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ABSTRACT

Background and purpose Although inflammation has
been proposed to be a candidate risk factor for cerebral
small vessel disease (CSVD), previous findings remain
largely inconclusive and vary according to disease status
and study designs. The present study aimed to investigate
possible associations between inflammatory biomarkers
and MRI markers of CSVD.

Methods A group of 15 serum inflammatory biomarkers
representing a variety of those putatively involved in the
inflammatory cascade was grouped and assessed in a
cross-sectional study involving 960 stroke-free subjects.
The biomarker panel was grouped as follows: systemic
inflammation (high-sensitivity C reactive protein (hsCRP),
interleukin 6 and tumour necrosis factor o), endothelial-
related inflammation (E-selectin, P-selectin, intercellular
adhesion molecule 1, vascular cell adhesion molecule 1
(VCAM-1), CD40 ligand, lipoprotein-associated phospholipase
A2, chitinase-3-like-1 protein and total homocysteine (tHCY))
and media-related inflammation (matrix metalloproteinases
2,3 and 9, and osteopontin). The association(s) between
different inflammatory groups and white matter
hyperintensity (WMH), lacunes, cerebral microbleeds (CMBS),
enlarged perivascular space (PVS) and the number of deep
medullary veins (DMVs) were investigated.

Results High levels of serum endothelial-related
inflammatory biomarkers were associated with both
increased WMH volume (R?=0.435, p=0.015) and the
presence of lacunes (R?=0.254, p=0.027). Backward
stepwise elimination of individual inflammatory biomarkers
for endothelial-related biomarkers revealed that VCAM-1
was significant for WMH (3=0.063, p=0.005) and tHCY
was significant for lacunes (3=0.069, p<0.001). There
was no association between any group of inflammatory
biomarkers and CMBs or PVS. Systemic inflammatory
biomarkers were associated with fewer DMVs (R2=0.032,
p=0.006), and backward stepwise elimination of individual
systemic-related inflammatory biomarkers revealed that
hsCRP (3=-0.162, p=0.007) was significant.

Conclusion WMH and lacunes were associated with
endothelial-related inflammatory biomarkers, and fewer
DMVs were associated with systemic inflammation, thus
suggesting different underlying inflammatory processes
and mechanisms.
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Key messages

= Although inflammation is a candidate risk factor for
cerebral small vessel disease (CSVD), the findings
remain largely inconclusive.

= In our study, white matter hyperintensities and la-
cunes were associated with endothelial-related in-
flammatory biomarkers, and fewer deep medullary
veins were associated with systemic inflammation.

= The distinct associations indicated that underlying
different inflammatory processes and mechanisms
may be involved in different subtypes of CSVD.

syndromes caused by cerebral vascular anom-
alies, involving the small arteries, arterioles,
capillaries and venules. Because cerebral
small vessels cannot be directly visualised in
vivo using routine MRI techniques, CSVD
is commonly characterised according to
underlying brain parenchymal damage and
is reflected by white matter hyperinten-
sity (WMH), lacunes, cerebral microbleeds
(CMBs) and enlarged perivascular space
(PVS). Deep medullary veins (DMVs), which
are small parenchymal veins located in the
periventricular white matter, can be visualised
on susceptibility-weighted imaging (SWI).
As those veins range in diameter from tens
to hundreds of microns, they are also in the
scope of small vessels.' ?

Many studies have assessed the associa-
tions between inflammation and CSVD, and
have proposed that inflammation is a candi-
date risk factor for CSVD.*? However, the
findings remain largely inconclusive, and
vary according to disease status and study
designs.” The inflammatory response involves
many pathways, and various inflammatory
biomarkers are involved and interact with
one another.” Most previous studies have
only investigated the associations between
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CSVD, it is likely that specific biomarkers are associated
with different MRI markers. Nevertheless, the evidence
remains limited. Therefore, we aimed to investigate
possible associations between inflammatory biomarkers
and CSVD based on a Chinese community cohort using a
comprehensive panel of 15 inflammatory biomarkers and
common CSVD MRI markers, as well as the number of
DMVs.

METHODS

Participants

The present study was a cross-sectional analysis of the
Shunyi study, an ongoing community-based cohort study
that commenced in 2013 in China, the details of which
have been published elsewhere.” ® Briefly, aiming to
determine risk factors for cardiovascular and age-related
diseases, the Shunyi study recruited 1586 inhabitants of
Shunyi (a suburban district of Beijing) =35 years of age
between June 2013 and April 2016. In addition, multidi-
mensional information, including demographic, clinical,
blood biochemical and medical imaging data, was system-
atically collected using standardised methods during the
baseline examination. Among potential participants, 329
refused to undergo or had contradictions to MRI exami-
nation. Thus, the current study was performed based on
information from 1257 participants who underwent base-
line MRI. However, potentially eligible subjects without
inflammatory biomarker tests (n=257) and with stroke
history, fever, other active inflammatory or neoplastic
disease (n=40) were also excluded. Thus, 960 participants
were ultimately included in the final analysis. Compared
with subjects not included in the current study, those
included were younger, more likely to be women, more
likely to be non-smokers and non-drinkers, and exhib-
ited higher lipid levels (online supplemental table 1). All
subjects read, agreed to and provided informed written
consent to participate in the present study.

Basic information and covariates

A structured questionnaire was administered to collect
demographic and lifestyle information. Anthropometric
measurements were performed by skilled staff. Venous
blood samples were drawn from subjects as per routine
protocol after an overnight fast and analysed for lipid
spectrum, glucose levels and other biochemical param-
eters. Hypertension was defined as self-reported hyper-
tension, treatment with antihypertensive medication,
systolic blood pressure >140mm Hg or diastolic blood
pressure >90mm Hg. Diabetes mellitus was defined as
self-reported diabetes, use of oral antidiabetic drugs or
insulin, or fasting serum glucose level >7.0mmol/L.
Hyperlipidaemia was defined as self-reported hyperlip-
idaemia, treatment with antihyperlipidaemic medica-
tion, total cholesterol >5.2mmol/L or low-density lipo-
protein >3.36 mmol/L. Current smokers were defined
as those who smoked >1 cigarette(s) per day in the past
month.

Measures of serum inflammatory biomarkers

A group of 15 serum inflammatory biomarkers, repre-
senting a variety of those putatively involved in the inflam-
matory cascade, including those involved in systemic
inflammation (high-sensitivity C reactive protein (hsCRP),
interleukin 6 (IL-6) and tumour necrosis factor alpha
(TNF-0)), endothelial-related inflammation (E-selectin,
P-selectin, intercellular adhesion molecule 1 (ICAM-
1), vascular cell adhesion molecule 1 (VCAM-1), CD40
ligand (CD40L), lipoprotein-associated phospholipase
A2 (Lp-PLA2), chitinase-3-like-1 protein (YKL-40) and
total homocysteine (tHCY)) and media-related inflamma-
tion (matrix metalloproteinase (MMP) 2, MMP-3, MMP-9
and osteopontin (OPN)) were investigated. Overnight
fasted venous blood samples were drawn and centrifuged
immediately. In addition, serum was divided into 3-5 EP
(Eppendorf) tubes and stored at -80°. HsCRP and tHCY
levels were measured immediately at the Department of
Clinical Laboratory of Peking Union Medical College
Hospital, in a laboratory qualified in accordance with
national standards. HsCRP and tHCY levels were deter-
mined using immune turbidimetric analysis and an enzy-
matic cycling method, respectively, on an automated
biochemistry analyzer (AU5800, Beckman Coulter, Brea,
California, USA). The other 13 biomarkers were meas-
ured using the Luminex LiquiChip method (LUMINEX
100/200) and commercially available kits from R&D
Systems (catalogue number, LXSAHM-02 for MMP-2 and
MMP-9, and LXSAHM-11 for the other 11 biomarkers)
in 2019. The LiquiChip system integrates flow cytom-
etry, laser technology, digital signal processing and tradi-
tional chemical technology, and has favourable features
of high throughput and high flexibility.” The inter-assay
coefficients of variation for the 13 biomarkers measured
using the LiquiChip system were as follows: CD40L,
3.7%; E-selectin, 9.4%; ICAM-1, 3.1%; 1L-6, 4%; Lp-PLA2,
3.9%; MMP-3, 5.6%; OPN, 5.8%; P-selectin, 6.3%; TNF-o,
10.4%; VCAM-1, 2.2%; YKL-40, 5.2%; MMP-2, 5.4%; and
MMP-9, 3.6%.

Brain MRI markers of CSVD

MRI of the brain was performed using a 3 Tesla
scanner (Skyra, Siemens, Erlangen, Germany). Three-
dimensional (3D) Tl-weighted images, T2-weighted
images, fluid-attenuated inversion recovery and SWI
were performed. Detailed MRI protocols are summa-
rised in online supplemental table 2. All MRI markers of
CSVD were defined in accordance with the standards for
reporting vascular changes on neuroimaging.'’ Briefly,
lacunes were defined as focal lesions ranging in size from
3 mm to 15mm with the same signal characteristics as
cerebrospinal fluid (CSF) on all sequences. Dilated PVS
were defined as lesions with CSF-like signals and round,
ovoid or linear shapes. The severity of dilated PVS in the
basal ganglia (PVS-BG) and white matter (PVS-WM) was
rated using a previously established four-level severity
score on 3D Tl-weighted images."' PVS-BG and PVS-WM
were classified into non-severe (degree 1 and degree 2)
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and severe (degree 3 and degree 4) status due to the
small number of participants. Furthermore, we defined
severe PVS, where PVS-BG or PVS-WM was severe. CMBs
were defined as small, round or ovoid hypointense lesions
on SWI. CMB topography was divided into strictly lobar
MBs (confined to the cortex and subcortical WM) or
deep or infratentorial MBs (deep or infratentorial area
with or without lobar MBs) location. Grey matter (GM),
WM and CSF were automatically segmented on struc-
tured Tl-weighted images using Statistical Parametric
Mapping 12 (http://www.filion.ucl.ac.uk/spm/) and
CAT12 toolbox (http://www.neuro.uni—jena.de/vbm/).12
Total intracranial volume (TIV) was computed as the sum
of the volumes of GM, WM and CSF. WMH volume was
automatically segmented by the lesion growth algorithm
as implemented in the lesion segmentation tool (LST)
toolbox  (http://www.statistical-modelling.de/Ist.html)
for Statistical Parametric Mapping 12. DMVs were visually
counted in the periventricular WM of each hemisphere
on reconstructed SWI. Details of the method are reported
elsewhere." Briefly, a region of interest (ROI), 60x10mm
in size, was delineated in the periventricular WM between
the frontal and occipital horn in each cerebral hemi-
sphere. The minimum intensity projection was derived
from four consecutive slices of SWI in this region, and
contoured from the ventricle floor to the superior roof of
the corpus callosum, to produce a single two-dimensional
image. Veins that traversed perpendicularly to the lateral
ventricular and crossed the ROI were quantified by visual
inspection. The number of DMVs was defined as the
average count in both hemispheres.

Trained physicians who were blinded to all clinical data
rated these brain MRI markers. Intra-rater agreement
was assessed using a random sample of 50 individuals,
with >1-month intervals between the first and second
readings. The results of the intra-rater agreement analysis
were as follows: the intraclass correlation coefficient was
0.68 for the number of DMVs and « coefficient was 0.95
for lacunes; 0.90 for CMBs; 0.71 for PVS-BG and 0.61 for
PVS-WM. For automated segmentation of WMH using the
LST toolbox, the Dice coefficient was 0.62 at threshold
k=0.15when compared with manual segmentation.

Statistical analyses

Natural logarithmic (In) transformation was performed
on inflammatory biomarkers that had a skewed distri-
bution and WMH volume, which was also skewed. Addi-
tionally, all 15 biomarkers were standardised to elimi-
nate the influence of unique and extreme observations.
Descriptive analyses were performed using the mean
and SD or median (25th-75th percentile (ie, IQR)) for
continuous variables, as appropriate, and frequency and
percentage for categorical variables. Aiming to limit
the number of comparisons and to decrease the risk
for type I error, the biomarkers were divided into three
groups: systemic inflammation (hsCRP, IL-6 and TNF-o.),
endothelial-related inflammation (E-selectin, P-selectin,
ICAM-1, VCAM-1, CD40L, Lp-PLA2, YKI-40 and tHCY)

and media-related inflammation (extracellular matrix)
(MMP-2, MMP-3, MMP-9 and OPN) based on previous
studies."”

In the primary analyses, a global omnibus test based
on the regression model assessed whether at least one
inflammatory biomarker in the three individual groups
was significantly associated with CSVDs (WMH volume,
CMBs, lacune, PVS and DMVs). General linear or logistic
regression models were fitted for continuous or cate-
gorical CSVD variables, respectively. A partial F test was
used for general linear models and a likelihood ratio test
for logistic models was used to assess the significance of
adding a group of inflammatory biomarkers to an existing
regression model, with the df equal to the number of
inflammatory biomarkers in the given group."* ' To
address confounding bias in an observational study,
covariates were adjusted step by step based on clinical
knowledge and previous studies. In model 1, age and
sex were adjusted; in model 2, age, sex, current smoking,
hypertension, diabetes mellitus and hyperlipidaemia were
adjusted. For WMH volume and DMVs, TIV was addition-
ally adjusted. For the omnibus test, which was significant
at the 0.05 level in fully adjusted models, regression anal-
yses were additionally performed to force in all covariates
of a given group of inflammatory biomarkers and then
selecting those that could remain in the model with fully
covariate-adjusted significance levels of 0.01 using the
backward elimination method. In the secondary anal-
yses, the associations between inflammatory biomarkers
and CMBs and PVS according to topography (strictly
lobar MBs, deep or infratentorial MBs, PVS-WM and PVS-
BG) were tested using the same method as the primary
analysis.

To account for multiple testing in the combinations
of CSVDs and inflammatory biomarker group analyses,
a two-tailed p of <0.01 was defined as a statistically signif-
icant association in the primary and secondary anal-
yses. This was a compromise to avoid type I and type II
errors due to the small sample size. All statistical analyses
were performed using SAS V.9.4, and conducted among
complete records without missing values.

RESULTS

A total of 960 subjects was included in the analyses.
The mean (£SD) age of the subjects was 56.02+9.18
years, and 35.83% (344/960) were men. Hypertension,
diabetes mellitus, hyperlipidaemia and current smoking
status were present in 512 (53.39%), 157 (16.35%),
483 (50.31%) and 210 (22.41%) subjects, respectively.
Detailed information regarding basic characteristics,
inflammatory biomarkers and CSVD MRI markers in the
study sample are summarised in table 1.

Association between inflammatory biomarkers and WMH
volume

The median WMH volume is 0.9L (IQR, 0.26-2.90L).
The group of endothelial-related—but not systematic
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Table 1 Characteristics of the study participants Table 1 Continued

All participants All participants
n=960 n=960

9.79 (6.20, 14.94)

Clinical characteristics
Age, mean+SD, years

MMP-3, median (25th and 75th
percentiles), ng/mL

MMP-9, median (25th and 75th
percentiles), ng/mL

OPN, median (25th and 75th
percentiles), ng/mL

56.02+9.18
Female, n (%) 616 (64.17%)
Body mass index, mean+SD, kg/m2 26.55+3.80
133.63+19.27

91.12 (62.34, 135.87)

SBP, mean+SD, mm Hg 19.09 (14.93, 24.78)

DBP, mean+SD, mm Hg 78.72+10.82
Missing data: body mass index, 24; SBP, 4; DBP, 4; current
0, ()
Current smoker, n (%) 210 (22.41%) smoker, 23; hypertension, 1; CMBs in lobar only and any deep, 49;
Hypertension, n (%) 512 (53.39%) severe PVS in BG or WM, 4; WMH volume, 98; and DMVs, 117.
. : o o *CMBs confined to the cortex and subcortical WM.
DletbeiEs melie, 7 () Je [15.&824) TCMBs located in deep or infratentorial areas with or without lobar
Hyperlipemia, n (%) 483 (50.31%) MBs.

BG, basal ganglia; CD40L, CD40 ligand; CMBs, cerebral
microbleeds; CSVD, cerebral small vessel disease; DBP, diastolic
blood pressure; DMVs, deep medullary veins; hsCRP, high-
sensitivity C reactive protein; ICAM-1, intracellular adhesion
molecule 1; IL, interleukin; Lp-PLA2, lipoprotein-associated

MRI markers of CSVD assessment
Lacunes, n (%)
Severe PVS, n (%)

155 (16.15%)

(
215 (22.40%)
(
(

Severe PVS in BG, n (%) 125 (13.08%) phospholipase A2; MMP, matrix metalloproteinases; OPN,
Severe PVS in WM, n (%) 134 (14.02%) osteopontin; PVS, perivascular space; SBP, systolic blood

® ® pressure; tHCY, total homocysteine; TNF-o, tumour necrosis factor
CMBs, n (%) 99 (10.31%) o; VCAM-1, vascular cell adhesion molecule 1; WM, white matter;
Strictly lobar MBs,* n (%) 50 (5.49%) WMH, white matter hyperintensity; YKL-40, chitinase-3-like-1

Deep or infratentorial MBs,T n(%) 49 (5.38%) protein.

WMH volume, median (25th and 0.9 (0.26, 2.90)

75th percentiles), mm?®

Numbers of DMVs, mean+SD
Biomarkers of inflammation

hsCRP, median (25th and 75th

percentiles), mg/L

IL-6, median (25th and 75th

percentiles), pg/mL

TNF-0, median (25th and 75th

percentiles), pg/mL

E-selectin, median (25th and 75th  25.91 (14.99, 39.86)

percentiles), ng/mL

P-selectin, median (25th and 75th  43.41 (35.50, 52.14)

biomarkers and media-related—inflammatory biomarkers
were associated with WMH volume (p=0.008) in the
model adjusted for age, sex and TIV (table 2). The find-
ings were essentially unchanged when more confounding
factors were adjusted (p=0.015). However, the magnitude
of variability increased was limited when the group of
endothelial-related inflammatory biomarkers was added
to the fully covariate-adjusted model (partial R?=0.013
(on a scale of 0-1)). Backward elimination regression
retained VCAM-1 (B=0.063, p=0.005) in the fully covariate-
adjusted model as being associated with WMH volume.

18.86+1.70

1.21 (0.61, 2.45)
15.84 (14.22, 17.71)

39.95 (33.19, 46.45)

Association between inflammatory biomarkers and lacunes

percentiles), ng/mL

ICAM-1, median (25th and 75th

percentiles), ng/mL

VCAM-1, median (25th and 75th

percentiles), ng/mL

Lp-PLA2, median (25th and 75th

percentiles), ng/mL

YKL-40, median (25th and 75th

percentiles), ng/mL

CD40L, median (25th and 75th

percentiles), ng/mL

tHCY, median (25th and 75th

percentiles), pmol/L

MMP-2, median (25th and 75th

percentiles), ng/mL

294.64 (193.77,
544.98)

752.54 (585.54,
1005.20)

75.43 (57.77, 96.95)
28.58 (14.48, 59.39)
10.22 (8.41, 12.12)

14.80 (12.40,19.10)

166.58 (142.92,
189.61)

Continued

Lacunes occurred in 16.15% (n=155) of the sample. The
group of endothelial-related inflammatory biomarkers
was associated with lacunes (p=0.005) in the primary
model adjusted for age and sex. The findings were not
substantively altered when more confounding factors
were adjusted (p=0.027), although the additional varia-
bility due to the group of inflammation biomarkers was
only 2.8%. Backward elimination regression retained In
tHCY (OR, 1.44, 95% CI 1.20 to 1.74; p<0.001) in the fully
covariate-adjusted model as being a risk factor for lacunes.
More specifically, the increase in each SD in tHCY (In
scale) led to an increase of 0.44-fold risk for lacunes.

Association between inflammatory biomarkers and CMBs or
PVS

CMBs and severe PVS was present in 10.31% (n=99) and
22.4% (n=215) of the sample, respectively. All of the
global omnibus tests revealed that none of the groups of
inflammatory biomarkers was associated with CMBs or
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Table 2 Associations between MRI markers and inflammatory biomarkers

Systemic biomarkers*

Endothelial-related biomarkerst

Media-related biomarkerst

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

R? Pvalue R? Pvalue R? Pvalue R? Pvalue R? Pvalue R? P value
WMH 0.414 0.094 0.425 0.182 0.424 0.008 0.435 0.015 0.415 0.072 0.428 0.052
volume
Lacunes 0.191 0.052 0.234 0.208 0.213 0.005 0.254 0.027 0.186 0.316 0.232 0.447
CMBs 0.114 0.428 0.120 0.425 0.139 0.055 0.142 0.092 0.120 0.233 0.125 0.233
PVS 0.045 0.504 0.058 0.570 0.044 0.979 0.057 0.996 0.044 0.781 0.056 0.928
DMVs 0.020 0.015 0.032 0.006 0.026 0.047 0.034 0.070 0.014 0.286 0.023 0.254

The number of missing values for model 1 and model 2 is 98 and 121 for WMH volume, 0 and 23 for lacunes, 0 and 23 for CMBs, 0 and

23 for PVS and 117 and 140 for DMVs.

Model 1 is adjusted for age and sex; and model 2 is adjusted for age, sex, current smoking, hypertension, diabetes mellitus and
hyperlipidaemia. For WMH volume and DMVs, the TIV is adjusted additionally.

*Systemic biomarkers include hsCRP, IL-6 and TNF-o.

TEndothelial-related biomarkers include E-selectin, P-selectin, ICAM-1, VCAM-1, CD40L, tHCY, Lp-PLA2 and YKL-40.

tMedia-related biomarkers include MMP-2, MMP-3, MMP-9 and OPN.

CD40L, CD40 ligand; CMBs, cerebral microbleeds; DMVs, deep medullary veins; hsCRP, high-sensitivity C reactive protein; ICAM-1,
intercellular adhesion molecule 1; IL-6, interleukin 6; Lp-PLA2, lipoprotein-associated phospholipase A2; MMP, matrix metalloproteinase;
OPN, osteopontin; PVS, perivascular space; tHCY, total homocysteine; TIV, total intracranial volume; TNF-a, tumor necrosis factor o;
VCAM-1, vascular cell adhesion molecule 1; WMH, white matter hyperintensity; YKL-40, chitinase-3-like-1 protein.

PVS at a significant level of 0.05. In the secondary anal-
yses, CMBs were categorised into strictly lobar MBs and
deep or infratentorial MBs, and classified as severe PVS
into only the BG and mixed WM according to topog-
raphy. None of the inflammation biomarkers were asso-
ciated with regional CMBs or regional severe PVS in the
global omnibus tests (online supplemental table 3).

Association between inflammatory biomarkers and DMVs
The mean (+SD) number of DMVs was 18.86+1.70. Asso-
ciation analyses revealed that the group of systematic
inflammatory biomarkers was associated with the number
of DMVs (p=0.015) when adjusted for age, sex, and TIV.
The findings were not considerably altered when more
confounding factors were adjusted (p=0.006). The addi-
tional variance was due to the group of systematic inflam-
mation biomarkers being only 1.5%. Backward elimina-
tion regression retained hsCRP ($=-0.162, p=0.007) in
the fully covariate-adjusted model as being associated
with the number of DMVs. In other words, an increase
in each SD of hsCRP (In scale) led to a decrease of 0.162-
fold in the number of DMVs.

DISCUSSION

The present community-based cohort study investigated
the associations between a broad panel of 15 inflamma-
tory biomarkers and a spectrum of CSVD MRI markers.
Our results suggested that, as a group, higher levels of
endothelial-related inflammatory biomarkers were asso-
ciated with increased WMH volume and the presence
of lacunes, whereas no association between any inflam-
mation group and CMBs and PVS was found. Further-
more, backward elimination of individual inflammatory
biomarkers revealed that VCAM-1 was associated with

WMH volume and tHCY was associated with lacunes,
respectively. We also found that systematic inflammatory
biomarkers, as a group, was associated with the number of
DMVs. Additionally, fully adjusted models with backward
elimination of inflammatory biomarkers revealed that
hsCRP levels were negatively associated with the number
of DMVs.

According to previous studies, the differential role
of various inflammatory biomarkers involved in diverse
inflammatory processes has been implicated in the patho-
physiology of disease. CRP, IL-6 and TNF-a have been
considered to be generally sensitive—but non-specific—
biomarkers of systemic inflammation, which is associated
with chronic low-grade inflammation induced by arterial
atherosclerosis.'® The expression of cellular adhesion
molecules, such as P-selectin, E-selectin, ICAM-1 and
VCAM-1, are enhanced by endothelial cells and stimulated
by the binding of CD40L to CD4(),17 and have exhibited
a role in endothelial dysfunction as well as Lp-PLA2 and
YKL-40."" Additionally, HCY is another strong risk factor
for endothelial cell activation, and also plays a role in the
upregulation of adhesion molecules and proinflamma-
tory cytokines.” Both MMPs secreted by vascular smooth
muscle and OPN have been observed to play multiple
roles in tunica media 1rernodelling.21 ** Given that inflam-
matory biomarkers normally interact with one another in
diverse inflammatory pathways rather than acting alone,
multiple biomarkers should be tested simultaneously
to assess the contribution of each biomarker. Among
previous community-based investigations, only the Fram-
ingham Offspring Cohort study reported an association
between CSVD and a panel of 15 biomarkers that were
divided into three groups according to their potential
function to limit the number of comparisons and the risk

306 Zhang D-D, et al. Stroke & Vascular Neurology 2022;7:¢001102. doi:10.1136/svn-2021-001102

yBLAdod Ag paroaloid 1sanb Aq £Z0z ‘0T [Udy Uo /wod g uAs//:dny Wwol) papeojumod ‘220z YoJen 8 Uo Z0TT00-TZ0Z-UAS/9STT 0T Se paysignd 1si1 :[0INaN ISeA a)oNS


https://dx.doi.org/10.1136/svn-2021-001102
http://svn.bmj.com/

for type I error, and tested using ELISA kits, colorimetric
activity methods or sandwich enzyme immunoassays."”
Herein, based on the distinctive mechanism and targets
of biomarkers in vascular walls and the grouping method
from the Framingham Cohort, we grouped 15 inflamma-
tory biomarkers into 3 groups in our statistical analysis
and tested using the Luminex LiquiChip system, a more
sensitive testing method.

Our findings further support the proposed hypothesis
regarding the basis of the pathophysiological mechanisms
at the origin of WMH and lacunes, including endothelial
failure.”” Both endothelial damage and atherosclerosis
can be prominent features of an inflammatory process.
In the current study, elevated levels of VCAM-1 and tHCY
were found to be strongly correlated with WMH volume
and lacunes, respectively. VCAM-1 is a cell surface sialogly-
coprotein expressed by cytokine-activated endothelium
on both large and small cerebral vessels, and mediates
leucocyte—endothelial cell adhesion and signal transduc-
tion.”* ® There is abundant evidence that VCAM-1 has
an important role in the development of atherosclerosis,
and its role in endothelial dysfunction has also been
confirmed.”® Consistent with our results, previous studies
investigating VCAM-1 also reported significant associa-
tions with WMH in both stroke patients and ageing popu-
lations.”® Aside from VCAM-1, HCY was another strong
risk factor for atherosclerosis through various mecha-
nisms, such as impairment of vasodilation, promotion of
low-density lipoprotein cholesterol oxidation and endo-
thelial cell activation, upregulation of adhesion mole-
cules and proinflammatory cytokines, and damage to
the stability of vascular walls.”’ *” Higher blood levels of
total HCY have been associated with a risk for atheroscle-
rosis, cardiovascular disease and stroke.? Similarly, both
cross-sectional and longitudinal studies have found that
higher levels of HCY were predictive of the prevalence
and progression of lacunes.”* Our previous studies have
also shown that HCY is a risk factor for lacunes using a
Mendelian randomisation method.* Overall, endothelial
dysfunction and atherosclerosis caused by high levels of
circulating VCAM-1 and HCY may bridge the connection
between inflammation and lacunes.

Pathological mural changes in the intracerebral veins
have been increasingly discussed as a part of GSVD since
Moody et al described ventricular venous collagenosis.™
Owing to the difficulties in human pathological studies,
the discontinuity or decreased number of DMVs visu-
alised on SWI could be considered to be an imaging
feature of venous collagenosis to assess the pathological
changes in CSVD.” ' Previous studies have suggested
that a decreased number of DMVs was positively associ-
ated with age, whereas little is known about the potential
mechanisms related to the cerebral small veins disease, or
whether the number of DMVs is associated with inflam-
matory processes.” Our results showed that high levels of
systemic biomarkers, especially hsCRP, were negatively
correlated with the number of DMVs, suggesting that an
underlying mechanism mediated by inflammation was

involved in the development of cerebral venule disease.
The crucial role played by veins has already been estab-
lished in inflammatory demyelinating disease and can be
visualised on MRI vein imaging as the ‘central vein sign in
WM lesion’.** According to previous studies investigating
the blood-brain barrier, immune cells migrate across the
vascular wall at the level of the postcapillary venules,”
which suggests that venules are involved in inflamma-
tory processes in the central nervous system. However,
previous studies investigating venules were mainly focused
on inflammatory diseases of the brain,” * which differs
from our study. According to evidence from an ageing
population, inflammatory biomarkers have been linked
to the pathogenesis of cerebral atherosclerosis through
multiple mechanisms, especially those promoting endo-
thelial dysfunction.”® Whether the association between
hsCRP and the number of DMVs can also be explained by
a similar mechanism warrants further investigation.

In contrast to our results, previous studies investigating
inflammation and CMB counts and enlarged PVS have
reported positive correlations in general populations,
especially CMBs in deep regions.” *" These associations
may be explained by increased vascular permeability
giving rise to enlarged PVS, and arteriolosclerosis is
mainly involved in hypertensive vasculopathy resulting
in deep CMBs, which are closely associated with elevated
CRP levels.”” *® Our failure to confirm these associations,
on the one hand, may be because our cohort included
a relatively young population with a low prevalence of
CMBs (10.31%), while studies describing associations
have reported an estimated prevalence of approximately
20%-25%"; on the other hand, the hypothetical causes
of CMBs also include both cerebral amyloid angiopathy
and arteriolosclerosis, whereas lacunes mainly relate to
arteriolosclerosis. The contribution of acute or chronic
inflammation to these two pathological processes is still
to be clarified.*” This might be another potential explana-
tion of the different associations between inflammatory
factors and lacunes or CMBs.

Our study had several strengths, including a community-
based cohort sample free from vascular diseases and
dementia, a broad panel of 15 inflammatory biomarkers
tested as 3 groups simultaneously, a high-throughput and
precise testing method using the Luminex LiquiChip
system for inflammatory biomarkers, and comprehensive
determination and adjustment of potential confounders.
However, several caveats must be considered when inter-
preting our findings. First, due to the observational
nature of this cross-sectional study, we only examined
levels of inflammatory biomarkers at a single time without
considering infection status, tumour and rheumatism,
and we cannot draw definitive conclusions regarding
causal relationships between inflammation and CSVD.
Second, although we selected a broad spectrum of 15
circulating inflammatory biomarkers putatively involved
in various phases of the inflammatory cascade, they do
not adequately—nor necessarily—represent all inflam-
matory events. Additionally, we grouped 15 inflammatory
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biomarkers into 3 groups based on the distinctive mech-
anism and targets of biomarkers in vascular walls and the
previous grouping method however, we could not group
them by the difference of correlation power statistically.
Third, since the evidence on DMVs as a marker of CSVD
is controversial, the associations and mechanisms still
need to be verified and clarified in further studies. Finally,
although we limited our test time and set a significance
level of 0.01, we still could not mitigate the risk for type I
error. Additionally, although there is no significant differ-
ence between included and excluded participants, selec-
tion bias is still inevitable. All the analyses were conducted
among complete records, so the results might be biased if
the missing values did not occur randomly.

In conclusion, results of our study support the hypoth-
esis that inflammation contributes to the pathogenesis of
CSVD, especially the crucial role of endothelial-related
inflammatory biomarkers in WMH and lacunes, whereas
differing inflammatory cascades may underlie diverse
CSVD subtypes. The significant association between
systemic inflammation and DMVs was intriguing and has
improved our understanding of the underlying relation-
ship between inflammation and cerebral venules. Further
studies to validate our findings are warranted, and specific
pathways should be given priority in interventional studies
targeting inflammation for treatment of CSVD.
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Supplemental Table I. Comparison of baseline characteristics between included and

excluded participants

Included participants Excluded participants
Characteristics P value

n=960 n=626
Age,y 56.02+9.18 57.71+11.18 <0.001
Female 616(64.17%) 336(53.67%) <0.001
Body mass index, kg/m2 26.55+3.80 26.09+3.84 0.022
SBP, mmHg 133.63+19.27 133.62+£20.24 0.990
DBP, mmHg 78.72+£10.82 78.55+11.58 0.769
Current smoker 210(22.41%) 171(28.45%) 0.008
Current drinker 21(2.24%) 36(6.00%) 0.001
Total cholesterol, mmol/LL.  5+0.93 4.73+0.96 <0.001
HDL-c, mmol/L 1.29+0.3 1.27+0.32 0.205
LDL-c, mmol/L 2.98+0.77 2.8+0.75 <0.001
Triglycerides, mmol/L 1.35(0.89, 2.00) 1.16(0.84, 1.71) 0.003
Hypertension 512(53.39%) 321(52.45%) 0.716
Diabetes mellitus 157(16.35%) 118(19.28%) 0.138
Hyperlipemia 483(50.31%) 248(40.62%) <0.001

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; HDL-c, high

density lipoprotein cholesterol; LDL-c, low density lipoprotein cholesterol.

Missing data of included participants: body mass index, 24; SBP, 4; DBP, 4; current

smoker, 23; hypertension, 1; missing data of excluded participants: body mass index,
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47; SBP, 23; DBP, 23; current smoker, 25; hypertension, 14; diabetes mellitus, 14;

hyperlipemia, 14.
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Supplemental Table I1. Magnetic resonance imaging protocols used in the Shunyi

study

Sequences Parameters

Three-dimensional TR =2,530 ms; TE =3.43 ms; inversion time = 1,100 ms; FOV

T1-weighted =256 mm X 256 mm; voxel size =1 mm x 1 mm X 1.3 mm;
images flip angle = 8°; 144 sagittal slices, in the axial plane

T2-weighted TR = 6,000 ms; TE = 125 ms; FOV =230 mm x 230 mm; flip
images angle = 90°; slice thickness = 5 mm, gap = 1 mm; 80 axial

slices, in the axial plane

FLAIR images TR = 8,500 ms; TE = 81 ms; FOV =230 mm X 230 mm; flip
angle = 150°; slice thickness = 5 mm, gap = 1 mm; 80 axial
slices, in the axial plane

SWI images TR =27 ms; TE =20 ms; FOV =208 mm % 230 mm, flip angle
= 15°; slice thickness = 1.5 mm; 80 axial slices, in the axial

plane

TR indicates repetition time; TE, echo time; FOV, field of view; FLAIR, fluid-

attenuated inversion recovery; SWI, susceptibility-weighted imaging.
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Supplemental Table I11. Associations between the 3 groups of inflammatory biomarkers and cerebral microbleeds and perivascular

space according to imaging results

Systemic biomarkers* Endothelial-related biomarkers¥ Media-related biomarkers]
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
R? pvalue R? pvalue R? pvalue R? pvalue R? pvalue R? p value
CMBs
Lobar only 0.066 0.713 0.086 0.538 0.083 0.559 0.096 0.710 0.072 0.510 0.090 0.484
Any deep 0.125 0.508 0.137 0.648 0.154 0.164 0.168 0.169 0.128 0.489 0.143 0.476
Severe PVS

Severe PVS-BG  0.059 0.284 0.081 0.411 0.056 0.970 0.079 0.980 0.063 0.199 0.083 0.367

Severe PVS-WM  0.021 0.745 0.027 0.810 0.024 0.941 0.029 0.982 0.022 0.731 0.029 0.756

WMH indicates white matter hyperintensity; CMBs, cerebral microbleeds; PVS, perivascular space; DMVs, deep medullary veins.
*Systemic biomarkers include hsCRP, IL-6, and TNF-a.

tEndothelial-related biomarkers include E-selectin, P-selectin, ICAM-1, VCAM-1, CD40L, tHCY, Lp-PLA2, and YKL-40.
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I Media-related biomarkers include MMP-2, MMP-3, MMP-9, and OPN.
Model lis adjusted for age and sex; model 2 is adjusted for age, sex, current smoking, hypertension, diabetes mellitus, and

hyperlipidemia.
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