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NT-proBNP is produced from both atria and ventricles and it is increased in patients with cardiac disease. NT-proBNP is also 
associated with cerebral small vessel disease(cSVD) but there are no studies that had carried out a systematic evaluation of cardiac 
function in this specific setting. We conducted a prospective observational study in 100 patients within 30 days after a recent 
lacunar infarct by means of brain MRI, 24 h ambulatory blood pressure monitoring, transthoracic echocardiography, and plasmatic
NT-proBNP. Global cSVD burden was quantified using a validated visual score (0 to 4) and dichotomized into 2 groups (0 –2 or 3–4). 
Age (73.8 vs 63.5 years) and NT-proBNP (156 vs 76 pg/ml) were increased in patients with SVD 3–4, while daytime augmentation
index normalized for the heart rate of 75 bpm (AIx75) (22.5 vs 25.6%) was decreased. The proportion of patients with left atrial 
enlargement, left ventricular hypertrophy, or septal e′ velocity <7 cm/s was not different between both groups. NT-proBNP was 
increased in patients with left atrial enlargement (126 vs 88 pg/ml). In multivariate analysis, age (OR 1.129 CI 95% 1.054 –1.209), 
daytime AIx75 (OR 0.91 CI 95% 0.84–0.987,) and NT-proBNP (OR 1.007 CI 95% 1.001-1.012,) were independently associated with
cSVD score 3–4. In conclusion, as well as in other patients with cSVD we found an association between NT-proBNP and cSVD. This 
association was independent of cardiac function.

Journal of Human Hypertension; https://doi.org/10.1038/s41371-021-00648-8
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INTRODUCTION
Cerebral small vessel disease (cSVD) is an important cause of acute 
stroke in the form of lacunar infarcts. Moreover, white matter 
hyperintensities (WMH), enlarged perivascular spaces (EPVS), 
microbleeds (MBs), and chronic lacunes are well-known neuroima-
ging markers of cSVD [1], and these markers can be included in a 
single score that reflects global cSVD burden [2].

The N-terminal pro-B-type natriuretic peptide (NT-proBNP) has
been associated with the presence and severity of cSVD [3, 4]. NT-
proBNP is released by myocardiocytes in response to wall stress, 
and it is increased in patients with left ventricular hypertrophy 
(LVH) and diastolic dysfunction [5]. Left ventricular mass index is a 
reliable marker of LVH, whereas left atrial volume index, septal e′
velocity and E/e′ ratio are associated with diastolic dysfunction [6]. 
However, none of the studies that have evaluated the relationship
between NT-proBNP and cSVD have performed a systematic 
cardiac evaluation. We aimed to estimate whether the association 
between cSVD and NT-proBNP is independent of cardiac function 
in a cohort of patients with cSVD.

METHODS
Patients
We evaluated 100 patients within 30 days after a first acute lacunar infarct,
defined as a subcortical lesion hyperintense on MRI diffusion-weighted

sequences that measures less than 20 mm in its maximum diameter and in
the absence of either cardiac or arterial sources of emboli [1]. We excluded
also patients with infrequent stroke etiologies such as arterial dissection,
genetic disorders, vasculitis, known coagulation or hematological dis-
orders, cancer, or infections. Patients were consecutively included between
November 2017 and July 2019 after admission to Hospital Moises Broggi, a
primary stroke center sited in Sant Joan Despí, Catalonia, Spain. This
hospital attends a population of 422.000 inhabitants. Other exclusion 
criteria were the following: (1) Premorbid disability defined as a modified
Rankin scale (mRS) > 3. (2) Heart failure 2–4 according to the NYHA. (3)End-
stage renal failure defined as GFR < 30 mL/min/1.73 m2 or patients in 
dialysis. (4) Active infection or known inflammatory disease. (5) Life 
expectancy inferior to 1 year. (6) Dementia. (7) Any contraindication to
undergo a brain MRI.

Data collection
The following demographic and clinical data were collected: date of birth,
gender, height, weight, waist circumference, hypertension, diabetes, 
hypercholesterolemia, smoking (no smoker, previous smoker, current
smoker), premorbid mRS and stroke severity (NIH Stroke Scale). Past history
of smoking was defined when the patient had been without smoking for 1
year or more. NT-proBNP was measured between 3 and 7 days after stroke.
We performed a sandwich electrochemiluminescence automated immu-
noassay that uses two monoclonal antibodies with a Cobas e411 analyzer
(Roche diagnostics, Germany) following instructions recommended by the
manufacturer.
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Table 1. Demographic and clinical characteristics. 
 

 
 
Age, years 

Total 
N = 100 
66.9 (11.47) 

cSVD 0–2 
(n = 66) 
63.5(11.6) 

cSVD 3–4 
(n = 34) 
73.8 (7.8) 

p value 
 

<0.001 
Sex, female 30 31.8 26.5 0.377 
Height, cm 163 (9.1) 164(9.1) 162 (9) 0.228 
Weight, kg 79 (15.8) 79(15.3) 78 (17) 0.673 
Body mass index 29 (5.1) 29(4.8) 30 (5.6) 0.930 
Waist circunference, cm 103 (11.6) 103(11.3) 103 (12.4) 0.956 
Hypertension 78.9 74.2 87.5 0.106 
Diabetes 34 31.8 38.2 0.336 
Hypercholesterolemia 41 40.9 41.2 0.573 
Tobacco use     

-Current 24 27.3 17.6 0.370 
-Previous (≥ 1 year) 25 21.2 32.4  

Ischemic heart disease 2 1.5 2.9 0.571 
NT-proBNP, pg/mla 103 (112.83) 76(89.38) 156 (135.26) <0.001 
Left atrium enlargementb 44.1 41.3 52.9 0.319 
Left ventricular hypertrophy 55 50 64.7 0.117 
Septal e′velocity <7 cm/sc 46.7 49.2 51.7 0.500 
E/e′ ratio >14c 4.4 4.9 3.4 0.613 
Admission SBP, mmHg 152 (19.3) 150 (20.5) 155 (16.8) 0.312 
Admission DBP, mmHg 84 (13.5) 85 (14.3) 82 (11.8) 0.316 
Clinical SBP, mmHg 142 (20) 141 (19.2) 146 (21.3) 0.249 
Clinical DBP, mmHg 79 (11.04) 80 (10.1) 78 (12.9) 0.569 
24 h-SBP, mmHg 128 (12.4) 127 (12.3) 130 (12.4) 0.242 
24 h-DBP, mmHg 77 (9.2) 78 (8.8) 77 (10) 0.326 
Daytime SBP, mmHg 130 (12.8) 130 (12.9) 131 (12.8) 0.910 
Daytime DBP, mmHg 80 (9.6) 80 (9.4) 78 (10) 0.247 
Nighttime SBP, mmHg 125 (16.3) 122(16.8) 129 (14.4) 0.005 
Nighttime DBP, mmHg 73 (10.3) 72(10) 73 (10.9) 0.896 
24 h-PP, mmHg 51 (9.4) 49 (9.6) 54 (8.4) 0.017 
Daytime PP, mmHg 51 (9.4) 50 (9.8) 53 (8.2) 0.110 
Nighttime PP, mmHg 52(10.8) 49 (10.6) 56 (10) 0.002 
24 h HR, bpm 72 (10.6) 74 (11.2) 69 (99) 0.049 
Daytime HR, bpm 75 (11.6) 77 (12) 72 (10) 0.022 
Nighttime HR, bpm 66 (10.6) 67 (11.3) 64 (9.1) 0.332 
24 h-cSBP, mmHg 117 (11.3) 116 (10.8) 117 (12.5) 0.970 
24 h-cDBP, mmHg 79 (9.3) 79 (8.9) 78 (10.2) 0.247 
Daytime cSBP, mmHg 118 (11.8) 119 (11.4) 118 (12.7) 0.513 
Daytime cDBP, mmHg 81.5 (9.8) 82 (9.3) 80 (10.5) 0.122 
Nighttime cSBP, mmHg 115 (18.3) 114 (19.9) 116(15.1) 0.362 
Nighttime cDBP, mmHg 73 (10.3) 73 (9.9) 74 (11.1) 0.839 
24 h-PWV, m/sd 9.7 (1.9) 9.2 (1.8) 10.7 (1.7) <0.001 
Daytime PWV, m/sd 9.9 (2.1) 9.4 (2.2) 10.7 (1.6) 0.001 
Nighttime PWV, m/sd 9.5 (2.2) 9.1 (1.9) 10.4 (2.4) <0.001 
24 h-Aix75d 25.6 (6.9) 26.1 (7) 24.6 (7) 0.458 
Daytime Aix75d 24.5 (7.5) 25.6 (7.3) 22.5 (7.5) 0.087 
Nighttime Aix75d 27.4 (8.7) 27 (8.9) 28.2 (8.4) 0.412 

Statistically significant p-values are in bold. 
Data are presented as mean (SD) for continuous variables and percentage for categorical variables. P values belong to the comparison between cSVD 0–2 and 
cSVD 3–4. 
bpm beats per minute, cSVD cerebral small vessel disease, SBP systolic blood pressure, DBP diastolic blood pressure, PP pulse pressure, HR heart rate, cSBP 
central systolic blood pressure, cDBP central diastolic blood pressure, PWV pulse wave velocity, Aix75 augmentation index normalized for 75 beats per minute. 
acSVD 0–2 (n = 61), cSVD 3–4 (n = 31). 
bcSVD 0–2 (n = 63), cSVD 3–4 (n = 34). 
ccSVD 0–2 (n = 61), cSVD 3–4 (n = 29). 
dcSVD 0–2 (n = 65), cSVD 3–4 (n = 34). 
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Blood pressure evaluation 
Blood pressure (BP) was measured at admission to hospital (first BP values 
in the emergency department) and 5 to 7 days after stroke onset (Clinical 
Blood pressure). Clinical BP was assessed after 5 min of rest in a sitting 
position using a validated semiautomatic device (OMRON Digital Auto- 
matic Blood Pressure Monitor. Model HEM-907XL, Kyoto, Japan). Three 
measurements of BP spaced by 1 min were averaged to determine the 
final clinical BP values. 

 
Ambulatory blood pressure monitoring (ABPM) 
According to the recommendations of the European Society of Hyperten- 
sion practice guidelines for ambulatory blood pressure monitoring, ABPM 
was performed in all subjects on a routine day after hospital discharge and 
during the first 30 days after stroke [7, 8]. The planned frequency 
measurement was every 20 min during the daytime and every 30 minutes 
during the nighttime. The aortic pulse wave velocity (aPWV), the 
augmentation index (AIx), and 24 h brachial and central BP (24 h-ABPM) 
were measured by means of a Mobil-O-Graph PWV (IEM, Stolberg, 
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Fig. 1 Boxplot. NT-proBNP levels and cSVD score. NT-proBNP values 
are expressed as pg/ml. cSVD cerebral small vessel disease. 

Germany) device. The AIx was normalized for heart rate of 75 bpm   
(AIX75). The methodology for aPWV estimation has been previously 
reported and validated against invasive methods [9]. All subjects included 
had recordings of good technical quality (at least 80% of valid readings). 
Central (aortic) BP was determined from brachial waveforms and 
calculated at each BP measurement. The method of calibration used 
systolic/diastolic BP (SBP/DBP), which provides values of aortic SBP usually 
lower than brachial SBP. 

 
Cardiac echography 
Echocardiography was performed using a Phillips HD7 XE device within 
7 days after stroke. Echocardiography: 2-Dimensional, M-mode, Doppler, 
and tissue Doppler echocardiography were performed in all subjects, 
according to the guidelines [10, 11] by an experienced cardiologist (PB). 
We determined ejection fraction, left ventricular mass indexed to body 
surface (LVMI), left ventricle diameter, interventricular septum thickness, 
left ventricle posterior wall thickness, left atrium diameter, left atrium 
volume indexed to body surface (LAVI), E wave velocity, A wave velocity, E/ 
A ratio, septal e′ velocity, E/e′ ratio. We defined LVH when LVMI ≥ 115 g/m2 

in men or ≥ 95 g/m2 in women. and left atrial enlargement (LAE) when 
LAVI > 34 ml/m2. Septal e′ velocity <7 cm/s (impaired left ventricle diastolic 
function) and E/e′ ratio >14 (increased left ventricle filling pressure) were 
considered as abnormal. 

 
Brain MRI 
MRI: Brain MRI was performed using a Phillips Achieva 1.5T MRI. The study 
included T1, T2, FLAIR, DWI, T2* and VEN BOLD sequences. Two 
experienced neuroradiologists (CM, LC) blinded to clinical data assessed 
the presence of acute lacunar infarct, its location, and presence of 
neuroimaging markers of CSVD (lacunes, WMH, MBs, and EPVS) according 
to STRIVE criteria [1]. WMH on FLAIR sequences were evaluated using the 
Fazekas score for both periventricular (PVWMH) and deep white matter 
(DWMH) areas [12]. Lacunes were defined as fluid-filled cavities between 3 
and 15 mm in diameter, and MBs as small (2–5 mm in diameter) areas of 
signal void with associated blooming seen on susceptibility sequences. 
EPVS were defined as fluid-filled spaces smaller than 3 mm in diameter 
that followed the typical course of a vessel in the gray or white matter and 
were graded using a semiquantitative scale from 0 to 4 in basal ganglia 
and centrum semiovale (1:1–10 EPVS, 2: 11–20 EPVS, 3: 21–40 EPVS, 4: >40) 
[13]. The total CSVD burden score was calculated using a validated scale [2] 
scoring 1 point for each of the following items: one or more lacunes (1 
point), one or more MBs (1 point), DWMH score 2, or PVWMH score 3 (1 
point), EPVS in basal ganglia score ≥ 2 (1 point). For statistical analysis 
purpose and due to the small sample size, we split the score into two 
categories: 0–2 and 3–4. For the same reason, the number of brain MBs 
and lacunes was categorized into 3 categories: 0, 1, and 2 or more [14]. 

 
Statistical analysis 
Continuous variables and ordinal variables were described by the mean 
and standard deviation (SD) or median and interquartile range as 
appropriate. For all comparisons between groups, the χ2 test, or the Fisher 
exact test whenever necessary, were applied for categorical variables. 
Continuous variables were tested for normality with the Kolmogorov– 
Smirnov test, and then compared between groups using a t test or a U 
Mann–Whitney test. We used Spearman’s test for correlations 

Table 2. NT-proBNP values for the different neuroimaging markers 
of cSVD. 

 

 
 Lacunes  

Yes 

n 

 
55 

Mean 

 
121 

SD 

 
127.77 

p value 

 
0.126 

No 45 81 87.41  

 Number of lacunes  
0 77 

 
107 

 
113.67 

 

1 9 76 68.62 0.533 
≥2 14 101 137.14  

 Microbleeds  
Yes 

 
31 

 
159 

 
137.34 

 
<0.001 

No 69 78 91.07  

 Number of microbleeds  
0 69 

 
78 

 
81.07 

 

1 14 131 87.94 0.001 
≥2 17 184 168.35  

 Basal Ganglia EPVS score ≥ 2 
Yes 72 

 
118 

 
14.12 

 
<0.001 

No 
 DWMH Fazekas

28 65 
score ≥ 2 or PVWMH Faz 

102.11 
ekas score = 3  

 

Yes 34 146 137.05 0.002 
No 66 81 92.16  

NT-proBNP is expressed in pg/ml. Presence of lacunes, microbleeds, basal 
ganglia EPVS ≥ 2 and DWMH Fazekas score ≥ 2 or PVWMH Fazekas score = 
3 are used for the cSVD score. We employed U Mann–Whitney test for 
comparison between 2 groups and Kruskal–Wallis for more than 2 groups. 
cSVD cerebral small vessel disease, EPVS enlarged perivascular spaces, 
DWMH deep white matter hypertintensity, PVWMH periventricular white 
matter hyperintensity, SD standard deviation. 
Statistically significant p-values are in bold. 

 
between continuous variables. All tests were done as two-sided and p 
values <0.05 were considered significant. Due to the limited sample size, 
we did not apply any imputation method to replace missing data. To 
adjust for potential confounding variables, we performed a binary logistic 
regression analysis. Variables with a p value < 0.1 in the univariate analysis 
were introduced in the model. We used an automated backward stepwise 
regression method for the selection of the final model. Data analysis was 
performed using the IBM SPSS Statistics package, version 26. 

 
RESULTS 
Demographic and clinical characteristics of the patients are 
summarized in Table 1. There was a positive correlation between 
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Fig. 2 Boxplot. NT-proBNP levels depending on the number of brain microbleeds (A), number of lacunes (B), PVWMH Fazekas score (C), 
DWMH Fazekas score (D) and Basal ganglia EPVS score (E). NT-proBNP values are expressed as pg/ml. PVWMH periventricular white matter 
hyperintesity, DWMH deep white matter hyperintensity, EPVS enlarged perivascular spaces. 

 
cSVD score and NT-proBNP (r = 0.438, p < 0.001, Spearman’s test, 
Fig. 1) and NT-proBNP was increased in patients with cSVD score 3– 
4 compared to patients with cSVD score 0–2 (156 ± 135.26 vs 
76 ± 89.38 pg/ml, p < 0.001, U Mann–Whitney test, Table 1). Table 2 
shows NT-proBNP levels for the different components of the cSVD 
score. NT-proBNP was increased in patients with either brain MBs 
or lacunes although the difference was only significant for brain 
MBs (Table 2). Patients with ≥2 MBs had higher NT-proBNP levels 
than patients with 1 or no MBs but there were no differences 
depending on the number of lacunes (Table 2, Fig. 1A, B). NT- 
proBNP was positively correlated with PVWMH Fazekas score (r = 
0.317, p = 0.002, Spearman’s test, Fig. 2C), DWMH Fazekas score (r 
= 0.384, p < 0.001, Fig. 2D) and basal ganglia EPVS score (r = 0.382, 
p < 0.001, Fig. 2F). 

Age, nighttime SBP, heart rate (24 h and daytime), pulse 
pressure (24 h and nighttime) and pulse wave velocity (24 h, 
daytime and nighttime) were higher in patients with cSVD score 
3–4 whereas daytime augmentation index normalized for 75 bpm 
(AIx75) was decreased (Table 1). The percentage of patients with 
left atrial enlargement, LVH, septal e′velocity <7 cm/s or E/e′>14 
was not statistically different between patients with SVD score 0–2 
or 3–4 (Table 1). NT-proBNP was increased in patients with left 
atrial enlargement (126 ± 120.55 vs 88 ± 105.09 pg/ml, p = 0.020, 
Mann–Whitney U test, Fig. 3A) but not in patients with LVH (122 ± 
131.66 vs 81 ± 81.34 pg/ml, p = 0.117, Mann–Whitney U test, 
Fig. 3B) or septal e′ velocity <7 cm/s (90 ± 94.03 vs 103 ± 
123.08 pg/ml, p = 0.788, Mann–Whitney U test, Fig. 3C). Only age 
(OR 1.129 CI 95% 1.054–1.209, p = 0.001), daytime AIx75 (OR 0.91 
CI 95% 0.84–0.987, p = 0.022) and NT-proBNP (OR 1.007 CI 95% 
1.001–1.012, p = 0.012) were independently associated with cSVD 
score 3–4 after binary logistic regression analysis. 

 

DISCUSSION 
In patients with an acute lacunar infarct, we describe a positive 
association between NT-proBNP and cSVD that seems to be 
independent of age, cardiac function, and blood pressure 
parameters. This association between NT-proBNP and cSVD had 
been described previously, but in populations with a higher 
prevalence of cardiac diseases and higher levels of NT-proBNP 
[3, 4]. A study carried out by Tomita et al in 2008 showed that NT- 
proBNP levels within 48 h after stroke onset were increased in 54 
patients with ischemic stroke compared to controls. That study 
included patients with large artery atherosclerosis and small vessel 
etiology, and NT-proBNP increase was associated with stroke 
severity and infarct volume but not with cardiac disease [15]. 
However, they did not measure LAVI or e′ septal velocity, two 
important parameters to evaluate diastolic dysfunction [6]. More- 
over, we obtained NT-proBNP levels at a later time window and 
our patients had lower NIHSS scores. 

It is not clear what drives the association between cSVD and NT- 
proBNP, a peptide released by atrial and ventricular myocardio- 
cytes. In the brain of healthy subjects, NT-proBNP and its receptor 
can be found in the endothelium and smooth muscle layers of 
leptomeningeal and parenchymal vessels where they might exert 
a local effect over the microcirculation [16]. Some authors have 
suggested that the increase of NT-proBNP in patients with cSVD 
might be a vasodilatory response in an attempt to reduce cerebral 
hypoperfusion [17]. On the other hand, others have suggested 
that in patients with acute ischemic stroke NT-proBNP might have 
its origin in the brain, after they found that NT-proBNP levels were 
associated with stroke severity in patients with ischemic stroke but 
not with intracerebral hemorrhage [14]. In a post-mortem study of 
brain tissue from non-demented humans and patients with 
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Fig. 3 Boxplot. NT-proBNP values for left atrial enlargement (A), left 
ventricular hypertrophy (B) and septal e′ velocity <7 cm/s (C). NT- 
proBNP values are expressed as pg/ml. LAE left atrial enlargement, 
LVH left ventricular hypertrophy. 

 
Alzheimer’s disease, Mahinrad et al describe that the genes 
encoding for natriuretic peptides are expressed in the brain, and 
the gene encoding for NT-proBNP was particularly expressed in 
the basal ganglia [16]. Although it is merely speculative and we 
cannot prove it, our results would be in line with either a potential 
extracardiac source for NT-proBNP, as it could be brain, or other 
unknown mechanisms that increase cardiac synthesis of NT- 
proBNP in patients with cSVD. In this sense, inflammation has 
been recently associated with the expression if natriuretic 
peptides independently of left ventricular ejection fraction [18]. 
Historically, inflammation has demonstrated to play a role in 
stroke physiopathology [19]. Unfortunately, we do not dispose of 
inflammatory markers such as CRP or IL-6 to assess this point. 
Further, we cannot rule out whether the evaluation of cardiac 
function with other methods such as cardiac MRI [20] or the 
measurement of left atrial stiffness [21] might have drawn 
different results. 

In addition, we have found an inverse association between 
daytime AIx and cSVD score 3–4. AIx it is highly dependent of 
heart rate, aortic reservoir pressure and it plateaus or even 
declines after the age of 60 [22]. The association between cSVD 
and AIx has offered conflicting results [23–25]. Although some 
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authors have described a positive association between AIx 
and WMH [23] others have not [25], and even an inverse 
relationship with dilated perivascular spaces has been described 
[24]. Although we used adjusted models, our patients with cSVD 
score 3–4 were significantly older and had lower heart rates that 
might account for this apparently unexpected result. Moreover, 
AIx was measured with an oscillometry method, which could 
bring some different results compared to other measurement 
methods [26]. 

A limited sample size is one of our most important limitations. 
Accordingly, we decided to dichotomize the main variable of the 
study to obtain a more robust statistical model. Moreover, this is a 
single-center study with a population of patients with a recent 
stroke and our results might not be applicable to other patients 
with cSVD. Our study was aimed to investigate cSVD presumably 
associated with traditional vascular risk factors, mainly high blood 
pressure. For that reason, we excluded patients with known 
embolic sources and infrequent stroke etiologies. However, 
intrinsic small vessel disease might have not been the cause of 
the index recent lacunar infarct in some patients. We did not 
perform prolonged ECG monitoring neither testing for genetic 
coagulation disorders. On the other hand, the main strengths of 
our study are the prospective inclusion of patients with a recent 
lacunar infarct and a systematic evaluation. 

In conclusion, the association between cSVD and NT-proBNP is 
independent of cardiac function in patients with an acute lacunar 
infarct, at least when it is evaluated with conventional echocar- 
diography. More advanced methods of cardiac evaluation and 
larger samples might be required to unveil the mechanisms that 
bring together NT-proBNP and cSVD. 

 
 

SUMMARY 

What is known about this topic 
 

● NT-proBNP is associated with the presence of cerebral small 
vessel disease in hypertensives and general population. 

● NT-proBNP is increased in patients with left ventricular 
hypertrophy and diastolic dysfunction. 

● There is limited information regarding cardiac function and 
NT-proBNP levels in patients with cerebral small vessel 
disease. 

 
What this study adds 

 
● This study carries out a systematic cardiac evaluation and NT- 

proBNP determination in patients with a recent lacunar infarct. 
● The study confirms a clear association between NT-proBNP 

and cerebral small vessel disease in those patients. 
● That association was independent of the presence of left 

ventricular hypertrophy or diastolic dysfunction. 
 

 
DATA AVAILABILITY 
Data from this study will be available from the corresponding author upon 
reasonable request. 
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Abstract
Introduction: Arterial stiffness may have a significant impact on the development of cerebral small vessel disease 
(cSVD).
Patients and methods: We obtained pulse wave velocity (24-h PWV) by means of ambulatory blood pressure 
monitoring (ABPM) in patients with a recent small subcortical infarct (RSSI). Patients with known cardiac or arterial 
embolic sources were excluded. Lacunes, microbleeds, white matter hyperintensities and enlarged perivascular spaces 
at baseline were assessed in a brain MRI and included in a cSVD score. A follow-up MRI was obtained 2 years later and 
assessed for the appearance of new lacunes or microbleeds. We constructed both unadjusted and adjusted models, 
and subsequently selected the optimal models based on the area under the curve (AUC) of the predicted probabilities. 
Results: Ninety-two patients (mean age 67.04 years, 69.6% men) were evaluated and 25 had new lacunes or microbleeds 
during follow-up. There was a strong correlation between 24-h PWV and age (r = 0.942, p 0.001). cSVD was associated 
with new lacunes or microbleeds when adjusted by age, 24-h PWV, NT-proBNP and hypercholesterolemia (OR 2.453, 
CI95% 1.381–4.358). The models exhibiting the highest discrimination, as indicated by their area under the curve (AUC) 
values, were as follows: 1 (AUC 0.854) – Age, cSVD score, 24-h PWV, Hypercholesterolemia; 2 (AUC 0.852) – cSVD 
score, 24-h PWV, Hypercholesterolemia; and 3 (AUC 0.843) – Age, cSVD score, Hypercholesterolemia.
Conclusions: cSVD score is a stronger predictor for cSVD progression than age or hemodynamic parameters in 
patients with a RSSI.
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Introduction 

Cerebral small vessel disease (cSVD) refers to any patho- 
logic process that damages end arteries, arterioles, venules 
and brain capillaries and it is the underlying cause of many 
lacunar infarcts and brain hemorrhages. Lacunes, micro- 
bleeds, white matter hyperintensities (WMH), enlarged 
perivascular spaces (EPVS), and recent small subcortical 
infarcts (RSSI) are well-defined neuroimaging features of 
cSVD1 and they can be included in a single score to reflect 
total cSVD burden.2 This score has been associated with 
cognitive decline, higher risk of recurrent stroke, and worse 
functional and cognitive outcomes after stroke.3,4 

Growing evidence suggests an association between arte- 
rial stiffness and cSVD neuroimaging markers.5–7 Arterial 
stiffness is associated with increased age and high blood 
pressure (BP), and it is thought to increase the transmission 
of pulse pressure into the microcirculation. Therefore, from 
a theoretical point of view, it might be a driving factor in the 
development of cerebral small vessel disease (cSVD).8 
Pulse wave velocity (PWV) is considered the reference 
parameter for the evaluation of arterial stiffness but other 
parameters such as central BP and the augmentation index 
(AIx) have also been used.9 However, longitudinal data 
regarding the association between arterial stiffness and the 
evolution of cSVD neuroimaging markers are scarce.10 The 
aim of our study was to evaluate whether different arterial 
stiffness-related hemodynamical parameters were associ- 
ated with cSVD progression, particularly with the develop- 
ment of new lacunes or microbleeds. 

 
Material and methods 
From November 2017 to July 2019, we screened all the 
patients with a suspected diagnosis of ischemic stroke and 
a clinical lacunar syndrome admitted to Moisès Broggi 
Hospital, a primary stroke center serving a population of 
400,000 inhabitants in Sant Joan Despí, Catalonia (Spain). 
We selected those patients with a diagnosis of RSSI accord- 
ing to STRIVE criteria.1 We excluded patients with known 
cardiac sources of embolism, arterial stenosis equal or 
superior to 50% in the stroke territory or uncommon stroke 
etiologies (i.e. arterial dissection, genetic disorders, vascu- 
litis, known coagulation or hematological disorders, cancer 
or infections). Other exclusion criteria were the following: 
(1) Premorbid disability defined as a modified Rankin scale 
(mRS) 3; (2) Heart failure 2–4 according to the NYHA; 
(3) End-stage renal failure defined as GFR 30 mL/ 
min/1.73m2 or patients in dialysis; (4) Active infection or 
known inflammatory disease; (5) Life expectancy inferior 
to 1 year; (6) Dementia; (7) Any contraindication to undergo 
a brain MRI. Patients were followed for 2 years. Clinical 
and demographical data collection, clinical BP measure- 
ment, 24 h-ambulatory BP monitoring (ABPM), urinary 
albumin excretion, NT-proBNP levels, echocardiography 

and brain MRI were carried out at baseline. Antihypertensive 
drugs were recorded at hospital discharge. Follow-up visits 
were scheduled at 3 months, 1 year, and 2 years after enroll- 
ment to assess BP control and make necessary adjustments 
to antihypertensive treatment. During follow-up we regis- 
tered the occurrence of recurrent clinical stroke, ischemic 
heart disease, atrial fibrillation and death. 

The study was approved by Bellvitge University 
Hospital clinical research ethics committee with protocol 
number PR134/17(CSI 17/25). Patient were included in 
the study after signing informed consent. Our study is 
reported in accordance with the Strengthening the 
Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines. 

 
Blood pressure evaluation 
We registered BP values at admission to hospital and at day 
7 after stroke or before discharge (clinical BP). BP was 
measured after 5 min of rest in a sitting position using a 
validated semiautomatic device (OMRON Digital 
Automatic Blood Pressure Monitor. Model HEM-907XL, 
Kyoto, Japan). We average three measurements of BP 
spaced by 1 min to determine the final clinical BP values. 
The decision regarding antihypertensive treatment at dis- 
charge was made by two BP specialists (PA and PC), who 
followed the guidelines outlined in the ESC/ESH Guidelines 
for the management of arterial hypertension.11 

We conducted ABPM during a typical day of activity 
after hospital discharge, between 7 and 30 days after the 
stroke. Ambulatory BP was obtained following the rec- 
ommendations of the European Society of Hypertension 
practice guidelines for ambulatory blood pressure moni- 
toring.12,13 The planned frequency measurement was every 
20 min during the daytime and every 30 min during the 
night-time. PWV, AIx and 24 h brachial and central BP 
were measured by means of a Mobil-O-Graph PWV (IEM, 
Stolberg, Germany) device. AIx was normalized for heart 
rate of 75 bpm (AIx75). The methodology for PWV esti- 
mation has been previously reported and validated against 
invasive methods.14 Central BP was determined from bra- 
chial waveforms and calculated at each BP measurement. 
The method of calibration used systolic/diastolic BP 
(SBP/DBP), which provides values of aortic SBP usually 
lower than brachial SBP. All subjects included had record- 
ings of good technical quality (at least 80% of valid 
readings). 

 
Cardiac echography 
According to guidelines, an experienced cardiologist (PB) 
performed in all participants a 2-Dimensional, M-mode, 
Doppler and tissue Doppler echocardiography.15,16 We 
registered measures of ejection fraction, left ventricular 
mass indexed to body surface, left ventricle diameter, 
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interventricular septum thickness, left ventricle posterior 
wall thickness, left atrium diameter, left atrium volume 
indexed to body surface, E-wave velocity, A-wave velocity, 
E/A ratio, septal e′ velocity and E/e′ ratio. We defined left 
ventricular hypertrophy when left ventricular mass indexed 
to body surface 115 g/m2 in men or 95 g/m2 in women 
and left atrial enlargement when left atrium volume indexed 
to body surface 34 mL/m2. We considered a septal e′ 
velocity and E/e′ ratio as abnormal when septal e′ velocity 

7 cm/s (impaired left ventricle diastolic function) and E/e′ 
ratio 14 (increased left ventricle filling pressure).17 

 
Brain MRI 

We performed a brain MRI in all participants using a 
Phillips Achieva 1.5 T MRI. The study protocol included 
T1 (TR = 400–500 ms, TE 15 ms, slice thickness 5 mm), 
T2 (TR = 4000–5000 ms, TE 120 ms, slice thickness 
5 mm), FLAIR (TR = 11,000 ms, TE 140 ms, slice thick- 
ness 5 mm), DWI (b-values of 0 and 1000, 5 mm section 
thickness and 108 109 matrix), T2*(GRE, TR/TE 
756/23 ms,  matrix  236 167;  sections  24,  FoV 
235 209 mm, FA 18°, slice thickness 5 mm) and suscep- 
tibility-weighted sequences (TR/TE x35/50 ms, matrix 
256 256, sections 10, FoV 64 23 cm, FA 15ª, slice 
thickness 2 mm). Two experienced neuroradiologists 
(CM, LC) blinded to clinical data assessed the presence of 
the acute infarct and presence of neuroimaging markers of 
cSVD (lacunes, WMH, microbleeds, and EPVS) accord- 
ing to STRIVE criteria.1 In case of discrepancy, an experi- 
enced stroke neurologist reviewed the images (MGC) and 
a consensus diagnosis was reached. WMH on FLAIR 
sequences were evaluated using the Fazekas score for 
both periventricular and deep white matter areas.18 
Lacunes were defined as fluid-filled cavities between 3 
and 15 mm in diameter, and microbleeds as small (2–5 mm 
in diameter) areas of signal void with associated blooming 
seen on susceptibility sequences. EPVS were defined as 
fluid-filled spaces smaller than 3 mm in diameter that fol- 
lowed the typical course of a vessel in the gray or white 
matter and were graded using a semiquantitative scale 
from 0 to 4 in basal ganglia and centrum semiovale (1:1– 
10 EPVS, 2: 11–20 EPVS, 3: 21–40 EPVS, 4: 40).19 The 
total cSVD burden score was calculated using a validated 
scale20 scoring 1 point for each of the following items: one 
or more lacunes (1 point), one or more microbleeds (1 
point), deep WMH Fazekas score 2, or periventricular 
WMH Fazekas score 3 (1 point) and basal ganglia EPVS 
score 2 (1 point). A follow-up MRI was conducted using 
the same scan protocol 2 years after the initial stroke to 
evaluate the occurrence of new lacunes or microbleeds. 
Evaluators (CM, LC) were not blinded to baseline MRI 
findings. Lacunes caused by the cavitation of the index 
stroke were not considered as new lacunes. 

 
Statistical analysis 
We considered two groups of patients according to those 
with new lacunes or microbleeds (new lesions) in the fol- 
low-up MRI and those without (no new lesions). Sample 
size was calculated was calculated from Klarenbeek et al.21 
Those authors found that 18% of the patients with a recent 
lacunar infarct had new microbleeds after 2 years of follow- 
up. 24h-SBP was 151 18 mm Hg in patients with new 
microbleeds and 136 17 mm Hg in those patients without. 
We calculated a total sample of 78 patients to find a statisti- 
cally significant difference 15 mm Hg (alpha risk 0.05, 
power 0.8). Final sample was increased to 98 patients 
assuming a 20% drop out. Continuous variables and ordinal 
variables were described by the mean and standard devia- 
tion (SD) or median and interquartile range (IQR) as appro- 
priate. For all comparisons between groups, the ² test, or 
the Fisher exact test whenever necessary, were applied for 
categorical variables. Continuous variables were tested for 
normality with the Kolmogorov–Smirnov test, and then 
compared between groups using a t test or a Mann–Whitney 
U test. We used Spearman’s test for correlations between 
continuous variables. All tests were done as two-sided and 
p values 0.05 were considered significant. Due to the lim- 
ited sample size, we did not apply any imputation method 
to replace missing data. To adjust for potential confounding 
variables, we performed a binary logistic regression analy- 
sis. Variables with a p-value 0.1 in the univariate analysis 
were introduced in the model. We followed Hosmer et al.’s 
recommendation to select the most parsimonious model 
that reflected the true outcome of the data while using the 
smallest number of variables.22 To construct the models, we 
employed both the enter and backstep selection methods. 
Our model selection process involved evaluating the 
Nagelkerke R Square, global accuracy, and the area under 
the curve (AUC) of the predicted probabilities. Data analy- 
sis was performed using the IBM SPSS Statistics package, 
version 26. 

 
Results 
Flow chart of the screening process is shown in Figure 1. 
One hundred and three patients signed informed consent. 
Eleven patients were not included in the final analysis: 
three withdrew study participation immediately after inclu- 
sion, four died (one COVID pneumonia, two non-COVID 
pneumonia and one new-onset metastatic cancer) and four 
patients did not undergo the follow-up MRI. The final sam- 
ple for analysis included 92 patients with available follow- 
up MRI. 

Main demographic and clinical characteristics of the 
final sample are shown in table 1. Median (IQR) NIHSS 
and modified Rankin scale are discharge were 1 (0–2) and 
2 (1–2) respectively. Upon hospital discharge, prescribed 
antihypertensive drugs were as follows: 29 patients (31.5%) 
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Figure 1. Flow chart of the screening process. 

 
received 3 antihypertensive drugs, 32 patients (34.8%) 
received two drugs, 24 patients (26.1%) received one drug, 
and seven patients had no antihypertensive medications. 
Blockers of the renin-angiotensin system (ACE inhibitors 
or renin receptor blockers) were most common (78 patients, 
84.8%), followed by calcium antagonists (49 patients, 
37%) and diuretics (34 patients, 37%). ABPM was per- 
formed, mean (IQR), 12 (8–24) days after stroke. Median 
(IQR) number of readings were 93 (88–97). 

At 2 years of follow up, 82 patients (89.1%) were taking 
blockers of the renin-angiotensin system, 36 (39.1%) were 
taking calcium antagonists, and 50 (54.3%) were taking 
diuretics. Twenty-nine patients (31.5%) were taking three 
or more antihypertensive drug, 40 (43.5%) were on two 
antihypertensive drugs, 20 (21.7%) on one drug and 3 
(3.3%) patients were not taking any hypertensive drug. 
Twenty-five patients had new lacunes or microbleeds on 
the follow-up MRI: 10 patients had isolated new micro- 
bleeds, 7 isolated new lacunes, and 8 had both type of 
lesion. The number of new lacunes and new microbleeds 

ranged from 1 to 3 and 1 to 11, respectively. Eighth patients 
had isolated lobar microbleeds (one new microbleed per 
patient), eight patients had isolated deep microbleeds, and 
two patients had mixed deep and lobar microbleeds. 

Patients with new lesions were older, with hypercholes- 
terolemia, and had higher NT-proBNP, 24-h PWV and 
cSVD score values than patients without (Table 1). 24-h 
PWV showed positive correlations with age (r = 0.942, 
p 0.001), NT-proBNP (r = 0.375, p 0.001) and cSVD 
score (r = 0.387, p 0.001). Table 2 shows the crude ORs 
of age, 24-h PWV, NT-proBNP, hypercholesterolemia, 
cSVD score and its different components for the appear- 
ance of new lacunes or microbleeds. The three best models 
according to the AUC included the following variables 
(Table 3): Model 1 (AUC 0.854): Age, cSVD score, 24-h 
PWV, Hypercholesterolemia. Model 2 (AUC 0.852): cSVD 
score, 24-h PWV, Hypercholesterolemia. Model 3 (AUC 
0.843): Age, cSVD score, Hypercholesterolemia. A detailed 
description of all possible models and their predictive 
capacity appear in Supplemental Tables S1 and S2. cSVD 
remained independently associated with new lacunes or 
microbleeds when adjusted by age, 24-h PWV, NT-proBNP 
and hypercholesterolemia (OR 2.453, CI95% 1.381–4.358) 
and in the rest of potential models (Supplemental Table S1). 
24-h PWV was independently associated with new lacunes 
or microbleeds in model 2, but not in any of the models 
where age was included (Supplemental Table S1). When 
the different components cSVD score were adjusted by age, 
24-h PWV, hypercholesterolemia, and NT-proBNP only the 
presence of brain microbleeds (OR 4.511, CI95% 1.384– 
14.704) and Fazekas score (OR 1.650, CI95% 1.076–2.532) 
were associated with the presence of new lacunes or micro- 
bleeds (Figure 2). 

Five patients experienced a clinical stroke during the 
follow up. In all the cases the new infarct fulfilled the radio- 
logical criteria for RSSI and all five of these patients exhib- 
ited new lesions on follow-up MRI that were distinct from 
the lesion associated with the clinical stroke episode: two 
patients had new lacunes, one patient had new isolated 
microbleeds and two had both new lacunes and micro- 
bleeds. Patients with recurrent stroke were older (Mean 
[SD] 76.5 [4.6] versus 66.42 [11.61] years, p = 0.037), had 
higher 24-h PWV (Mean [SD] 11.17 [1.12] vs 9.62 [1.89] 
m/s, p = 0.04) and had higher cSVD score (median [IQR] 
3.5 [2.5–4] versus 2 [1–3], p = 0.022) compared to patients 
that did not suffer a stroke recurrence. Four patients devel- 
oped atrial fibrillation. None of those patients suffered a 
recurrent stroke and only one of them had new microbleeds 
in the follow-up MRI. There were no patients with new 
acute coronary syndromes or who developed clinical heart 
failure during follow-up. 

 
Discussion 
cSVD is a common health problem that is associated with 
an increased risk of stroke and dementia.23 Its progression 
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Table 1. Baseline demographic and clinical data in patients with and without new lesions. 
 

 Total N = 92 New lacunes or 
microbleeds (n = 25) 

No new lacunes or 
microbleeds (n = 67) 

p Value 

Age, years 67.04 (10.94) 72.98 (8.08) 64.83 (11.09) 0.005 
Sex, female 28 (30.4) 8 (32) 20 (29.9) 0.842 
Admission NIHSS 2 (1–4) 2 (1–4) 2 (1–4) 0.390 
Height, cm 163.86 (9.11) 163.99 (9.16) 163.52 (9.18) 0.829 
Weight, kg 78.44 (16.19) 79.21 (14.51) 76.36 (20.22) 0.456 
Body mass index 29.11 (5) 28.24 (5.32) 29.44 (4.88) 0.238 
Waist circumference, cm 102.13 (11.42) 102.22 (11.37) 101.88 (11.78) 0.901 
Hypertension 69 (76.7) 21 (87.5) 48 (72.7) 0.143 
Diabetes 30 (32.6) 11 (44) 19 (28.4) 0.155 
Hypercholesterolemia 37 (40.2) 14 (56) 23 (34.3) 0.059 
Tobacco use     

Current 22 (23.9) 4 (16) 18 (26.9) 0.454 
Previous ( 1 year) 23 (25) 8 (32) 15 (22.4)  

Ischemic heart disease 2 (2.2) 0 2 (3) 0.379 
NT-proBNP, pg/ml,* 54 (30–123) 90 (47–163) 47 (25–105) 0.046 
Urinary albumin excretion 30 mg/g 21 (22.8) 7 (25) 14 (20.9) 0.470 
Left atrium enlargement 43 (48.3) 28 (43.8) 15 (60) 0.127 
Left ventricular hypertrophy 43 (46.7) 12 (48) 31 (46.3) 0.534 
Septal e velocity 7 cm/s 42 (49.4) 28 (45.9) 14 (58.3) 0.215 
E/e  ratio 14 8 (8.7) 6 (9.2) 2 (8.3) 0.631 
Admission SBP, mm Hg 170.84 (27.38) 171.08 (24.16) 170.75 (28.65) 0.752 
Admission DBP, mm Hg 91.6 (16.6) 88.28 (14.18) 92.84 (17.36) 0.177 
Clinical SBP, mm Hg 151.26 (19.46) 150.04 (16.33) 151.72 (20.61) 0.598 
Clinical DBP, mm Hg 84.16 (13.79) 81.4 (12.61) 85.19 (14.62) 0.245 
24-h SBP, mm Hg 127.74 (12.57) 128.68 (13.84) 127.39 (12.16) 0.771 
24-h DBP, mm Hg 77.37 (9.3) 75.64 (10.42) 78.01 (8.85) 0.310 
24-h cSBP, mm Hg 116.47 (11.63) 116.8 (13.67) 116.34 (10.86) 0.883 
24-h cDBP, mmHg 78.9 (9.45) 77.56 (10.42) 79.42 (9.09) 0.448 
24-h PWV, m/s 9.63 (1.77) 10.60 (1.30) 9.27 (1.79) 0.006 
24-h AIx75 25.65 (7.16) 25.6 (7.17) 25.67 (7.22) 0.984 
cSVD score 2 (1–3) 3 (2–4) 2 (1–3) 0.001 
Lacunes baseline 47 (51.1) 17 (68) 30 (44.8) 0.047 
Microbleeds baseline 26 (28.3) 14 (56) 12 (17.9) 0.001 
Periventricular WMH Fazekas 2 (1–2) 2 (2–3) 1 (1–2) 0.001 
Deep WMH Fazekas 1 (1–2) 2 (1–2) 1 (0–1) 0.001 
Basal ganglia EPVS 2 (1–3) 2 (2–3) 2 (1–2) 0.001 

AIx: augmentation index; DBP: diastolic blood pressure; EPVS: enlarged perivascular spaces; CSVD: cerebral small vessel disease; NIHSS: National 
Institute of Health Stroke Scale; PWV: pulse wave velocity; SBP: systolic blood pressure; WMH: white matter hyperintensities. 
Values are expressed as n (%) for proportions and mean (SD) for continuous variables. Admission NIHSS, NT-proBNP, cSVD score, Periventricular 
WMH Fazekas, Deep WMH Fazekas and Basal ganglia EPVS are expressed as median (IQR). 
*NT-proBNP was available in 85 patients. 

 

throughout life has been associated with prior microvascu- 
lar lesions, as well as advanced age and high BP.24–26 We 
have shown that in a cohort of patients with a RSSI, base- 
line cSVD burden was the main determinant for the appear- 
ance of new microbleeds and/or vascular lacunes after a 
follow-up period of 2 years. We also observed that arterial 
stiffness measured by 24-h PWV might play a role in the 
development of new lacunes and microbleeds but its effect 
was attenuated when age was taken into account. 

Current data about the association between arterial stiff- 
ness and cSVD has come primarily from cross-sectional 

studies5–7,27,28 and more longitudinal data are needed. 
Among the available hemodynamic parameters, only 24-h 
PWV showed some association with the development of 
new microvascular lesions, while no association was found 
for baseline brachial BP, central BP or AIx. Arterial stiff- 
ness is determined by aging and vascular risk factors,8 and 
in our cohort of patient we found a very strong correlation 
between age and 24-h PWV. However, models that included 
24-h PWV showed slightly better predictive performance 
compared to those incorporating age. Indeed, while the 
model that included age, 24-h PWV, hypercholesterolemia, 
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Table 2. Crude ORs of the most important variables 
associated with the presence of new lacunes or microbleeds. 

 
 
 
 
 
 
 
 

 
 
 

cSVD: cerebral small vessel disease; EPVS: enlarged perivascular spaces; 
PWV: pulse wave velocity. 

 

 
Table 3. Models with the highest predictive value based on the 
AUC (Model 1 AUC 0.854, model 2 AUC 0.852, model 3 AUC 
0.843). 

Figure 2. Unadjusted and adjusted odds ratios (ORs) along 
with their corresponding confidence intervals (CIs) for 
the cSVD score and its different components. Lacunes and 
microbleeds are defined by their presence or absence on 
baseline MRI. WMH represents the sum of periventricular and 
deep white matter Fazekas scores, giving a value that ranges 
from 0 to 6. BG EPVS represents the score for enlarged 
perivascular spaces in basal ganglia. It ranges from 0 to 4. 

  cSVD: cerebral small vessel disease; EPVS: enlarged perivascular spaces; 
OR CI 95% p Value WMH: white matter hyperintensities. 

Model 1 
Age 

 
0.977 

 
0.839–1.138 

 
0.765 The strengths of our study are the consecutive inclusion 

24-h PWV 1.668 0.704–3.956 0.245 of patients with RSSI in a short period of time and, as note 
cSVD score 2.580 1.521–4.377 0.001 before, a longitudinal design, compared to previous investi- 
Hypercholesterolemia 

Model 2 
2.684 0.863–8.340 0.088 gations that showed a transversal association between arte- 

rial stiffness and cSVD6,7,29–32 Besides, our selection 
24-h PWV 1.483 1.022–2.153 0.038 criteria, quite similar to those applied in forthcoming trials 
cSVD score 2.542 1.515–4.267 0.001 aimed study microvascular function in patients with cSVD33 

Hypercholesterolemia 2.667 0.859–8.276 0.090 has probably enabled us to study a very homogeneous pop- 
Model 3    ulation of patients where RSSI was probably a manifesta- 

Age 1.060 0.992–1.132 0.084 tion of cSVD. Similarly, it is worth noting that all recurrent 
cSVD score 2.476 1.484–4.131 0.001 strokes occurred in the form of RSSI. Additionally, only 

Hypercholesterolemia 2.568 0.841–7.847 0.098 four patients developed AF after follow-up and none of 
 

cSVD: cerebral small vessel disease; PWV: pulse wave velocity. 
 
 

and cSVD score demonstrated the highest discriminative 
value, this value was nearly identical to that obtained when 
age was excluded from the model. However, the observed 
differences were marginal, limiting the practical signifi- 
cance of this findings. Furthermore, we have not been able 
to demonstrate and independent association of 24-h PWV 
and cSVD progression when age was taken into account, 
limiting the applicability of our results. 

cSVD score and its different components showed a 
robust association with the presence of new lacunes or 
microbleeds. As anticipated, this association, was stronger 
for the presence of microbleeds at baseline, but it was not 
so prominent for lacunes. Although the presence of WMH 
and Basal ganglia EPVS also exhibited some degree of 
association with the outcome, it was the global cSVD score, 
the neuroimaging marker that showed a more accurate 
association with the occurrence of new lacunes or micro- 
bleeds, underscoring the intricate nature of cSVD. 

those patients had a recurrent stroke. 
Our study has some limitations. On one hand, it is a sin- 

gle-center study with a small sample size, which has prob- 
ably affected the strength of the associations that we have 
found, therefore our results must be interpreted with cau- 
tion. Besides, as mentioned before, the follow-up period is 
probably too short for cSVD, a disease which typically pro- 
gresses over several decades. However, this short period of 
follow-up probably explains the reduced number of drop- 
outs for our primary objective. We also acknowledge that 
oscillometry, the method we used to measure PWV, tends to 
underestimate arterial stiffness in young subjects,34 
although this effect has been probably minimal in an elderly 
population like ours. On the other hand, oscillometry meth- 
ods offer high reproducibility, without the operator-depend- 
ent variability that may occur with applanation tonometry. 

In conclusion, our study shows that cSVD burden is a 
stronger predictor of cSVD progression than age or other 
hemodynamic parameters in patients with a RSSI. However, 
it is possible that arterial stiffness, indicated by PWV, as a 
consequence of aging, could also play a role in contributing 

 OR (CI 95%) p Value 

Age 1.084 (1.028–1.142) 0.003 
24-h PWV 1.620 (1.187–2.212) 0.002 
NT-proBNP 1.004 (1.000–1.008) 0.061 
Hypercholesterolemia 2.435 (0.954–6.214) 0.063 
cSVD score 2.723 (1.687–4.394) 0.001 
Baseline lacunes 2.621 (0.995–6.903) 0.051 
Baseline microbleeds 5.833 (2.131–15.964) 0.001 
Fazekas scale 1.925 (1.352–2.741) 0.001 
Basal ganglia EPVS 3.238 (1.568–6.687) 0.002 
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to cSVD. Our study adds longitudinal data to previous 
knowledge, but larger series are probably needed to obtain a 
more accurate measure of the possible association between 
arterial stiffness and cSVD progression. Understanding 
whether arterial stiffness plays a role in cSVD progression 
could become pivotal in the future, particularly if targeted 
strategies for de-stiffening could be implemented.35
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The table displays odds ratios (OR) and their corresponding 95% 

confidence intervals (CI), along with p-values for each predictor variable. The first column 
lists the predictor variables for each row. 
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Nagelkerke R Square, sensitivity, specificity, global accuracy, and area under 
the curve(AUC) of the predicted probabilities for all the potential models 
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Abstract
Cerebral small vessel disease (cSVD) is associated with increased blood-brain barrier (BBB) permeability. We sought to 
evaluate whether arterial stiffness might be associated with BBB permeability in patients with cSVD. We assessed BBB 
permeability using Dynamic Contrast-Enhanced MRI (DCE-MRI) in 29 patients that had suffered a recent small subcortical 
infarct (RSSI). BBB permeability in the whole brain (WB), gray matter (GM) and white matter (WM) was assessed with the 
parameter Ktrans. We used ambulatory blood pressure monitoring to measure 24-h systolic blood pressure (24-h SBP), 
diastolic blood pressure (24-h DBP), and pulse wave velocity (24-h PWV) both after stroke and following a 2-year follow-
up. The differences between both measurements were calculated as Δ24-h SBP, Δ24-h DBP and Δ24-h PWV. DCE-MRI 
was acquired at a median (IQR) of 24 (19–27) months after stroke. Median age was 66.7 (9.7) years, and 24 (83%) patients 
were men. Median (IQR) Δ24-h PWV was 0.3 (−0.1, 0.5) m/s. WB-Ktrans, GM-Ktrans, and WM-Ktrans were associated 
with Δ24-h PWV (Spearman’s, r [95% CI], WB 0.651 [0.363–0.839]; GM 0.657 [0.373–0.845], WM 0.530[0.197–0.777])
but not with Δ24-h SBP or Δ24-h DBP. These associations remained significant after adjustment with linear regression 
models, controlling for age, sex, body mass index, and Δ24-h SBP (b[95% CI], WB 0.725[0.384–1.127], GM 0.629 
[0.316–1.369], WM 0.865 [0.455–0.892]) or Δ24-h DBP (b[95% CI], WM 0.707 [0.370–1.103], GM 0.643 [0.352–1.371],
WM 0.772 [0.367–0.834]). Our results suggest that an increment on arterial stiffness in the months following a RSSI might 
increase BBB permeability.

Keywords Arterial stiffness ●Cerebral small vessel disease ● DCE-MRI ● Pulse wave velocity ● Blood-brain barrier.
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Graphical Abstract 
 

 
spaces (EPVS), brain atrophy and recent small subcortical 
infarcts (RSSI) are well-defined neuroimaging features of 
cSVD [2]. Increased Blood-Brain Barrier (BBB) perme- 
ability has been suggested among the potential physio- 
pathological mechanisms involved in the development of 
cSVD and it is increased in patients with lacunar stroke and 
in normal-appearing white matter areas of patients with 
WMH [3, 4]. Age, high blood pressure and salt intake have 
been identified among the factors that can affect BBB 
integrity [5, 6]. With aging, elastic arteries get stiffer and 
there is an increased transmission of pulse pressure energy 
to the distal circulation. Arterial stiffness is one of the main 
determinants of increased pulsatility of the intracranial 
arteries [7, 8] and the increased pulsatility in intracranial 
arteries and veins has been associated with cSVD [9]. 
Pulsatile flow weakens the tight junctions between brain 
endothelial cells [10]. 

Increased arterial stiffness also affects other organs and 
vascular beds in the body, especially kidney and heart. In 
the kidney, it can increase the urinary albumin excretion 
(UAE), a marker of endothelial disfunction and increased 
capillary permeability. In the heart, it causes hypertrophy, 
diastolic dysfunction and increases natriuretic peptides [11]. 

NT-proBNP has been associated with total cSVD burden 
without clear evidence pointing to cardiac dysfunction as 
the intrinsic mechanism driving this association [12–14]. 

BBB permeability can be evaluated with Dynamic contrast- 
enchanted MRI (DCE-MRI), an advanced neuroimaging 
technique that analyzes the exchange of gadolinium between 
the intra vascular and interstitial spaces with different phar- 
macokinetic models [15]. The aim of our study was to evaluate 
whether arterial stiffness is associated with BBB disruption. 

 
 

Material and methods 
 

This study examines a subset of patients who were included in 
a larger study aimed to evaluate the role of arterial stiffness in 
the progression of cSVD [16]. Patients had suffered a RSSI 
defined by STRIVE criteria [17] and were included from 
November 2017 to July 2021. Inclusion and exclusion criteria 
have been described before [16]. Briefly, we excluded patients 
with known cardioembolic sources of emboli and with arterial 
stenosis equal or superior to 50% in the stroke territory after a 
standard work-up that included review of past medical records, 
intracranial and cervical vascular imaging (either MR 
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angiography, CT angiography or ultrasonography), transthor- 
acic echocardiography and 12-lead ECG. Patients with 
uncommon stroke etiologies such as arterial dissection, genetic 
disorders, vasculitis, coagulation or hematological disorders, or 
active cancer were also excluded. We collected clinical and 
demographical data at inclusion. Subsequently, patients were 
followed-up at 3 months, 1 year and 2 years after inclusion. 
UAE, NT-proBNP and 24-h ambulatory blood pressure 
monitoring (ABPM) measurements were obtained both at 
inclusion and after 2 years of follow-up. DCE-MRI was 
consecutively offered to the patients when they came to 
follow-up visits from December 2019 to March 2021. 

NT-proBNP was measured with a sandwich electro- 
chemiluminescence automated immunoassay that uses two 
monoclonal antibodies with a Cobas e411 analyser (Roche 
diagnostics, Germany) following instructions recommended 
by the manufacturer. UAE was measured by turbidimitry in 
local laboratory according to current recommended stan- 
dards and was determined as the ratio of albumin to crea- 
tinine in one spot first-morning void urine sample [18]. 

24-h ABPM was performed on a routine activity day 
after hospital discharge (7 to 30 days after stroke) by means 
of a Mobil-O-Graph PWV (IEM, Stolberg, Germany) 
device. We followed the recommendations of the European 
Society of Hypertension practice guidelines for ABPM [19]. 
The planned frequency measurement was every 20 min 
during the daytime and every 30 min during the night-time. 
The methodology for Pulse Wave Velocity (PWV) esti- 
mation has been previously reported and validated against 
invasive methods [20]. All subjects included had recordings 
of good technical quality (at least 80% of valid readings). 

RSSI diagnosis was performed with a Phillips Achieva 
1.5 T MRI machine. The study included T1 (TR = 450 ms, 
TE 15 ms, slice thickness 5 mm), T2 (TR = 3600 ms, TE 
120 ms, slice thickness 5 mm), FLAIR (TR = 110,00 ms, 
TE 140 ms, slice thickness 5 mm), DWI (b-values of 0 and 
1000, 5 mm section thickness and 108 × 109 matrix), T2* 
(GRE, TR/TE 756/23 ms, matrix 236 × 167; sections 24, 
FoV 235 × 209 mm, FA 18°, slice thickness 5 mm) and 
susceptibility-weighted sequences (TR/TE x35/50 ms, 
matrix 256 × 256, sections 10, FoV 64 × 23 cm, FA 15ª, 
slice thickness 2 mm). Two experienced neuroradiologists 
(CM, LC) blinded to clinical data assessed the presence of 
the acute infarct, maximun axial diameter on DWI 
sequences and the presence of neuroimaging markers of 
cSVD: lacunes, WMH, microbleeds and EPVS [21]. 

DCE-MRI studies were acquired with a Siemens Mag- 
netometer Skyra 3 T MRI using a 32- channel head coil. 
The protocol included: T1w MPRAGE (matrix 256 × 256, 
208 sag slices, 0.9 × 0.9 × 0.9 mm, TR/TE/TI 1800/2.1/ 
1000 ms, FA 8), axial FLAIR pre- and post-contrast injec- 
tion (matrix 256 × 256, 45 slices, 0.9 × 0.9 × 3.0 mm, TR/ 
TE/TI 9000/133/2500 ms, FA 150), DWI (matrix 122 × 

122, 60 slices, 1.4 × 1.4 × 3.0 mm, b = 0 and 1000 s/mm2 
TR/TE1/TE2 8780/61/97 ms, FA 180), Time Of Flight 
(matrix 400 × 400, 36 slices, 0.5 × 0.5 × 0.5 mm, TR/TE 21/ 
3.5 ms, FA 18) and a Dynamic Contrast Enhanced MRI 
perfusion (144 volumes, matrix 144 × 192, 44 slices, 1.2 × 
1.2 × 3.0 mm, TR/TE 4.92/1.79, FA 15, total acq. time 
13:03) including a variable flip angle axial T1-weighted 
spoiled gradient echo sequence T1 (with exact same para- 
meters and resolution as DCE-MRI acquisition and 8 dif- 
ferent FA:1,3,5,7,9,11,13 and 15°). Patients received an 
intravenous bolus injection of Gadobutrol (Gadovist, Bayer, 
Germany), at a dose of 0.1 mmol/kg followed by a 10-ml 
saline flush. Vascular input function was semiautomatically 
selected in the superior sagittal sinus and T1 mapping 
parametric fitting and DCE-MRI data were processed with 
ROCKETSHIP software [15, 22]. Patlak pharmacokinetic 
model was used to obtain BBB permeability maps (Ktrans). 
Gray Matter (GM), White Matter (WM) and Whole Brain 
(WB) segmentations were obtained with SPM12 and mean 
Ktrans values were extracted in each of them. 

The study was approved by Bellvitge University Hospital 
clinical research ethics committee with protocol number 
PR134/17(CSI 17/25). Patients were included in the study 
after signing informed consent. Our study is reported in 
accordance with the Strengthening the Reporting of Obser- 
vational Studies in Epidemiology (STROBE) guidelines. 

 
Statistical analysis 

 
Continuous variables and ordinal variables were described by 
the mean and standard deviation (SD) or median and inter- 
quartile range (IQR) as appropriate. For follow up we calcu- 
lated the Δ variables as the difference between the 2-years 
follow up variable and the baseline variable. For instance, 
Δ24-h SBP= Follow-up 24-h SBP- baseline 24-h SBP. For all 
comparisons between groups, the χ² test, or the Fisher exact 
test whenever necessary, were applied for categorical vari- 
ables. Continuous variables were tested for normality with the 
Kolmogorov–Smirnov test, and then compared between 
groups using a t-test or a Mann–Whitney U test. We used 
Spearman’s test for correlations between continuous variables. 
All tests were conducted as two-sided and p values < 0.05 were 
considered significant. Due to the limited sample size, we did 
not apply any imputation method to replace missing data. To 
adjust for potential confounding variables, we performed a 
linear regression analysis. Data analysis was performed using 
the IBM SPSS Statistics package, version 26. 

 
 

Results 
 

DCE-MRI was performed in 29 patients, median (IQR) 
24(19–27) months after RSSI diagnosis. Baseline 
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Table 1 Baseline demographic and clinical characteristics 
 

Characteristics All patients (n = 29) 

Age, years 66.7(9.7) 
Sex, male 24 (83) 
BMI 29.2 (3.4) 
Hypertension 22 (76) 

Diabetes 9 (31) 
Hypercholesterolemia 12 (41) 
Tobacco use 

-Current 6 (21) 
-Previous (≥ 1 year) 10 (35) 

Ischemic heart disease 1 (3) 
NT-proBNP, pg/ml 52 (24–108) 
UAE ≥30 mg/g 6 (20) 
24-h SBP, mm Hg 128.7 (11.9) 
24-h DBP, mm Hg 78.4 (8.7) 
24-h PWV, m/s 9.6 (1.5) 
cSVD score 2 (1–3) 

 
 

Values are expressed as n (%) for proportions and mean (SD) for 
continuous variables. NT-proBNP and cSVD score were expressed as 
median (IQR) 
BMI Body mass index, cSVD cerebral small vessel disease, DBP 
diastolic blood pressure, PWV pulse wave velocity, SBP systolic blood 
pressure, UAE urinary albumin excretion 

 
Table 2 Spearman’s correlation 

 

 WB-Ktrans 
(n = 29) 

GM-Ktrans 
(n = 29) 

WM-Ktrans 
(n = 29) 

Age 0.322, p = 0.083 0.327, p = 0.077 0.352, p = 0.056 

24-h SBP −0.082, 
p = 0.666 

−0.145, 
p = 0.446 

0.023, p = 0.905 

24-h DBP 0.147, p = 0.439 0.085, p = 0.655 0.198, p = 0.295 
24-h PWV 0.110, p = 0.563 0.117, p = 0.539 0.188, p = 0.320 
NT-proBNP 0.067, p = 0.751 0.079, p = 0.706 0.115, p = 0.585 

UAE −0.158, 
p = 0.406 

−0.178, 
p = 0.346 

−0.107, 
p = 0.574 

Baseline variables and Ktrans values 
DBP diastolic blood pressure, PWV pulse wave velocity, SBP systolic 
blood pressure, UAE urinary albumin excretion 

 
 

demographical and clinical characteristics are described in 
Table 1. WB-Ktrans, GM-Ktrans and WM-Ktrans were not 
correlated with age, 24-h SBP, 24-h DBP, 24-h PWV, NT- 
proBNP or UAE at inclusion (Table 2). Upon hospital 
discharge, prescribed antihypertensive drugs were dis- 
tributed as follows: ≥3 antihypertensive drugs were given to 
7 patients (24.1%), 2 drugs to 13 patients (44.8%), and 1 
drug to 9 patients (31%). The most commonly prescribed 
drugs were blockers of the renin-angiotensin system (ACE 
inhibitors or angiotensin receptor blockers) for 27 patients 

L. Mena Romo et al. 
 

(93.1%), followed by calcium channels blockers for 16 
patients (55.2%) and diuretics for 8 patients (27.6%). 

The median (IQR) change in 24-h PWV (Δ24-h PWV) 
over 2 years was 0.3 (−0.1,0.5) m/s. WB-Ktrans, GM- 
Ktrans and WM-Ktrans values were higher in patients in the 
third Δ24-h PWV tercile (>0.5 m/s) compared to patients in 
the second (0.1–0.5 m/s) and first (<0.1 m/s) terciles 
(Table 3, Fig. 1). BMI was neither equally distributed 
between the terciles, being highest in the third tercile 
(Table 3). 

WB-Ktrans (r = 0.651, 95% CI 0.363–0.839, p < 0.0001, 
Spearman’s test), GM-Ktrans (r = 0.657, 95% CI 0.373– 
0.845, p < 0.0001, Spearman’s test) and WB-Ktrans (r = 
0.530, 95% CI 0.197–0.777, p = 0.003 Spearman’s 
test) were associated with Δ 24-h PWV, but not with Δ24h- 
SBP, Δ24h-DBP, ΔNT-proBNP or ΔUAE (Table 4). After 
adjustment by potential confounding factors, linear regres- 
sion showed that WB-Ktrans, GM-Ktrans and WM-Ktrans 
remained associated with Δ24-h PWV (Table 5). 

 
 

Discussion 

In this cohort of patients with a previous RSSI, we show 
that the increase on arterial stiffness over the following 
months was associated with increased BBB permeability, as 
measured using DCE-MRI. BBB permeability is increased 
in patients with cSVD [23] and this phenomenon is believed 
to play an important role in the development and progres- 
sion of this condition [24]. However, the specific mechan- 
isms underlying the augmented BBB permeability in 
patients with cSVD have not been fully elucidated. The 
increased arterial stiffness associated with aging and vas- 
cular risk factors results in an enhanced transmission of 
pulsatile energy to distal small brain vessels and it might 
potentially contribute to increased BBB permeability [11, 
25]. PWV, an established measure of arterial stiffness, 
increases with age, particularly during the later decades of 
life [8]. 

This association was observed even after a short follow- 
up period if a significant increase on PWV was observed. 
Although some other factors might have not been taken into 
account, it is important to note that our results are consistent 
and maintained even after adjusting by age, an important 
determinant of BBB permeability [26], and changes on 
blood pressure values during the follow-up. We have also 
observed a progressive effect of arterial stiffness on BBB 
permeability. Notably, patients in the third Δ24-h PWV 
tercile exhibited higher BBB permeability compared to 
those in the second tercile, while patients in the second 
tercile show higher BBB permeability than those in the first 
tercile. 
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Table 3 Baseline and follow-up 
characteristics according to 
different Δ 24-h PWV tertiles 

  

Age, years 

1st tercile (n = 9) 
 

61.9 (10.0) 

2nd tercile (n = 10) 
 

67.2 (8.9) 

3rd tercile (n = 10) 
 

70.5 (9.2) 

P value 
 

0.153 
 Sex, male 9 (100) 6 (60) 9 (90) 0.053 
 BMI 28.9 (3.2) 27.3 (3.4) 31.3 (2.7) 0.029 
 Hypertension 5 (56) 8 (80) 9 (90) 0.201 
 Diabetes 5(56) 3 (30) 1 (10) 0.100 
 Hypercholesterolemia 6(67) 4 (40) 2 (20) 0.119 
 Baseline 24-h SBP, mm Hg 135.6 (14.0) 124.8 (9.9) 126.3 (10.1) 0.140 
 Baseline 24-h DBP, mm Hg 83.8 (11.0) 74.3 (6.7) 77.8 (6.2) 0.096 
 Baseline NT-proBNP, pg/ml 37.5 (20–237) 60 (42–165) 50 (21–105) 0.632 
 Baseline UAE ≥ 30 mg/g 2 (22) 1 (10) 3 (30) 0.539 
 Δ 24-h SBP, mm Hg 15.2 (10.7) 2.9 (4.3) −4.5 (14.4) 0.004 
 Δ 24-h DBP, mm Hg 9.33 (8.56) 2.0 (5.06) 4.21 (8.77) 0.035 
 Δ NT-proBNP, pg/ml 37.2 (141.5) 9.6 (69.0) −25.9 (58.8) 0.137 
 Δ UAE, mg/g 3.1 (14.1) 12.7 (106.4) −15.1 (25.9) 0.293 
 cSVD score 2 (0–2) 2 (1–3) 2 (1–2) 0.579 
 RSSI size, mm 10.5 (5.3–15.4) 10.1 (8.4–14.2) 8.8 (7.1–12.2) 0.784 
 Fazekas 3 (1–3) 3 (2.5–4) 2 (2–3) 0.132 
 Lacunes 5 (55.6) 7 (70.0) 6 (60.0) 0.800 
 Microbleeds 1 (11.1) 3 (30.0) 2 (20.0) 0.596 
 BG EPVS 2 (1–2) 2 (1.8–2.3) 2 (1.8–2.3) 0.695 
 CSO EPVS 2 (1.5–3) 1 (1–4) 2 (1–3) 0.590 
 WB ktrans, 10–3 min−1 1.32 (0.44) 1.58 (0.43) 1.80 (0.74) 0.002 
 GM Ktrans, 10–3 min−1 1.87 (0.61) 2.39 (0.61) 3.37 (0.91) 0.001 
 WM Ktrans, 10–3 min−1 0.48 (0.29) 0.46 (0.15) 1.07 (0.76) 0.014 

Values are expressed as n (%) for proportions and mean (SD) for continuous variables. NT-proBNP and 
cSVD score were expressed as median (IQR). Proportions were compared using the Chi-square test, while 
continuous variables were compared using the Kruskal-Wallis test 
BG EPVS basal ganglia enlarged perivascular spaces, BMI Body mass index, CSO EPVS centrum semiovale 
enlarged perivascular spaces, cSVD cerebral small vessel disease, DBP diastolic blood pressure, GM Gray 
matter, PWV pulse wave velocity, RSSI recent small subcortical infarct, SBP systolic blood pressure, UAE 
Urinary albumin excretion, WB Whole brain, WM White matter 

 

We consider that our study offers solid evidence 
regarding the potential association between arterial stiffness 
and BBB permeability, a phenomenon that can be poten- 
tially involved in the development of cSVD. Only Δ24-h 
PWV but neither Δ24-h SBP nor Δ24-h DBP were asso- 
ciated with BBB permeability measured by DCE-MRI. 

Studies investigating different blood pressure control 
strategies in the development of cSVD have encountered 
challenges in demonstrating a significant effect, often 
requiring large sample sizes or long observation periods due 
to the modest impact observed [27, 28]. Our results suggest 
that the progression of arterial stiffness over time might 
exert a more influential role than blood pressure values 
alone, independent of their levels. These results go in the 
same direction that a recently published study that shows 
that even in patients with normal BP pressure, arterial 
stiffness is a strong determinant of cSVD [29]. Therefore, 
there is growing evidence to suggest that medications tar- 
geting the reduction of arterial stiffness, rather than solely 

focusing on blood pressure control, could have a more 
pronounced effect in mitigating the advancement of cerebral 
small vessel disease (cSVD) [30, 31]. 

One of the main strengths of our study is the evaluation 
of a fairly homogeneous population of patients with RSSI 
likely caused by cSVD. Additionally, we employed a cuff- 
based method to evaluate 24-h PWV. This approach offers 
improved reproducibility during follow-up assessments, as 
it eliminates operator-dependent discrepancies that may 
arise when using applanation tonometry. 

The study has two primary limitations that need to be 
acknowledged. Firstly, the small sample size poses a lim- 
itation, potentially impacting the generalizability of our 
findings. Secondly, there was a slight variability regarding 
the timing of DCE-MRI acquisition after acute stroke, pri- 
marily due to limited accessibility to this investigational 
MRI technique. However, all the scans were obtained more 
than 6 months after the index stroke, a period of time when 
BBB changes associated with the acute stroke have already 
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Fig. 1 Boxplot of Ktrans values for WB, GM and WM depending 
on the different Δ 24-h PWV terciles. Ktrans values are expressed as 
10–3 min−1. We can see patient examples for each tercile category 

 
Table 4 Spearman’s correlation 

for T1w MPRAGE sequence, GM-WM segmentation and BBB per- 
meability maps. BBB Blood-brain barrier, GM gray matter, WB 
Whole brain, WM White matter 

 
 
 
 
 
 
 
 

Change in variables over follow-up and K-trans values 
DBP diastolic blood pressure, PWV pulse wave velocity, SBP systolic blood pressure, UAE urinary albumin 
excretion 

 
Table 5 Linear regression models 

 

Unadjusted Model 1a Model 2b Model 3c 
 

WB-Ktrans 0.683 (0.411–1.013) p < 0.001 0.708 (0.398–1.078) P < 0.001 0.725 (0.384–1.127) P < 0.001 0.707 (0.370–1.103) P < 0.001 
GM-Ktrans 0.619 (0.414–1.244) P < 0.001 0.637 (0.375–1.332) p = 0.001 0.629 (0.316–1.369) p = 0.003 0.643 (0.351–1.371) p = 0.002 
WM-Ktrans 0.745 (0.375–0.785) P < 0.001  0.785 (0.383–0.840) p < 0.001 0.865 (0.455–0.892) p < 0.001 0.772 (0.367–0.834) p < 0.001 

 

Correlation between Ktrans values and Δ 24-h PWV 
aAdjusted by age at inclusion and sex 
bAdjusted by age at inclusion, sex, BMI, and Δ24-h SBP 
cAdjusted by age at inclusion, sex, BMI and Δ24-h DBP 

vanished and are unlikely to alter the main results and 
interpretations of the study [3, 32]. Further research with 
larger sample sizes and closest control over the timing of 
DCE-MRI scans should be planned in the future. 

In summary, changes on arterial stiffness after a RSSI 
showed a strong correlation with BBB permeability, which 
may play a pivotal role in the development of cSVD. 

Strategies aimed to minimize the progression of arterial 
stiffness must be warranted in patients with cSVD and 
DCE-MRI might be used as a surrogate marker on their 
evaluation. Longer series, with a larger number of patients, 
follow-up of BBB permeability changes and collection of 
clinical outcomes such as stroke and cognitive decline must 
be addressed in the future to unravel the contribution of 

 
 

 WB-Ktrans (n = 29) GM-ktrans (n = 29) WM-Ktrans (n = 29) 

Δ24-h SBP −0.255, p = 0.175 −0.276, p = 0.139 −0.133, p = 0.482 
Δ24-h DBP −0.142, p = 0.453 −0.166, p = 0.379 −0.021, p = 0.911 
Δ24-h PWV 0.651, p < 0.001 0.657, p < 0.001 0.530, p = 0.003 
ΔNT-proBNP −0.134, p = 0.524 −0.192, p = 0.358 −0.042, p = 0.844 

ΔUAE −0.035, p = 0.856 −0.054, p = 0.782 −0.026, p = 0.894 
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arterial stiffness and BBB permeability to the progression 
of cSVD. 
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Supplemental figure 1: Magnetic Resonance Imaging Signal Analysis with Contrast 
Agent. The first row displays T1-weighted signal intensity in arbitrary units (a.u.) for both 
the brain(region of interest-ROI) and the arterial input function (AIF). The second row 
illustrates the pre-filtering R1 maps, showing signal attenuation over time. The third row 
converts this signal into relaxivity (R1) for both the tissue (ROI) and plasma (AIF). It 
represents the diIerence between the R1 value before the contrast agent is 
administered and after. Lastly, the fourth row depicts the concentration of the contrast 
agent (Ct for tissue and Cp for plasma), resulting from the conversion of the R1 signal 
into a quantitative measure of the agent’s concentration in the tissue and plasma. 
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