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in covert cerebral small vessel disease
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Abstract

Background The relationship between inflammation and covert cerebral small vessel disease (SVD) with regards
to sex difference has received limited attention in research. We aim to unravel the intricate associations between
inflammation and covert SVD, while also scrutinizing potential sex-based differences in these connections.

Methods Non-stroke/dementia-free study population was from the I-Lan longitudinal Aging Study. Severity

and etiology of SVD were assessed by 3T-MRI in each participant. Systemic and vascular inflammatory-status was
determined by the circulatory levels of high-sensitivity C-reactive protein (hsCRP) and homocysteine, respectively.
Sex-specific multivariate logistic regression to calculate odds ratios (ORs) and interaction models to scrutinize
women-to-men ratios of ORs (RORs) were used to evaluate the potential impact of sex on the associations between
inflammatory factors and SVD.

Results Overall, 708 participants (62.19+8.51 years; 392 women) were included. Only women had significant
associations between homocysteine levels and covert SVD, particularly in arteriosclerosis/lipohyalinosis SVD
(ORs[95%Cl]: 1.14[1.03-1.27] and 1.15[1.05-1.27] for more severe and arteriosclerosis/lipohyalinosis SVD, respectively).
Furthermore, higher circulatory levels of homocysteine were associated with a greater risk of covert SVD in women
compared to men, as evidenced by the RORs [95%Cl]: 1.14[1.01-1.29] and 1.14[1.02-1.28] for more severe and
arteriosclerosis/lipohyalinosis SVD, respectively. No significant associations were found between circulatory hsCRP
levels and SVD in either sex.

Conclusion Circulatory homocysteine is associated with covert SVD of arteriosclerosis/lipohyalinosis solely in
women. The intricacies underlying the sex-specific effects of homocysteine on SVD at the preclinical stage warrant
further investigations, potentially leading to personalized/tailored managements.
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Background
Cerebral small vessel disease (SVD) represents a dis-
cernible outcome of neurovascular aging, characterized
by two distinct pathologies: arteriosclerosis/lipohyali-
nosis and cerebral amyloid angiopathy (CAA) and sev-
eral neuroimaging features: white matter hyperintensity
(WMH), lacunes, cerebral microbleeds (CMB), dilated
perivascular space (PVS) and cortical superficial sidero-
sis [1-7]. SVD is not only an age-related neuroimaging
biomarker but also a significant etiological contributor to
major neurological diseases that afflict the older popula-
tion, such as 25% of ischemic stroke, 80% of hemorrhagic
stroke, and 45% of dementia.! Though its clinical signifi-
cance, the biological mechanisms behind SVD, particu-
larly at its early, preclinical stage, is largely unknown [2].
Increasing evidence from clinical studies has suggested
inflammation as a factor involved in the pathophysiology
of SVD [3-5]. Studies have identified significant corre-
lations between circulatory inflammation markers and
SVD, however more evident in stroke cohorts as opposed
to the healthy, stroke- and dementia-free population. It is
worth noting, however, that the majority of these investi-
gations examined only a single SVD marker, with WMH
being the most frequently studied, and the precise role of
inflammation in various etiologies of SVD remains a sub-
ject of ongoing inquiry [3, 8]. Differences in immunologi-
cal development and responses between men and women
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have given rise to varying susceptibility to detrimental
inflammatory reactions [6, 7]. In addition, sex difference
has been observed in the link between numerous vascular
risk factors and cerebrovascular disease [9]. However, the
extent to which sex modulates the relationship between
inflammation and SVD remains unanswered. In light of
the aforementioned lack of understanding, the current
investigation endeavors to explore possible sex-based dis-
similarities in the correlation between inflammation and
SVD, encompassing the severity and underlying causes
of SVD, in a community-dwelling population that is
free from dementia and stroke. We hypothesize that the
association between inflammation and SVD may vary
between women and men. The findings of this study may
advance our comprehension of the mechanisms involved
and aid in developing personalized therapeutic interven-
tions in the early, preclinical stages of SVD.

Methods

Study population

Figure 1 provides an overview of the data recruitment
process. Participants were from the I-Lan Longitudinal
Aging Study (ILAS), an ongoing community-based longi-
tudinal cohort study that recruited individuals aged >50
years in the I-Lan County of Taiwan. Detailed informa-
tion about the recruitment criteria and collected data for
ILAS can be found in prior research publications [10].

735: population form the I-Lan longitudinal Aging Study (ILAS) recruited between
August 2011 and July 2014 who had received comprehensive eligible brain MRI
modalities: T1w, FLAIR-T2w, and SWI MRI images

25: excluded due to no

a

available data of circulatory
inflammatory markers’ level

2: excluded due to
_| evidence of acute
infection or other

Fig. 1 The overview of data recruitment

inflammatory disorders
¥
708: enrolled for current analysis
(316 men and 392 women)
'
Non-CSVD CSVD
n=324 n=384
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To assess the early, preclinical stage of SVD, participants
who had undergone comprehensive brain MRI for SVD
assessment were included, while those with neuropsy-
chiatric disorders such as dementia, major depression,
stroke, and brain tumors were excluded. Additionally,
individuals with acute infections or other inflamma-
tory disorders, indicated by a white blood count of over
10x10%/mm?® and a high-sensitivity C-reactive protein
(hsCRP) level exceeding 0.5 mg/dL, were also excluded.

Vascular risk factors
The record and definitions of vascular risk factors are
provided in the Supplementary Material.

Biochemistry assessment for the levels of circulatory
inflammatory biomarkers

Upon a 10-hour overnight fasting, serum samples for
homocysteine and hsCRP measurements were collected
from study participants. Homocysteine levels were deter-
mined by utilizing an automated chemiluminescence
immunoassay system (ADVIA®, Siemens, Germany),
whereas hsCRP levels were assessed by employing an
automatic chemistry analyzer system (ADVIA®, Siemens,
Germany).

Brain MRI acquisition

The acquisition of multimodal neuroimaging data was
carried out at the National Yang Ming Chiao Tung Uni-
versity to obtain information about SVD markers, which
included WMH, lacunes, and CMBs. The details are pro-
vided in the Supplementary Material.

Volume quantification of WMH and assessment of other
MRI SVD markers

We used a quantification method for WMH assessment
and visual scales for the other SVD markers, such as
lacune and CMB. Detailed methods are provided in the
Supplementary Material.

SVD types (Arteriosclerosis/lipohyalinosis or CAA)[11]

The categorization of SVD was carried out using a hier-
archical approach comprising three consecutive steps.
Firstly, the presence or absence of CMBs was determined.
Secondly, the severity of WMH was assessed based on
whether it exceeded the 50th percentile of the WMH/
total intracranial volume (TIV) ratio (used to define
severe WMH in the present study). Finally, if CMBs were
present, the combination of lacunes with severe WMH
and the location of CMB (mixed or strictly lobar) were
considered. The resulting classification divided SVD into
four types: SVD types 1 and 2 represent non-bleeding
SVD, where WMH was present with or without lacunes,
respectively, while SVD types 3 and 4 were associated
with bleeding. Specifically, mixed or strictly lobar CMB
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was designated as SVD types 3 and 4, respectively. This
stratification scheme has been validated in our previ-
ous study, demonstrating its capability to reveal distinct
clinical manifestations and neuroanatomic alterations in
SVD type 4, including changes in gray matter volume and
white matter microstructure [11]. SVD types 1, 2, and 3
exhibited similar patterns but with varying severity of
neuroanatomic and clinical manifestations [11]. These
findings suggest that the underlying etiology of SVD type
4 differs from the other three SVD types (type 1, 2, and
3). Based on our previous study, SVD type 4 is deemed
attributing to CAA pathogenesis, while SVD types 1, 2,
and 3 are categorized as arteriosclerosis/lipohyalinosis
pathogenesis (as illustrated in Fig. 2) [11].

SVD burden (Severity of SVD)
To gauge the extent of SVD severity in each participant,
we computed SVD score that ranged from 0 to 3. Each
point was allocated for the existence of severe WMH,
CMB, or any lacune [12, 13].

Statistical analysis

The analysis of group differences in continuous variables
was conducted by means of non-parametric Mann-Whit-
ney U test or Kruskal-Wallis test followed by post-hoc
analysis. For categorical variables, we employed chi-
square or Fisher’s exact tests. To explore the sex-specific
relationship between SVD and each potential risk factor,
we conducted sex-stratified multivariate logistic regres-
sion analysis and calculated the sex-specific odds ratio
(OR). Thus, the outcomes were the presence of SVD of
each severity and etiology, with inflammatory markers as
predictors (i.e. homocysteine and hsCRP) and the other
potential SVD risk factors (i.e. hypertension, diabetes
mellitus, dyslipidemia, cigarette smoking habit) as con-
founders. An interaction term was added to the model to
obtain the women-to-men ratio of ORs (RORs) and 95%
CIs, which were used to evaluate whether the OR differed
between the sexes [14]. Statistical analysis was conducted
using the commercially available software SPSS 22.0. A p
value less than 0.05, with two-tailed testing, was consid-
ered to indicate statistical significance.

Results

The present study included 708 participants, consisting
of 316 men and 392 women, as depicted in Fig. 1; Table 1.
Dyslipidemia was found to be more prevalent in women
compared to men, while smoking was reported more by
men. Notably, the level of the circulatory vascular inflam-
matory marker, homocysteine, was significantly higher in
men (median [interquartile range]: 13.60 [11.80-16.20]
umol/L) than in women (10.75 [9.10-12.78] umol/L). The
systemic inflammatory marker, hsCRP, was not found to
be significantly different between the two sexes.
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Fig. 2 The classification of covert cerebral small vessel disease (SVD) SVD type 1=isolated white matter hyperintensities (WMH; = 50th WMH volume/
total intracranial volume ratio in the total population=0.7x 1073); SVD type 2=WMH with lacune(s) but without cerebral microbleed (CMB); SVD type

3=mixed CMB; SVD type 4 =strictly-lobar CMB.

Table 1 Comparisons of demographics and profiles of SVD and inflammatory markers between sex

Total Male Female Pvalue
N=708 n=316 n=392
Age, years 62.19+£851 62.82+8.89 61.96+£8.16 0.151
HTN 245 (34.6%) 106 (33.5%) 139 (35.5%) 0.634
DM 100 (14.1%) 41 (13.0%) 59 (15.1%) 0.449
Dyslipidemia 74 (10.5%) 19 (6.0%) 55 (14.0%) <0.001
Cigarette smoking 106 (15.0%) 96 (30.4%) 10 (2.6%) <0.001
Simple SVD score 0.060
1 276 (39.0%) 135 (42.7%) 141 (36.0%)
20r3 108 (15.3%) 52 (16.5%) 56 (14.3%)
SVD type 0.206
1 246 (34.7%) 119 (37.7%) 127 (32.4%)
2 47 (6.6%) 22 (7.0%) 25 (6.4%)
3 56 (7.9%) 29 (9.2%) 27 (6.9%)
4 35 (4.9%) 17 (5.4%) 18 (5.6%)
Homocysteine, umol/L 12.10(10.10-14.60) 13.60 (11.80-16.20) 10.75 (9.10-12.78) <0.001
hsCRP, mg/dL 0.064 (0.025-0.158) 0.056 (0.025-0.156) 0.066 (0.026-0.159) 0.516

Continuous variable: Mann-Whitney U test; Category variable: Fisher’s exact test or Pearson’s chi-squared test; N (%) or meanztstandard deviation or median

(interquartile range)

DM: diabetes mellitus; HTN: hypertension; hsCRP: high-sensitivity C-reactive protein; SVD: cerebral small vessel disease

The severity of WMH in our criteria to define severe
WMH (=50th WMH volume/TIV in the total study
population) was >0.7x1073, which was much milder
than the criteria using visual Fazekas scale (Fazekas
2-3=WMH/TIV ratio>0.2-0.5%). There were 384 par-
ticipants defining as the SVD population. Among them,
276 had mild SVD (SVD score=1) and 108 had more
severe SVD (SVD score=2 or 3). For the stratification
based on SVD pathogenesis, 246 people had type 1 SVD
(non-bleeding SVD: isolated WMH), 47 people had type
2 SVD (non-bleeding SVD: WMH with lacune), 56 peo-
ple had type 3 SVD (bleeding SVD: mixed CMB) and
35 people had type 4 SVD (bleeding SVD: strictly lobar

CMB). Therefore, 349 (90.9%) of SVD population was
indicated having arteriosclerosis/lipohyalinosis SVD
while 35 (9.1%) was defining as CAA. There was no dif-
ference between men and women in terms of the severity
or type of SVD (Table 1).

Risk factors of coverts SVD in the total study population

We also conducted a comparison between demographic
or clinical variables and SVD severities. Our findings
revealed that age, as well as the proportions of hyperten-
sion, diabetes mellitus (DM), and dyslipidemia, were sig-
nificantly different between SVD severity groups (Table 2,
left). a. Specifically, individuals with more severe SVD
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Table 2 Comparison between each SVD category

CAA

Arteriosclerosis/lipohyalinosis

SVD type 1

P value

Mild SVD More-severe SVD

Normal

Variables

value

SVD type 4

SVD type 3
n=56

SVD type 2

Simple SVD score 2 or

3n

Simple SVD

score 1

Simple SVD
score 0

35

47

n=246

=108

276
64.71+8.36

n=

324
57.80+5.87

n=

<0.001
0.206

64.35+9.01

67.86+9.01 66414998

65.63+8.12

<0.001
0.060

68.94+8.59

Age, years
Gender
Male

17 (48.6%)
18 (51.4%)

11 (31.4%)
4 (11.4%)
2(5.7%)

6 (17.1%)

29 (51.8%)
27 (48.2%)
30 (53.6%)
9 (16.1%)
3 (5.4%)

22 (46.8%)
25 (53.2%)
23 (48.9%)
12 (25.5%)
4 (8.5%)

119 (48.4%)
127 (51.6%)

106 (43.1%)

52 (21

52 (48.1%)

135 (48.9%)
141 (51.1%)

129 (39.8%)
195 (60.2%)
75 (23.1%)
23 (7.1%)

(2024) 24:220

(51.9%)
61 (56.5%)
25 (23.1%)
4 (3.7%)

56

Female
HTN
DM

<0.001
<0.001

0.279

<0.001
<0.001
0.024
0.625

109 (39.5%)
52 (18.8%)
28 (10.1%)
44 (15.9%)

1%)

23 (9.3%)

42 (13.0%)
44 (13.6%)

Dyslipidemia

0.643

7 (12.5%)

10 (21.3%)

39 (15.9%)

18 (16.7%)

Cigarette smoking

<0.001

13.00 (10.63-15.85) <0.001 12.70(10.80-16.10) 12.90(10.10-15.90) 12.30(10.63-15.08) 12.40(10.20-14.80)
0.005

12.50 (10.80-15.40)

11.24 (9.40-13.38)

Homocysteine, umol/L

hsCRP, mg/dL

0.077 (0.031-0.172) 0.074 (0.039-0.205) 0.094 (0.022-0.173) 0.053(0.022-0.138) 0.015

0.051(0.020-0.142) 0.077(0.030-0.169) 0.072 (0.026-0.190)
Continuous variable: Kruskal Wallis test; Category variable: Pearson’s chi-squared test; N (%) or mean+standard deviation or median (interquartile range)

CAA: cerebral amyloid angiopathy; DM: diabetes mellitus; HTN: hypertension; hsCRP: high-sensitivity C-reactive protein; SVD: cerebral small vessel disease
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were older and exhibited a higher likelihood of hyperten-
sion (no SVD vs. mild SVD vs. more severe SVD=23.1%
vs. 39.5% vs. 56.5%) and DM (7.1% vs. 18.8% vs. 23.1%),
but were less likely to have dyslipidemia (13.0% vs. 10.1%
vs. 3.7%). A post-hoc analysis revealed that age was posi-
tively associated with SVD severity, with individuals in
the more severe SVD group being significantly older than
those in the mild SVD and non-SVD groups, respectively.
Furthermore, individuals in the mild SVD group were
also found to be significantly older than those in the non-
SVD group.

Statistically significant differences in age and the preva-
lence of hypertension and DM across different SVD sub-
type groups were also observed (Table 2, right). Further
post-hoc analyses revealed that individuals with arterio-
sclerosis/lipohyalinosis and CAA-related SVD were older
than those without SVD. Additionally, the arteriosclero-
sis/lipohyalinosis subtype had the highest proportions of
hypertension and DM among these groups.

Importantly, no differences were found in the distribu-
tions of SVD severities and subtypes between men and
women (Table 2). A marginal sex-specific discrepancy
was observed in the distribution of SVD-severity groups,
with a slightly higher proportion of women than men
being categorized as non-SVD (60.2% vs. 39.8%, p=0.06)
based on SVD scores.

Associations between circulatory inflammatory markers
and covert SVD

The intra- and inter-assay coefficients of variation for
homocysteine were 2.3-4.4% and 1.5-5.2%, respec-
tively, while for hsCRP, they were 0.4—1.2% and 0.4—0.9%,
respectively.

The results of the comparison between SVD-severity
categories indicated that there were statistically signifi-
cant differences in the levels of both circulatory markers
of vascular (homocysteine) and systemic inflammation
(hsCRP) across groups (Table 2, left). Further post-hoc
analysis revealed that individuals with mild and more
severe SVD had higher levels of circulatory homocyste-
ine when compared to those without SVD.

The comparison of SVD subtypes also yielded statisti-
cally significant differences in the levels of homocysteine
and hsCRP across groups (Table 2, right). In particular,
post-hoc analyses demonstrated that individuals with
arteriosclerosis/lipohyalinosis SVD had significantly
higher levels of both systemic (SVD type 1 versus non-
SVD) and vascular (SVD types 1 and 2 versus non-SVD)
inflammatory markers than the non-SVD group, whereas
CAA SVD did not differ significantly from non-SVD

group.
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Sex differences in the associations between Risk factors
and risks of SVD

To examine the association between risk factors and
covert SVD while controlling for potential confound-
ing variables, we conducted a sex-specific multivariate
logistic regression analysis. The findings revealed that
advanced age was a significant risk factor for higher SVD
severity and for all etiology in both men and women
(Table 3). Furthermore, the adjusted ORs of SVD in
women compared to men, after controlling for other
variables, demonstrated that age imparted a higher risk
of mild SVD and arteriosclerosis/lipohyalinosis SVD
among women (Fig. 3).

Conversely, the study found that only women, but not
men, exhibited significant associations between hyper-
tension and SVD (Table 3). Women with hypertension
showed higher risks of developing more severe SVD and
arteriosclerosis/lipohyalinosis SVD, but not CAA SVD
(Table 3). Although there was a trend indicating a stron-
ger association between hypertension and the risk of
more severe SVD and arteriosclerosis/lipohyalinosis SVD
in women than in men, the multivariate adjusted women-
to-men RORs linked to hypertension were 1.40 (0.63—
3.13) for mild SVD, 1.99 (0.68-5.77) for more severe
SVD, and 1.44 (0.66-3.15) for arteriosclerosis/lipohyali-
nosis SVD (Fig. 3).

A noteworthy trend was observed, whereby DM
seemed to be more strongly linked with a heightened risk
of more severe SVD and arteriosclerosis/lipohyalinosis
SVD in men than women. In particular, men with DM
exhibited higher risks of more severe SVD, as well as of
arteriosclerosis/lipohyalinosis SVD (Table 3). Meanwhile,
the multivariate adjusted women-to-men RORs associ-
ated with DM were 0.71 (0.21-2.23) for mild SVD, 0.46
(0.11-1.95) for more severe SVD and 0.66 (0.21-2.12) for
arteriosclerosis/lipohyalinosis SVD, indicating a less pro-
nounced association between DM and SVD in women
than men (Fig. 3). Furthermore, sex-specific multivari-
ate logistic regression analysis revealed that there was no
significant association between dyslipidemia and SVD in
both men and women (Table 3).

Sex differences in the associations between circulatory
inflammatory markers and covert SVD

In the multivariate logistic regression models, significant
associations between vascular inflammatory markers
and SVD were observed exclusively in women, and not
in men (Table 3). Women with elevated levels of circula-
tory homocysteine displayed a higher risk of SVD, as well
as of arteriosclerosis/lipohyalinosis SVD (Table 3). More-
over, the association of vascular inflammatory marker
with SVD, particularly with arteriosclerosis/lipohyalino-
sis SVD, was found to be stronger in women than in men,
with multivariate-adjusted women-to-men RORs for
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mild SVD, more severe SVD, and arteriosclerosis/lipohy-
alinosis SVD being 1.14-(1.02-1.28), 1.14 (1.01-1.29), and
1.14 (1.02-1.28), respectively (Fig. 3). The findings from
sex-specific multiple logistic regression analysis adjusting
for age and other vascular risk factors revealed that sys-
temic inflammatory marker was not independently asso-
ciated with SVD in either sex, as demonstrated in Table 3.

Discussion

The relationship between inflammation and SVD with
regards to sex difference has not been studied yet. Our
findings revealed that, in individuals aged 50 years and
above who were free of stroke and dementia, there was a
sex-specific relationship between vascular inflammation
and SVD. Specifically, women but not men had a higher
risk of more severe and arteriosclerosis/lipohyalinosis
asymptomatic SVD with increased levels of circulatory
homocysteine. Conversely, our study did not identify any
significant association between systemic inflammation
and preclinical SVD.

Several studies have explored the potential link
between circulatory inflammatory markers and SVD,
yet the findings have been inconsistent [3, 15]. A recent
systematic review comprising 82 articles focused on
stroke or healthy populations. The majority of these
studies evaluated only one SVD marker, predominantly
WMH or lacune, and utilized either systemic or inflam-
matory markers. Notably, consistent with our study,
the systemic review suggests that markers of vascular
inflammation are more strongly associated with WMH
or lacunes than systemic inflammation, especially in
stroke patients [3]. As to the non-stroke dementia-free
population, of all the markers of vascular inflammation,
homocysteine has been the most extensively studied and
has demonstrated the most consistent positive associa-
tions with SVD [8, 15-21]. However, homocysteine was
found to be uncorrelated with SVD markers in approxi-
mately one-third of these studies [15-21]. We argue that
our sex-specific findings, along with variations in study
population characteristics, diagnostic tools, and SVD
criteria, may contribute to conflicting results in previous
studies. The current study revealed that in the preclini-
cal stage of SVD, only women demonstrated a significant
correlation between the circulatory level of homocys-
teine and SVD. Since men have a higher level of plasma
homocysteine than women [17-19, 21], which was
also shown in our study, the susceptibility to SVD with
higher level of homocysteine in women might confound
the associations between homocysteine and preclinical
SVD in studies pooling both men and women’s data. The
other possibility is that it might need a longer duration
of homocysteine effects in men to show positive associa-
tions with SVD, i.e., at a later stage of disease when stroke
events occur. We still require additional longitudinal
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Fig. 3 Women-to-men ratios of odds ratios for covert cerebral small vessel disease (SVD)-associated risk factors Horizontal lines indicate the correspond-

ing 95% confidence intervals (Cls) around the ratio of odds ratios (RORs).

research considering the sex difference to validate these
postulations. Additionally, we acknowledge another pos-
sible explanation for the current sex-specific findings. It
is conceivable that the absolute increase in homocysteine
concentration may hold greater significance in women,
considering it represents a higher increase relative to the
normal range than observed in men.

In our study, after adjusting for age and other cardio-
vascular risk factors, we did not observe any significant
associations between systemic inflammatory markers
and covert SVD in both men and women. Similarly, most
prior cross-sectional studies also reported negative find-
ings in the relationship between circulatory CRP levels
and SVD [3, 15, 22]. One study that explored the asso-
ciation between common variations in CRP and the
presence of WMH and lacune in older individuals also
reported negative results [23]. Despite the lack of signifi-
cant association between systemic inflammatory marker
and covert SVD in this current study, some longitudinal
studies have demonstrated that elevated baseline circula-
tory CRP levels can predict subsequent SVD severity and
progression [24, 25].Taking into consideration our results
and those of previous studies, it appears that if systemic
inflammation does play a role in the pathogenesis of SVD,
its impact is likely to be less pronounced than that of vas-
cular inflammation during the initial stages of the dis-
ease, and more substantial as the disease progresses. In
addition, an alternative interpretation could be that CRP
may be too simplistic as an indicator of systemic inflam-
mation. Additional markers are necessary to corroborate
the present negative findings concerning the association
between systemic inflammation and covert SVD.

Several studies also performed region-specific analyses
of CMBs to investigate the relationship between inflam-
mation and the etiology of SVD, and most found that the
correlation with circulatory inflammatory markers was
stronger in deep or infratentorial CMBs compared to
strictly lobar CMBs [1, 3, 11, 16, 19, 22, 26]. These find-
ings are consistent with our study, suggesting that inflam-
mation is involved in the mechanism of arteriosclerosis/
lipohyalinosis SVD but not CAA, at least at the preclini-
cal stage.

Homocysteine has been shown to act as both a marker
and an element involved in the mechanism of vascular
inflammation, with numerous preclinical studies dem-
onstrating its proinflammatory effects on the vascu-
lar endothelium [27-30]. Homocysteine can also cause
endothelial dysfunction through other mechanisms such
as collagen accumulation, oxidative stress, decreased
nitric oxide production, and epigenetic alterations [31].
Additionally, high homocysteine levels can lead to abnor-
mal secretion of matrix metalloproteinases and trans-
membrane proteins, resulting in disrupted endothelial
junctions and blood-brain barrier leakage [32, 33]. These
findings might be the biology mechanisms underlying the
association between elevated circulatory levels of homo-
cysteine and covert SVD in women. However, whether
sex differences exist in the homocysteine-related endo-
thelial pathophysiological processes remains unexplored.
As our findings indicate that homocysteine suscepti-
bility to SVD differs between men and women, further
research is needed to uncover the potential sex-specific
mechanisms and management strategies for homocyste-
ine-related vascular diseases.
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Age and hypertension are the leading risk factors for
SVD, particularly arteriosclerosis/lipohyalinosis etiology
[1]. In our study, these factors had a stronger association
with preclinical SVD in women than men. While both
sexes had a higher risk of preclinical SVD with age, the
risk was greater in women. These findings are consistent
with previous literature that showed older women having
more WMH than older men [34—36]. A recent large-scale
study, the Rhineland Study, investigated the relationship
between sex and WMH load across a wide age range
(30-95 years) [37]. Their findings supported our results,
showing that the impact of age on WMH burden is more
pronounced in women than men. Moreover, they dis-
covered that menopause may be a contributing factor to
this stronger age effect in women. Regrettably, we did not
collect information on menopause status in our cohort,
and hence, could not explore this potential sex hormone-
related mechanism in our study.

Sex differences in hypertension and its association
with cardiovascular diseases have been a topic of inter-
est in the medical community. A number of studies have
found that hypertension may have a stronger association
with cardiovascular disease including stroke in women
[38, 39]. In particular, our study found significant asso-
ciations between hypertension and preclinical SVD only
in women, adding to the literature on potential sex dif-
ferences in the hazard effects of vascular risk factors to
cerebrovascular disease. Our finding of a greater risk
of hypertension-associated SVD in women than men
is in line with the results of the Rhineland Study [37],
which demonstrated a higher WMH burden in women
with uncontrolled hypertension compared to men,
and showed that the difference could not be attributed
to menopause status. The etiology behind the height-
ened vulnerability of women with hypertension to SVD
appears to extend beyond hormonal factors [37]. Given
that hypertension is often accompanied by elevated levels
of homocysteine [40, 41], it is worth considering whether
the sex differences in the association between homocys-
teine and SVD revealed in our study may explain, at least
in part, the higher susceptibility of women to hyperten-
sion-related SVD. In other words, the pathophysiology
associated with homocysteine may underlie and elucidate
the sex-specific impact of hypertension on SVD.

This study’s strengths lie in its sample size, high-res-
olution brain MRI imaging, and integration of three
common MRI markers to provide a comprehensive
evaluation of SVD. As a non-stroke dementia-free com-
munity-based population was studied with a much less
severity of SVD, the findings shed light on the very early
mechanism of SVD. However, the mild SVD lesions
in the population may limit the ability to show a dose-
dependent association with homocysteine. While our
study has made significant strides in the understanding
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of the relationship between inflammation and SVD,
there are some limitations that should be acknowledged.
First, our stratification approach using CMB locations
to differentiate SVD phenotypes may be challenging in
populations with coexisting CAA and arteriosclerosis/
lipohyalinosis, or more advanced SVD stages where CMB
distribution may extend beyond lobar subcortical areas.
Second, we did not assess the severity of dilated PVS due
to the lack of T2-weighted MRI imaging. Moreover, the
menopause status of our female population was not taken
into account, which precludes us from clarifying whether
menopause is an underlying factor behind our sex-spe-
cific findings. Third, as our study participants were non-
stroke dementia-free community-dwelling older adults,
the number of participants in the most severe SVD cat-
egory is very small (n=25). We thus have grouped those
with simple SVD score 2 and 3 together, future researches
that can including more study participants in the most
severe SVD category may provide more clinical insights.
Last but not the least, despite adjusting our analyses for
several confounding factors, residual confounding can-
not be completely ruled out in any observational cross-
sectional study.

Conclusion

In summary, our study suggests that elevated levels of
homocysteine, a marker of vascular inflammation, is
associated with arteriosclerosis/lipohyalinosis SVD in
women but not men at an early, preclinical stage of SVD.
The underlying mechanisms for this sex-specific effect
warrant further investigation and may inform more pre-
cise and personalized management of SVD.

Abbreviations

SVD Small Vessel Disease
CAA Cerebral Amyloid Angiopathy

WMH White Matter Hyperintensity

CMB Cerebral Microbleeds

PVS Dilated Perivascular Space

ILAS I-Lan Longitudinal Aging Study
hsCRP  high-sensitivity C-Reactive Protein
TV Total Intracranial Volume

OR Odds Ratio

RORs Ratio of ORs

DM Diabetes Mellitus

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512883-024-03730-z.

[ Supplementary Material 1 J

Acknowledgements
This work was supported by the Center for Healthy Longevity and Aging
Sciences, National Yang Ming Chiao Tung University, Taipei, Taiwan.

Author contributions
Bo-An Chen, MD: Design and conceptualized study; analyzed the data;
interpreted the data; drafted the manuscript for intellectual contentWei-Ju


https://doi.org/10.1186/s12883-024-03730-z
https://doi.org/10.1186/s12883-024-03730-z

Chen et al. BMC Neurology (2024) 24:220

Lee, MD, PhD: Design, conduct and maintain the study cohort; revised the
manuscriptLin-Chieh Meng, MS: Interpretate the data and conduct the
statistical analysesYi-Chin Lin, MS: Interpretate the data and conduct the
statistical analysesChih-Ping Chung, MD, PhD: Design and conceptualized
study; interpreted the data; draft and revise the manuscript for intellectual
contentFei-Yuan Hsiao, PhD: Interpretate the data; conduct the statistical
analyses; and revise the manuscriptLiang-Kung Chen, MD, PhD: Design and
conceptualized study; interpreted the data; and revise the manuscript for
intellectual contentAll authors reviewed the manuscript.

Funding

The Ministry of Science and Technology, Taiwan (NSTC 112-2321-B-075-004
—and NSTC 112-2314-B-075-076- to Chung; MOST 111-2321-B-A49-006 to
Chen) and Taipei Veterans General Hospital (V110C-044,V109D52-003-MY3-2,
V111C-058 to Chung).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

The trial was conducted in accordance with the Declaration of Helsinki,
approved by the Institutional Review Board of the National Yang Ming Chiao
Tung University, Taipei, Taiwan (IRB no. YM103008). All enrolled participants
provided informed consent prior to their involvement in the study.

Consent for publication
Not applicable. All the data are unidentifiable and there are no details on
individuals reported within the manuscript.

Competing interests
The authors declare no competing interests.

Author details

'Department of Neurology, Taipei City Hospital Renai Branch, Taipei,
Taiwan

“Program in Molecular Medicine, National Yang Ming Chiao Tung
University, Taipei, Taiwan

3Center for Healthy Longevity and Aging Sciences, National Yang Ming
Chiao Tung University, Taipei, Taiwan

“Department of Family Medicine, Taipei Veterans General Hospital
Yuanshan Branch, Yi-Lan, Taiwan

5Graduate Institute of Clinical Pharmacy, College of Medicine, National
Taiwan University, Taipei, Taiwan

®Department of Neurology, Neurological Institute, Taipei Veterans General
Hospital, Taipei, Taiwan

7Department of Pharmacy, National Taiwan University Hospital, Taipei,
Taiwan

8Center for Geriatrics and Gerontology, Taipei Veterans General Hospital,
Taipei, Taiwan

“Taipei Municipal Gan-Dau Hospital (Managed by Taipei Veterans General
Hospital), Taipei, Taiwan

Received: 4 December 2023 / Accepted: 14 June 2024
Published online: 27 June 2024

References

1. Wardlaw JM, Smith C, Dichgans M. Small vessel disease: mechanisms and
clinical implications. Lancet Neurol. 2019;18(7):684-96.

2. Wardlaw JM, Debette S, Jokinen H, De Leeuw FE, Pantoni L, Chabriat H, Staals
J, Doubal F, Rudilosso S, Eppinger S, et al. ESO Guideline on covert cerebral
small vessel disease. Eur Stroke J. 2021,6(2):Cxi—clxii.

3. Low A, Mak E, Rowe JB, Markus HS, O'Brien JT. Inflammation and cerebral
small vessel disease: a systematic review. Ageing Res Rev. 2019;53:100916.

4. Walsh J, Tozer DJ, Sari H, Hong YT, Drazyk A, Williams G, Shah NJ, O'Brien JT,
Aigbirhio FI, Rosenberg G, et al. Microglial activation and blood-brain barrier
permeability in cerebral small vessel disease. Brain. 2021;144(5):1361-71.

20.

21.

22.

23.

24.

25.

26.

Page 10 of 11

Jiang L, Cai X, Yao D, Jing J, Mei L, Yang Y, Li S, Jin A, Meng X, Li H, et al.
Association of inflammatory markers with cerebral small vessel disease in
community-based population. J Neuroinflammation. 2022;19(1):106.

Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immu-
nol. 2016;16(10):626-38.

Fairweather D. Sex differences in inflammation during atherosclerosis. Clin
Med Insights Cardiol. 2014;8(Suppl 3):49-59.

Zhang DD, Cao Y, Mu JY, Liu YM, Gao F, Han F, Zhai FF, Zhou LX, Ni J, Yao M, et
al. Inflammatory biomarkers and cerebral small vessel disease: a community-
based cohort study. Stroke Vasc Neurol. 2022;7(4):302-9.

Yoon CW, Bushnell CD. Stroke in women: a review focused on epidemiology,
risk factors, and outcomes. J Stroke. 2023;25(1):2-15.

Lee WJ, Liu LK, Peng LN, Lin MH, Chen LK. Comparisons of Sarcopenia defined
by IWGS and EWGSOP criteria among older people: results from the I-Lan
longitudinal aging study. J Am Med Dir Assoc. 2013;14(7):e528521-527.
Chou KH, Lee PL, Peng LN, Lee WJ, Wang PN, Chen LK, Lin CP, Chung CP. Clas-
sification differentiates clinical and neuroanatomic features of cerebral small
vessel disease. Brain Commun. 2021;3(2):fcab107.

Staals J, Makin SD, Doubal FN, Dennis MS, Wardlaw JM. Stroke subtype, vas-
cular risk factors, and total MRI brain small-vessel disease burden. Neurology.
2014;83(14):1228-34.

Amin Al Olama A, Wason JMS, Tuladhar AM, van Leijsen EMC, Koini M,

Hofer E, Morris RG, Schmidt R, de Leeuw FE, Markus HS. Simple MRI score
aids prediction of dementia in cerebral small vessel disease. Neurology.
2020;94(12):e1294-302.

Woodward M. Rationale and tutorial for analysing and reporting sex differ-
ences in cardiovascular associations. Heart. 2019;105(22):1701-8.

Wan S, Dandu C, Han G, Guo Y, Ding Y, Song H, Meng R. Plasma inflamma-
tory biomarkers in cerebral small vessel disease: a review. CNS Neurosci Ther.
2023,29(2):498-515.

Shoamanesh A, Preis SR, Beiser AS, Vasan RS, Benjamin EJ, Kase CS, Wolf

PA, DeCarli C, Romero JR, Seshadri S. Inflammatory biomarkers, cerebral
microbleeds, and small vessel disease: Framingham Heart Study. Neurology.
2015,84(8):825-32.

Longstreth WT Jr, Katz R, Olson J, Bernick C, Carr JJ, Malinow MR, Hess DL,
Cushman M, Schwartz SM. Plasma total homocysteine levels and cranial
magnetic resonance imaging findings in elderly persons: the Cardiovascular
Health Study. Arch Neurol. 2004;61(1):67-72.

Vermeer SE, van Dijk EJ, Koudstaal PJ, Oudkerk M, Hofman A, Clarke R, Breteler
MM. Homocysteine, silent brain infarcts, and white matter lesions: the Rot-
terdam scan study. Ann Neurol. 2002;51(3):285-9.

Miwa K, Tanaka M, Okazaki S, Yagita Y, Sakaguchi M, Mochizuki H, Kitagawa
K. Increased total homocysteine levels predict the risk of Incident Dementia
Independent of Cerebral Small-Vessel diseases and vascular risk factors. J
Alzheimers Dis. 2016;49(2):503-13.

Seshadri S, Wolf PA, Beiser AS, Selhub J, Au R, Jacques PF, Yoshita M, Rosen-
berg IH, D’Agostino RB, DeCarli C. Association of plasma total homocysteine
levels with subclinical brain injury: cerebral volumes, white matter hyperin-
tensity, and silent brain infarcts at volumetric magnetic resonance imaging in
the Framingham offspring study. Arch Neurol. 2008,65(5):642-9.
Kloppenborg RP, Geerlings MI, Visseren FL, Mali WP, Vermeulen M, van der
Graaf Y, Nederkoorn PJ. Homocysteine and progression of generalized small-
vessel disease: the SMART-MR Study. Neurology. 2014;82(9):777-83.

Hilal S, lkram MA, Verbeek MM, Franco OH, Stoops E, Vanderstichele H,
Niessen WJ, Vernooij MW. C-Reactive protein, plasma Amyloid- levels,

and their Interaction with magnetic resonance imaging markers. Stroke.
2018;49(11):2692-8.

Fornage M, Chiang YA, O'Meara ES, Psaty BM, Reiner AP, Siscovick DS,

Tracy RP, Longstreth WT Jr. Biomarkers of inflammation and MRI-Defined
small Vessel Disease of the brain: the Cardiovascular Health Study. Stroke.
2008;39(7):1952-9.

Walker KA, Windham BG, Power MC, Hoogeveen RC, Folsom AR, Ballantyne
CM, Knopman DS, Selvin E, Jack CR Jr, Gottesman RF. The association of
mid-to late-life systemic inflammation with white matter structure in older
adults: the atherosclerosis risk in communities Study. Neurobiol Aging.
2018;68:26-33.

van Dijk EJ, Prins ND, Vermeer SE, Vrooman HA, Hofman A, Koudstaal PJ, Bre-
teler MM. C-reactive protein and cerebral small-vessel disease: the Rotterdam
scan study. Circulation. 2005;112(6):900-5.

Nam KW, Kwon HM, Jeong HY, Park JH, Kwon H, Jeong SM. Serum homocys-
teine level is related to cerebral small vessel disease in a healthy population.
Neurology. 2019;92(4):.e317-25.



Chen et al. BMC Neurology

27.

28.

29.

30.

31.

32.

33.

34.

35.

(2024) 24:220

Postea O, Krotz F, Henger A, Keller C, Weiss N. Stereospecific and redox-sen-
sitive increase in monocyte adhesion to endothelial cells by homocysteine.
Arterioscler Thromb Vasc Biol. 2006;26(3):508-13.

Silverman MD, Tumuluri RJ, Davis M, Lopez G, Rosenbaum JT, Lelkes PI.
Homocysteine upregulates vascular cell adhesion molecule-1 expression in
cultured human aortic endothelial cells and enhances monocyte adhesion.
Arterioscler Thromb Vasc Biol. 2002;22(4):587-92.

Wang G, Woo CW, Sung FL, Siow YL, O K. Increased monocyte adhesion to
aortic endothelium in rats with hyperhomocysteinemia: role of chemokine

and adhesion molecules. Arterioscler Thromb Vasc Biol. 2002;22(11):1777-83.

Zeng X, Dai J, Remick DG, Wang X. Homocysteine mediated expression

and secretion of monocyte chemoattractant protein-1 and interleukin-8 in
human monocytes. Circ Res. 2003;93(4):311-20.

Pushpakumar S, Kundu S, Sen U. Endothelial dysfunction: the link between
homocysteine and hydrogen sulfide. Curr Med Chem. 2014;21(32):3662-72.
Beard RS Jr, Reynolds JJ, Bearden SE. Hyperhomocysteinemia increases
permeability of the blood-brain barrier by NMDA receptor-dependent regu-
lation of adherens and tight junctions. Blood. 2011;118(7):2007-14.
Muradashvili N, Tyagi R, Metreveli N, Tyagi SC, Lominadze D. Ablation of
MMP9 gene ameliorates paracellular permeability and fibrinogen-amyloid
beta complex formation during hyperhomocysteinemia. J Cereb Blood Flow
Metab. 2014,34(9):1472-82.

Das AS, Regenhardt RW, Vernooij MW, Blacker D, Charidimou A, Viswanathan
A. Asymptomatic cerebral small Vessel Disease: insights from Population-
Based studies. J Stroke. 2019;21(2):121-38.

Wardlaw JM. Prevalence of cerebral white matter lesions in elderly people: a
population based magnetic resonance imaging study: the Rotterdam scan
study. J Neurol Neurosurg Psychiatry. 2001;70(1):2-3.

36.

37.

38.

39.

40.

41.

Page 11 of 11

van den Heuvel DM, Admiraal-Behloul F, ten Dam VH, Olofsen H, Bollen EL,
Murray HM, Blauw GJ, Westendorp RG, de Craen AJ, van Buchem MA. Differ-
ent progression rates for deep white matter hyperintensities in elderly men
and women. Neurology. 2004,63(9):1699-701.

LohnerV, Pehlivan G, Sanroma G, Miloschewski A, Schirmer MD, Stocker T,
Reuter M, Breteler MMB. Relation between sex, menopause, and White Matter
hyperintensities: the Rhineland Study. Neurology. 2022,99(9):e935-43.

Peters SAE, Carcel C, Millett ERC, Woodward M. Sex differences in the associa-
tion between major risk factors and the risk of stroke in the UK Biobank
cohort study. Neurology. 2020;95(20):e2715-26.

Millett ERC, Peters SAE, Woodward M. Sex differences in risk factors for
myocardial infarction: cohort study of UK Biobank participants. BMJ.
2018;363:k4247.

Sutton-Tyrrell K, Bostom A, Selhub J, Zeigler-Johnson C. High homocysteine
levels are independently related to isolated systolic hypertension in older
adults. Circulation. 1997,96(6):1745-9.

Sundstrom J, Sullivan L, D’Agostino RB, Jacques PF, Selhub J, Rosenberg IH,
Wilson PW, Levy D, Vasan RS. Plasma homocysteine, hypertension incidence,
and blood pressure tracking: the Framingham Heart Study. Hypertension.
2003;42(6):1100-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Sex-specific implications of inflammation in covert cerebral small vessel disease
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study population
	﻿Vascular risk factors
	﻿Biochemistry assessment for the levels of circulatory inflammatory biomarkers
	﻿Brain MRI acquisition
	﻿Volume quantification of WMH and assessment of other MRI SVD markers
	﻿SVD types (Arteriosclerosis/lipohyalinosis or CAA)[﻿11﻿]
	﻿SVD burden (Severity of SVD)
	﻿Statistical analysis

	﻿Results
	﻿Risk factors of coverts SVD in the total study population
	﻿Associations between circulatory inflammatory markers and covert SVD
	﻿Sex differences in the associations between Risk factors and risks of SVD
	﻿Sex differences in the associations between circulatory inflammatory markers and covert SVD

	﻿Discussion
	﻿Conclusion
	﻿References


