkonnektivitaiten und topologischer
Netzwerkparameter mit den CSVD-Surrogatmarkern wurde in linearen Modellen
untersucht. Zudem wurden in einer explorativen klinischen Analyse die Assoziation
der topologischen Netzwerkparameter sowie der CSVD-Surrogatmarker mit
Ergebnissen des Mini-Mental-Status-Test (MMSE), trail making test a (TMT-A)
sowie b (TMT-B) in linearen Modellen untersucht. Alter, Geschlecht, intrakranielles
Volumen, mittleres Kantengewicht, cardiovaskulare Risikofaktoren sowie
Ausbildungsjahre sind aufgenommene Kovariaten. Die resultierenden p-Werte

wurden nach Bonferroni korrigiert.
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Resultate
Es wurden die Daten von 930 Teilnehmern statistisch ausgewertet, das heil3t 70

Datensatze wurden im Rahmen der Qualitatsanalyse ausgeschlossen.

In den Analysen gemal beider Unterteilungsschemata identifizierten die linearen
Modelle Faserpopulationen deren Konnektivitdtswerte nach Kovariateninklusion
und Bonferroni-Korrektur signifikant mit der PSMD korrelierten. Um eine
Untersuchung nach anatomisch vordefinierten Hirnarealen zu ermaoglichen, wurden
die Kanten in Gruppen entsprechend der verbundenen grauen Substanz unterteilt.
Dabei zeigte die Konnektivitat der Fasern signifikante negative Korrelationen mit der
PSMD, die subcortikale, frontale, occipitale und parietale Areale verbanden. Die
relative subcortikale und frontale Konnektivitdt waren signifikant negativ mit der
PSMD korreliert. Die relative insulare, temporale und cerebellare Konnektivitat

korrelierten damit hingegen positiv.

Weiterhin wurden die Kanten gemaR des Verlaufs und der L&nge der
zugrundeliegenden Streamlines unterteilt. Die interhemispharische, lange
intrahemisphéarische sowie kurze intrahemispharische Konnektivitat zeigten eine
signifikant negative Assoziation mit der PSMD. Die relative interhemisphéarische
Konnektivitat sowie die intrahemisphéarischer und langer Kanten waren negativ mit
der PSMD korreliert, wohingegen die relative Konnektivitdt kurzer
intrahemisphéarischer Kanten positiv korreliert war. Eine formale Interaktionsanalyse

zeigte, dass alle untersuchten Assoziationen signifikant unterschiedlich waren.

Die PSMD zeigte signifikante negative Korrelationen mit der Globalen Effizienz und
Small-world propensity und positive Korrelationen mit dem Clustering-Koeffizienten
sowie der Modularitait Q. Modelle mit der WMH-Last statt der PSMD als
unabhéngige Variable zeigten geringfiigigere Effektgrof3en und Signifikanzniveaus.
Die Small-world propensity zeigte eine signifikante negative Assoziation mit dem
TMT-A sowie -B. Die PSMD war nur mit dem TMT-B signifikant korreliert.
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Diskussion

In dieser Untersuchung wurde in einem populationsbasierten Kollektiv bestehend
aus 930 Probanden mit kardiovaskularen Risikofaktoren die Assoziation von
cerebraler Mikroangiopathie mit mikrostrukturellen und netzwerktopologischen
Veranderungen erhoben. Es liel3 sich zeigen, dass bereits bei asymptomatischen
Individuen mit geringfugiger WMH-Last CSVD-induzierte
Konnektivitatsveranderungen nachweisbar sind und diese Verdnderungen je nach
Region unterschiedlich ausgepragt waren. Subcorticale, frontale und occipitale
sowie interhemisphérische und lange intrahemispharische Kanten zeigten die
deutlichsten negativen Korrelationen. Eine veranderte globale Netzwerktopologie —
eine verringerte Small-world propensity sowie Globale Effizienz und erhéhte
Segregationsparameter — gingen mit erhdhter CSVD-Belastung einher. Zudem
waren CSVD-assoziierte mikrostrukturelle und netzwerktopologische
Veranderungen mit schlechterer Testleistung im TMT assoziiert. Diese Ergebnisse
leisten einen Beitrag zur weiteren Aufklarung der Pathophysiologie dieser
Krankheit.

Wir konnten nachweisen, dass in einem relevanten Anteil der Netzwerkkanten eine
verminderte Konnektivitdt mit erhdhten CSVD Markern einhergeht, was nach
unserer Interpretation fir eine Affektion eines grol3en Anteils der Faserpopulationen
durch CSVD spricht. Dabei zeigten sich besonders lange und interhemisphéarische
Bindel durch CSVD geschadigt. Also Verbindungen, die aufgrund der
Gewahrleistung schnellen Informationstransfers zwischen entfernten Regionen
sowie Kostspieligkeit in der Unterhaltung fir das Gehirn einen besonderen Wert
darstellen. Dieser Befund ist im Einklang mit vorherigen Untersuchungen (Lawrence
et al.,, 2014; Tuladhar et al., 2017). Plausibel ist, dass lange callosale und
assoziative Faserblndel primér periventrikuldar und damit am Ort bevorzugten
WMH-Aufkommens bei den hier untersuchten Probanden verlaufen. Zu beachten
ist, dass diese Beobachtungen in einem populationsbasierten Teilnehmerkollektiv
mit relativ geringer WMH Last gemacht wurden. Folglich kommt es selbst bei
Individuen ohne sichtbare oder nur mit minimalen L&sionen in T2 zu
hirnstrukturellen Veranderungen durch CSVD. Dies ist im Einklang mit vorherigen
Untersuchungen, die zeigen, dass es jenseits der Grenzen von WMH zu

charakteristischen mikrostrukturellen Verdnderungen von DTI-Parametern kommt
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sowie dass diese Veranderungen dem Auftreten von WMH vorangehen kdnnen
(Maillard et al., 2014; Maniega et al., 2015; Wardlaw et al., 2015).

Darauf aufbauend fuhrten wir eine komplexe Netzwerkanalyse durch, die eine
Charakterisierung der Effekte von CSVD auf die globale Netzwerktopologie
erlaubte. Laut friherer Untersuchungen liegt dem menschlichen Gehirn ein
topologisches Organisationsparadigma genannt ,Small-world“ zugrunde (Sporns
and Zwi, 2004; Watts and Strogatz, 1998). Dieses beschreibt, dass die Architektur
des Hirns einen funktionell optimalen Kompromiss aus ausgepragter Segregation
und Integration darstellt. Segregation beschreibt die Fahigkeit zur distribuierten
Informationsverarbeitung und Integration die Eigenschaft diese distribuierten
Prozesse sinnvoll zu vereinen. Die Integration ist nachweislich korreliert mit
kognitiven Funktionen (Bassett et al., 2009; Van Den Heuvel et al., 2009). Unsere
Arbeit demonstriert, dass erhéhte CSVD-Surrogatmarker mit erniedrigter Integration
zugunsten einer hohen Segregation einhergehen. Diese Verdnderungen liel3en sich
mit dem vorherigen Befund der beeintrachtigten langen und interhemispharischen
Bahnen erklaren, da die zugrundeliegenden Netzwerkparameter von Prasenz
beziehungsweise Fehlen entsprechender Kanten beeinflusst sind. Obendrein legt
diese Veranderung eine Abweichung von der Small-world-Topologie nahe, die wir

mit einer veranderten Small-world propensity nachweisen konnten.

Vaskulare kognitive Beeintrachtigung (engl. vascular cognitive impairment; VCI)
und vaskulare Demenz zeichnen sich durch eine schwerwiegende klinische
Symptomatik aus und kdnnen Folge der CSVD sein (Wallin et al., 2018). Wie genau
kognitiven Symptomen und vaskuléarer Pathologie im Falle dieser Erkrankungen
assoziiert sind, ist jedoch weitgehend unverstanden. Die Netzwerkwissenschaften
liefern Konzepte zur Uberbriickung dieser Kluft. Von zentraler Bedeutung fiir die
Fahigkeit des Hirns verteilte Informationen zusammenzufiuhren und zu integrieren
sind Assoziations- und Kommissurenfasern. Entsprechend wiirde ein Verlust dieser
Fasern mit einem eingeschranktem Informationsaustausch zwischen entfernt
liegenden Hirnarealen einhergehen. Ergebnisse komplexer Netzwerkanalysen
sprechen dafir, dass in CSVD-Patienten kognitive Leistungsfahigkeit wesentlich
von dieser Integrationsfahigkeit abhangt (Lawrence et al., 2014). Damit im Einklang

wurde gezeigt, dass Verdnderungen von DTl Metriken im Corpus callosum und
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langen Assoziationsfasern mit kognitiven Symptomen in CSVD einhergehen
(Biesbroek et al., 2017; Tuladhar et al., 2015b). Weiterhin wird hypothetisiert, dass
speziell die Affektion frontal-subcorticaler Netzwerke kognitive Symptome
verursacht (Roman et al., 2002). Dazu passt der Befund, dass frontale Atrophie im
Rahmen der CSVD mit kognitiven Einschrankungen assoziiert ist (Tuladhar et al.,
2015a). Unsere Ergebnisse zeigten, dass interhemispharische und lange
intrahemisphéarische Faserpopulationen sowie solche die subcortikale oder frontale
Hirnregionen verbinden bevorzugt von CSVD beeintrachtigt sind. Zudem zeigte sich
in einer explorativen Analyse bei Teilnehmern mit verringerter Small-world
propensity eine verringerte Testleistungsfahigkeit im TMT, was klinische Relevanz
demonstriert. Damit erachten wir unsere Ergebnisse als gut vereinbar mit

bestehender Literatur.

In der Zusammenschau legt diese Arbeit folgendes pathophysiologische
Krankheitskonzept nahe: Bei CSVD fuhrt ein vaskularer Schaden zur
Beeintrachtigung periventrikular verlaufender langer und interhemispharischer
Fasertrakte. Dies geht mit einer Veranderung der globalen Netzwerktopologie
einher. Eine verringerte Integration und erhdhte Segregation und damit ein
Abweichen des Hirns von seiner urspringlichen und als optimal angesehenen
Organisationsstruktur hin zu einer eher distribuierten als integrierenden
Informationsverarbeitung. Diese Abweichung von der Small-world-Topologie ist
assoziiert mit klinischen Konsequenzen im Sinne eines verschlechterten kognitiven

Funktion.

Starken der vorgelegten Arbeit liegen in der Anwendung einer modernen und
reproduzierbaren Bildverarbeitungspipeline sowie dem grof3en und hochwertigen
Datensatz auf den sie angewendet wurde. Folgende Limitationen sind zu nennen.
Zwar kardiovaskulare Risiken aufweisend, handelt es sich beim untersuchten
Kollektiv um asymptomatische Teilnehmer. Eine Untersuchung von Probanden mit
fortgeschrittener sowie symptomatischer CSVD koénnte weitere Aufschlisse Uber
die Pathophysiologie liefern. Ein longitudinales Studiendesign kénnten wertvolle
Einblicke in die strukturellen Netzwerkveranderungen Uber den Verlauf der CSVD
liefern und somit Einblicke in Krankheitsdynamik gewahren. Weiterhin sind unsere

Resultate vor dem Hintergrund der inh&renten Limitationen der Rekonstruktion
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struktureller Konnektome zu interpretieren. So liegt der Traktographie ein
vereinfachtes Diffusionsmodell (Tournier et al., 2004) zugrunde, der Anteil falsch-
positiver Streamlines ist bei modernen Traktographieverfahren hoch (Maier-Hein et
al.,, 2017) und die Erhebung netzwerktopologischer Parameter geht mit einer

substantiellen Simplifizierung der Netzwerkcharakteristiken einher.

Weiterfuhrende Ergebnisse

Da diese Arbeit zwar eine topologische, jedoch keine geometrische Einordnung der
CSVD-induzierten Veranderungen zulasst, wurde ein noch unpubliziertes
Folgeprojekt mit den Daten des selben Probandenkollektivs durchgefihrt. Ein
moderner auf Diffusionsbildgebung basierender Ansatz namens Fixel-basierte
Analyse (FBA) erlaubte die Lokalisation von strukturellen Veranderungen der
weilRen Substanz im 3-dimensionalen Raum. Dabei handelt es sich um eine neue
Methodik, die eine Untersuchung mikrostrukturelle Charakteristiken der weil3en
Substanz auf Subvoxel-Ebene, das heil3t mehrerer Faserpopulationen pro Voxel,
erlaubt. Die Ergebnisse der FBA weisen auf eine verringerte Faserdichte im Corpus
callosum sowie langen intrahemisphérischen Trakten wie dem superioren
longitudinalen Fasciculus hin. Zudem lie3 sich nachweisen, dass eine verringerte
Faserdichte und Atrophie in den benannten Trakten mit der Testleistung im TMT-A
und -B korreliert. Insgesamt Ergebnisse, die mit der hier vorgelegten Arbeit gut

vereinbar sind.
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4 Zusammenfassung

Cerebrale Mikroangiopathie (CSVD) ist eine altersassoziierte Erkrankung, die
aufgrund ihrer weitreichenden Verbreitung und klinischen Symptomatik von grof3er
soziobkonomischer Relevanz ist. Wie CSVD zu klinischen Folgeerscheinungen
fuhrt, ist weitgehend unklar. In dieser Arbeit wurden die strukturellen Konnektome
von 930 Teilnehmern der Hamburg City Health Study rekonstruiert und der
Zusammenhang der Konnektivitdt bestimmter Faserpopulationen sowie
netzwerktopologischer Parameter mit Surrogatmarkern der CSVD statistisch mittels
linearer Regression analysiert. Dabei zeigte sich, dass vor allem bei subcortikalen,
frontalen sowie interhemispharischen und langen intrahemispharischen
Faserpopulationen eine verminderte Konnektivitat mit erhdhter CSVD-Last
einhergeht. Zudem korrespondierte eine erhdhte CSVD-Last mit einer verminderten
Integration sowie erhdhten Segregation und damit einem Abweichen von der Small-
world-Topologie. Die Small-world propensity korrelierte signifikant mit der
Testleistung im Trail making test. Diese Resultate sprechen fur eine relevante
Beeintrachtigung des menschlichen Hirnnetzwerks bereits in subklinischen Stadien
der CSVD und erlauben weitere Einblicke in die Pathophysiologie dieser

Erkrankung.

Cerebral small vessel disease (CSVD) is an age-associated disease of great
socioeconomic relevance due to its extensive prevalence and clinical symptoms.
However, it is largely unclear how CSVD leads to these sequelae. In this work, the
structural connectomes of 930 participants of the Hamburg City Health Study were
reconstructed and the correlation of connectivity of certain fibre populations and
network topological parameters with surrogate markers of CSVD were statistically
analysed in a linear regression analysis. It was shown that especially in subcortical,
frontal, interhemispheric and long intrahemispheric fibre populations, decreased
connectivity is associated with increased CSVD load. Moreover, an increased CSVD
load corresponded to reduced network integration and increased segregation and
thus to a deviation from the small-world topology. The small-world propensity
correlated significantly with the performance in the trail making test. These results
indicate a relevant impairment of the human brain network already in subclinical

stages of CSVD and provide further insights in the pathophysiology of this disease.
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