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A Novel Imaging Biomarker for Cerebral Small Vessel Disease Associated With Cognitive Impairment: The Deep-Medullary-Veins Score
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Objective: To explore the biomarkers of cerebral small vessel disease (CSVD) associated with cognitive impairment.

Methods: A total of 69 patients with CSVD were enrolled in the study, and baseline clinical and imaging data were reviewed retrospectively. The following neuroimaging biomarkers of CSVD were identified: high-grade white matter hyperintensity (HWMH), cerebral microbleeds (CMB), enlarged perivascular space (PVS), and lacunar infarct (LI). A total score for CSVD was calculated. The deep medullary veins (DMVs) were divided into six segments according to the regional anatomy. The total DMV score (0–18) was derived from the sum of the scores of the six individual segments, the scores of which ranged from 0 to 3, for a semiquantitative assessment of the DMV that was based on segmental continuity and visibility.

Results: The DMV score, patient age, and total CSVD score were independently associated with the presence or absence of cognitive impairment in patients with CSVD (P < 0.05). By integrating patient age and the total CSVD and DMV scores, the area under the curve of the receiver operating characteristic curve (AUROC) for predicting CSVD associated with cognitive impairment was 0.885, and the sensitivity and specificity were 64.71 and 94.23%, respectively.

Conclusions: The DMV score may be a novel imaging biomarker for CSVD associated with cognitive impairment. The integration of the DMV score with age and total CSVD score should increase the predictive value of the DMV score for CSVD associated with cognitive impairment.
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INTRODUCTION

Cerebral small vessel disease (CSVD) is common and is one of the main causes of cognitive impairment in the elderly (Chen et al., 2019). Magnetic resonance imaging (MRI) is a useful approach for the assessment of CSVD. The neuroimaging biomarkers of CSVD (Wardlaw et al., 2013) include the following: white matter hyperintensity (WMH), cerebral microbleeds (CMBs), enlarged perivascular spaces (PVS), and lacunar infarcts (LIs). A CSVD score that integrates these four radiological biomarkers can not only indicate the severity of CSVD but also predict the risk of cognitive decline and dementia (Banerjee et al., 2018; Pavlovic et al., 2018; Jiang et al., 2019; Liu et al., 2019; Amin Al Olama et al., 2020). However, each neuroimaging biomarker of CSVD and the total CSVD score only consider the abnormalities seen on MRI. They are not a direct reflection of the histopathological changes occurring at the level of the small blood vessels.

A few recent studies have found that changes in the deep medullary veins (DMVs) seen on susceptibility-weighted imaging (SWI), a unique MRI technique that visualizes cerebral veins in vivo, were associated with the presence of CSVD and total CSVD score (Zhang et al., 2017; Chen et al., 2020; Xu et al., 2020; Zhou et al., 2020). These findings may enable us to increase our understanding and exploration of the histopathological changes leading to CSVD. However, in these recent studies, the relationship between the changes in the DMVs to cognitive impairment in patients with CSVD was not comprehensively observed. Thus, we aimed to assess the DMVs visualized on SWI as a novel marker for evaluating CSVD associated with cognitive impairment.



MATERIALS AND METHODS


Patients

The protocol for this study was approved by the Institutional Review Board of the General Hospital of the Northern Theater Command. Each patient or his/her legally authorized representatives provided written informed consent prior to participation in this study. The clinical and imaging data of patients with CSVD were collected and reviewed from September 2017 to November 2019. The inclusion criteria were as follows: (a) age > 40 years; (b) education years > 6; (c) underwent the following MRI protocols, including T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), T2-FLAIR, diffusion-weighted imaging (DWI), SWI, and MR angiography (A); (d) MRI reports satisfied the standards for reporting vascular changes on neuroimaging (STRIVE) for CSVD (Wardlaw et al., 2013); and (e) patient had at least one cerebrovascular risk factor, including current smoking, alcohol use, diabetes mellitus, coronary artery disease, hypertension, hyperhomocysteinemia, or hyperlipidemia. The exclusion criteria were as follows: (a) incomplete baseline data; (b) changes secondary to demyelinating diseases, including metabolic encephalopathy or infectious encephalopathy; (c) presence of other brain abnormalities such as tumor, infection, trauma, and acute infarction; (d) moderate to severe stenosis or occlusion of an internal carotid or large intracranial artery; (e) patients with hereditary CSVD; and (f) another disease associated with cognitive impairment, such as Alzheimer disease. The flowchart showing enrollment of the study patients is shown in Figure 1.
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FIGURE 1. Flowchart of the enrollment of study patients. MMSE, Mini-Mental State Examination score.




Clinical Information

The baseline information of the study patients was collected from the medical records and included the following: sex; age; C-reactive protein and risk factors for CSVD, including current smoking, alcohol use, diabetes mellitus, coronary disease, hypertension, blood pressure (systolic, diastolic, mm HG), hyperhomocystinemia, and hyperlipidemia. The Mini-Mental State Examination (MMSE) score was used to evaluate the cognitive impairment. An MMSE score of less than 27 was used to identify patients with cognitive impairment (Delavaran et al., 2017).



Magnetic Resonance Imaging Protocol

All patients underwent multimodal MRI on a 3.0 T Discovery MR750 scanner (General Electric Healthcare, Chicago, IL, United States) equipped with an eight-channel phased-array head coil. The settings used were as follows:(1) SWI: repetition time (TR) = 27 ms; echo time (TE) = 20 ms; flip angle = 10°; slice thickness = 2 mm; intersection gap = 0 mm; field of view (FOV) = 24 × 24 cm2; resolution = 0.5 mm × 0.5 mm in plane, with 96 slices, acquisition matrix of 320 × 224 and a total scan time of 4 min; k-space points were zero-filled to 512 × 512; (2) T2-FLAIR: TR = 8,800 ms; TE = 94 ms; inversion time = 2,500 ms; slice thickness = 5 mm; intersection gap = 1 mm; FOV = 24 × 24 cm2; resolution = 0.5 mm × 0.5 mm in plane, with acquisition matrix of 320 × 160; k-space points were zero-filled to 512 × 512.



Total Score for Cerebral Small Vessel Disease

All images were reviewed separately by two neuroradiologists. Disagreements were resolved by consensus. We identified WMH, CMB, PVS, and LI according to the STRIVE criteria (Wardlaw et al., 2013) to estimate the total CSVD score. WMH was defined as abnormal hyperintensity of the periventricular white matter or deep white matter on T2-FLAIR images. The Fazekas scoring system was used to estimate the extent of WMH. The presence of high-grade (H)WMH was considered to be a Fazekas score of ≥2 in the periventricular white matter and/or ≥2 in the deep white matter. CMBs were defined as homogeneous hypointensities with a mean diameter ranging from 3 to 5 mm on SWI after excluding calcification, cross section of a vessel, and abnormal iron deposits. An enlarged PVS was defined by small dot-like or linear fluid signals accompanied by small blood vessels on MR images. The presence of high-grade (H)PVS was identified by finding more than 10 enlarged PVS’s at the level of the maximum number of PVS’s in the unilateral basal ganglia. LIs were defined as round or ovoid subcortical lesions of 3–15 mm in diameter that manifested as hyperintense lesions on T2WI and as hypointense lesions on T1WI. Finally, the total CSVD score was based on an ordinal scale ranging from 0 to 4, depending on the absence or presence (0 or 1) of each of the four features of CSVD (HWMH, CMB, HPVS, and LI).



Deep Medullary Veins Score

Deep medullary vein scores were determined on the SWI sequences. We assessed DMVs on five consecutive periventricular slices (10-mm thickness) of SWI phase images from the level of the ventricles immediately above the basal ganglia to the level of the ventricles immediately disappeared for each patient, with the assumption that these slices would contain most of the DMVs. The bilateral regions containing the DMVs were divided into six segments, the frontal, parietal, and occipital segments. For the semiquantitative assessments of the DMVs, each segment was scored separately based on its continuity and visibility, with DMV scores ranging from 0 to 3 (Zhang et al., 2017). A DMV score of 0 indicated a clearly visible, continuous segment with no interruptions. A score of 1 indicated clearly visible, continuous veins in the segment, but with an inhomogeneous signal from at least one vein. A score of 2 indicated at least 1 faintly visible, discontinuous vein manifesting spot-like hypointensity. A score of 3 indicated the absence of DMVs (Figure 2). The total DMV score consisted of the sum of DMV scores from the six segments and ranged from 0 to 18. Thus, a score of 0 indicated prominent DMVs, while a score of 18 indicated no obvious DMVs seen. All images were reviewed separately by two neuroradiologists who were completely blinded to the patients’ clinical data and extent of CSVD.
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FIGURE 2. Deep medullary veins scoring system. (A,E) A score of 0 is assigned for each continuous and prominently visible vein; (B,F) A score of 1 indicates that the vein is continuous and with unequivocal visibility, but at least one vein manifests an inhomogeneous signal; (C,G) A score of 2 indicates that at least one vein is not continuous and is faintly visible, presenting spot-like hypointensities; (D,H) A score of 3 is assigned if no DMVs are visible.




Statistical Analysis

Categorical variables are reported as frequencies and percentages; normally distributed continuous data are reported as means and standard deviations (SD); and non-parametric data are reported as medians and interquartile ranges (IQRs). Differences between normally distributed data were analyzed by the t-test; differences between categorical variables were analyzed by the chi-squared test; and differences between non-parametric data were analyzed by the Mann–Whitney U test or Kruskal–Wallis test. Univariate analysis was performed to compare the baseline clinical and imaging characteristics of patients stratified according to presence and absence of cognitive impairment. Binary logistic regression analysis was then performed to identify independent factors associated with the presence of cognitive impairment in patients with CSVD. Receiver operating characteristic (ROC) curve analysis was performed to evaluate the diagnostic value of neuroimaging biomarkers for predicting CSVD associated with cognitive impairment. The Youden index was used to determine the sensitivities and specificities. Pairwise comparison of area under the receiver operating curves (AUCs) was performed using the Delong’s test (DeLong et al., 1988) between different model to determine whether the difference was statistically significant. Statistical significance was considered to be P < 0.05. Data were analyzed by the Statistical Package for Social Sciences for Windows, Version 20 (IBM Corp., Armonk, NY, United States).



RESULTS

This study evaluated 69 patients with CSVD (47 males). Their mean age was 66 ± 11 years. Among the 69 patients, HWMH was seen in 40 (58.0%), CMB in 42 (60.9%), HPVS in 42 (60.9%), and LI in 43 (62.3%). The median (IQR) CSVD and DMV scores were 2 (1, 4) and 8 (6, 11) respectively. MMSE scores less than 27 were seen in 17 patients with cognitive impairment.


Inter-Reader Agreement for the Evaluations of DMV and CSVD Burden

Images of 51 patients were excluded because of poor quality. The quality of MRI images of enrolled patients satisfied the diagnostic standards and allowed the neuroradiologists to identify DMV and each neuroimaging CSVD biomarker. The agreement between readers was excellent for DMV scores of SWI (κ = 0.842) and for the CSVD burden on T2-FLAIR images (κ = 0.921).



Factors Related to CSVD Associated With Cognitive Impairment

The relationships between cognitive impairment and the radiological and clinical features of patients with CSVD are shown in Tables 1, 2. Univariate analysis identified the following characteristics that were associated with the presence or absence of cognitive impairment in patients with CSVD: age, periventricular WMHs, LIs, enlarged PVS’s, burden of CSVD, and DMV score. However, the differences between the following characteristics of patients with/without CSVD were not significant: sex, current smoking, alcohol use, diabetes mellitus, coronary disease, degree of hypertension, blood pressure (systolic, diastolic, mm HG), C-reactive protein, hyperhomocystinemia, and hyperlipidemia.


TABLE 1. Baseline clinical characteristics and comparisons between study patients stratified by presence or absence of cognitive impairment.
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TABLE 2. Imaging characteristics of study patients grouped by the presence or absence of cognitive impairment.

[image: Table 2]To avoid interactions between the total CSVD score and other neuroimaging biomarkers of CSVD, we just selected the total CSVD score when a binary logistic regression analysis was performed. The DMV score, patient age, and total CSVD score were found to be independently associated with the presence or absence of cognitive impairment in patients with CSVD (P < 0.05, Table 3).


TABLE 3. Multivariate analysis of the related factors of cognitive impairment in patients with cerebral small vessel disease.
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Diagnostic Characteristics of the Factors Identified to Be Independently Associated CSVD-Associated Cognitive Impairment

By AUROC analysis, the predictive value of the integration of patient age, total CSVD score, and DMV score (model 4) for CSVD associated with cognitive impairment was 0.885, which had a sensitivity and specificity of 64.7 and 94.2%, respectively (Figure 3). The total CSVD score (model 1) of 0.731 yielded sensitivities and specificities for predicting CSVD associated with cognitive impairment of 70.59 and 65.38%, respectively; the total DMV score (model 2) of 0.738 yielded sensitivities and specificities of 58.82 and 86.54%, respectively; and integration of patient age, total CSVD score (model 3) of 0.791 yielded sensitivities and specificities for predicting CSVD associated with cognitive impairment of 82.35 and 73.08%, respectively. After Delong’s test for pairwise comparison of AUCs between model 4 and model 1 and model 2 and model 3, the AUC improved significantly (P = 0.0138, 0.035, and 0.040, respectively).
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FIGURE 3. Receiver operating characteristic curve for predicting cerebral small vessel disease associated with cognitive impairment. Model 1: the total CSVD score; model 2: total DMV score; model 3: age + total CSVD score; model 4: age + total CSVD score + DMV score.




DISCUSSION

In this study, we found that patient age and the total scores of CSVD and DMV were each independently associated with the presence or absence of cognitive impairment in patients with CSVD. The older the age, the higher the total CSVD score, and the higher the DMV score, these patients with CSVD were more likely to complain of cognitive impairment. Thus, we think that the DMV score may be a novel imaging biomarker for identifying patients with CSVD associated with cognitive impairment. The integration of patient age, total CSVD score, and DMV score for CSVD associated with cognitive impairment had high specificity identifying patients with CSVD associated with cognitive impairment.

With the development of social health services and the general improvement in living standards, the mean life expectancy of human beings has gradually increased, resulting in the gradual awareness of the effects of vascular risk factors on cognitive function and increased knowledge about the various cognitive functions and memory in the elderly. The number of patients suffering from cognitive impairment has increased rapidly, causing great damage to the quality of life of the patients themselves. Cerebrovascular disease is now the second leading cause of dementia in the elderly, after Alzheimer’s disease (Lang et al., 2018). Aging is the key risk factor for cognitive impairment. In addition, the progressive brain damage caused by CSVD is a key pathogenic factor for cognitive impairment in the elderly.

With the recent rapid development of neuroimaging, a variety of neuroimaging biomarkers have been widely recognized to be involved in the occurrence and development of cognitive impairment. The discovery of novel neuroimaging biomarkers for CSVD has gradually led to intense interest and research in the field of cognitive impairment.

Studies have indicated that the total CSVD score, which measures the overall degree of brain damage related to cognitive decline, is an evaluation standard useful for neuroimaging (Huijts et al., 2013; Staals et al., 2015). The total CSVD score shows a higher potential for reliability than an individual neuroimaging biomarker for CSVD. Our study also confirmed this conclusion, that the total CSVD score reflects the cumulative impact of different CSVD neuroimaging biomarkers on cognitive function, and that the total CSVD score has important clinical value.

The relationship between the total score of CSVD and cognitive impairment may be explained that neuroimaging biomarkers of CSVD lead to glial hyperplasia, necrosis, and demyelination of local brain tissue, thereby destroying the cortex-subcortical network of connections, and ultimately leading to impaired transmission of information within the brain (Banerjee et al., 2018; Xu et al., 2018). Other studies have reported MRI findings of large areas of microstructural damage to the white matter in normal tissues around CSVD lesions (Muñoz Maniega et al., 2019). Destruction of these microstructures will also have a serious impact on the transmission of information in the brain. Some studies have also shown that small subcortical infarcts can lead to localized atrophy of the deep cortex connected to the subcortical infarct (Lotan et al., 2019). These findings indicate that even the presence of minor CSVD imaging markers on MRI scans may be associated with prominent changes in brain structure and long-term changes in and serious effects on cognitive impairment.

The structural changes of small arteries and capillaries in the brain are significantly related to the pathogenesis of various types of dementia in the elderly (Yu et al., 2020). Nevertheless, a few studies have demonstrated that changes in the cerebral venous circulation may play an important physiological role in the pathogenesis of cognitive impairment (Fulop et al., 2019). Despite the importance of cerebral venous circulation in the pathogenesis of cognitive impairment, the role of DMVs in CSVD associated with cognitive impairment remains unclear. The results of this study indicate that the DMV score was independently correlated with cognitive impairment in patients with CSVD. According to recent studies on DMV, an increase in the DMV score or the decreased visibility of DMV in MRI scans may be related to decreased cerebral blood flow, stenosis of a vessel lumen, or even complete occlusion due to chronic hypoperfusion, hypometabolism, and changes such as PVC in walls of the veins (Fulop et al., 2019; Chen et al., 2020; Xu et al., 2020). These changes would lead to venous hypertension and retrograde venous blood flow, resulting in the disruption of the blood-brain barrier (Li et al., 2019; Wong et al., 2019) and white matter microstructure (Xu et al., 2018; Fulop et al., 2019; Muñoz Maniega et al., 2019). The cortex–subcortical connection network would then be destroyed, and the affected patients would present with cognitive impairment.

Our study has limitations. First, this study only enrolled a small sample of patients at a single center. A larger number of patients from multiple centers should be evaluated in a future study. Second, some patients were excluded because of the poor quality of their images, which might lead to bias. Third, the DMVs were assessed by direct visualization according to a qualitative scoring system. A quantitative method, such as quantitative susceptibility mapping, might be better for evaluating the DMVs. Finally, we did not follow up our study patients and evaluate the dynamic changes of DMV and progression or regression of CSVD association with the cognitive impairment, which warrants investigating in future studies.



CONCLUSION

The DMV score may be a novel imaging biomarker for CSVD associated with cognitive impairment. Integrating the DMV score with age and the total CSVD score should increase the predictive value of the DMV score for CSVD associated with cognitive impairment.
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Cognitive impairment

No (n =52) Yes (n = 17) P-value
Age 63 +9 75+12 <0.001
Male 36 (69.2) 11(64.7) 0.962
Education year 11+£3 10+3 0.150
MMSE 30 (28,30) 25 (18,26) <0.001
Current smoking 18 (34.6) 6 (35.3) 1.000
Alcohol use 15 (28.8) 6 (35.3) 0.843
Diabetes mellitus 27 (61.9) 12 (70.6) 0.286
Coronary disease 11(21.2) 6 (35.3) 0.395
Hypertension 0.115
Grade 0 8(15.4) 0(0.0)
Grade 1 12(28.1) 7 (41.2)
Grade 2 14 (26.9) 2(11.8)
Grade 3 18 (34.6) 8(47.1)
Blood pressure
Systolic, mm HG 149 (135, 163) 153 (143, 171) 0.179
Diastolic, mm HG 88 (79, 97) 90 (83, 97) 0.712
C-reactive protein 1.60 (0.78, 3.57) 1.40(0.70, 2.40) 0.780

Hyperhomocystinemia ~ 13.65 (10.38, 18.52)  13.60 (11.80, 17.10) 0.867
Hyperlipidemia 15 (28.8) 6 (35.3) 0.843
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Cognitive impairment

No (n =52) Yes (n =17) P-value
CMB 30 (57.7) 12 (70.6) 0.510
WMH 2{1,8) 3(2,6) 0.007
Periventricular WMH 1.00(1, 2) 2.00 (2, 3) <0.001
Deep WMH 0.00(0, 2 2.00 (0, 3) 0.073
Lacunar infarcts 28 (63.8) 15(88.2) 0.024
PVS 26 (50.0) 16 (94.1) 0.003
Total CSVD 2{1,8 3(2,4) 0.004
DMV score 75,10 12 (9, 14) 0.001

CSVD, cerebral small vessel disease; WMH, white matter hyperintensity; CMB,
cerebral microbleed; PVS, perivascular spaces; DMV, deep medullary veins.
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OR OR value (95% C.l.) P-value
Lowest Highest
Age 1.102 1.022 1.189 0.011
Burden of CSVD 2.03 1.107 321 0.022
DMV score 1.339 1.091 1.794 0.008

CSVD, cerebral small vessel disease; DMV, deep medullary veins.
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