JCBFM

Original Article

Journal of Cerebral Blood Flow &
A cluster of blood-based protein 2072 207 12621293
biomarkers reflecting coagulation peice raos prices
relates to the burden of cerebral Dé.”.l%.l”;ﬁm;y.é;é’x;’;‘;ogfg
small vessel disease OSAGE |

Sanne Kuipers"* , L Malin Overmars®" ®, Bram van Es?,
Jeroen de Bresser?, Esther E Bron*, Imo E Hoefer?,

L Jaap Kappelle', Charlotte E Teunissen®, Geert Jan Biessels'
and Saskia Haitjema?

Abstract

Biological processes underlying cerebral small vessel disease (cSVD) are largely unknown. We hypothesized that
identification of clusters of inter-related bood-based biomarkers that are associated with the burden of cSVD provides
leads on underlying biological processes. In 494 participants (mean age 67.6 + 8.7 years; 36% female; 75% cardiovascular
diseases; 25% reference participants) we assessed the relation between 92 blood-based biomarkers from the
OLINK cardiovascular Il panel and cSVD, using cluster-based analyses. We focused particularly on white matter hyper-
intensities (WMH). Nineteen biomarkers individually correlated with WMH ratio (r range: 0.16-0.27, Bonferroni
corrected p-values <0.05), of which sixteen biomarkers formed one biomarker cluster. Pathway analysis showed that
this biomarker cluster predominantly reflected coagulation processes. This cluster related also significantly to other
cSVD manifestations (lacunar infarcts, microbleeds, and enlarged perivascular spaces), which supports generalizability
beyond WMHs. To study possible causal effects of biological processes reflected by the cluster we performed
a mediation analysis that showed a mediation effect of the cluster on the relation between age and WMH ratio
(proportion mediated 17%), and hypertension and WMH-volume (proportion mediated 21%). In conclusion, we
identified a cluster of blood-based biomarkers reflecting coagulation, that is related to manifestations of cSVD,
corroborating involvement of coagulation abnormalities in the etiology of cSVD.
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abnormalities may ultimately contribute to injury in
the cerebral white and deep grey matter, including
white matter hyperintensities (WMH), ischemia, micro-
bleeds and enlarged perivascular spaces.” Nonetheless,
it is still unknown which biological processes underlie
these abnormalities and how dysfunction of the small
vessel eventually leads to brain injury.

Blood-based biomarkers may reflect biological
processes underlying cSVD. Previous studies observed
relations between ¢cSVD and individual biomarkers,
such as C-Reactive Protein (CRP) and interleukin-6
as markers for inflammation,® and Von Willebrand
factor as a marker for coagulation.* It is important to
consider, however, that most biological processes work
in concert under upstream regulators and may there-
fore be associated with changes in multiple blood-based
biomarkers. Vice versa, the levels of individual
biomarkers may be affected by more than one biolog-
ical process. Hence, exploring shared and differential
relations of multiple biomarkers with ¢SVD at once
may provide a more comprehensive perspective on pos-
sible disease mechanisms.

We hypothesized that clustering of blood-based bio-
markers in relation to ¢cSVD burden may provide leads
on possible underlying biological processes involved in
c¢SVD. We explored such clustering in individuals with
a variable burden of cSVD using an existing panel of
cardiovascular protein biomarkers, in relation to white
matter hyperintensity (WMH) volume, but also lacunar
infarcts, microbleeds and enlarged perivascular spaces.

Material and methods

Study population

We tested our hypothesis in a cohort of individuals
with different manifestations of cardiovascular diseases
who participated in the Heart Brain Connection (HBC)
study. Participants had a variable burden of c¢SVD.
The rationale and design of the HBC study have been
described elsewhere.” In brief, the HBC study is a mul-
ticenter, observational study investigating hemody-
namic and cardiovascular contributions to the
pathophysiology of cognitive impairment in patients
with manifest cardiovascular disease, including vascu-
lar cognitive impairment (VCI), carotid occlusive
disease (COD), and heart failure (HF), and a reference
group. All patients were 50 years or older and indepen-
dent in daily living. For the current study, we included
participants from the HBC study with an available car-
diovascular protein biomarker panel and brain MRI.
Inclusion criteria for patients with VCI were
cognitive complaints in the absence of moderate and
severe dementia (Clinical Dementia Rating score
<1 and a Mini-Mental State Examination >20),

combined with at least moderate vascular brain injury
(operationalized moderate to severe WMH (Fazekas
>2) and/or (lacunar) infarct(s) and/or intracerebral
(micro)hemorrhage(s)) or mild vascular brain injury
(mild WMHs (Fazekas=1)) and the presence of at
least two vascular risk factors. Patients with COD
had a stenosis >80% or occlusion of an internal carotid
artery on MR angiography and were not scheduled for
surgical intervention. Patients with HF were diagnosed
according to the European Society of Cardiology
guidelines® and were clinically stable for at least
6months. Patients were recruited from cardiology,
memory, and neurology outpatient clinics in four uni-
versity medical centers in The Netherlands. Reference
participants were recruited via advertising leaflets and
among spouses of patients. The most important exclu-
sion criteria were the inability to complete the study
due to a life expectancy shorter than three years or
plans to move out of the area of investigation or the
presence of other psychiatric or neurological disorders
(including neurodegenerative disease other than VCI or
Alzheimer’s’ dementia) that could affect cognitive
performance.

All participants provided written informed consent
before research-related procedures. The Medical Ethics
Review Committee of the Leiden University Medical
Center performed central approval. Local medical eth-
ical committees of all sites approved the local perfor-
mance of the study. The Heart-Brain Study is
performed in accordance with the declaration of
Helsinki (version 2013) and the Medical Research
Involving Human Subjects

Act (WMO).

Clinical characteristics

Clinical characteristics of all participants were regis-
tered by trained physicians or research nurses using a
standardized interview and physical examination.
Hypertension was defined as presence in medical
history, use of antihypertensive drugs, or newly diag-
nosed hypertension defined as a systolic blood pressure
>140 mm Hg or a diastolic blood pressure >90 mm Hg
(systolic and diastolic blood pressure were measured on
the left and right arm with an automatic blood pressure
monitor, the mean of these two readings was used for
analyses). Diabetes was defined as the presence in med-
ical history with or without the use of anti-diabetic
drugs. Obesity was defined as a body mass index of
>30. Ischemic heart disease was defined as a history
of myocardial infarction or coronary revascularization
(percutaneous coronary intervention or coronary
artery bypass graft). History of stroke was defined as
presence of an ischemic or hemorrhagic stroke in
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medical history. Participants underwent blood tests to
determine LDL-cholesterol in mg/dL.

Assessment of blood-based cardiovascular
biomarkers

Participants provided blood samples which were col-
lected into ecthylenediaminetetraacetic acid (EDTA)
plasma vacutainer tubes. Cardiovascular protein bio-
markers were determined with a multiplex immunoas-
say using the OLINK® Proteomics Cardiovascular 111
panel (OLINK® Proteomics, Uppsala, Sweden).”
This panel comprises 92 cardiovascular disease related
biomarker proteins which were selected in collabora-
tion with experts from the cardiovascular field. Raw
biomarker values were converted to OLINK®’s arbi-
trary unit, Normalized Protein eXpression (NPX).
NPX is a relative unit on a log2-scale, with higher
values corresponding to higher protein concentrations
in the sample. A list of the 92 blood-based cardiovas-
cular protein biomarkers that are included in the
OLINK® Cardiovascular III panel can be found in
Supplemental Table S1. The blood samples that were
used for the cardiovascular biomarker assessment were
collected at the same day as the clinical characteristics.

MRI protocol and analysis

Brain MRI was acquired on Philips Ingenia, Achieva
and Gemini 3 TMRI scanners. The brain protocol
included a 3D Tl-weighted image (resolution= 1.0 x
1.0 x 1.0 mm®; TR=8.2ms; TE=4.5ms; inversion
delay 990ms), a fluid-attenuated inversion recovery
(FLAIR) image (resolution=1.11 x 1.11 x 1.11
mm?; TR=4.8ms; TE=313ms; TI= 1.65ms and a
3D susceptibility-weighted image (SWI) (resolution
0.8 x 0.8 x 0.8 mm>; TR =45ms; TE =31 ms.

Brain volumes, including WMH volume, were cal-
culated with an automated pipeline (Quantib brain,
Rotterdam, the Netherlands) after manual segmenta-
tion of infarcts and other focal pathologies.® WMH
volumes were expressed as a percentage of the total
brain volume (TBV) (WMH ratio) to correct for differ-
ences in head size and degree of atrophy. Presence of
(defined as >1 lesion) lacunar infarcts (small 3—15mm
lesions), microbleeds (small homogeneous round foci at
any anatomical location), and enlarged perivascular
spaces (small fluid filled spaces, following the course
of penetrating vessels, in the basal ganglia) were
visually rated by an experienced neuroradiologist (JB)
according to the STRIVE-criteria.” These manifesta-
tions of cSVD were entered in a dichotomous fashion
in the analyses.

Statistical analysis

To study the relationship between the panel of 92
cardiovascular protein biomarkers and cSVD (particu-
larly WMHs), we performed a 4-step analysis.

Step |: Identification of biomarker cluster(s) related to WMH
ratio. To test which of the 92 biomarkers individually
correlated with WMH ratio, we performed Pearson
correlation analyses with Bonferroni corrections (p-
value threshold: 0.05/92 =0.00054). Within the selec-
tion of biomarkers that individually significantly
(Bonferroni corrected p <0.05) correlated with WMH
ratio we identified clusters based on prior biological
knowledge by using the STRING database,'” and in
an unsupervised data-driven way based on the
OLINK NPX values. We used the affinity propaga-
tion'! algorithm to identify the optimal number of clus-
ters, after which we performed agglomerative clustering
based on the Pearson’s correlation matrix. Thereby, we
set the numbers of clusters to numbers identified with
affinity propagation. Furthermore, we determined
whether the data-driven clustering method suggested
additional relationships, next to the relations identified
in the STRING database. If a biomarker was clustered
together with biomarkers involved in the STRING
cluster(s) in 500 bootstrapped subsample replicates of
the data, we added this biomarker to the cluster(s).
Subsequently, to create a variable that captures the
values of the biomarker cluster(s) in one score per
cluster, we calculated a Biomarker Compound
Score (BCS). This variable initially contained average
Z-scores of the biomarker values of the cluster(s) and
was optimized by minimizing the Euclidean distance
between the biomarkers values of the cluster(s) and
the average Z-score.!" We performed a Pearson corre-
lation analysis to test the correlation between the BCS
and WMH ratio across and within the participants
groups (VCI, COD, HF and reference participants),
and adjusted for antithrombotic use.

Of note, several other biomedical factors (such as
age and sex) might be associated with both the
burden of ¢SVD and blood-based biomarkers. Simply
adding these biomedical factors to the analyses
as potential confounders might lead to overadjustment,
if a biomarker would be in a causal path between
a factor and the outcome WMH. Hence, in this
first step we used unadjusted analyses, except for
antithrombotic use. In step 4 we describe how we inves-
tigated the possible interplay between certain biomed-
ical factors, the identified biomarker -cluster(s)
and WMH ratio.



Kuipers et al.

1285

Step 2: Biological interpretations of the identified biomarker
cluster(s). To identify involved biological processes
within the identified biomarker cluster(s), we used the
Reactome pathway analysis tool.'? This tool identifies
biological pathways that are enriched within our
biomarker cluster(s) more than would be expected by
chance. Reactome uses Fisher’s exact test, to identify
enriched pathways within the cluster(s).'? Pathways
with p-values <0.05 and false discovery rates
(FDR) <0.05 were considered statistically significant
enriched and were selected for biological interpretation
of the cluster(s). Since the OLINK panel we analyzed is
a preselected cardiovascular biomarker panel, we first
verified which pathways were overall significantly
enriched in the entire panel of 92 biomarkers. We
compared these findings with the enriched pathways
within our identified cluster(s)'? and selected the same
number of significantly enriched pathways as in the
previous step.

Step 3: Relation of the identified biomarker cluster(s) with other
cSVD manifestations. To investigate the generalizability
of the identified biomarker cluster(s) to other ¢cSVD
manifestations we assessed the relation between the
BCS and the presence of lacunar infarcts, microbleeds,
and enlarged perivascular spaces by performing t-tests
of BCS values between the group with and the group
without the presence of each manifestation.

Step 4: Causal mediation analysis. To evaluate possible
causal effects of biological processes reflected by the
identified biomarker cluster(s) we performed a causal
mediation analysis. In this analysis we studied the
potential mediating role of biological processes
reflected by the identified biomarker cluster(s) in the
relation between known vascular risk factors and
WMH. Known vascular risk factors (age, hypertension
and sex) were used as exposure variables, the BCS
as potential mediator variable and WMH ratio as
outcome variable.

We used the natural logarithm of the WMH ratio in
all correlation and linear regression analyses because of
the right-skewed distribution of the WMH ratio. For
11 participants, WMH ratios lower than 0.1% were set
at 0.1% to approximate the normal distribution and to
avoid log-transformation of 0. We used R v3.6.3"° with
mediation'* to perform mediation analyses and Python
v3.9"% with scikit-learn'® to perform data-driven cluster
analyses.

Results

A total of 494 participants were included in this
study. Table 1 shows the detailed characteristics
of the study population. Participants were on average

67.6 £ 8.7 years old, 36% were female, 29% of the par-
ticipants had a diagnosis of heart failure, 28% of VCI,
18% of COD and 25% were from the reference group.
Median WMH ratio was 0.15% (IQR 0.04; 0.56).
Patients with VCI had the highest WMH ratios
(median 0.64%, IQR 0.19; 1.70) and participants
from the reference group the lowest (median 0.05%,
IQR 0.02; 0.18). Lacunar infarcts were present in
35%, microbleeds in 25% and enlarged perivascular
spaces in the basal ganglia in 28% of the participants.

Cluster analyses point towards a | 6-component
biomarker cluster of potential interest

To identify cluster(s) of biomarkers related to WMHs
within the measured panel, we first performed a
Pearson’s correlation analysis to establish associations
between individual biomarkers and WMH ratio.
In total, 19 of the 92 biomarkers (21%) correlated pos-
itively with WMH ratio (Pearson’s r ranging from 0.16
to 0.27, Bonferroni corrected p-values <0.05) (Table 2,
Figure 1). Twelve of these 19 biomarkers were found to
be interrelated according to prior knowledge from the
STRING database (protein-protein interaction (PPI)
p-value <0.001). Data-driven cluster analyses identified
4 additional biomarkers: Cystatin B (CSTB), Retinoic
acid receptor responder 2 (RARRES2), Spondin 1
(SPON1), and Trefoil factor 3 (TFF3) (Figure 1),
with strong positive correlation (r>0.8) with the
other 12 biomarkers identified through STRING
(Supplemental Figure 1). The combined set of 16 bio-
markers (i.e. 12 from STRING, 4 data-driven) formed
a cluster with a central role for the Von Willebrand
Factor (VWF), Secreted phosphoprotein 1 (SPP1),
TNF receptor superfamily member 11b
(TNFRSF11B), and Growth differentiation factor 15
(GDF15). The calculated BCS based on the identified
cluster showed a significant positive correlation with
WMH ratio (Pearson’s r 0.3, p<0.001) (Figure 2).
We found no confounding effect of Platelet inhibitor
(p=0.656) and Vitamin K antagonist (p =0.396) use,
as also supported by analyses stratified by medication
use (Supplemental Figure 2). After stratification by
participant group, we found a significant positive cor-
relation between the BCS and WMH ratio within each
of the patient groups (VCI, COD, and HF). This cor-
relation was non-significant in reference participants
(p=0.16) (Supplemental Figure 3).

Pathway analysis shows that the identified biomarker
cluster predominantly reflects coagulation processes
Through pathway analysis of the identified biomarker

cluster, we identified 14 statistically significant enriched
pathways (p-values <0.05, FDR <0.05), pointing
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Table I. Baseline characteristics.

Participants

(n=49%4)
Sociodemographics
Age (years), mean (sd) 67.6 (8.7)
Female sex, n (%) 177 (36)
Years of education, mean (sd) 13.5 (4.3)
Vascular risk factors
Hypertension, n (%) 386 (78)
LDL cholesterol (mg/dL), mean (sd) 105.2 (36.7)
Diabetes Mellitus, n (%) 69 (14)
Current smoker, n (%) 82 (17)
Obesity, n (%) 103 (21)
History of ischemic heart disease, n (%) 146 (30)
History of TIA, n (%) 119 (24)
History of stroke, n (%) 113 (23)
Participant group
Vascular Cognitive Impairment, n (%) 140 (28)
Carotid Occlusive Disease, n (%) 90 (18)
Heart failure, n (%) 141 (29)
Reference group, n (%) 123 (25)
Neuro-imaging markers for cSVD
WMH ratio (as % of TBV), median (IQR) 0.15 (0.04; 0.56)
TBV (ml), mean (sd) 1096.4 (111.4)
Lacunar infarcts, n (%) 174 (35)
Microbleeds (lobar or non-lobar), n (%) 125 (25)
Enlarged perivascular spaces, n (%) 140 (28)

IQR: interquartile range (25th to 75th percentile); LDL: low-density lipoprotein; sd: standard deviation; TBV: total brain volume: WMH: white matter
hyperintensity.
Data are expressed as mean (sd), median (IQR), or number (percentage).

Table 2. Overview of the |9 significantly correlating biomarkers with white matter hyperintensity volume.?

Bonferroni corrected

Biomarker (abbreviation) Pearson’s r p-value
Growth differentiation factor |5 (GDFI5) 0.270 <0.001
Cystatin B (CSTB) 0.242 <0.001
Secreted phosphoprotein | (SPPI) 0.233 <0.001
TNF receptor superfamily member 14 (TNFRSFI4) 0.219 <0.001
TNF receptor superfamily member || b (TNFRSFIIB) 0.215 <0.001
TIMP metallopeptidase inhibitor 4 (TIMP4) 0.203 <0.001
Trefoil factor 3 (TFF3) 0.202 <0.001
Plasminogen activator, urokinase receptor (PLAUR) 0.198 <0.001
Spondin | (SPONI) 0.180 0.005
FIl receptor (FIIR) 0.180 0.006
TNF receptor superfamily member | A (TNFRSFIA) 0.179 0.006
Azurocidin | (AZUI) 0.175 0.008
Lymphotoxin beta receptor (LTBR) 0.173 0.010
Natriuretic peptide B (NPPB) 0.172 0.010
Retinoic acid receptor responder 2 (RARRES2) 0.172 0.012
Glycoprotein VI platelet (GPé) 0.170 0.016
Heparan sulfate proteoglycan 2 (HSPG2) 0.169 0.014
Platelet derived growth factor subunit A (PDGFA) 0.160 0.030
Von Willebrand factor (VWF) 0.156 0.045

Data are expressed as correlation coefficients (Pearson’s r) with corresponding Bonferroni corrected p-values.
*We entered the natural logarithm of white matter hyperintensity volume (expressed as % of total brain volume) in the Pearson correlation analyses.
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Figure I. Interrelations of the 19 identified protein biomarkers that were found to correlate significantly with white matter
hyperintensity (WMH) ratio. 16 out of 19 biomarkers that correlated significantly to WMH ratio were found to form one cluster.
Biomarkers that were found to be involved based on information from the STRING database are shown in green. 4 biomarkers that
were found to extend this cluster based on data-driven cluster analysis are shown in blue. 3 biomarkers that were not found to be
involved in the cluster based on both information from the STRING database and the data-driven cluster analysis are shown in pink.
Line width reflects the strength of data support. For the blue, data-driven extensions, the three strongest correlations are shown as
dashed lines (r > 0.8).
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Figure 2. Correlation between the Biomarker Compound Score and white matter hyperintensity volume. The Biomarker
Compound Score (BCS) was expressed as Normalized Protein eXpression (NPX) and the natural log of white matter hyperintensity
(WMH) volume was expressed as percentage of total brain volume (TBV). Correlation is unadjusted (see the method section).
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Table 3. Statistically enriched biological pathways reflected by the identified 16-component biomarker cluster.

No. of biomarkers found/
Total no. of biomarkers in

Pathway pathway (Reactome) p-value FDR Biomarkers
Coagulation pathways
Platelet Adhesion to exposed collagen 2/25 <0.001 <0.001 GP6;VWF
Platelet activation, signaling and aggregation 4/264 <0.001 0.012 GP6;VWF;RARRES2;PDGFA
Platelet degranulation 3/128 0.001 0.012 VWF;RARRES2;PDGFA
Response to elevated platelet 3/133 0.001 0012  VWF,RARRES2;PDGFA
cytosolic Ca2+
Defective F8 binding to von 172 0.003 0.031 VWEF
Willebrand factor
Hemostasis 51726 0.004 0.035 PLAUR;GPé6;VWF;
RARRES2;PDGFA
Defective F8 cleavage by thrombin 173 0.004 0.038 VWF
Inflammation pathways
TNFs bind their physiological receptors 3/30 <0.001 <0.001  TNFRSFIA;TNFRSF14;
TNFRSFI 1B
TNFR2 non-canonical NF-kB pathway 4/102 <0.001 <0.001 TNFRSFIA; TNFRSF14;
LTBR;TNFRSFI 1B
Angiogenesis pathways
Signaling by PDGF 2/60 <0.001 <0.001 SPP1;PDGFA
Downstream signal transduction 1/31 0.001 0.012 PDGFA
ECM organization pathways
Integrin cell surface interactions 3/85 <0.001 0.007 VWEF;SPP|;HSPG2
ECM organization 4/301 0.001 0.012  PDGFA;VWEF;SPP1;HSPG2
Non-integrin membrane-ECM interactions 2/59 0.003 0.035  PDGFA;HSPG2

FDR: false discovery rate; TNF: tumor necrosis factor; TNFR2: tumor necrosis factor receptor 2; No.: number; NF-kB: nuclear factor-kB; PDGF:

Platelet-derived Growth Factor; ECM: extracellular matrix.

Data are presented as the number of biomarkers found per pathway (expressed as a fraction of the total number of biomarkers known to be involved
per pathway based on the Reactome database) with corresponding p-values and FDRs. A statistically significant p-value implies that the number of
biomarkers identified within a pathway is higher than would be expected by chance.

mainly towards coagulation and to a lesser extent
towards extracellular matrix organization, inflamma-
tion and angiogenesis processes (Table 3). In the top-
14 statistically significant enriched pathways present in
the entire panel of 92 biomarkers, we predominantly
found processes involved in inflammation and to a
lesser extent extracellular matrix organization and cell
organization processes (Supplemental Table S2).
These results indicate that the identified biomarker
cluster related to WMH ratio predominantly reflects
coagulation and to a lesser extent extracellular matrix
organization, inflammation and angiogenesis process-
es, whereas the entire 92 protein cardiovascular
biomarker panel that was tested predominantly
reflected inflammation.

Generalizability of the identified biomarker cluster to
other cSVD manifestations

The BCS also related significantly to the presence of
lacunar infarcts (p <0.05), microbleeds (p <0.01) and
enlarged perivascular spaces (p <0.05) (Figure 3).
These findings confirm generalizability of the found

effects of the clusters underlying cSVD in different
manifestations of cSVD.

Causal effects of the biological processes reflected by
the biomarker cluster

To study the possible causal effects of the biological
processes reflected by the found cluster, we performed
causal mediation analysis with known vascular risk
factors. Figure 4 shows the potential mediating role
of the identified biomarker cluster on the relation
between age, hypertension and sex and WMH ratio.
Age (=0.03, p<0.001) and hypertension (f=0.24,
p<0.01) were significantly associated with the BCS.
Causal mediation analysis showed a significant media-
tion effect of the BCS in the relation between age
and WMH ratio (proportion mediated 17%,
p <0.001) and the relation between hypertension and
WMH ratio (proportion mediated 21%, p<0.001)
(Figure 4). We found no association between sex and
the BCS (f=-0.003, p=0.96) and the BCS did
therefore not mediate the relation between sex and
WMH ratio.
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Figure 3. The BCS and other cerebral small vessel manifestations. Boxplots of the Biomarker Compound Score (BCS) expressed as
Normalized Protein eXpression (NPX) according to presence of lacunar infarcts, microbleeds, and enlarged perivascular spaces.

Discussion

In patients with various manifestations of cardiovascu-
lar disease, we identified a cluster of 16 blood-based
proteins related to WMH ratio, based on both known
protein-protein interactions and data-driven unsuper-
vised clustering. This biomarker cluster points towards
coagulation processes as a unifying process linking the
identified proteins to WMH burden. The identified
biomarker cluster was also significantly associated
with manifestations of cSVD other than WMH.
The cluster mediated the relation between known
WMH risk factors, age and hypertension, and WMH-
volume, further highlighting biological relevance.

To the best of our knowledge, this study is the first
that assessed the relation between a large panel of
blood-based biomarkers and manifestations of cSVD.
Because identification of patterns in a large biomarker
panel can be challenging, we pre-defined a comprehen-
sive cluster analysis, to identify a cluster of protein
biomarkers related to the burden of ¢cSVD. Such an
approach, in which prior biological knowledge and
data-driven cluster analyses are combined, has already
shown to be an effective method for data-reduction and
pathway identification in several other diseases, such as
heart failure,'”'® diabetes!” and cancer.’**' The bio-
marker cluster we identified with data-driven cluster

analysis was largely consistent with information from
the STRING-database,'” which demonstrates the bio-
logical coherence of our findings. Previous studies have
related several single blood-based biomarkers or small
biomarkers panels to the appearance of MRI findings
in ¢SVD, such as WMHSs and lacunar infarcts.>*%?
Most of these studies focused on biomarkers that
reflect inflammation, endothelial dysfunction and
coagulation processes. Two protein biomarkers, VWF
and GDF15, that have a central role in our identified
biomarker cluster, have been previously related to
cSVD.>*2° The other 14 biomarkers of our cluster
have not been related to cSVD before.

Pathway analysis showed that our identified bio-
marker cluster predominantly reflects coagulation
processes and to a lesser extent extracellular matrix
organization, inflammation and angiogenesis process-
es. All of these biological processes are considered to
play a role in the function, maintenance, and repair of
the vascular endothelium.*?” These findings are in line
with previous clinical and experimental studies that
identified a prominent role for endothelial dysfunction
in the etiology of cSVD.? Several rodent models point
towards dysfunctional endothelial cells in the patho-
physiology of ¢cSVD.** Also in humans considerable
evidence from studies including advanced neuro-
imaging models support that endothelial dysfunction
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Figure 4. Results of the causal mediation analysis. The total effect (c) of known vascular risk factors (age, hypertension and sex) on
white matter hyperintensity (WMH) ratio is composed of an indirect effect (ab) and direct effect (¢’) and all are presented in f§ with
corresponding p-values. The mediation effect is the indirect effect expressed as a percentage of the total effect, that is, the proportion
of the relation between vascular risk factors (age, hypertension and sex) and WMH ratio attributable to mediation of the identified

biomarker cluster (BCS).
*p < 0.05.

is important in the etiology of ¢SVD.? These studies
demonstrated diffuse blood-brain barrier dysfunction®
and impaired cerebrovascular reactivity in cSVD.*"
Also previous studies that assessed single or small
panel blood-based biomarkers identified molecules
related to endothelial dysfunction.* Thus, together
with evidence from previous studies, our findings sup-
port that endothelial dysfunction plays a prominent
role in the etiology of cSVD. Moreover, our study
extends previous findings by indicating that particu-
larly coagulation abnormalities appear to underlie dys-
function of the cerebrovascular endothelium.

The observed effects of the identified biomarker
cluster hold true for patients with VCI, COD and
HF. In reference participants, who as expected had
the lowest burden of WMHs, the cluster did not signif-
icantly relate to WMH ratio. Additionally, also related

to ¢SVD manifestations beyond WMH, including
lacunar infarcts, microbleeds and enlarged perivascular
spaces. Thus, despite that the etiology of c¢SVD
is thought to include different mechanisms”® that
are likely to depend on both underlying cardiovascular
diseases and the manifestations of cSVD, our findings
indicate that coagulation abnormalities play a promi-
nent role in different patient subtypes with cSVD,
irrespective of their underlying cardiovascular diseases
and manifestations of ¢cSVD. In addition to the dem-
onstrated generalizability of our biomarker cluster, we
demonstrated the potential etiological relevance of the
cluster by means of a causal mediation analysis.
This analysis revealed a significant mediation effect of
the identified cluster and WMHs, indicating that
biological processes (particularly coagulation) reflected
by the biomarker cluster appear to mediate the relation
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between advanced age and hypertension and the
burden of WMHSs. These findings may support current
evidence that advanced age®' and hypertension® lead
to the activation of among other, coagulation path-
ways, which, in turn, may lead to WMHs.

The implications of this study are twofold. First,
we demonstrated that identification of biomarker clus-
ters with prior-knowledge based and data-driven clus-
ter analyses can help to gain more insight in etiological
processes involved in ¢cSVD. Future studies could use
the same approach with other, even larger biomarker
panels to identify involvement of hitherto unknown
processes in the etiology of ¢cSVD. Second, with this
approach we identified a biomarker cluster reflecting
specific processes involved in endothelial dysfunction,
particularly concerning coagulation processes and to
a lesser extent extracellular matrix organization,
inflammation and angiogenesis processes. These results
may represent important contributions in better under-
standing of involved biological processes in cSVD.
If validated in future studies, our findings could sup-
port considering these biological processes as targets
for prevention and therapy of ¢cSVD.

Strengths of this study are the comprehensive cluster
analyses and standardized work-up including optimal
imaging modalities for vascular brain injury assess-
ment. However, also some limitations should be con-
sidered. First, the cross-sectional design precludes us to
study relations between the biomarker cluster and pro-
gression of WMHSs and, clearly, cross-sectional obser-
vational data cannot be used to actually prove
causality. Moreover, as explained in the methods sec-
tion, in our primary analytical steps we did not adjust
for biomedical factors like age, that may be related to
both the biomarkers and the outcome. We addressed
this interplay between biomedical factors, biomarkers,
and WMH with the mediation analysis, but these
results should also be interpreted with caution in
a cross-sectional study because temporal ordering of
our variables could be reversed and studied pathways
bidirectional. Yet, our findings concur with prior
knowledge on this topic.*'** Furthermore, we studied
a heterogenous study population including participants
with different prototypical cardiovascular conditions
with a variable burden of ¢SVD. However, stratified
analysis per participant group showed that our findings
hold through for different manifestations of cardiovas-
cular diseases including VCI, COD and HF.
Importantly, the manifestations of cSVD on MRI we
have studied may not only be due to cSVD but also to
large vessel disease or even other disease processes. It is
therefore of interest to further explore the biomarker
cluster also in relation to other possible manifestations
of SVD, such as MR measures of microvascular func-
tion, in future studies. One could also argue that the

non-directed approach involves multiple testing with
risk of spurious findings. However, since we have
demonstrated biological plausibility of our identified
biomarker cluster in multiple ways, and we have
(at least partially) mitigated fortuitous correlations by
applying a Bonferroni correction, we consider it unlike-
ly that our results are coincidental. Furthermore,
although we used a non-directed analytical approach,
the biomarker panel we used is not entirely non-
directed: it was designed to include only a subset of
all proteins in the circulation, selected based on their
known involvement in cardiovascular diseases.” On the
other hand, pathway analysis of the entire biomarker
panel revealed other biological processes (no coagula-
tion) than our identified biomarker cluster, which
makes it unlikely that our results are biased
by the wuse of a pre-selected protein panel.
Nevertheless, future studies with alternative and
larger biomarker panels should be performed to vali-
date and extend our findings. Lastly, we observed rel-
atively weaker correlations between PDGFA, GP6,
NPPB and VWF and other biomarkers involved in
the cluster. In our current study, we tried to find
direct associations within a subset of biomarkers. We
assessed direct interaction of the BCS proteins with
each other based on the information from the
STRING database without including further proteins
from the respective biological pathway, as these were
not included in the targeted proteomics approach.
Furthermore, the associations found in STRING are
not only based on linear direct associations, but also on
proven co-expression, associations in curated data-
bases, high-throughput lab experiments, and/or auto-
mated text-mining. Hence, we are not able to provide
direct evidence for causality and thus can only specu-
lated about the underlying reasons for the observed
weaker correlations for the mentioned markers.

Conclusion

With comprehensive cluster analyses in patients with
various manifestations of cardiovascular disease, we
identified a biomarker cluster, predominantly reflecting
coagulation abnormalities, that relates to the burden
of cSVD. This study also underscores the potential of
non-directed cluster analyses in proteomics approaches
to gain insight in biologic processes involved in cSVD.
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