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Background and Purpose: An association between artery tortuosity and neuroimaging of cerebral small vessel disease (SVD) has been reported, especially in the posterior circulation. However, few studies involved the whole magnetic resonance imaging (MRI) spectrum of SVD in association with anterior circulation arterial tortuosity. This study aimed to investigate the relationship between internal carotid artery (ICA) tortuosity and the neuroimaging of SVD.

Methods: Data of 1,264 consecutive patients in whom cerebral vessel diseases were suspected and who underwent both MRI and computed tomography angiography were reviewed from a prospective registry. Internal carotid artery tortuosity was evaluated using the tortuosity index (TI), which was defined as the ratio of the vessel centerline length divided by the straight length. Magnetic resonance imaging was used to assess cerebral microbleeds (CMBs), white matter hyperintensities (WMHs), enlarged perivascular spaces (EPVSs), and lacunes.

Results: The TIs of the ICA for patients with and without SVD MRI markers were 1.81 ± 0.42 and 1.72 ± 0.33, respectively (P < 0.001). Univariate analysis showed that the ICA TI were positively correlated with each SVD MRI marker (P < 0.001), and the correlation coefficients (rs) were 0.57, 0.42, 0.30, and 0.26 for EPVSs, WMHs, CMBs, and lacunes, respectively. The adjusted ORs of the ICA TI were 1.52 (95% CI 1.44–1.60, P < 0.001) for EPVS grade 1, 2.05 (95% CI 1.93–2.18, P < 0.001) for EPVS grades 2–4, and 1.09 (95% CI 1.03–1.15, P = 0.004) for WMH grade 3.

Conclusions: The TI of ICA was higher in patients with neuroimaging of SVD. Internal carotid arteries tortuosity was associated with MRI-defined markers of SVD, including EPVS and high-grade WMH, and positively correlated with EPVS severity. Arterial tortuosity might be a risk factor for SVD. This finding may have potential clinical significance for identifying patients with suspected SVD.
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INTRODUCTION

Blood vessel tortuosity is a common vessel anomaly affecting a range of vessels, from large arteries to small arterioles, in a number of organ systems. Severe tortuosity may cause a variety of serious symptoms (1). Twisted or tortuous arteries have often been reported in cerebral and internal carotid arteries (ICAs) (1), and the prevalence of tortuosity was significantly higher in the ICA system than in the vertebrobasilar system (2). However, a very different prevalence of ICA tortuosity has been reported (3, 4). The disagreement in prevalence may be due to difference in study cohort and diagnostic technique and lack of diagnostic criteria. Several possible measures of tortuosity have been suggested, but none of them have obtained universal acceptance. Tortuosity index (TI) is commonly used as an index of tortuosity because it was a relatively straightforward approach in the absence of diagnostic criteria for anterior circulation vessel tortuosity (2). TI value can be easily measured without special software. In addition, in clinical applications, these values can be rapidly obtained to evaluate the degree of vascular tortuosity.

Cerebral small vessel disease (SVD) refers to all pathological processes that affect the small vessels of the brain, including small arteries and arterioles, capillaries, and small veins (5). There are six closely correlated features in SVD that can be observed on brain magnetic resonance imaging (MRI), including recent small subcortical infarcts, white matter hyperintensities (WMHs), lacunes, cerebral microbleeds (CMBs), enlarged perivascular spaces (EPVSs), and atrophy (6). An association between artery tortuosity and MR neuroimaging markers of SVD has been reported, especially in the posterior circulation (7–9). However, a few studies involved the whole MRI spectrum of SVD in association with ICA tortuosity, while majority of the SVD lesions occur in the basal ganglia and periventricular region (10).

In our previous study, we found that intracranial artery calcification correlated with the neuroimaging findings of SVD, which suggested a certain relation between large vessel disease and SVD. Based on these findings, we hypothesized that large artery tortuosity was associated with SVD. The present study aimed to investigate the correlation between ICA tortuosity and the neuroimaging markers of SVD using craniocervical artery computed tomography angiography (CTA) and to determine if ICA tortuosity is a risk factor for SVD and whether it can act as a marker of disease severity.



MATERIALS AND METHODS


Study Population/Patients

The present study was a retrospective analysis of prospectively collected registry data for 1,352 consecutive patients who visited our hospital with the onset of a series of symptoms and in whom cerebrovascular disease was suspected by clinical specialists according to these symptoms between July 2018 and December 2019. The inclusion criteria were as follows: (i) patients who had undergone both craniocervical CTA and brain MRI within 7 days of symptom onset; (ii) patients aged between 18 and 90 years; (iii) patients with no critical medical conditions; and (iv) patients with no history of tumors, head trauma, or connective tissue disease. The exclusion criteria were as follows: (i) patients in whom MRI and CTA were contraindicated; (ii) patients in whom poor-quality images were obtained; (iii) patients with ipsilateral artery stenosis of >50%; (iv) patients with acute large area infarction or involvement of the basal ganglia region, which may affect the observation of basal ganglia lesions, or hemorrhagic stroke, or intracranial aneurysm located in the middle cerebral artery that may affect the origin of the penetrating arteries; and (v) patients with other uncommon etiologies such as dissection and moya moya disease. A total of 1,264 patients were included in the study (Figure 1).
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FIGURE 1. Flowchart of case enrollment.


This study was carried out in accordance with the recommendations of institutional guidelines. The protocol was approved by the committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital institutional review board. All subjects provided written informed consent in accordance with the Declaration of Helsinki. This study adhered to standard biosecurity and institutional safety procedures.



CT Acquisition and Artery Tortuosity Measurement

Computed tomography angiography was performed using a Brilliance 256-channel iCT device (Brilliance iCT, Philips Medical Systems, Haifa, Israel). The parameters were as follows: 150 mA; 120 kVp; pitch, 0.601; slice thickness, 1 mm; and slice acquisition interval, 0.5 mm. An iodinated contrast medium (Iobrix) was intravenously administered (120 ml) at a rate of 3.5–4.0 ml/s by using the autoinjection program.

Computed tomography angiography data were post-processed by using the Vessel Analysis function on a three-dimensional (3D) workstation (Intellispace portal, Philips Medical Systems, Haifa, Israel) to measure centerline vessel length of the bilateral ICAs, beginning from the origin of ICA to the bifurcation of anterior cerebral artery and middle cerebral artery. Then, 3D image reconstruction was performed using maximum intensity projection and volume rendering. The straight length (3D) of ICA was measured on the anteroposterior position. The severity of ICA tortuosity was evaluated using the tortuosity index (TI). TI was defined as the ratio of centerline vessel length divided by straight length (11). The TI values were measured twice for bilateral ICAs separately, and the mean values were recorded. When the TI values of bilateral ICAs were not consistent, lower TI value was chosen for further analysis.



MRI Examination and Analysis

Magnetic resonance imaging examinations were performed using a 3.0T MRI system (MAGNETOM Skyra 3.0T, Siemens, Amberg, Germany). The parameters were as follows: (i) TR/TE = 4,730/72 ms, slice thickness = 4 mm, and FOV = 220 × 220 mm for T2WI; (ii) TR/TE = 7,500/81 ms, slice thickness = 4 mm, and FOV = 220 × 220 mm for FLAIR imaging; and (iii) TR/TE = 5,120/62 ms, slice thickness = 4 mm, FOV = 220 × 220 mm; (iv) three directions of diffusion gradient and two b-values (0 and 1,000 mm2/s) for DWI; and (v) TR/TE = 28/20 ms; slice thickness = 1 mm; and FOV = 220 × 220 mm for SWI. No contrast agent was administered (12).

The definition of SVD neuroimaging markers were as follows. Periventricular and deep WMHs were both coded on the basis of the Fazekas scale (grades 0–3), by using FLAIR and T2WI (12, 13). The definition of CMBs was homogeneous, small (<5 mm), round foci in the basal ganglia, white matter, cortico-subcortical junction, brainstem, or cerebellum, differentiated from mineral depositions in the globi pallidi and vessel flow voids, with hypointensity on gradient-echo images (12, 13). Lacunes were defined as round or ovoid lesions with a small (3–20 mm) diameter in the basal ganglia, internal capsule, centrum semiovale, or brainstem, with cerebrospinal fluid intensity on T2WI and FLAIR, generally with a high signal intense rim on FLAIR and no hyperintensity on DWI (12, 13). Enlarged perivascular spaces were defined as punctate or linear, small (<3 mm) hyperintensities in the basal ganglia or centrum semiovale on T2WI, and they were coded on the basis of a validated semiquantitative scale (grades 0–4) (12–14). In this study, we only counted EPVSs and CMBs in the basal ganglia region because the lesions in this region seemed associated with sporadic SVD specifically (13). There were two experienced neurologists, blinded to the patient's clinical information and the patient's CTA results, who independently reviewed the MRI images. They detected the presence of WMHs, CMBs, lacunes, and EPVSs according to the above diagnostic criteria. In the patients with acute infarct (based on DWI), these features were observed outside the acute infarct area. The patients with any of the MRI markers were classified into the positive case group. Furthermore, WMHs and EPVSs were divided into three subgroups according to the severity, respectively (15). Any disagreement was resolved by consensus.



Clinical and Laboratory Information

Data on the traditional vascular risk factors (12, 16) and previous strokes in the patients were collected. Hypertension was defined as a resting systolic/diastolic blood pressure ≥140/90 mm Hg in repeated measurements or use of antihypertensive agents. Diabetes mellitus was diagnosed as present in the case of a fasting blood glucose level of ≥7.0 mmol/L or use of a hypoglycemic agent. Hyperlipidemia was defined as a low-density lipoprotein cholesterol level of ≥4.1 mmol/L, a total cholesterol level of ≥6.2 mmol/L, or use of an antilipemic agent. Previous stroke was diagnosed when a patient had a previous stroke-like symptom or an ischemic lesion was detected on brain imaging; transient ischemic attacks (TIAs) were excluded. Smokers were defined as those who smoked within 1 year before the stroke or had a current smoking habit. Atrial fibrillation was defined by an irregularly spaced QRS complex without a discrete P wave in electrocardiography. Coronary artery disease was diagnosed as a history of unstable angina, myocardial infarction, or occlusive disease of the coronary artery confirmed on angiography.



Statistical Analysis

Student's t-test test was used to analyze continuous data. Univariate analysis was performed using the χ2-test for categorical data. The median TI value of ICA was compared among the subgroups with different grades of WMHs and EPVSs using the Kruskal–Wallis test. TI of ICA was compared between the subgroups with/without CMBs and lacunes using the Mann–Whitney U-test. Spearman rank correlation test was used to analyze the correlation between the TI value and each MRI marker of SVD, including WMHs, EPVSs, CMBs, and lacunes. Multivariate analysis was performed using logistic regression to investigate the association of ICA tortuosity with each of the SVD MRI markers. The multivariate analysis was adjusted for age, sex, diabetes mellitus, hypertension, hyperlipidemia, current smoking, previous stroke, prior coronary artery disease, atrial fibrillation, and three other SVD MRI markers (when one of the four neuroimaging markers was analyzed). The results were expressed as crude/adjusted odds ratios (ORs) and their 95% confidence intervals (CIs). The interobserver variability between the two readers was assessed on the basis of the kappa values. A value of P < 0.05 was considered significant. The statistical package SPSS 17.0 (IBM Corp., Armonk, NY, USA) was used for the analysis.




RESULTS

The interobserver agreement was found to be acceptable. The values for the presence of CMBs, EPVSs, WMHs, and lacunes were 0.936, 0.928, 0.912, and 0.909, respectively (all P < 0.001).

The baseline characteristics of the study population (n = 1,264) are shown in Table 1. Patient age and prevalence of hypertension, diabetes mellitus, current smoking, and previous stroke significantly differed between patients with and without SVD MRI spectrum (P < 0.001, respectively; Table 1). White matter hyperintensities were found in 47.4% of the subjects, lacunes in 47.3%, CMBs in 32.8%, and EPVSs in 27.0%. Univariate analysis showed that the ICA TI value was positively associated with the presence of each SVD marker (all P < 0.001; Figures 2, 3). The correlation coefficients (rs) were 0.57, 0.42, 0.30, and 0.26 for EPVSs, WMHs, CMBs, and lacunes, respectively (Table 2). The crude ORs of the ICA TI were 1.59 (95% CI 1.53–1.66, P < 0.001) for EPVS grade 1, 2.24 (95% CI 2.12–2.37, P < 0.001) for EPVS grades 2–4, 1.18 (95% CI 1.13–1.23, P < 0.001) for WMH grades 1–2, 1.62 (95% CI 1.53–1.71, P < 0.001) for WMH grade 3, 1.23 (95% CI 1.18–1.28, P < 0.001) for lacunes, and 1.31 (95% CI 1.25–1.37, P < 0.001) for CMB. After adjustment for age, sex, diabetes mellitus, hypertension, hyperlipidemia, current smoking, previous stroke, prior coronary artery disease, atrial fibrillation, and three other SVD MRI markers (when one of the four neuroimaging markers was analyzed), the adjusted ORs of the ICA TI were 1.52 (95% CI 1.44–1.60, P < 0.001) for EPVS grade 1, 2.05 (95% CI 1.93–2.18, p < 0.001) for EPVS grades 2–4, 1.01 (95% CI 0.97–1.05, P = 0.614) for WMH grades 1–2, 1.09 (95% CI 1.03–1.15, P = 0.004) for WMH grade 3, 0.97 (95% CI 0.94–1.01, P = 0.161) for lacunes, and 0.98 (95% CI 0.93–1.02, P = 0.233) for CMB (Table 3 and Figure 4).


Table 1. Baseline characteristics of subjects with and without SVD magnetic resonance imaging (MRI) markers.
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FIGURE 2. CTA and MRI images of an individual (a 72-year-old woman) with left ICA TI equal to 2.64. T2WI (A) and FLAIR (B) showed a grade 4 EPVS in the basal ganglia region. CTA with MIP (C) shows severe tortuosity of the left ICA. The dotted line a represents the straight length of the ICA, and the dotted line b represents the centerline vessel length of ICA reconstructed by using curved planar reformat. CTA, computed tomography angiography; EPVS, enlarged perivascular spaces; ICA, internal carotid artery; MIP, maximum intensity projection; MRI, magnetic resonance imaging; TI, tortuosity index.
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FIGURE 3. CTA and MRI images of an individual (a 59-year-old male) with right ICA TI equal to 1.33. T2WI (A) and FLAIR (B) show a grade 0 EPVS in the basal ganglia region. CTA with MIP (C) shows the lower tortuosity of the right ICA. The dotted line a represents the straight length of the ICA, and the dotted line b represents the centerline vessel length of ICA reconstructed by using a curved planar reformat. CTA, computed tomography angiography; EPVS, enlarged perivascular spaces; ICA, internal carotid artery; MIP, maximum intensity projection; MRI, magnetic resonance imaging; TI, tortuosity index.



Table 2. Comparison of ICA tortuosity according to the MRI markers of SVD.
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Table 3. ICA tortuosity in relation to the different MRI markers of SVD.
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FIGURE 4. Column plot with mean and standard deviation values. ICA tortuosity is positively associated with the severity of EPVSs. EPVSs, enlarged perivascular spaces; ICA, internal carotid artery.




DISCUSSION

In the current study, the TI of ICA was found to be higher in patients with the neuroimaging of SVD. After adjustment for the confounding factors, ICA tortuosity was associated with MRI-defined markers of SVD, including EVPSs and high-grade WMHs; furthermore, ICA tortuosity was positively correlated with EPVS severity.

Our findings suggested that ICA tortuosity was significantly correlated with EPVSs. In the previous studies, arterial tortuosity was reported to correlate with the neuroimaging of SVD (17–20), while only a few studies have addressed EPVSs. Pico et al. (7) found that patients with ischemic stroke and intracranial arterial dolichoectasia (IADE) have a higher prevalence of EPVSs. However, the diagnosis for IADE was made by consensus based on the visual impression and without diagnosis criteria. Moreover, the study only involved three imaging markers of SVD (WMHs, EPVSs, and lacunes). In the present study, we used a TI value to evaluate the severity of ICA tortuosity because it was a relatively straightforward approach in the absence of diagnostic criteria for anterior circulation vessel tortuosity. Furthermore, we investigated the correlation between ICA tortuosity and four imaging markers of SVD, since several MRI features are considered to often co-occur and might be confounding factors to each other (15). We assumed that there were several possible explanations for our findings. Blood vessel tortuosity was a systemic problem and could also affect small vessels (1). Brain small vessel tortuosity could lead to stiffer arteries (21) and transmit greater pulsatility to the brain parenchyma (22), which might lead to enlargement of perivascular spaces. Additionally, the tortuous cerebral arterioles slightly extend and wind on themselves, while pushing back into the perivascular space. Simultaneously or subsequently, there is a loss of brain parenchyma around the tortuous vessel, resulting in an EPVS to permit further tortuosity of the blood vessel (18). This might be a long and dynamic process, so we also found that ICA tortuosity was positively correlated with EPVS severity. These findings are interesting because the pathophysiology of EPVS is unclear, and these results need to be confirmed in further studies.

Additionally, we found that ICA tortuosity was only correlated with the high-grade WMHs (grade 3) after adjustment for potential confounding factors. Our results were not completely consistent with the results of previous studies. These inconsistencies may be due to differences in study cohort and methodology. Some studies established an association between IADE and WMHs (7–9). However, one was a brain-autopsy study concerning fatal stroke patients (9), and others concerned posterior circulation arterial tortuosity (7, 8). Some studies also reported a higher prevalence of lacunar infarctions in the patients with IADE and stroke (23). Park et al. (24) found that vertebrobasilar dolichoectasia in patients with TIA or stroke was associated with CMBs. However, they investigated posterior circulation arterial tortuosity in stroke patients, and the sample size was rather small. In the present study, the individuals were suspected of having cerebral vessel diseases, not only the patients with stroke. Individuals who had large area infarction, hemorrhagic stroke, and ipsilateral artery stenosis >50% were also excluded. Furthermore, this study only concerned ICA tortuosity. Therefore, our findings might be somewhat different from those reported in other studies. Further studies including anterior and posterior circulation arterial tortuosity are needed to confirm the results.

Previous studies mainly analyzed the relationship between IADE and SVD; however, there are many tortuosity cases that do not involve dilatation. In addition, Smoker's criteria provided a relatively consistent means to diagnose posterior circulation IADE (25); however, there were no diagnostic criteria for anterior circulation IADE (2). Several possible measures of tortuosity have been suggested, but none of them have obtained universal acceptance. Furthermore, anterior and posterior circulation arterial tortuosity does not coexist in many cases, which may due to different structures surrounding the vessels. Therefore, in the present study, we only measured the ICA tortuosity and used TI to evaluate the severity of tortuosity because of its ease of computation and conceptual simplicity.

This study has several limitations. First, the severity of atherosclerosis is different among individuals; however, almost 20% of IADE patients do not have traditional cardiovascular risk factors, suggesting that IADE can occur without atherosclerosis (25). Second, our controls did not represent “healthy” controls because completely healthy populations cannot undergo CTA; we selected the less severe side of the ICA for analysis when the degree of tortuosity of both ICAs was not consistent. However, both conditions may lead to an underestimation of the association between the SVD severity and TI value. Third, it is difficult to conclude the grading standard for ICA tortuosity in this study because we only analyzed the patients with SVD MR features, and the sample size of the patients with EPVSs was relatively small. Last, the current study had a retrospective design, which was a substantial limitation.

In conclusion, the TI of ICA was higher in patients with neuroimaging of SVD. Internal carotid arteries tortuosity was associated with SVD MRI-defined markers, including EVPSs and high-grade WMHs. Internal carotid arteries tortuosity was positively correlated with EPVS severity. Arterial tortuosity might be a risk factor for SVD with implications for understanding the pathophysiology of SVD. This finding may have potential clinical significance for identifying individuals with suspected SVD and evaluating disease severity.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Shanghai Jiao Tong University Affiliated Sixth People's Hospital institutional review board. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

Y-HL and Y-CC contributed conception and design of the study. Y-CC, R-HQ, and X-FS organized the database. X-EW and JL performed the statistical analysis. Y-CC wrote the first draft of the manuscript. Y-HL, Y-CC, X-EW, and JL wrote sections of the manuscript. All authors contributed to manuscript revision, read and approved the submitted version.



FUNDING

This research was supported by the National Natural Science Foundation of China (Grant No. 81871329), the Interdisciplinary Program of Shanghai Jiao Tong University (Grant No. YG2019QNB15), the New Developing and Frontier Technologies of Shanghai Shen Kang Hopital Development Center (Grant No. SHDC12018117), the Shanghai Municipal Education Commission-Gaofeng Clinical Medicine Grant Support (Grant No. 2016427), the Shanghai Key Discipline of Medical Imaging (Grant No. 2017ZZ02005), and the Excellent Discipline Leader of Shanghai Municipal Planning Commission (Grant No. 2017BR041).



REFERENCES

 1. Han HC. Twisted blood vessels: symptoms, etiology and biomechanical mechanisms. J Vasc Res. (2012) 49:185–97. doi: 10.1159/000335123

 2. Liu J, Jia XJ, Wang YJ, Zhang M, Zhang T, Zhou HD. Digital subtraction angiography imaging characteristics of patients with extra–intracranial atherosclerosis and its relationship to stroke. Cell Biochem Biophys. (2014) 69:599–604. doi: 10.1007/s12013-014-9839-1

 3. Sacco S, Totaro R, Baldassarre M, Carolei A. Morphological variations of the internal carotid artery: prevalence, characteristics and association with cerebrovascular disease. Int J Angiol. (2007) 16:59–61. doi: 10.1055/s-0031-1278249

 4. Beigelman R, Izaguirre AM, Robles M, Grana DR, Ambrosio G, Milei J. Are kinking and coiling of carotid artery congenital or acquired? Angiology. (2010) 61:107–12. doi: 10.1177/0003319709336417

 5. Hakim AM. Small vessel disease. Front Neurol. (2019) 10:1020. doi: 10.3389/fneur.2019.01020

 6. Wardlaw JM, Smith C, Dichgans M. Small vessel disease: mechanisms and clinical implications. Lancet Neurol. (2019) 18:684–96. doi: 10.1016/S1474-4422(19)30079-1

 7. Pico F, Labreuche J, Touboul PJ, Leys D, Amarenco P. Intracranial arterial dolichoectasia and small-vessel disease in stroke patients. Ann Neurol. (2005) 57:472–9. doi: 10.1002/ana.20423

 8. Thijs V, Grittner U, Fazekas F, McCabe DJH, Giese AK, Kessler C, et al. Dolichoectasia and small vessel disease in young patients with transient ischemic attack and stroke. Stroke. (2017) 48:2361–7. doi: 10.1161/STROKEAHA.117.017406

 9. Pico F, Labreuche J, Seilhean D, Duyckaerts C, Hauw JJ, Amarenco P. Association of small-vessel disease with dilatative arteriopathy of the brain: neuropathologic evidence. Stroke. (2007) 38:1197–202. doi: 10.1161/01.STR.0000259708.05806.76

 10. Shaaban CE, Aizenstein HJ, Jorgensen DR, MacCloud RL, Meckes NA, Erickson KI, et al. In vivo imaging of venous side cerebral small-vessel disease in older adults: an MRI method at 7T. Am J Neuroradiol. (2017) 38:1923–8. doi: 10.3174/ajnr.A5327

 11. Chu LC, Haroun RR, Beaulieu RJ, Black JH, III, Dietz, HC, Fishman EK. Carotid artery tortuosity index is associated with the need for early aortic root replacement in patients with Loeys-Dietz syndrome. J Comput Assist Tomogr. (2018) 42:747–53. doi: 10.1097/RCT.0000000000000764

 12. Chen YC, Wei XE, Lu J, Qiao RH, Shen XF, Li YH. Correlation between the number of lenticulostriate arteries and imaging of cerebral small vessel disease. Front Neurol. (2019) 10:882. doi: 10.3389/fneur.2019.00882

 13. Das AS, Regenhardt RW, Vernooij MW, Blacker D, Charidimou A, Viswanathan A. Asymptomatic cerebral small vessel disease: insights from population-based studies. J Stroke. (2019) 21:121–38. doi: 10.5853/jos.2018.03608

 14. Doubal FN, MacLullich AM, Ferguson KJ, Dennis MS, Wardlaw JM. Enlarged perivascular spaces on MRI are a feature of cerebral small vessel disease. Stroke. (2010) 41:450–4. doi: 10.1161/STROKEAHA.109.564914

 15. Staals J, Makin SD, Doubal FN, Dennis MS, Wardlaw JM. Stroke subtype, vascular risk factors, and total MRI brain small-vessel disease burden. Neurology. (2014) 83:1228–34. doi: 10.1212/WNL.0000000000000837

 16. Kim YD, Jung YH, Saposnik G. Traditional risk factors for stroke in East Asia. J Stroke. (2016) 18:273–85. doi: 10.5853/jos.2016.00885

 17. Rosenberg GA, Sullivan N, Esiri MM. White matter damage is associated with matrix metalloproteinases in vascular dementia. Stroke. (2001) 32:1162–8. doi: 10.1161/01.str.32.5.1162

 18. Brown WR, Moody DM, Challa VR, Thore CR, Anstrom JA. Venous collagenosis and arteriolar tortuosity in leukoaraiosis. J Neurol Sci. (2002) 203–204:159–63. doi: 10.1016/s0022-510x(02)00283-6

 19. Kwa VI, van der Sande JJ, Stam J, Tijmes N, Vrooland JL, Amsterdam Vascular Medicine Group. Retinal arterial changes correlate with cerebral small-vessel disease. Neurology. (2002) 59:1536–40. doi: 10.1212/01.wnl.0000033093.16450.5c

 20. Wardlaw JM, Doubal F, Armitage P, Chappell F, Carpenter T, Muñoz Maniega S, et al. Lacunar stroke is associated with diffuse blood–brain barrier dysfunction. Ann Neurol. (2009) 65:194–202. doi: 10.1002/ana.21549

 21. Gutierrez J, Honig L, Elkind MS, Mohr JP, Goldman J, Dwork AJ, et al. Brain arterial aging and its relationship to Alzheimer dementia. Neurology. (2016) 86:1507–15. doi: 10.1212/WNL.0000000000002590

 22. Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, Kjartansson Ó, et al. Arterial stiffness, pressure and flow pulsatility and brain structure and function: the Age, gene/environment susceptibility–Reykjavik study. Brain. (2011) 134:3398–407. doi: 10.1093/brain/awr253

 23. Ince B, Petty GW, Brown RD, Jr., Chu CP, Sicks JD, Whisnant JP. Dolichoectasia of the intracranial arteries in patients with first ischemic stroke: a populationbased study. Neurology. (1998) 50:1694–8. doi: 10.1212/wnl.50.6.1694

 24. Park JM, Koo JS, Kim BK, Kwon O, Lee JJ, Kang K, et al. Vertebrobasilar dolichoectasia as a risk factor for cerebral microbleeds. Eur J Neurol. (2013) 20:824–30. doi: 10.1111/ene.12075

 25. Gutierrez J, Sacco RL, Wright CB. Dolichoectasia—an evolving arterial disease. Nat Rev Neurol. (2011) 7:41–50. doi: 10.1038/nrneurol.2010.181

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chen, Wei, Lu, Qiao, Shen and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-11-567232-t001.jpg
The presence of ~(n =464) +(n=800)  P-value
SVD neuroimaging

n (%) n (%)
Demographic data
Age, years" 50211053 6583+ 1054  <0.001
Male 206 (36.9) 361(63.7) 0.802
Female 258 (37.0) 439 (63.0)
Risk factors
Hypertension® 108 (19.1) 456 (80.9) <0001
Diabtes melltus* 91(26.0) 259 (74.0) <0001
Hyperlipideria 53(30.5) 121(69.5) 0.066
Previous stroke* 44(16.4) 224 (83.6) <0001
Current smoking® 69(25.3) 204 (74.7) <0.001
Atial fibrilation 36(28.8) 89(71.2) 0,053
Prior coronary artery disease 81(3239) 170(67.7) 0.108
Tortuosity index* 172£038  181£042 <0001

SVD, small vessel disease.
Each baseline characteristic was compared between subjects with and without SVD MRI
markers. *Significant at P < 0.05.
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CMBs, cerebral microbleeds; EPVSs, enlarge perivascular spaces; ICA, internal carotid
artery; rs, correlation coefficient; SVD, small vessel diseass; Ti, tortuosity index; WMHs,
white matter hyperintensities.

The Tl of ICA was compared according to the presence of each SVD marker, including
WMHSs, EPVSs, lacunes, and CMBs according to the severity.
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Adjusted OR
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<0.001
<0.001
0.614
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CMB, cerebral microbleed; EPVS, enlarge perivascular space; ICA, internal carotid artery;
OR, odds ratio (per unit increase in the explanatory variable); SVD, small vessel disease;

WIH, white matter hyperintensity

Adjusted OR was calculated using a multivariable enalysis involving the following
variables: age, sex, hypertension, diabetes melitus,
current smoking, atrial fibrilation, prior coronary artery disease, and three other MFRI
markers of SVD (when one of the four neurcimaging markers was analyzed).

hyperlpidemia, previous stroke,
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