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Abstract: The evaluation of the clustering of magnetic resonance imaging (MRI) signs into MRI types
and their relationship with circulating markers of vascular wall damage were performed in 96 patients
with cerebral small vessel disease (cSVD) (31 men and 65 women; mean age, 60.91 ± 6.57 years).
The serum concentrations of the tumor necrosis factor-α (TNF-α), transforming growth factor-β1
(TGF-β1), vascular endothelial growth factor-A (VEGF-A), and hypoxia-inducible factor 1-α (HIF-1α)
were investigated in 70 patients with Fazekas stages 2 and 3 of white matter hyperintensities (WMH)
and 21 age- and sex-matched volunteers with normal brain MRI using ELISA. The cluster analysis
excluded two patients from the further analysis due to restrictions in their scanning protocol. MRI
signs of 94 patients were distributed into two clusters. In the first group there were 18 patients
with Fazekas 3 stage WMH. The second group consisted of 76 patients with WMH of different
stages. The uneven distribution of patients between clusters limited the subsequent steps of statistical
analysis; therefore, a cluster comparison was performed in patients with Fazekas stage 3 WMH,
designated as MRI type 1 and type 2 of Fazekas 3 stage. There were no differences in age, sex, degree
of hypertension, or other risk factors. MRI type 1 had significantly more widespread WMH, lacunes
in many areas, microbleeds, atrophy, severe cognitive and gait impairments, and was associated with
downregulation of VEGF-A compared with MRI type 2. MRI type 2 had more severe deep WMH,
lacunes in the white matter, no microbleeds or atrophy, and less severe clinical manifestations and
was associated with upregulation of TNF-α compared with MRI type 1. The established differences
reflect the pathogenetic heterogeneity of cSVD and explain the variations in the clinical manifestations
observed in Fazekas stage 3 of this disease.

Keywords: cerebral small vessel disease; neuroimaging; MRI-types; white matter hyperintensities;
vascular endothelial growth factor A; tumor necrosis factor-alpha; cognitive dysfunction

1. Introduction

Cerebral small vessel disease (cSVD), which is associated with age and vascular risk factors,
is the leading cause of vascular and mixed dementia, stroke, gait, and urinary disturbances [1–6].
MRI signs are crucial for the diagnosis of cSVD and for evaluating its progression [4,7,8]. Recent
studies have shown that the combination of signs and the overall burden of cSVD better predict
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the cognitive decline in this condition [9–12]. Concomitantly, patients with cSVD exhibit significant
differences in the rate of disease progression [13] and the nature of brain damage [14,15], which can
be explained by the heterogeneity of the disease and its pathogenesis. The pathophysiology of cSVD
has not been completely established [8,16,17]. Therefore, it is especially important to improve the
MRI-based diagnosis of cSVD and to study the mechanisms of its development [7,18–20], to identify
the pathophysiological markers of disease progression, for example, by assessing the relationship
between MRI data and the blood parameters associated with various mechanisms of vessel and brain
damage [16,21–23]. We hypothesized that a sequential analysis of MRI signs severity in various parts of
the brain and their combination will be able to reveal groups (clusters) of MRI signs, most likely because
of differences in their pathogenesis. In this way, comparing clusters of MRI signs with circulating
markers of vascular and cerebral damage can help to differentiate the pathogenetic variants of cSVD
and the associated clinical manifestations. We studied tumor necrosis factor-α (TNF-α), transforming
growth factor-β1 (TGF-β1), hypoxia-inducible factor 1-α (HIF-1α), and vascular endothelial growth
factor-A (VEGF-A), which were linked with the presence of MRI signs of cSVD in a previous screening
study of individuals of working age with and without hypertension [22]. Moreover, these factors were
chosen because experimental evidence showed their involvement in the leading mechanisms of cSVD
development—damage of the endothelium and extracellular matrix with subsequent remodeling of
the vascular wall—as well as the role of chronic inflammation accompanied by high vascular wall
permeability in initiating and maintaining these processes [24–27]. Few clinical studies investigated
the significance of these circulating markers of vascular wall and cerebral damage. A link has been
established between polymorphism of the promoter of the TNF-α gene and increased TNF-α levels,
ischaemic stroke [28] and increased TGF-β1 levels with progressive deep white matter lesions in
patients with cSVD [29]. Data on VEGF-A are inconsistent; its level showed a non-linear relationship
with cardiovascular risk, as it was low in the lower and upper quartile values and high in the middle
quartile values [30]. Finally, no link between VEGF-A levels and the severity of the MRI signs of cSVD
was observed in middle-aged individuals [31], but was present in older patients [17].

Aim

Our aim was to identify the MRI types of cSVD based on the grouping of MRI signs and their
relationship with circulating markers of vascular wall damage.

2. Materials and Methods

We studied 96 patients with cSVD (31 men and 65 women; mean age, 60.91 ± 6.57 years).

2.1. Inclusion Criteria

The inclusion criteria of this study were an age of 46–70 years and brain MRI changes corresponding
to cSVD (lacunes, white matter hyperintensities (WMH), enlarged perivascular spaces, microbleeds,
and brain atrophy) [7]. Patients with Fazekas stage 1 WMH were included in the study if they had
grade 2 or 3 hypertension and/or ≥1 lacunar infarction.

2.2. Exclusion Criteria

The exclusion criteria of this study were (1) severe dementia; (2) cognitive disorder likely caused
by Alzheimer’s disease [32,33]; (3) small subcortical stroke/lacunar infarction <3 months after an
acute cerebrovascular event; (4) cSVD caused by other, independent factors (genetic, inflammatory,
thrombophilic, systemic, toxic, or severe migraine, as gleaned from the medical history); (5) presence
of another cause of stroke and concomitant brain pathology other than cSVD; (6) >50% atherosclerosis
of the extra- or intracranial arteries; (7) serious medical conditions—cardiac (ejection fraction <50%),
endocrine (type 1 or 2 diabetes mellitus with serious vascular complications, uncompensated thyroid
dysfunction), renal (chronic kidney disease with a glomerular filtration rate <30 mL/min) and others;
and (8) contraindications for MRI studies.
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The control group consisted of 21 healthy volunteers (6 men and 15 women; mean age,
57.33 ± 5.19 years) without clinical and MRI evidence of vascular and degenerative brain pathology.

The study was approved by the Local Ethics Committee of the Center of Neurology (Moscow,
Russia). The ethics statement number is 2–4/16 dated 17 February 2016. All subjects signed an informed
consent form for the study and processing of their personal data.

2.3. Clinical Evaluation

All patients were asked about the development of general and neurological disease symptoms.
Their physical state, major vascular risk factors [34], and neurological syndromes were evaluated.
The severity of cognitive impairment was assessed using both the Montreal Cognitive Assessment
(MoCA) scale [35] and independence in everyday life [36]. Dementia was diagnosed if the patient
scored ≤26 points on the MoCA and was dependent on others, whereas a score of ≤26 points and
independence was classified as mild cognitive impairment, and a score of >26 points and the presence
of cognitive complaints was classified as subjective cognitive impairment. Gait disturbances unrelated
to hemiparesis were rated according to severity: mild—altered gait only during difficult tests (tandem,
sideways walking); moderate—reduced step length, reduced gait speed, instability during difficult
tests without changes in the base of support, gait rhythm, or need for support; significant—clearly
evident frontal cerebellar or frontal subcortical types of gait disturbances, without support or with
intermittent unilateral support; and severe—presence of frontal cerebellar or frontal subcortical types
of gait disorders with the need for unilateral or bilateral support.

2.4. MRI Study and Data Analysis

An MRI study and data analysis were performed in all patients. MRI data were acquired using
a Siemens MAGNETOM Verio 3T scanner (Siemens Medical Systems, Erlangen, Germany) with a
standard 12-channel matrix head coil. To evaluate the STandards for ReportIng Vascular changes
on nEuroimaging (STRIVE) criteria [7], patients and the control group underwent axial spin-echo
T2-weighted imaging (TR, 4000 ms; TE, 118 ms; slice thickness, 5.0 mm; in-plane resolution, 1.5 mm2;
duration, 2 min 02 s); sagittal 3D T2 FLAIR (TR, 6000 ms; TE, 395 ms; isotropic voxel 1 × 1 × 1 mm;
duration, 7 min 12 s); sagittal 3D T1-mpr (TR, 1900 ms; TE, 2.5 ms; isotropic voxel, 1 × 1 × 1 mm;
duration, 4 min 16 s; diffusion MRI (DWI) using an axial spin-echo echo-planar imaging sequence
with two b-values (0, 1000 s/mm2) (TR, 4000 ms; TE, 100 ms; slice thickness, 4 mm; duration, 1 min
20 s); and axial susceptibility weighted imaging sequence (SWI) with magnitude and phase image
reconstruction (TR, 28 ms; TE, 20 ms; slice thickness, 1.2 mm; FOV, 179 × 230 mm; duration, 8 min 12 s)
was performed.

Two neuroradiologists (E.K. and B.A.) evaluated the brain MRI studies in a standardized manner
while being blinded to clinical information. No STRIVE criteria were found in the control group.
MRI signs were evaluated according to severity in various brain regions, for subsequent cluster analysis
(Tables S1–S4). Lacunes were evaluated on T2 FLAIR images separately in the white matter, basal
ganglia, cerebellum, and brainstem, depending on their amount: none, <5, 5–10, or >10. WMH were
evaluated on T2 FLAIR images using the Fazekas scale (grade 0–3) and on a 4-point severity scale in the
anterior and posterior regions of the frontal, parietal, temporal, and occipital lobes in the juxtacortical
(up to 4 mm from the border between the cerebral cortex and white matter), periventricular (up to
13 mm from the lateral ventricles), and deep (zone between periventricular and deep white matter)
white matter, separately [37]. Microbleeds were rated on SWI images depending on their number (<5,
5–10, and >10); microbleeds in the basal ganglia and frontal, parietal, occipital, and temporal lobes
were calculated separately. Perivascular spaces were graded based on size (1–4 mm) in the centrum
semiovale and basal ganglia. Cerebral atrophy was evaluated based on the severity of subarachnoid
enlargement in separate lobes of the brain [38].
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2.5. Blood Parameters

The study of blood parameters was conducted in 70 patients (23 men and 47 women; mean age,
60.1 ± 6.5 years) and 21 volunteers (6 men and 15 women; mean age, 57.33 ± 5.19 years).

The levels of VEGF-A (Kit BCM Diagnostic, Woodland, CA, USA), TNF-α (Kit BCM Diagnostic,
Woodland, CA, USA), HIF-1α (Kit Cusabio, Houston, TX, USA), and TGF-β1 (Kit Cusabio, Houston,
TX, USA) were determined by ELISA using a VICTOR 2 plate reader (Perkin Elmer, Waltham, MA,
USA). Venous blood was collected in the morning in a fasting state and placed in Vacutainer tubes
(Greiner Bio-One, Kremsmünster, Austria) with a coagulation activator to obtain serum. Quality control
of the parameters measured by the ELISA method was performed in duplicates using lyophilized
control sera with a low and high concentration of the studied analytes.

2.6. Statistical Analysis

Statistical analysis was performed using the IBM SPSS 23.0 software (IBM SPSS Statistics, version
23.0, IBM Corp., Armonk, NY, USA) and R 3.4.3. (R Foundation for Statistical Computing, Vienna,
Austria). Frequency and percentage (%) were used as descriptive statistics for categorical and ordinal
variables, respectively, and median and quartiles were used for quantitative variables. In all cases,
two-way versions of the statistical criteria were used. The null hypothesis was rejected if p < 0.05.

The frequencies of qualitative variable categories according to independent (grouping) variable
levels were compared using the χ2 test or Fisher’s exact test.

A cluster analysis using the agglomerative hierarchical method and iterative k-means algorithm
was performed on the severity of the MRI signs of cSVD in different parts of the brain [39]. This method
allowed us to identify and group repeated change patterns across multiple variables. The problem
of non-homogeneity of the measurement units was solved by using preliminary standardization of
variables and calculating the standardized score (Z-score).

The quantitative variables according to independent (grouping) variable levels were compared
using the Kruskal–Wallis test, followed by the Mann–Whitney U test with Bonferroni correction.
Spearman’s correlation analysis was used to assess the correlation between quantitative variables.
To determine the effect of vascular risk factors on the levels of VEGF-A, TNF-α, HIF-1α, and TGF-β1,
a multiple linear regression analysis was performed with stepwise model selection.

3. Results

Table 1 shows the general characteristics of the patients with cSVD and the control group.

Table 1. General characteristics of the patients with cerebral small vessel disease and the control group.

Parameter cSVD (n, %) Control (n, %) p

Age (years) 60.91 ± 6.57 59.13 ± 6.56 0.615

Sex, females 64 (66.7%) 15 (65.2%) 0.814

Hypertension degree 82 (85.4%) 10 (43.5%)

0.0011 9 (9.4%) 5 (21.7%)

2 20 (20.8%) 4 (17.4%)

3 53 (55.2%) 1 (4.3%)

Diabetes mellitus 17 (17.7%) 0 (0%) 0.022

Smoking 25 (26%) 7 (30.4%) 0.440

Body mass index 28.85 ± 4.28 27.91 ± 4.32 0.617

The bold text indicates statistically significant differences.

The study groups were similar regarding sex and age. Hypertension was more severe in 83% of
the patients with cSVD compared with the control group.

Table 2 shows the features of the main clinical syndromes and MRI signs in patients with cSVD.
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Table 2. Features of the main clinical syndromes and MRI signs in patients with cerebral small vessel disease.

Signs Patients with cSVD, n (%)

Cognitive impairment: 96 (100%)
dementia 15 (15.6%)

mild cognitive impairment 46 (47.9%)
subjective cognitive impairment 35 (36.5%)

Gait disorders not related to hemiparesis: 51 (53.2%)
mild 26 (27.1%)

moderate 11 (11.5%)
significant 12 (12.5%)

severe 2 (2.1%)
Urinary disturbances: 35 (36.5%)

urinary frequency 20 (20.8%)
urinary incontinence 15 (15.6%)

White matter hyperintensities (stages): F1/F2/F3 26 (27.1%)/31 (32.3%)/39 (40.6%)
Lacunes (n):

in basal ganglia: none/<5/5–10/>10 32 (33.3%)
in cerebral white matter: none/<5/5–10/>10 42 (43.8%)

Microbleeds (n)
in basal ganglia: none/<5/5–10/>10 28 (29.2%)

in temporal lobes: none/<5/5–10/>10* 24 (25%)
Enlarged perivascular spaces (mm):

in basal ganglia: 3/4 mm (single) 28 (29.2%)
in the centrum semiovale: 3/4 mm 4 (4.2%)

Widening of the subarachnoid spaces in the temporal lobes 15 (15.6%)

* In 70% of patients, multiple microbleeds (>10) were detected in both the temporal lobe white matter and the
subcortical structures.

MRI data on the severity of the MRI signs of cSVD in different parts of the brain (Tables S1–S4)
were used for a hierarchical cluster analysis of the MRI signs of cSVD. The results are presented in a
dendrogram (Figure 1), which displays all clusters obtained and their nesting relative to each other.
We used an iterative k-means method that minimized the total square deviation of cluster points from
the center of these clusters and selected clusters based on visual analysis. In Figure 1, the horizontal
line cuts through the dendrogram at the level of maximum cluster separation, visually highlighting the
two clusters.
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Figure 1. Dendrogram showing the hierarchical classification of patients. The x-axis represents the
grouped objects; the y-axis is the cluster proximity.

Two patients could not be assigned to any of the clusters because of restrictions in their scanning
protocol. The first cluster included 18 patients with Fazekas stage 3 WMH; the second cluster included
76 patients with different stages of WMH (22 with stage 3, 28 with stage 2, and 26 with stage 1).
The uneven distribution of patients between clusters limited the subsequent steps of statistical analysis;
therefore, a cluster comparison was performed in patients with Fazekas stage 3 WMH. The clusters
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were designated as MRI type 1 or type 2, Fazekas stage 3. MRI type 1 (n = 18; 6 women; mean age,
59.1 ± 6.8 years) and type 2 (n = 22; 15 women; mean age, 63.5 ± 6.2 years) did not differ in age, sex,
degree of hypertension, or presence of other risk factors.

MRI type 1 of Fazekas stage 3 cSVD exhibited a significantly increased (p < 0.05) prevalence of
periventricular WMH in all parts of the cerebral hemispheres, brainstem, and subcortical structures;
number of lacunes and microbleeds in all regions; and atrophy compared with MRI type 2. MRI type 2
of Fazekas stage 3 cSVD displayed a greater periventricular temporoparietal or juxtacortical and deep
WMH, lacunes in the cerebral white matter and enlarged perivascular spaces around the basal ganglia,
in the absence of microbleeds (Figure 2).
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sequence (SWI) MRI slices.

Patients with MRI type 1 of Fazekas stage 3 cSVD had a more severe cognitive impairment
(p = 0.006) and gait disturbances unrelated to hemiparesis (p = 0.01) compared with MRI type 2.

A one-way analysis of the Kruskal–Wallis test revealed an association of the MRI types of Fazekas
stage 3 cSVD with the level of TNF-α (p = 0.039) and VEGF-A (p = 0.016), but not with TGF-β1
(p = 0.141) or HIF-1α (p = 0.110). The comparison of these blood parameters between patients with MRI
type 1, those with MRI type 2, and the control group are shown in Figure 3, highlighting significant
differences. Compared with the control group, patients with MRI type 1 were characterized by a
decrease in VEGF-A levels (p = 0.013), whereas patients with MRI type 2 were characterized by an
increase in TNF-α levels (p = 0.034). The levels of TNF-α and VEGF-A exhibited a tendency to be
different between MRI types 1 and 2.
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Correlations were established between the levels of TNF-α and TGF-β1 (r = 0.378, p = 0.000),
TNF-α and HIF-1α (r = 0.220, p = 0.035), and VEGF-A and HIF-1α (r = 0.237, p = 0.023).Diagnostics 2020, 10, x FOR PEER REVIEW 7 of 12 
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4. Discussion

The role of MRI signs in the diagnosis of cSVD [7,8], as well as the advantages of evaluating a
combination of MRI signs to characterize brain damage, clinical symptoms [9–12], differences in the
type of brain damage [14,15], and cSVD progression [13], were the basis of our hypothesis of grouping
the MRI signs of cSVD according to this pathogenetic homogeneity. The severity of MRI signs in
different parts of the brain was evaluated on a point scale, and their co-occurrence was verified using a
cluster analysis. Regions of white matter were divided according to their blood supply [40,41] and the
classical division of the brain into lobes was employed, which generally matched the currently used
anatomical division of white matter in the elderly [37]. The identified clusters of Fazekas stage 3 MRI
signs, designated as MRI type 1 and type 2, exhibited significant differences in their neuroimaging
profiles (Figure 2). The significant variability in the severity of clinical symptoms, despite a lack of
differences in the main risk factors for cSVD (i.e., hypertension and age), served as evidence that these
MRI types are associated with a predominance of certain pathological mechanisms and are not stages
of the disease. Consequently, the characteristic variation in the levels of circulating blood markers
found in MRI type 1 and type 2 may indicate the significance of the associated mechanisms in vascular
and brain damage.

The decrease in the level of VEGF-A, which was typical of MRI type 1, was most likely associated
with serious and widespread vascular wall damage, with disturbances in the autocrine synthesis of
VEGF-A by endothelial cells and their death [42]. This is consistent with the more pronounced MRI
changes and clinical manifestations observed for MRI type 1 compared with type 2. The possibility of
such an outcome has been morphologically confirmed [43]. VEGF-A is a major factor in angiogenesis
and regulates, among other processes, the proliferation, survival, and migration of endothelial cells,
as well as vascular permeability [44]. The data obtained here regarding a link between the decrease in
VEGF-A and the formation of a specific neuroimaging profile may explain the contradictory relationship
reported between VEGF-A and cSVD [17,30,31,45,46]. Most likely, the lack of change in VEGF-A level
in patients with MRI type 2 compared with the controls indicates sufficient endothelial preservation,
which is supported by the milder neuroimaging and clinical signs of this group. Our study detected
a direct correlation between VEGF-A and HIF-1α (r = 0.237, p = 0.023). This is consistent with the
established role of HIF-1A, which is a key transcription factor in hypoxia [47], in VEGF-mediated
disturbances in BBB integrity and increased permeability [48,49], and of this mechanism as a whole in
the development of cSVD [25,50].
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The increase in TNF-α detected in patients with MRI type 2 demonstrates the significance of this
major systemic pro-inflammatory cytokine [51–54] in vascular and cerebral damage, with formation of
typical MRI changes. An increase in TNF-α levels was associated with increased BBB permeability, tissue
oedema, inflammation, oligodendrocyte death, and destruction of the myelin basic protein [55–59].
TNF-R1 activation was associated with pro-inflammatory, cytotoxic, and apoptotic responses involving
NF-κB and protein kinase, whereas TNF-R2 was associated with cell activation, proliferation and
migration [53,54]. Similar to other cytokines, TNF-α can pass through an intact BBB by transcytosis [60].
The established role of TNF-α-mediated reactions in the formation of type 2 MRI changes is consistent
with research data showing that white matter damage is not just a consequence of chronic hypoxia,
but is caused and maintained by a pro-inflammatory environment [61]. Previously, we established
an association between TNF-α and WMH in younger patients with signs of cSVD on MRI, which
was unrelated to hypertension, leading to the hypothesis that TNF-α-mediated reactions play an
independent role in the development of early-onset cSVD [22]. The potential link with MRI type 2
in the subsequent development of mixed dementia cannot be ruled out. The MRI changes detected
in MRI type 2 vs. MRI type 1 cSVD included less damage to the lenticulostriate arteries and the
anterior parts of the brain, which is typical in classic hypertensive cSVD with ischemic subcortical
lesions [1]. TNF-α-mediated inflammation is recognized as a significant mechanism of AD induction,
and anti-TNF therapy has been shown to decrease the pathological brain changes in rodent models
of AD, as well as to slow down cognitive decline and improve everyday function in patients with
AD [62]. The direct correlation between TNF-α and TGF-β1 (r = 0.378, p = 0.000) may indicate the
interdependence of processes involving these circulating markers. The TGF-β signaling pathway is
common in the pathogenesis of cSVD and AD [63,64] and may be one of the links that mediates the
development of mixed cognitive impairment and degeneration. Moreover, TGF-β overexpression
in rodent astrocytes caused small vessel changes similar to those found in patients with AD [65].
These changes were characterized by basal-membrane thickening, capillary degeneration, and the
formation of string vessels [66]. TGF-β1 was involved in cSVD mechanisms, such as BBB damage [67]
and increased artery stiffness and remodeling [68–70], and the development of progressive deep white
matter lesions in patients with cSVD [29]. Interestingly, the level of HIF-1A was correlated significantly
with biomarkers in both MRI types—VEGF-A in type 1 and TNF-α in type 2—which confirms the
universal role of hypoxia in initiating and maintaining vascular wall damage in cSVD [25].

Thus, assessing the severity of MRI signs in different parts of the brain and grouping them into
sign clusters allowed us to identify the MRI types of Fazekas stage 3 cSVD, which are thought to be
associated with the predominance of different mechanisms of vascular and cerebral damage. The MRI
types differed in the level of circulating markers of vascular wall damage and clinical signs of cSVD,
which demonstrates the pathogenetic heterogeneity of cSVD and explains the differences in cognitive
impairment and gait disturbances observed at Fazekas stage 3 in different patients. MRI type 1 had
more severe clinical symptoms, such as widespread WMH (including in periventricular areas), lacunes,
microbleeds, and atrophy, and was associated with VEGF-A downregulation, which may correspond
to severe damage of the vascular wall and endothelial death. MRI type 2 cSVD exhibited milder
clinical symptoms, mainly widespread juxtacortical and deep-brain WMH, white matter lacunes,
absence of microbleeds, or atrophy, and was associated with TNF-α upregulation, which suggests
that inflammation plays a dominant role in its formation, with an increase in BBB permeability and
vascular wall remodeling.

In conclusion, this study established the diagnostic and pathogenetic value of differentiating
the MRI types of Fazekas stage 3 cSVD. These findings support the need to improve the diagnostic
criteria of these types and to clarify the leading mechanisms underlying their formation, to develop
pathogenetically justified prevention and treatment strategies.
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