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Abstract

Objective: Leukoaraiosis (LA) refers to white matter lesions of undetermined
etiology associated with the appearance and worsening of vascular pathologies.
The aim is to confirm an increased frequency and intensity of LA in sympto-
matic patients with neurovascular pathology compared with asymptomatic sub-
jects, and its association with circulating serum levels of soluble tumor necrosis
factor-like weak inducer of apoptosis (STWEAK). Methods: An observational
study was conducted in which two groups of patients were compared. Group I
(N = 242) comprised of asymptomatic subjects with arterial hypertension and/
or diabetes or with a history of transient ischemic attacks, and Group II
(N = 382) comprised patients with lacunar stroke or deep hemispheric intrace-
rebral hemorrhage (ICH) of hypertensive origin. Serum levels of sSTWEAK were
analyzed and correlated with prevalence and intensity of LA according to the
Fazekas scale. Results: The prevalence of LA was higher in symptomatic
(85.1%) versus asymptomatic patients (62.0%). Logistic regression model sho-
wed a significant relation of LA with neurovascular pathologies (OR: 2.69, IC
95%: 1.10-6.59, p = 0.003). When stratified according to the Fazekas scale, LA
of grade II (OR: 3.53, IC 95%: 1.10-6.59, p = 0.003) and specially grade III
(OR: 4.66, 95% CI: 1.09-19.84, p = 0.037) showed correlation with neuro-
vascular pathologies. Increased STWEAK levels were found in the symptomatic
group in all LA grades (p < 0.0001), and associated with 5.06 times more risk
of presenting clinical symptoms (OR: 5.06, 95% CI: 2.66-9.75, p < 0.0001).
Interpretation: LA showed a higher prevalence in patients with symptomatic
lacunar stroke or deep hemispheric ICH. There is an association between
STWEAK levels and LA degree.
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Introduction

Leukoaraiosis (LA) is a radiological term referring to
lesions in the white substance through imaging tech-
niques, such as low density on computed tomography
(CT), hyperintensity on T2-weighted or FLAIR images in
magnetic resonance image (MRI)."* Asymptomatic LA is
closely linked to a pathological evolution to cerebral small
vessel disease (cSVD)? which, in turn, is the prelude of
more severe neurological diseases such as early dementia
and Alzheimer’s disease,”® lacunar infarcts, or ischemic®”
' and hemorrhagic stroke.'' Interest in LA has grown
due to its usefulness as a stroke risk marker,'* outcome
predictor”'>'* as well as a marker of hemorrhagic trans-
formation after thrombolysis.'®® LA is also found
roughly in 30% of asymptomatic patients aged between
50 and 75 years old.'"® The exact pathways by which LA
influences the appearance and evolution of these patholo-
gies is still an unanswered question, suggesting multiple
origins and mechanisms of action.®*”*° To date, there is
no effective treatment to prevent cSVD progession,*
highlighting the necessity to understand LA. In this
regard,
involved in its appearance and progression could make
LA a therapeutic target on its own, helping not only in
the treatment of ongoing related diseases but also to pro-
phylactically treat asymptomatic patients avoiding future
neurological conditions. Accordingly, in the present study,
we have analyzed the association of clinical variables and
a serum protein potentially associated with LA progres-
sion and severity. We have focused on the soluble tumor
necrosis factor-like weak inducer of apoptosis (sSTWEAK),
a cytokine of the TNF superfamily*' *° related to cardio-

the elucidation of the triggering molecules

vascular prognosis and endothelial dysfunction closely
linked to LA generation and progression.””

Methods

Participants and cohorts

A registry-based observational study was conducted with
a total of 624 patients consecutively and prospectively
recruited from our databank, who were admitted to the
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Stroke Unit of the University Clinical Hospital of Santi-

ago de Compostela (Spain). The recruitment period was

from January 2008 through December 2018. Patients with
hypertension or diabetes were included consecutively and
evaluated on a prospective registry.

Subjects were assigned in two different groups:

1 Group I (n = 242): Asymptomatic subjects >50 years
with history of high blood pressure and/or diabetes of
>5 years, without neurological vascular manifestations
or cognitive deficit screened by primary care physicians
(n=105) and subjects with a history of transient
ischemic attacks of the carotid territory, without car-
dioembolic features (n = 137) according to the TOAST
classification.

2 Group II (n = 382): Symptomatic patients with hemi-
spheric lacunar infarctions (n = 195) or deep intracere-
bral hemorrhages of hypertensive = mechanism
(n = 187).

The study was carried out in accordance with the Dec-
laration of Helsinki of the World Medical Association
and approved by the Research Ethics Committee of Santi-
ago (Registration code 2019/616 and 2016/399). Informed
consent was obtained from each patient or from their rel-
atives after full explanation of the procedures.

Neuroimaging

A magnetic resonance study was conducted for all the
patients enrolled. Imaging of patients with vascular risk
(Group I) was conducted in the first quarter after their
enrollment in the study. For symptomatic patients
(Group II), neuroimages were acquired at admission to
the emergency department by neurologists of the stroke
unit blinded to clinical and analytical data. The presence
and severity of LA were assessed using the Fazekas scale
with a total score from 0 to 6 (grade I, 1-2; grade II, 3—4;
and grade III, 5-6).%° All neuroimages were supervised by
the same neuroradiologist blinded to clinical information.

Clinical variables and biomarkers

Circulating biomarkers were selected based on existing
evidence from experimental and clinical studies.>™° After
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extraction, serum samples were immediately frozen and
stored at —80°C until the assay. Due to the retrospective
nature of the study, the measurement of biomarkers was
not performed simultaneously in all cohorts, but it was
performed with the same analytical methods and super-
vised by the same researchers. Blood samples of vascular
risk patients (Group I) were collected at the time of neu-
roimaging acquisition. For the remaining groups, blood
samples were collected on admission. STWEAK was mea-
sured using Human TWEAK ELISA Kit (Elabscience).
Minimum assay sensitivity was 1.6 and 4.69 pg/ml,
respectively, with an intra- and interassay coefficient of
variation (CV) <10%. Each sample was assayed in
duplicate.

Measurements were performed in an independent labo-
ratory blinded to clinical data.

Statistical analysis

Initially, a descriptive analysis of the sample was per-
formed. Categorical variables were described as frequency
and percentage, and the continuous variables as mean/s-
tandard deviation or median/interquartile range, accord-
ing to their adjustment to a normal distribution
(determined by the Kolmogorov—Smirnov test with the
Lilliefors corrections). The statistical inference was carried
out with the chi-squared test, ANOVA, or Mann—Whit-
ney test according to the nature of the contrast variable
and its adjustment to normality. Data comparison was
performed by means of Pearson test for categorical vari-
ables and Spearman’s rho test for the continuous ones.
Finally, a multivariable logistic regression was carried out
adjusting for the significant variables found in the previ-
ous analysis. ORs and their 95% confidence intervals were
calculated. All analyses were performed with IBM SPSS
Statistics v.20. Statistical significance was set at p-values
<0.05.

The number of patients was estimated to achieve a
power of 80% to detect differences in the null hypothesis
Hy (the prevalence of LA of the two groups is similar)
with a level of significance of 5%, assuming an expected
LA prevalence of 70% in the asymptomatic group and
85% in the symptomatic group. A total of at least 203
subjects/patients should be enrolled in each cohort, which
implies a minimum total sample of 406 patients dis-
tributed between the two balanced groups. The calcula-
tion was performed with Ene 3.0 program.

Data availability statement

All data supporting the findings of this study are available
to any qualified investigator from the corresponding
author upon request.
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Results

Sample Description

A total of 624 subjects, divided into asymptomatic Group
I (N =242) and symptomatic Group II (n = 382) were
enrolled in this study. An initial descriptive analysis of the
cohorts was performed to evaluate differences between
groups (Table S1). Demographic variables showed statisti-
cal differences in the age of patients (70.1 £ 9.6 vs.
71.5 £ 12.7, p = 0.017) and in the previous Rankin scale
(0 [0, 0] vs O [0, 1], p <0.0001). Symptomatic patients
exhibited a higher percentage of ischemic heart disease
(2.4% vs 10.3%, p = 0.027) and previous symptomatic
stroke (0% vs 7.1% p = 0.019). When analyzing molecular
variables, clinical inflammation markers such as leukocytes
(7.3 £ 1.9 vs. 8.8 + 2.9 x 10°/mmc) and C-reactive pro-
tein (1.29 £ 1.87 vs 4.51 & 5.17 mg/L) were higher in the
symptomatic group (p < 0.0001 for both variables). A
similar association was found in microalbuminuria
(3.4 £ 7.2 vs 13.3 & 18.1 mg/24 h, p < 0.0001), probably
due the pathological vascular condition of the patients.

LA and neurovascular pathology association

The descriptive bivariate study of neuroimaging variables
showed an increased number of patients with LA in the
symptomatic group compared to the asymptomatic group
(85.1% vs 62.0%, p < 0.0001). We found statistical differ-
ences between groups when the sample was stratified
according to the degree of LA (p < 0.0001) (Table S1).
An adjusted multivariable logistic regression model analy-
sis was performed in order to determine those factors
associated with symptomatic lacunar stroke or deep hemi-
spheric ICH (Table 1). Once adjusted for confounding
factors, the presence of LA remained the only indepen-
dent variable correlated with symptomatic lacunar stroke
or deep hemispheric ICH (OR: 2.69, 95% CI: 1.10-6.59,
p = 0.003). As this study was mainly focused on LA, the
regression model was repeated including LA stratification
from grade I to III. As highlighted in Table 2, LA of
grade II (OR: 3.53, 95% CI: 1.10-6.59, p = 0.003) and
especially grade III (OR: 4.66, 95% CI: 1.09-19.84,
p = 0.037) correlated with suffering a symptomatic lacu-
nar stroke or deep hemispheric ICH. In this regard, it is
particularly important to remark that LA grade I lost this
correlation in the adjusted model (OR: 1.67, 95% CI:
0.59-4.79, p = 0.335).

LA association with sTWEAK

STWEAK serum levels were analyzed in the entire sample.
As detailed in Figure S1, symptomatic patients had
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Table 1. Multivariable logistic regression model of significant variables using symptomatic patient belonging as dependent variable

Dependent variable: Symptomatic Nonadjusted Adjusted

Independent variable OR 95% ClI P OR 95% Cl P
Age (years) 1.01 1.00-1.02 0.013 0.98 0.95-1.02 0.251
Previous Rankin scale 2.43 1.59-3.81 <0.0001 1.06 0.54-2.08 0.871
Ischemic heart disease 0.47 0.25-0.91 0.025 0.30 0.07-1.21 0.091
Previous stroke 1.18 1.02-1.96 0.005 1.09 0.65-1.98 0.089
Leukocytes x 103/mmc 1.29 1.19-1.39 <0.0001 1.04 0.84-1.23 0.736
C-reactive protein (mg/L) 1.40 1.23-1.59 <0.0001 1.22 0.99-1.50 0.056
Microalbuminuria (mg/24 h) 1.08 1.03-1.13 0.001 1.06 0.99-1.40 0.074
Leukoaraiosis 3.49 2.38-5.13 <0.0001 2.69 1.10-6.59 0.003

Table 2. Multivariable logistic regression model of significant variables including LA stratified according to Fazekas scale and using symptomatic

patient belonging as dependent variable

Dependent variable: Symptomatic Nonadjusted Adjusted
Independent variable OR 95% Cl p OR 95% Cl P
Age (years) 1.01 1.00-1.02 0.013 0.98 0.95-1.02 0.200
Previous Rankin scale 2.43 1.59-3.81 <0.0001 1.01 0.54-2.08 0.968
Ischemic heart disease 0.47 0.25-0.91 0.025 0.28 0.07-1.21 0.083
Previous stroke 1.18 1.02-1.96 0.005 1.02 0.65-1.98 0.107
Leukocytes x 10%/mmc 1.29 1.19-1.39 <0.0001 1.05 0.84-1.23 0.631
C-reactive protein (mg/L) 1.40 1.23-1.59 <0.0001 1.20 0.99-1.50 0.088
Microalbuminuria (mg/24 h) 1.08 1.03-1.13 0.001 1.06 0.99-1.40 0.074
Leukoaraiosis grade Ref
No
I 1.67 0.59-4.79 0.335
Il 3.53 1.15-10.89 0.028
1l 4.66 1.09-19.84 0.037

significantly higher levels of circulating sSTWEAK (7878.1
[5900.9-9604.7] pg/ml) compared to the asymptomatic
patients (1940.3 [1067.4-3339.2] pg/ml) (p < 0.0001).

In addition, we analyzed the relationship of sSTWEAK
serum levels with the presence of LA in the whole sample
as shown in Figure 1A. Patients with LA findings exhib-
ited significantly (p < 0.0001) higher levels of STWEAK
(7078.8 [4055.8-9344.5] pg/ml) compared to patients
without LA findings (1644.8 [966.1-3801.4] pg/ml). In
order to relate STWEAK serum levels with LA severity,
subjects were stratified according to LA grade as mea-
sured by the Fazekas scale. As outlined in Figure 1B,
patients who exhibited signs of LA showed significant dif-
ferences (p < 0.0001) of sSTWEAK, directly related to the
increase in LA degree, evidencing the relationship between
this molecule and LA severity.

To evaluate the relationship between the degree of LA
and the role of clinical symptomatology, patients within
each grade of LA were subdivided into nonsymptomatic
subjects with high vascular risk (Group I) and symp-
tomatic lacunar stroke or deep hemispheric ICH (Group
II). The analysis showed an increase (p < 0.0001) in
STWEAK levels in the symptomatic group compared to

174

the asymptomatic group in all LA grades (Figure 2). The
trend in the increase in STWEAK serum levels as a func-
tion of the increment of the degree of LA is maintained
in both groups, being more prominent in patients with
neurovascular symptomatology.

In line with these results, STWEAK levels were included
in a regression model using a neurovascular disease as
dependent variable. As described in Table 3, STWEAK
levels are independently associated with the presentation
of clinical symptoms (OR: 2.27, 95% CIL: 1.70-3.04,
p < 0.0001).

In order to evaluate the relationship between LA and
STWEAK, both variables were included in the same multi-
variable regression model. In this case, LA lost its signifi-
cance in the adjusted model (OR: 1.58, 95% CI: 0.93—
7.35, p = 0.073) while STWEAK ng/ml increased its rela-
tionship with neurovascular symptomatology (OR: 5.06,
95% CI: 2.66-9.75, p < 0.0001) as detailed in Table 4.

Discussion

The pathogenesis of LA is still unknown and not fully
understood, yet it is a common denominator in various
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Figure 1. Serum sTWEAK levels in patients with and without LA (A) and in subjects stratified according to the degree of LA (B)
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Asymptomatic group (Group 1)
O Symptomatic group (Group Il)

Table 3. Multivariable logistic regression model of significant variables including sSTWEAK levels using symptomatic patient belonging as depen-

dent variable

Dependent variable: Symptomatic Nonadjusted Adjusted

Independent variable OR 95% ClI P OR 95% Cl p
Age (years) 1.01 1.00-1.02 0.013 0.96 0.92-1.01 0.105
Previous Rankin scale 2.43 1.59-3.81 <0.0001 1.04 0.44-2.48 0.924
Ischemic heart disease 0.47 0.25-0.91 0.025 0.07 0.05-1.64 0.219
Previous stroke 1.18 1.02-1.96 0.005 1.15 0.86-1.92 0.129
Leukocytes x 10%mmc 1.29 1.19-1.39 <0.0001 1.05 0.80-1.39 0.712
C-reactive protein (mg/L) 1.40 1.23-1.59 <0.0001 1.28 0.95-1.70 0.104
Microalbuminuria (mg/24 h) 1.08 1.03-1.13 0.001 1.07 0.97-1.17 0.074
STWEAK (ng/ml) 3.64 2.19-5.90 <0.0001 2.27 1.70-3.04 0.167

Table 4. Multivariable logistic regression model of significant variables including both LA and sTWEAK levels using symptomatic patient belonging

as dependent variable

Dependent variable: Symptomatic Nonadjusted Adjusted

Independent variable OR 95% Cl P OR 95% Cl P
Age (years) 1.01 1.00-1.02 0.013 0.97 0.92-1.03 0.280
Previous Rankin scale 2.43 1.59-3.81 <0.0001 1.02 0.29-2.35 0.715
Ischemic heart disease 0.47 0.25-0.91 0.025 0.41 0.02-2.13 0.468
Previous stroke 1.18 1.02-1.96 0.005 1.25 0.15-3.37 0.378
Leukocytes x 10%/mmc 1.29 1.19-1.39 <0.0001 1.34 0.95-1.89 0.089
C-reactive protein (mg/L) 1.40 1.23-1.59 <0.0001 1.40 0.89-2.20 0.138
Microalbuminuria (mg/24 h) 1.08 1.03-1.13 0.001 1.11 0.97-1.27 0.132
Leukoaraiosis 3.49 2.38-5.13 <0.0001 1.58 0.93-7.35 0.073
STWEAK (ng/ml) 3.64 2.19-5.90 <0.0001 5.06 2.66-9.75 <0.0001
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neurological disorders. LA has been extensively associated
with vascular irregularities and more specifically with
cSVD.?* % Several clinical trials have established an asso-
% hemorrhagic
stroke,” and ischemic stroke,” and previous literature

ciation of LA with lacunar infarction,

show that patients with extensive LA are twice as likely to
develop stroke. Also, LA showed its involvement in hem-
orrhagic transformation after reperfusion therapies.'>*’
Likewise, LA appears in asymptomatic subjects as a result
of normal aging, which provides further evidence of the
need to conduct an exhaustive LA characterization in
order to obtain possible targets to stop its progression
and prevent the appearance of other pathologies.>>'®'®

Currently, characterization by imaging techniques is
limited and, in many cases, does not go beyond the use
of the qualitative known scales.*>*’ They need to be com-
bined with the new biomarkers in order to pinpoint the
type of LA. One such potential markers and the focus of
the present study is sSTWEAK, a type II transmembrane
glycoprotein of the TNF superfamily that binds to a
transmembrane type I protein (Fnl4). sTWEAK is
involved in the expression levels of cytokines, cell adhe-
sion molecules, tight junction proteins, and matrix metal-
loproteinases (MMPs) in cultured endothelial cells, 213244
In vitro, it also has been shown to alter the permeability
of a blood-brain barrier (BBB) model.***>* In this
regard, the possibility of blocking the activation of the
sTWEAK-Fn14 system could represent an important diag-
nostic and therapeutic option.***>

In this work, we conducted an observational study of a
total of 624 patients divided into an asymptomatic and a
symptomatic group. Compared with the asymptomatic
subjects, symptomatic patients showed higher levels of
inflammation markers such as C-reactive protein and
number of circulating leucocytes, as well as microalbu-
minuria, probably due to the presence of vascular
pathologies,*>*’ that can be also noted in a higher previ-
ous modified Rankin scale detailed in the bivariate
descriptive study. In this study, we first focused on the
MRI analysis of LA present in the whole sample and the
analysis of the grades according to the Fazekas scale.
Patients who showed LA presence exhibited an association
with neurological pathologies. Likewise, when this analysis
was broken down according to the grade of LA, the ratio
grew as the degree of LA is increased for grades II and
III, but without reaching significance in grade I patients.
Our analysis confirms one of the main objectives of this
study: the association of LA and its severity with neu-
rovascular pathologies, which is in line with previous
studies.”*®*%*147 Byurthermore, the lack of association of
grade I LA strengthens the hypothesis of the causal impli-
cation of LA in the possible development of pathologies,
and is a justification for the evaluation and detailed

STWEAK is a leukoaraiosis biomarker in angiopathy

characterization of LA as a prognostic factor and thera-
peutic target to halt its advance.*®

Although the involvement of the vascular component
in the onset of the disease has gained strength, LA can
currently be considered as a process of multiple origin,
where protein expression patterns of the endothelium
show a broad variability®*®* in response to different
neurovascular environment.>*"***>*> In this regard, the
second aim of this work was the analysis of sSTWEAK.
Accordingly, our first step was to analyze the relationship
between sTWEAK levels and clinical symptomatology. In
line with similar works,>*" circulating sTWEAK levels
were higher in our symptomatic patients compared to
nonsymptomatic individuals. The pathogenic effect of this
molecule has been previously reported in vascular
pathologies, as sSTWEAK disrupts the architecture of the
BBB and induces the overexpression of MMP-9 and pro-
inflammatory cytokines in the brain leading to endothelial
dysfunction, pointing to a possible relationship with LA
processes.'”® Once the symptomatic vascular association
with STWEAK was demonstrated, we proceeded to evalu-
ate its relationship with LA. We observed that patients
with LA not only had higher levels but when stratified by
LA degree, sSTWEAK levels increased as the severity of LA
increased. Patients with grade III LA had almost six times
more STWEAK than those who did not show LA, which
supports the notion that this molecule may play a role in
the progression and development of LA. Furthermore, to
better understand the relationship between sSTWEAK and
LA, we divided the sample according to the degree of LA
and its assignment to the symptomatic and nonsymp-
tomatic study groups. We observed that sSTWEAK levels
for both groups increased as the LA grade increased, but
much more so in symptomatic patients who showed sig-
nificantly higher levels in all LA grades. These differences
were also maintained in symptomatic patients who did
not show LA, although with lower levels. This confirms
the crucial role of this molecule in vascular integrity as
shown in similar studies.”**>** Blood collection times
along pathology evolution seems to be an important
point to take into account; similar works in patients with
hypertension and diabetes showed different fluctuations
in STWEAK concentration.”™* The registered high levels
of STWEAK establish a double association between LA
degree and neurovascular pathologies, heralding the
potential of STWEAK as an important target in the devel-
opment of these diseases. In addition, when we compared
the sSTWEAK levels in symptomatic patients, patients with
grade III LA showed 2.5-fold higher sSTWEAK levels than
patients with no LA, which suggests that the generation
of LA may not only be attributable to clinical symptoma-
tology but causality may also be attributed to this mole-
cule. This causality is also supported by the proposed
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regression models in which LA shows an association with
neurovascular pathologies as well as sSTWEAK. However,
when they are included together in the same model, LA
loses its significance while the relationship with sTWEAK
increases. These results suggest that STWEAK levels are
associated with clinical manifestations through the devel-
opment of LA. Nonetheless, our study showed some limi-
tations. First, we conducted a retrospective single-center
study without preclinical data to support the molecular
mechanisms involved in the interactions of sSTWEAK with
the different pathologies. Second, we studied sTWEAK
and not the TWEAK-Fnl14 association, which could clar-
ify the mechanism of action. In this regard, future studies
of the pleiotropic metabolic pathways of sTWEAK
involved in several diseases™ could help prospective stud-
ies focus on more than one biomarker. The strong points
of this work are the unbiased screening of individuals, the
high number of patients enrolled, and the focus on the
assessment of a specific biomarker.

Conclusions

LA showed a higher prevalence in patients with symp-
tomatic lacunar stroke or deep hemispheric ICH. There is
an association between STWEAK levels and LA degree, so
further studies are necessary to explore sSTWEAK as thera-
peutic target to mitigate LA progression associated with
cerebrovascular diseases.
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