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Lenticulostriate arteries (LSAs) supply blood to the basal ganglia region. Its lesion causes lacunar stroke and resulting neurological syndromes. However, due to its small caliber and large individual variance, the evaluation of LSAs was limited to descriptive and objective measurements. In this study, we aimed to develop a post-processing method to quantify LSAs in subcortical regions and compare their vascular volume to conventional LSA measurements. A processing pipeline was designed to extract subcortical areas in individual spaces while screening out vessels. The vascular volume of LSAs in the subcortical region was calculated from time-of-flight-magnetic resonance angiography (TOF-MRA) at 7 Tesla. The reproducibility was tested to be good for the vascular volume (n = 5, ICCA = 0.84). Comparing the results to conventional measurements, the vascular volume was significantly correlated with the number of branches (r = 0.402, p < 0.001) and the length (r = 0.246, p = 0.032) of LSAs. By applying the method to a group of healthy volunteers (n = 40), we found that most LSAs crossing through the putamen which thereby has the highest vascular density among subcortical nuclei. In general, we proposed a semi-automated processing pipeline for quantifying the vascular volume of LSAs in subcortical regions. The novel method was tested to be robust and provided reasonable results. This method revealed spatial relationships among the perforating arteries and basal ganglia. The vascular volume can be used to evaluated blood supply of subcortical regions, benefiting the radiologic evaluation of neurodegenerative diseases caused by small vascular lesions.
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INTRODUCTION

Lenticulostriate arteries (LSAs) represent the major microvasculature of the middle cerebral arteries and supply blood to the basal ganglia and internal capsules (1, 2). The occlusion of LSAs will cause lacunar infarcts in subcortical structures, leading to motor deficits, sensory deficits, and cognitive dysfunction (3). Imaging LSAs could be useful for clinical applications and provide insights into the mechanisms underlying cerebral microvascular disease development. Digital subtraction angiography (DSA) has been the gold standard for intracranial vascular imaging (4), but this method requires intravenous contrast and is not suitable for routine evaluations. With advances in imaging techniques, magnetic resonance angiography (MRA) has been widely used in clinical medicine because of its non-invasiveness. In the past decade, time-of-flight magnetic resonance angiography (TOF-MRA) at 7 Tesla (7T) has been shown to produce markedly superior blood-to-tissue contrast, which has enabled the non-invasive visualization of human brain microvasculature, in vivo, especially the microvasculature of LSAs (5, 6). Lenticulostriate artery angiography is useful as a diagnostic tool in clinical and research settings for detecting diseases, such as small vessel disease, lacunar infarcts, and vascular dementia. Recent studies have found LSA abnormalities in patients with hypertension (7), lacunar infarcts (8), and vascular dementia (9).

The distribution and morphological characteristics of cerebral small vessels play important roles in diagnosis and treatment of various cerebrovascular diseases (10, 11). However, the analysis tools of LSAs, particularly the quantitative characterization, are still limited. In most studies, the number of LSA stems and branches arising from the first segment of the bilateral ACAs and MCAs are counted manually (7, 9, 12). Some studies have measured the angles, lengths, and curvatures of the longest LSAs on 2D maximum intensity projection (MIP) images (6, 13, 14) or 3D extracted vessels (15, 16). In addition, LSA orifices (8) and vascular densities obtained with rough threshold segmentations (17) have also been proposed. However, due to morphologic variations in LSA structures, these quantification methods have poor sensitivity and stability in being able to evaluate patient groups and sometimes have led to controversial clinical study results (12, 18).

Based on LSA spatial relationships and those of its supplying territories, our study introduces a novel method to quantify LSA vascular volume in subcortical areas to estimate basal ganglia and internal capsule blood supplies. A semi-automatic post-processing pipeline was designed and adjusted to produce LSA vascular volume, objectively. Conventional quantitative indicators, such as the number of branches and lengths of the LSAs were compared with LSA vascular volume.



MATERIALS AND METHODS


Participants

A total of 45 participants were enrolled in this study, separated into validation group (Gval) and application group (Gapp). Gval was used to validate the method and assess its robustness and reproducibility. It included five healthy participants (Aged 25 ± 2.3 years, 3 males). These participants underwent MRI acquisition twice on the same day, with repositioning between two scans. Gapp was applied to find the prevalence of LSAs in basal ganglia region and formed by 40 healthy volunteers (Aged 40.7 ± 9.7 years, 21 males). Informed consent was obtained from all participants and was approved by the local institutional review board.



Magnetic Resonance Imaging

All MRI scans were performed on a 7T whole-body research MR scanner (Siemens Healthcare, Erlangen, Germany). A birdcage transmission and a 32-channel receiving head coil (Nova Medical, MA, USA) were used for all scanning procedures. T1-weighted magnetization-prepared rapid gradient echo (T1w MPRAGE) and TOF-MRA were collected for every participant.

Two protocols of TOF-MRA sequence were optimized to visualize LSAs. To evaluate the reproducibility of our method, whole-brain TOF-MRA with isotropic 0.40 mm resolution was acquired in Gval with the following parameters: field of view (FOV) = 205 × 175 × 107 mm3, number of slabs = 6, repetition time (TR) = 18 ms, echo time (TE) = 4.03 ms, flip angle (FA) = 22°, bandwidth (BW) = 158 Hz/Px, generalized auto-calibrating partial parallel acquisition (GRAPPA) factor = 3, time of acquisition (TA) = 9 min 28 s. For the Gapp, single-slab TOF-MRA was optimized to shorten the acquisition time (9). The imaging slab was positioned obliquely axial covering the bottom of the MCA and basal ganglia. Detailed parameters were FOV = 180 × 135 × 52 mm3, resolution = 0.23 × 0.23 × 0.36 mm3, TR = 15ms, TE = 3.57ms, FA = 20°, BW = 151 Hz/Px, GRAPPA factor = 2, TA = 8 min 20 s. The T1w MPRAGE was obtained for structural images in both groups, with the following parameters: FOV = 224 × 224 × 179 mm3, resolution = 0.70 × 0.70 × 0.70 mm3, TR = 3,000ms, TE = 3.23 ms, inversion time = 1,050ms, FA = 8°, BW = 320 Hz/Px, GRAPPA factor = 3, TA = 5 min 54 s.



Image Analysis


Pre-processing

The pre-processing was performed in FSL software, a comprehensive library of analytic tools (19). The processing workflow is shown in Figure 1. First, the T1w anatomical dataset was registered to the Montreal Neurological Institute (MNI) brain atlas. Non-linear registrations (FNIRT) were used following affine linear transformations (FLIRT) for maximal accuracy. Second, we chose the regions of interest (ROI) indicating the LSA supply territories to build a mask in the MNI space. The selected areas included the putamen, globus pallidus, and caudate nuclei from the Harvard-Oxford Subcortical Structural Atlas and the posterior limbs of the internal capsule from the JHU ICBM-DTI-81 White-Matter labels. On the other hand, the TOF-MRA dataset was aligned to its corresponding T1w anatomical dataset. The N4 bias correction was applied to resolve signal inhomogeneity caused by the dielectric effects of ultra-high fields (20). Finally, rigid and non-linear transformations were concatenated to transform the ROI masks into individual TOF-MRA spaces.


[image: Figure 1]
FIGURE 1. The workflow for calculating lenticulostriate artery (LSA) vascular volume. BC, bias correction; BET, brain extraction tool using FSL software; VMTK, Vascular Modeling Toolkit.




Vessel Enhancement and Filtering

To enhance vessel-to-tissue contrast and suppress non-vascular structures and image noise, we used vessel enhancement filters from the Vascular Modeling Toolkit (21). One voxel of LSA was selected as a seed point. Based on the morphology of LSAs and spatial resolutions of TOF-MRA, vessel enhancement filter parameters were optimized as: minimum vessel diameter = 1 voxel, maximum vessel diameter = 5 voxels, vessel contrast = 100, suppress plates = 10%, and suppress blobs = 40%. Then, we used the previously generated ROI masks to extract enhanced vasculatures to calculate the volume of LSAs, as shown in Figure 1.

Blood vessel volume was analyzed with the MATLAB 2016 software program. We applied a volume ratio scheme to find an appropriate threshold for screening out complete vessels while filtering out noise from the parenchymal tissues. The thresholds were adjusted until vessel-to-tissue volume ratios changed >0.2%. The vascular volume was defined as the number of voxels above the threshold multiplied by the imaging resolution.



Quantifying the Morphologic Characteristics of Lenticulostriate Arteries

Three dimensional (3D) MRA image reconstructions and analyses were performed using a free and open-source code software from Horos (https://horosproject.org). We counted the number of LSA stems and branches arising from the first segment of the bilateral ACAs (A1) and MCAs (M1). Only blood vessels of the LSA-supplying territories (the previously mentioned ROIs) were counted. Stems were defined as LSAs directly connected to A1s or M1s. Branches were defined as daughter vessels arising from parent LSA stems without any subordinate branches. If a trunk had no branches, it was recorded as both stem and branch. To measure the maximal length of the LSAs, MIP was reconstructed in the coronal view with a slab thickness of 28mm covering the LSAs and MCAs. The maximal length was determined as the distance from MCA to the visible end of the longest LSA.




Statistical Analyses

The inter-class correlation coefficient (ICC) was used as the measure for reproducibility, assessing the absolute agreement (ICCA) between both scans of Gval. In addition, the data of Gapp was used for quantitative analysis. All the quantitative data were presented as means ± standard deviations (SDs). The level of significance was set at p < 0.05. The volume of LSAs calculated with our new method was compared with conventional LSA measurements using Pearson's correlation coefficient. All statistical analyses were carried out using SPSS vision 21 software.




RESULTS

Figure 2 shows an example of subcortical ROIs and LSA voxels. The subcortical nuclei and basal ganglia were well-segmented according to the anatomic images. The LSA vasculature was clearly demonstrated after vessel enhancement and filtering. The volumes of subcortical ROIs have an ICCA = 0.98 (95% CI = 0.88–0.99), confirming excellent registration for ROI definition. The inter-scan reproducibility of quantifying LSA volume was good with an ICCA = 0.84 (95% CI = 0.47–0.96). An example of reproducibility test was exhibited in Figure 3. The discrepancies between the repeated scans occurred mostly for tiny branches of LSA which was sensitive to partial volume effect.


[image: Figure 2]
FIGURE 2. The subcortical regions of interest (ROIs) and LSA vascular volume in one participant. (A) The ROIs in the anatomical image; (B,C) The vascular voxels identified in the ROIs concide well with the vasculature in the raw image.



[image: Figure 3]
FIGURE 3. The extracted LSA vasculatures of one hemisphere in the reproducibility testing. (A) The first scan; (B) The second scan.


Two participants in Gapp were excluded from the analyses because voxels of large arteries were involved in the basilar ROI and contaminated the results. In total, 38 participants (76 hemispheres) were used for the statistical analyses. The LSA voxel numbers in the subcortical nuclei and internal capsules were 998.01 ± 206.88, which corresponded to a volume of 19.01 ± 0.45 mm3. There were 5.71 ± 1.41 LSA branches and 3.39 ± 1.07 stems in each hemisphere, and the length of the longest branch was 3.44 ± 0.53 cm. The vascular volume was significantly correlated with the number of LSA branches (r = 0.402, p < 0.001) and the LSA lengths (r = 0.246, p = 0.032), but no correlation was found between the vascular volume and the number of LSA stems (r = 0.062, p = 0.596), as shown in Figure 4. The LSA voxel numbers in different subcortical regions (putamen, globus pallidus, caudate nucleus, and internal capsule) were further analyzed. We found that 90% of the visible perforating branches funneled through the putamen, which can be observed in Figure 2.


[image: Figure 4]
FIGURE 4. Correlation analyses of lenticulostriate artery (LSA) volume and conventional measurements; LSA vascular volume vs. (A) LSA lengths, (B) the number of LSA branches, and (C) the number of LSA stems.




DISCUSSION

Our study proposed a novel method for quantifying perforating arteries in subcortical regions. LSA vascular volume, equivalent to voxel numbers, reflected regions of subcortical blood supply. In previous studies, stems, branches, and lengths were used to describe LSA morphologies. Compared with these traditional measurements, the vascular volume in subcortical ROIs was significantly correlated with the number of LSA branches and the LSA lengths. Conversely, LSA vascular volume was not correlated with the number of LSA stems, which could be explained by larger perforating arteries dividing into numerous branches before entering the brain substance (22, 23). Lenticulostriate artery volume assessments were able to estimate blood supplies in the subcortical regions more appropriately.

This new analytic method has two main advantages over traditional methods. First, the vascular volume is comprehensive representations of LSA numbers, lengths, and diameters. In a previous study, negative correlations were reported between LSA numbers and diameters (the higher the number of branches, the smaller the branch diameters, and vice versa) (24). Vascular volume measurements provided more comprehensive LSA quantifications in the subcortical regions, which was likely related to the blood perfusion in this area. In addition, the analytic methods represent an automatic post-processing pipeline that avoids the subjective bias of traditional measurements. In previous studies, investigators had to manually count the number of branches and draw curves to obtain diameter lengths. These operations depended more or less on subjective vasculature definitions. However, our new method extracted LSAs in an automated way eliminating subjective influence. The reproducibility testing gave robust and consistent results, owing to its fixed and deterministic behavior. Therefore, this novel method would be suitable for perforating artery analyses in studies with larger populations.

According to previous studies, a consensus has been reached that LSA imaging has important clinical implications and provides insights into the mechanisms underlying the development of cerebral small vessel disease. However, radiologic studies investigating the associations between vasculature and basal ganglia are still lacking. Huge morphologic differences in LSA appearances among different individuals could be an important reason for the current limits of research on this topic, since currently available LSA imaging characteristics have poor sensitivity in being able to detect LSA abnormalities. In this study, the proposed method identified LSA vasculature and its supplying territories automatically. We showed a relationship between perforating arteries and the basal ganglia. The quantification of LSA vascular volume in subcortical areas could be used in both neurovascular studies and clinical diagnostic settings. LSA vascular volume reflects the density of perforating arteries and can be used to evaluate the impacts of lacunar infarcts, explore the causes of vascular dementia, and facilitate the etiologic studies of cerebral small vessel disease.

There are two major limitations to our study. First, large arteries were observed in the subcortical ROIs in 2 of 40 subjects, which interfered with the screening of LSA voxels and were thus removed from the analysis. These large vessels arose from the second MCA segments and crept along the surface of the brains without entering the parenchyma. Inclusion of these large arteries could be explained by misregistering subcortical ROIs from the templates to the individual spaces and should be improved upon in future studies. Second, when analyzing data from different subcortical areas, most vascular volume was found in the putamen, while very few voxels existed in other nuclei, especially the caudate nucleus. However, anatomic studies showed that LSAs arc around and course through the putamen and then travel superomedially through the superior part of the internal capsule and much of the caudate nucleus. The caudate nucleus is located superior to the putamen and other subcortical nuclei. The weakened in-flow of blood could have resulted in limited TOF-MRA sensitivity in the superior part of the scanning slab, and thus, miss small vessels in the caudate nucleus. However, the bias should not affect the results when comparing vascular volume in similar areas among different individuals.



CONCLUSION

In conclusion, we proposed an automatic processing pipeline for quantifying LSA vascular volume in subcortical regions. The results provided a general knowledge of the relationship between perforating arteries and basal ganglia. This method introduces a new dimension for interpreting LSA imaging findings, and could potentially assist in the radiologic evaluation of neurodegenerative diseases caused by small vascular lesions.



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 Institutional Review Board of Beijing MRI Center for Brain Research. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

NW and ZZ contributed to the conception and design of the study, analysis and interpretation of the data, and drafting of the manuscript. XZ and JA contributed to the acquisition of data. YZ contributed to the funding acquisition and supervision. All the authors approved the publication of the study.



FUNDING

This work was supported by the National Key R&D Program of China (No. 2017YFC1307900, 2017YFC1307904), National Natural Science Foundation of China (82001804, 81961128030), Beijing Natural Science Foundation (7191003), Strategic Priority Research Program of Chinese Academy of Science (XDB32010300), and Capital's Funds for Health Improvement and Research (CFH2020-2-5115).



REFERENCES

 1. Marinković S, Gibo H, Milisavljević M, Cetković M. Anatomic and clinical correlations of the lenticulostriate arteries. Clin Anat. (2001) 14:190–5. doi: 10.1002/ca.1032

 2. Alexander L. The vascular supply of the strio-pallidum. Res Publ Assoc Res Nerv Ment Dis. (1942) 21:77–132.

 3. Decavel P, Vuillier F, Moulin T. Lenticulostriate infarction. Front Neurol Neurosci. (2012) 30:115–9. doi: 10.1159/000333606

 4. Jeans WD. The development and use of digital subtraction angiography. Brit J Radiol. (1990) 63:161–8. doi: 10.1259/0007-1285-63-747-161

 5. Cho ZH, Kang CK, Han JY, Kim SH, Kim KN, Hong SM, et al. Observation of the lenticulostriate arteries in the human brain in vivo using 7.0T MR angiography. Stroke. (2008) 39:1604–6. doi: 10.1161/STROKEAHA.107.508002

 6. Kang CK, Park CA, Lee H, Kim SH, Park CW, Kim YB, et al. Hypertension correlates with lenticulostriate arteries visualized by 7T magnetic resonance angiography. Hypertension. (2009) 54:1050–6. doi: 10.1161/HYPERTENSIONAHA.109.140350

 7. Kang CK, Park CW, Han JY, Kim SH, Park CA, Kim KN, et al. Imaging and analysis of lenticulostriate arteries using 7.0-Tesla magnetic resonance angiography. Magn Reson Med. (2009) 61:136–44. doi: 10.1002/mrm.21786

 8. Kong Q, Zhang Z, Yang Q, Fan Z, Wang B, An J, et al. 7T TOF-MRA shows modulated orifices of lenticulostriate arteries associated with atherosclerotic plaques in patients with lacunar infarcts. Eur J Radiol. (2019) 118:271–6. doi: 10.1016/j.ejrad.2019.07.032

 9. Seo SW, Kang CK, Kim SH, Yoon DS, Liao W, Worz S, et al. Measurements of lenticulostriate arteries using 7T MRI: new imaging markers for subcortical vascular dementia. J Neurol Sci. (2012) 322:200–5. doi: 10.1016/j.jns.2012.05.032

 10. Matsushige T, Chen B, Dammann P, Johst S, Quick HH, Ladd ME, et al. Microanatomy of the subcallosal artery: an in-vivo 7 T magnetic resonance angiography study. Eur Radiol. (2016) 26:2908–14. doi: 10.1007/s00330-015-4117-1

 11. Matsushige T, Kraemer M, Sato T, Berlit P, Forsting M, Ladd ME, et al. Visualization and classification of deeply seated collateral networks in moyamoya angiopathy with 7T MRI. AJNR Am J Neuroradiol. (2018) 39:1248–54. doi: 10.3174/ajnr.A5700

 12. Ling C, Fang X, Kong Q, Sun Y, Wang B, Zhuo Y, et al. Lenticulostriate arteries and basal ganglia changes in cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, a high-field MRI study. Front Neurol. (2019) 10:870. doi: 10.3389/fneur.2019.00870

 13. Kang CK, Park CA, Park CW, Lee YB, Cho ZH, Kim YB. Lenticulostriate arteries in chronic stroke patients visualised by 7 T magnetic resonance angiography. Int J Stroke. (2010) 5:374–80. doi: 10.1111/j.1747-4949.2010.00464.x

 14. Yashiro S, Kameda H, Chida A, Todate Y, Hasegawa Y, Nagasawa K, et al. Evaluation of lenticulostriate arteries changes by 7 T magnetic resonance angiography in Type 2 diabetes. J Atheroscler Thromb. (2018) 25:1067–75. doi: 10.5551/jat.43869

 15. Ma SJ, Sarabi MS, Yan L, Shao X, Chen Y, Yang Q, et al. Characterization of lenticulostriate arteries with high resolution black-blood T1-weighted turbo spin echo with variable flip angles at 3 and 7 Tesla. Neuroimage. (2019) 199:184–93. doi: 10.1016/j.neuroimage.2019.05.065

 16. Zhang Z, Fan Z, Kong Q, Xiao J, Wu F, An J, et al. Visualization of the lenticulostriate arteries at 3T using black-blood T1-weighted intracranial vessel wall imaging: comparison with 7T TOF-MRA. Eur Radiol. (2019) 29:1452–9. doi: 10.1007/s00330-018-5701-y

 17. Cho ZH, Lee YB, Kang CK, Yang JW, Jung IH, Park CA, et al. Microvascular imaging of asymptomatic MCA steno-occlusive patients using ultra-high-field 7T MRI. J Neurol. (2013) 260:144–50. doi: 10.1007/s00415-012-6604-5

 18. Liem MK, van der Grond J, Versluis MJ, Haan J, Webb AG, Ferrari MD, et al. Lenticulostriate arterial lumina are normal in cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy: a high-field in vivo MRI study. Stroke. (2010) 41:2812–6. doi: 10.1161/STROKEAHA.110.586883

 19. Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW, Smith SM. Fsl. Neuroimage. (2012) 62:782–90. doi: 10.1016/j.neuroimage.2011.09.015

 20. Tustison NJ, Avants BB, Cook PA, Zheng Y, Egan A, Yushkevich PA, et al. N4ITK: improved N3 bias correction. IEEE Trans Med Imaging. (2010) 29:1310–20. doi: 10.1109/TMI.2010.2046908

 21. Antiga L, Piccinelli M, Botti L, Ene-Iordache B, Remuzzi A, Steinman DA. An image-based modeling framework for patient-specific computational hemodynamics. Med Biol Eng Comput. (2008) 46:1097–112. doi: 10.1007/s11517-008-0420-1

 22. Kaplan HA, Ford DH. The Brain Vascular System. Amsterdam: Elsevier Publishing Company (1966).

 23. Rosner SS, Rhoton AL, Ono M, Barry M. Microsurgical anatomy of the anterior perforating arteries. J Neurosurg. (1984) 61:468–85. doi: 10.3171/jns.1984.61.3.0468

 24. Marinković SV, Kovačević MS, Marinković JM. Perforating branches of the middle cerebral artery: microsurgical anatomy of their extracerebral segments. J Neurosurg. (1985) 63:266–71. doi: 10.3171/jns.1985.63.2.0266

Conflict of Interest: XZ is an employee of Siemens Healthcare and JA is an employee of Siemens Shenzhen Magnetic Resonance Ltd. The Institute of Biophysics (Chinese Academy of Sciences) holds a research agreement with Siemens Healthcare.

The remaining 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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wei, Zhang, An, Zhuo and Zhang. 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.












	
	SYSTEMATIC REVIEW
published: 22 September 2021
doi: 10.3389/fneur.2021.649233






[image: image2]

An ALE Meta-Analysis of Specific Functional MRI Studies on Subcortical Vascular Cognitive Impairment

Wenwen Xu1†, Yu Song1†, Shanshan Chen1, Chen Xue2, Guanjie Hu3, Wenzhang Qi2, Wenying Ma1, Xingjian Lin1* and Jiu Chen3,4*


1Department of Neurology, The Affiliated Brain Hospital of Nanjing Medical University, Nanjing, China

2Department of Radiology, The Affiliated Brain Hospital of Nanjing Medical University, Nanjing, China

3Institute of Brain Functional Imaging, Nanjing Medical University, Nanjing, China

4Institute of Neuropsychiatry, The Affiliated Brain Hospital of Nanjing Medical University, Nanjing, China

Edited by:
Xiaofei Hu, Army Medical University, China

Reviewed by:
Feng Chen, Zhejiang Chinese Medical University, China
 Zhenghua Hou, Southeast University, China

*Correspondence: Xingjian Lin, linxingjian@njmu.edu.cn
Jiu Chen, ericcst@aliyun.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Applied Neuroimaging, a section of the journal Frontiers in Neurology

Received: 06 January 2021
 Accepted: 28 July 2021
 Published: 22 September 2021

Citation: Xu W, Song Y, Chen S, Xue C, Hu G, Qi W, Ma W, Lin X and Chen J (2021) An ALE Meta-Analysis of Specific Functional MRI Studies on Subcortical Vascular Cognitive Impairment. Front. Neurol. 12:649233. doi: 10.3389/fneur.2021.649233



Background: Subcortical vascular cognitive impairment (sVCI), caused by cerebral small vessel disease, accounts for the majority of vascular cognitive impairment, and is characterized by an insidious onset and impaired memory and executive function. If not recognized early, it inevitably develops into vascular dementia. Several quantitative studies have reported the consistent results of brain regions in sVCI patients that can be used to predict dementia conversion. The purpose of the study was to explore the exact abnormalities within the brain in sVCI patients by combining the coordinates reported in previous studies.

Methods: The PubMed, Embase, and Web of Science databases were thoroughly searched to obtain neuroimaging articles on the amplitude of low-frequency fluctuation, regional homogeneity, and functional connectivity in sVCI patients. According to the activation likelihood estimation (ALE) algorithm, a meta-analysis based on coordinate and functional connectivity modeling was conducted.

Results: The quantitative meta-analysis included 20 functional imaging studies on sVCI patients. Alterations in specific brain regions were mainly concentrated in the frontal lobes including the middle frontal gyrus, superior frontal gyrus, medial frontal gyrus, and precentral gyrus; parietal lobes including the precuneus, angular gyrus, postcentral gyrus, and inferior parietal lobule; occipital lobes including the lingual gyrus and cuneus; temporal lobes including the fusiform gyrus and middle temporal gyrus; and the limbic system including the cingulate gyrus. These specific brain regions belonged to important networks known as the default mode network, the executive control network, and the visual network.

Conclusion: The present study determined specific abnormal brain regions in sVCI patients, and these brain regions with specific changes were found to belong to important brain functional networks. The findings objectively present the exact abnormalities within the brain, which help further understand the pathogenesis of sVCI and identify them as potential imaging biomarkers. The results may also provide a basis for new approaches to treatment.

Keywords: subcortical vascular cognitive impairment, resting state, ALE, amplitude of low-frequency fluctuation, regional homogeneity, functional connectivity


INTRODUCTION

Cerebral small vessel disease (CSVD), referring to the series of neuropathological processes related to heredity and age, continuously damages the small perforating arteries, arterioles, capillaries, and venules (1). The cerebral white and deep gray matter are inevitably damaged, which further results in the onset of occult cognitive impairment (1). Vascular cognitive impairment (VCI), including VCI non-dementia (VCIND), vascular dementia (VD), and mixed dementia with VCI, is a potentially preventable and treatable cognitive impairment (2). Accounting for about 36–67% of VCI, subcortical vascular cognitive impairment (sVCI) caused by CSVD needs early recognition and intervention, which is the key to reducing the incidence of VD (3). Topics surrounding sVCI such as cognitive impairment, imaging features, and biological markers have gradually become the focus of today's international stroke and domestic research (4). It is well known that dementia is a group of syndromes involving memory loss, judgment, reasoning, mood changes, behavior, and communication (5). However, compared with AD, the cognitive characteristics of sVCI, involve the domains of executive function impairment and attention deficit, rather than more prominent memory impairment (6). It is reasonable to deduce that the main damaged brain area in AD and the main damaged brain area in sVCI are dissimilar because of the difference in cognitive impairment between the two neurodegenerative diseases, which is a point worthy of further study.

CSVD can be divided into three disease subtypes as follows (7). Subtype 1 is composed of sporadic arteriolosclerosis accompanied by aging and several vascular risk factors, which include systemic arterial hypertension and diabetes mellitus (7). Subtype 2 is defined by cerebral amyloid angiopathy (CAA) linked to hereditary (7). Subtype 3 refers to all inherited or genetic CSVD subtypes without CAA (7). Among them, the most common disease is cerebral autosomal dominant arteriopathy with subcortical ischemic strokes and leukoencephalopathy (8). The common feature of the different subtypes is hemorrhage or ischemia of the subcortical small cerebral vessels. Therefore, it is necessary to clarify the characteristics and types of CSVD by searching original studies and conducting comprehensive quantitative analysis.

In terms of neuroimaging, CSVD appears as white matter lesions, lacunar infarcts, enlarged perivascular spaces, and cerebral microbleeds (8). Resting-state functional magnetic resonance imaging (fMRI) has made it possible for researchers to detect alterations in brain functional networks and local spontaneous neuronal activity, which provides new insight into the pathogenesis of neurological diseases (9). At present, there are three reliable technical means widely used in fMRI, including the amplitude of low-frequency fluctuation (ALFF), regional homogeneity (ReHo), and functional connectivity (FC) (10–12). The ALFF is used to describe spontaneous regional brain activity and ReHo is used to demonstrate the consistency of brain activity (10). FC reveals whether there is connectivity disruption or compensation in the brain regions (12). In the field of neuroimaging, the known networks for cognitive impairment include the default mode network (DMN), the executive control network (ECN), and the visual network (VN). Different networks interact and coordinate with each other to maintain the cognitive level (13). When cognitive impairment occurs, these networks are undoubtedly affected, and vice versa (13). Since the clinical cognitive impairment of sVCI involves multiple aspects, impairment in different networks is likely to occur.

Anatomical Likelihood Estimation (ALE) is a coordinate-based meta-analysis method whose principle is that a 3D Gaussian probability distribution is derived from each coordinate of the research (14). ALE maps are formed by synthesizing the distribution of all eligible studies with a threshold of p < 0.05 (15). ALE has demonstrated statistically significant results in studies of various neurological or psychiatric disorders (16). There are no original articles on sVCI in the study of resting-state FC and spontaneous neuronal activity. However, a rare meta-analysis was conducted on specific functional alterations of the brain regions in sVCI patients. Therefore, it is necessary to summarize the previously published articles on sVCI caused by CSVD to determine the specific cognitive domains and brain regions damaged using the ALE algorithm. This study was conducted to investigate the potential targets of sVCI and further discover the pathogenesis. Hence, we made assumptions that in sVCI: (1) specific brain functional markers associated with cognitive impairment would be revealed in sVCI patients and (2) these specific markers would belong to important networks whose interruption has been associated with cognitive decline.



METHOD

The meta-analysis of the present studies was based on the PRISMA statement guidelines.


Literature Retrieval and Research Selection
 
Retrieval Strategies

Two researchers thoroughly and systematically searched the PubMed, Embase, and Web of Science databases using the keywords (1) (“functional magnetic resonance imaging [MeSH] OR “RESTING STATE” [MeSH]) AND (“subcortical vascular cognitive impairment” [MeSH]) AND (“Functional connectivity”); (2) (“functional magnetic resonance imaging [MeSH] OR “RESTING STATE” [MeSH]) AND (“subcortical vascular cognitive impairment” [MeSH] AND “regional homogeneity”); (3) (“functional magnetic resonance imaging” [MeSH] OR “RESTING STATE” [MeSH]) AND (“subcortical vascular cognitive impairment” [MeSH] AND (“amplitude of low frequency fluctuation”) (Supplementary Table 1). Figure 1 shows the flowchart of the literature search and selection strategy.


[image: Figure 1]
FIGURE 1. The flowchart of meta-analysis.




Inclusion and Exclusion Criteria
 
Inclusion Criteria

The inclusion criteria were (1) lacunar infarction (LI), cerebral microinfarct, hemorrhage (CMB), leukoencephalopathy (WML), lacunae, and enlarged perivascular gaps on head magnetic resonance imaging (MRI) (17); (2) diagnostic criteria for CSVD based on CSVD expert consensus (18); and (3) the results of the assessment of all the enrolled patients were within the range of cognitive impairment.



Exclusion Criteria

The exclusion criteria were (1) existing or past infarction, hemorrhage, and derma in 1/3 of the cerebral lobe; (2) obvious cerebral artery stenosis or occlusion (18); (3) other diseases of the brain that cause leukinopathy (e.g., hypoglycemia, poisoning, and immune disorders (18)); (4) patients with intracranial tumors and major organ dysfunction (18); and (5) patients with dementia, mental symptoms, audiovisual impairment, and the inability to cooperate (18).



Article Requirements

The articles needed to contain resting-state functional MRI and present Talairach or Montreal Neurologic Institute (MNI) information. We only selected articles in English. Literature such as reviews and meta-analysis articles were excluded. Articles with incomplete information or secondary processing were also excluded.




Data Extraction

Two researchers independently selected, extracted, and checked the data. When there is any disagreement, a third reviewer participated in the decision. All of the abnormal brain region coordinates were derived from the consistent text.




Data Analysis Program

We identified both increased and decreased indicators. The ALFF/fALFF ratio was increased in 32 foci (n = 169) and decreased in 11 foci (n = 202); ReHo was increased in 6 foci (n = 95) and decreased in 7 foci (n = 95); and FC was increased in 24 foci (n = 122) and decreased in 44 foci (n = 136).

We used a Java-based version of Ginger ALE 2.3.6 (http://www.brainmap.org/ale) to perform the ALE meta-analysis. The convergence of the difference in foci was assessed between the sVCI and HC groups. The steps were as follows: (1) import a text file used to read the data into the software; (2) set a threshold at p < 0.05; (3) input the maps into the MNI template and view the image with dpabi software (http://fmri.org/dpabi).




RESULTS


Research Results

The study characteristics and results are summarized in Table 1.


Table 1. Demographic data and clinical information.
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Meta-Analysis Results

Compared to the HC groups, sVCI patients had no increased ALFF in the specific brain regions. In contrast, the brain regions with a significant decrease in ALFF values mainly included the precuneus (PCUN), posterior cingulate cortex (PCC), cuneus (CUN), middle temporal gyrus (MTG), inferior parietal lobule (IPL), angular gyrus (AG), and the medial frontal gyrus (mFG) (Figure 2 and Table 2).


[image: Figure 2]
FIGURE 2. Decreased ALFF in sVCI patients compared with HCs. sVCI, subcortical cognitive impairment; HCs, healthy controls; ALFF, amplitude of low-frequency fluctuation; PCUN, precuneus; PCC, posterior cingulate cortex; CUN, cuneus; MTG, middle temporal gyrus; IPL, inferior parietal lobule; AG, angular gyrus; Mfg, medial frontal gyrus; R, right; L, left.



Table 2. All brain regions and clusters derived from meta-analysis.

[image: Table 2]

sVCI patients had increased ReHo in the PCUN, IPL, cingulate gyrus (CG), fusiform gyrus (FFG), and middle frontal gyrus (MFG) (Figure 3 and Table 2). In addition, sVCI patients presented with decreased ReHo in the PCUN, lingual gyrus (LING), insula, posterior lobe, lentiform nucleus, and MFG (Figure 3 and Table 2).


[image: Figure 3]
FIGURE 3. (A) Increased ReHo in sVCI patients compared with HCs. (B) Decreased ReHo in sVCI patients compared with HCs. sVCI, subcortical cognitive impairment; HCs, healthy controls; ReHo, regional homogeneity; PCUN, precuneus; IPL, inferior parietal lobule; CG, cingulate gyrus; INS, insula; FFG, fusiform gyrus; MFG, middle frontal gyrus; LING, lingual gyrus; R, right; L, left.


Compared to the HC groups, sVCI patients showed increased FC in the precentral gyrus (PreCG), superior frontal gyrus (SFG), and MFG (Figure 4 and Table 2). sVCI patients showed decreased FC in the MFG, postcentral gyrus (PosCG), PreCG, sub-gyral, mFG, and MFG (Figure 4 and Table 2).


[image: Figure 4]
FIGURE 4. (A) Increased FC in sVCI patients compared with HCs. (B) Increased FC in sVCI patients compared with HCs. sVCI, subcortical cognitive impairment; HCs, healthy controls; FC, functional connectivity; PreCG, precentral gyrus; SFG, superior frontal gyrus; MFG, middle frontal gyrus; PosCG, postcentral gyrus; mFG, medial frontal gyrus; MFG, middle frontal gyrus; R, right; L, left.





DISCUSSION

The present study was the first meta-analysis conducted to explore the specific functional alterations in brain regions in sVCI patients. We determined different patterns of spontaneous brain activity through two indicators, ALFF and ReHo, and found different brain functional connections by comparing the results. In patients with sVCI, the areas most affected in the brain were the frontal lobes, parietal lobes, and occipital lobes. Additionally, the significant difference in the limbic system may indicate spatially distinct patterns of brain function in sVCI patients.

Decreases in ALFF were found in the PCUN, PCC, MTG, IPL, and AG. ReHo was also decreased in the PCUN and increased in the PCUN and IPL. As the medial aspect of the parietal lobe, the PCUN is considered the hub of multiple brain networks (34). The PCUN has three separate areas that participate in different functional networks (35). The anterior PCUN mainly links to sensorimotor areas and projects into the insula. The central PCUN is related to the hippocampus and the posterior PCUN joins with regions of the visual cortex (35). Previous evidence reported in a positron emission tomography (PET) study showed hypometabolism of the PCUN in sVCI patients (36). It is known that the IPL is responsible for maintaining attention control and dealing with information (37). The AG is involved in language, number processing, and memory retrieval (38). As an important part of the limbic system, the PCC has extensive functional connections with many brain areas in the prefrontal lobe. Weak signal values in this region, which is responsible for monitoring sensation, stereotyping, and memory, suggest that cognitive impairment in sVCI patients is closely related to this important brain region (39). A recent study revealed that the PCC and PCUN appeared to have the most structural and functional alterations in sVCI patients (40). Some studies reported that the language understanding network, centered on the dominant hemisphere of the MTG, is the neural basis of the brain's language understanding function (41). As we know, language impairment is an important manifestation of vascular dementia (42).

All of the brain regions mentioned above are part of the DMN, the main function of which is to extract the process of episodic memory, cognition, and emotion (43). As for both rising and falling signals in the same brain region, this is due to different stages of the disease (44). It has been shown that during the development of sVCI, some brain regions are compensated for to coordinate cognitive functions (45). Thus, it is not hard to explain why there are elevated signals in certain brain regions. In summary, brain function damage caused by sVCI was concentrated in the DMN, which is consistent with the impairment of episodic memory shown in sVCI patients. However, the within-group analysis showed no significant differences in the increased ALFF values.

Brain regions such as the MFG, SFG, mFG, and PreCG exhibited abnormal FC. These brain regions were located in the ECN, which aims at integrating sensory and memory information and regulating cognition and behavior (30). The ECN, whose core is the prefrontal lobe, is in charge of the integration of sensation, memory information, and the regulation of cognition and behavior (46). Executive function has been confirmed to be the main cognitive domain that shows degeneration in sVCI (29). A structural equation model on CSVD showed that the main neuropsychological symptom, executive dysfunction, may predict both reductions in awareness and the quality of life (47). The pathogenesis of sVCI is mainly the long-term damage of gray matter and white matter. Naturally, the course of the disease shows a trend of gradual aggravation. As a result, it is significant to conclude that the involved brain regions were located in the ECN based on the existing literature. Recent findings pointed out that the employment of transcranial magnetic stimulation could promote an increase in global excitability in sVCI (42). Our research can provide meaningful potential targets for transcranial magnetic stimulation (TMS) to enhance cortical excitability and synaptic plasticity.

Our study showed decreased ALFF in the cuneus and decreased ReHo in the LING. Located at the center of the visual cortex, the LING and the cuneus are in charge of visual function processes (48). A randomized controlled trial confirmed that visual dysfunction may exist in sVCI and regular ophthalmological exams can help improve the quality of life (49). Our findings were consistent with the clinical symptoms. There was a synergistic effect between the networks. When the DMN and ECN are abnormal, the VN will also be functionally damaged (49). As for the compensatory increase in the VN in the later period, more experiments are needed to prove this. Regardless, ReHo tends to demonstrate the coherence of neural activity. Interestingly, a decrease in ReHo in the insula was a unique and important discovery in sVCI patients (50). Covered by the frontal and temporal opercula, the insula contains several functional regions involved in attention, language, speech, and working memory. It is also the hub of several important networks (51). As mentioned in the DMN above, the insula is connected to the anterior PCUN, both of which are reduced. Thus, brain regions and brain networks interact with each other in sVCI patients (49).



LIMITATIONS

Although the results of this study are valuable, limitations were inevitable. The heterogeneity of the data sources is clear. Different threshold settings and preprocessing methods used in the studies would affect our results to different extents (52). However, these differences were negligible with respect to the neuroimaging changes. Since CSVD is a broad concept that includes a wide range of diseases, there were limitations in this area even though the pathogenesis was similar. Due to the small number of studies, it was difficult to study the detailed unified classification. Another limitation was confounding factors such as load of white matter lesions, the presence of microbleeds, and infarcts, which influenced the resting-state indexes to some degree. Besides, as the domains of cognitive impairment were different in the included papers, the heterogeneity of the article was undeniable. Finally, because it is difficult to get the full text of several literatures, this is also the limitation of this paper.



CLINICAL IMPLICATIONS

Although a single study can provide valuable information, it still lacks uniformity and precision. Considering this, our quantitative analysis was very necessary. Core brain areas such as the PCUN, LING, frontal gyrus, and insula were regarded as neuroimaging markers in sVCI. The findings also provide a valuable basis for TMS and drug treatment. Having identified which functions were impaired, we can follow up regularly, such as focusing on visual function, to improve the patients' quality of life. In conclusion, our results showed disease-specific brain area damage characteristics and provide information for follow-up care and treatment.



CONCLUSION

By synthesizing the published literature on sVCI caused by cerebral microvascular disease, we obtained special imaging markers, which were concentrated on the frontal lobes including the middle frontal gyrus, superior frontal gyrus, medial frontal gyrus, precentral gyrus; parietal lobes including the precuneus, angular gyrus, postcentral gyrus, and inferior parietal lobule; occipital lobes including the lingual gyrus and cuneus; temporal lobes including the fusiform gyrus and middle temporal gyrus; and the limbic system including the cingulate gyrus. By dividing these brain regions, the brain networks to which they belonged were also identified. Multiple brain functional networks such as the DMN, ECN, and VN showed abnormal performance consistent with sVCI patients. These findings objectively present the exact abnormalities within the brain, which can help to further understand the pathogenesis of sVCI and suggest imaging findings as a potential biomarker. It may also provide a basis for new treatment approaches.
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Objectives: In patients with carotid stenosis, to investigate the relationship between carotid intraplaque hemorrhage (IPH) and total burden of cerebral small vessel disease (CSVD) and preliminarily explore whether the total CSVD burden as an imaging marker can distinguish the severity of clinical symptoms.

Methods: A total of 108 patients (the mean age was 66 ± 7 years, and 85.2% were male) with unilateral carotid stenosis ≥50% underwent brain MRI and high-resolution MRI for carotid plaque characterization. The total burden of CSVD was calculated by accumulating one point according to the presence or severity of each of the four MRI markers: white matter hyperintensities, lacunes, perivascular spaces, and cerebral microbleeds. Recent clinical symptoms including transient ischemic attack, amaurosis fugax, and ischemic stroke were recorded. The association between intraplaque hemorrhage (IPH) and total CSVD burden was examined adjusted for other risk factors. The symmetry of CSVD burdens between the ipsilateral and contralateral hemispheres of IPH was tested. Imaging features (CSVD score, IPH, degree of stenosis, and completeness of the circle of Willis) were correlated with clinical symptoms by Kruskal–Wallis H test, Chi-square test, and Fisher's exact test.

Results: Multivariable logistic regression analysis showed that IPH (OR = 2.98, 95% CI [1.39, 6.40], p = 0.005) was independently associated with a higher CSVD score. The presence of unilateral IPH was associated with the inter-hemispheric CSVD score difference (p = 0.004). Patients with stroke had a higher ipsilateral CSVD score than asymptomatic patients (p = 0.004) and those with transient ischemic attack/amaurosis fugax (p = 0.008). The statistical difference was marginally significant between symptoms and IPH (p = 0.057). No statistical difference was found between the symptoms and degree of stenosis and the completeness of the circle of Willis (p > 0.05).

Conclusions: Carotid IPH is associated with an elevated total burden of CSVD in patients with carotid stenosis. Compared with the degree of stenosis, primary collaterals, and IPH, the total CSVD score might be a more effective imaging marker linked with clinical symptoms.

Keywords: cerebral small vessel disease, carotid stenosis, carotid intraplaque hemorrhage, magnetic resonance imaging, stroke


INTRODUCTION

Cerebral small vessel disease (CSVD) often coexists with large artery atherosclerosis (LAA) (1, 2). CSVD can be observed in about two-thirds of patients with carotid stenosis (3). In patients with carotid stenosis, CSVD is associated with increased risks of long-term cardiovascular death (3) and future stroke (4, 5) and adversely affects postoperative cognition (6). Therefore, a better understanding of the pathogenesis for CSVD in carotid stenosis would help improve patients' prognosis.

MRI-defined carotid intraplaque hemorrhage (IPH) is in strong agreement with the histologically defined vulnerable plaque (7) and considered as a reliable marker of thromboembolic plaque activity (8). By releasing emboli into the cerebral vascular system, IPH may be an important risk factor for CSVD. Previous researches (9–13) and meta-analyses (14, 15) reached controversial conclusions on the association between plaque characteristics and CSVD. Most previous studies (9–13) did not provide an adequate control of confounders, possibly interrelated and patient-related. Moreover, previous studies (9–13) often focused on an isolated CSVD marker. Actually, multiple CSVD imaging features are often present simultaneously or sequentially; thus, CSVD should be treated as a whole brain disease (16). A prevailing scoring system called the “total burden of CSVD” expressed by the cooccurrence of white matter hyperintensities (WMHs), lacunes, perivascular spaces (PVSs), and cerebral microbleeds (CMBs) has been proposed for capturing the overall brain damage resulting from CSVD, rather than estimating only one or two individual CSVD markers separately (17). However, the association between carotid IPH and total CSVD score has not been confirmed in carotid stenosis patients.

In addition, although IPH is a strong predictor of stroke in carotid stenosis patients (18), carotid plaque MRI examination is not often performed in clinical practice. If the total CSVD burden is associated with presence of IPH, it may be another effective imaging marker for indicating clinical symptoms. Actually, previous longitudinal studies (4, 5) demonstrated that WMHs and lacunes can identify a high-risk group for ischemic events in patients with carotid stenosis. Similarly, whether “the total CSVD burden” can distinguish the severity of symptoms in carotid stenosis has not been reported.

Therefore, the main purpose of our study was to investigate the relationship between carotid IPH and the total burden of CSVD by adding a within-patient design. The additional purpose was to preliminarily test whether the total CSVD score was an effective imaging marker linked with clinical symptoms.



METHODS AND MATERIALS


Participants

This study was approved by the Medical Ethics Committee of the Peking Union Medical College Hospital, in line with the Declaration of Helsinki. All participants provided written informed consent for this study. Patients were recruited from a cohort study in vascular surgery, designed to explore the application value of multimodal MRI in carotid stenosis patients (19). Patients with unilateral carotid stenosis ≥50% diagnosed with computed tomography angiography (CTA) were included. The exclusion criteria included: (a) patients with intracranial large artery stenosis (≥50%) or occlusion; (b) patients with MR scanning contraindications or who refused MR scanning; and (c) incomplete MR images or MR images with artifacts. From January 2017 to March 2021, a total of 196 patients were diagnosed with carotid stenosis by CTA, and 137 patients had unilateral carotid stenosis. There were 5 patients who had intracranial middle cerebral artery occlusion, 15 patients who had MR scanning contraindications or refused MR scanning, and 9 patients who met incomplete MR images or MR images with artifacts to be excluded. Finally, 108 patients were included in our study (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of patient enrollment.


Data on systemic vascular risk factors were obtained from medical records. Clinical symptoms were recorded by a vascular surgeon with more than 10 years of experience. Symptomatic carotid stenosis was defined as the presence of recent (<6 months since onset) ipsilateral anterior circulation transient ischemic attack (TIA), amaurosis fugax, and non-disabling ischemic stroke (20).



Magnetic Resonance Imaging

All MR examinations were performed on a 3.0 T scanner (GE Discovery 750). Brain MRI was performed with an 8-channel phased-array head coil, and carotid plaque MRI was performed with 8-channel or 32-channel phased-array head and neck coil. High-resolution MRI for carotid plaque characterization was performed with 3D fat-suppressed fast-spin-echo T1-weighted black blood sequence: slice thickness = 0.8 mm, time of repetition = 800 ms, echo time = 15.7 ms, flip angle = 90°, field of view = 204 × 184 mm2, and acquisition matrix = 320 × 256. The parameters of conventional MRI sequences are shown in Supplementary Table 1.



Evaluation of CSVD and IPH

All four MRI markers of CSVD (lacunes, WMHs, PVSs, and CMBs) were identified according to the previously reported neuroimaging standards (21). The detailed evaluation criteria of each CSVD marker and the total CSVD burden score are shown in Supplementary Table 2. Briefly, the deep white matter and periventricular white matter were graded separately according to the Fazekas scale (22). We graded the number of PVSs in the basal ganglia with a three-category ordinal scale as follows: 0–10 (category 1); 11–25 (category 2); >25 (category 3) (23). The number of lacunes and CMBs was also recorded. CMBs strictly located in lobes were not recorded. For each patient, an overall CSVD burden score was calculated by counting one point according to the presence of four CSVD markers (17). The overall CSVD score ranged from 0 to 4. The CSVD scores in ipsilateral and contralateral hemispheres were scored separately.

IPH was identified according to the presence of a hyperintense region in the atherosclerotic plaque on the high-resolution MRI for carotid plaque characterization. The presence of hyperintensity was defined on the basis of a signal intensity ≥150% of that of the adjacent skeletal muscle (24).

Reference images of the total CSVD burden and IPH are shown in Figure 2. Two radiologists (H. You and T. Lin, with 19 years and 7 years of neuroradiology experience, respectively) evaluated the CSVD score and the presence of IPH. They were trained before evaluation and viewed the MRI images blinded for the clinical information. Disagreements were resolved by consensus.


[image: Figure 2]
FIGURE 2. Reference images of total cerebral small vessel disease burden and carotid intraplaque hemorrhage (IPH). Arrow indicates lacunes, and curved arrow indicates cerebral microbleeds. WMHs, white matter hyperintensities; PVSs, perivascular spaces; CMBs, cerebral microbleeds.




Other Imaging Features

The degree of stenosis was measured with CTA. Moderate or severe stenosis was determined according to the North American Symptomatic Carotid Endarterectomy Trial criteria (NASCET) grading (25), and we also carefully performed the diagnosis of carotid near-occlusion based on previous studies (26).

The completeness of the circle of Willis was evaluated based on the presence of anterior communicating artery and the first segments of bilateral anterior cerebral arteries (A1) on CTA. A complete circle of Willis was defined if both anterior communicating artery and bilateral A1 were visualized. An incomplete circle of Willis was defined if any of the three arterial segments was absent or hypoplastic (<0.8 mm in diameter) (27). Since the presence of posterior communicating artery had little effect on cerebral hemodynamics and clinical symptoms (28), posterior circulation arterial segments were not included.



Statistical Analysis

The data were analyzed using IBM SPSS 25.0. Cohen's κ-value was calculated for the inter-observer agreement on the presence of IPH. Linear-weighted κ-value was calculated for the inter-observer agreement on the CSVD score. The κ ≤ 0.40 represented poor agreement, values >0.40 and ≤0.65 represented general agreement, values >0.65 and ≤0.75 represented good agreement, and values >0.75 represented excellent agreement.

To investigate the association between IPH and CSVD adjusted for other factors, logistic regression models were used for the univariable and multivariable analyses. IPH was entered as the predictor variable, and CSVD score was entered as dependent variable. We entered baseline characteristics into multivariable models according to the p < 0.15 in univariable model. The results are reported as odds ratios (ORs) with 95% confidence intervals (CIs). The paired Wilcoxon signed-rank test was used to test the symmetry of CSVD burdens between bilateral cerebral hemispheres. In patients with unilateral IPH, CSVD scores between ipsilateral and contralateral hemispheres of IPH were compared, while in patients with bilateral or non-IPH, the CSVD scores between ipsilateral and contralateral hemispheres of stenosis were compared. Finally, imaging markers, including ipsilateral CSVD score, IPH, the degree of stenosis, and the completeness of the circle of Willis, were compared between groups with different clinical symptoms by using Kruskal–Wallis H-test, Chi-square test, and Fisher's exact test adjusted by the Bonferroni correction. All p-values were calculated using two-tailed tests, and p < 0.05 was considered as statistically significant.




RESULTS


Characteristics of Patients

The clinical characteristics and imaging features of patients are shown in Table 1. The mean age of patients was 66 ± 7 years, and 85.2% were male. Of the 108 patients, 66 (61.1%) had severe carotid stenosis, 26 (24.1%) had carotid near-occlusion, and 38 (35.2%) were observed with IPH. In terms of ipsilateral CSVD score, there were 41 (38%) cases of 0 point, 23 (21.3%) cases of 1 point, 23 (21.3%) cases of 2 points, 14 (13%) cases of 3 points, and 7 (6.5%) cases of 4 points. Sixty-eight (63%) patients were asymptomatic, 21 (19.4%) patients presented with TIA or amaurosis fugax, and 19 (17.6%) patients presented with stroke. Moreover, the degree of stenosis was not statistically different between patients with and without IPH (p = 0.293).


Table 1. Characteristics of the study population.

[image: Table 1]

The inter-observer agreements on the presence of IPH and CSVD score were excellent and good with κ values of 0.84 and 0.71, respectively.



Association Between IPH and Total CSVD Burdens

The results of univariable and multivariable logistic regression analyses for independent risk factors of ipsilateral CSVD burdens are shown in Table 2. Age, sex, hypertension, coronary artery disease, and IPH were entered into the multivariable logistic regression model. After adjustment for other risk factors, IPH (OR = 2.98, 95% CI [1.39, 6.40], p = 0.005) was still associated with higher CSVD burdens. There was no significant difference in the degree of stenosis (severe stenosis: p = 0.785; carotid near-occlusion: p = 0.651), completeness of the circle of Willis (p = 0.306), and other clinical characteristics.


Table 2. Multivariable logistic regression analysis for factors associated with cerebral small vessel disease burden.
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IPH was associated with the asymmetry of CSVD burden between ipsilateral and contralateral hemispheres (Figure 3): In patients with unilateral carotid IPH, the CSVD scores were higher on the IPH-side (p = 0.004). In contrast, the CSVD scores were largely similar between ipsilateral and contralateral hemispheres of stenosis in patients with bilateral presence or absence of IPH (p = 0.34). Representative examples are shown in Figure 4.


[image: Figure 3]
FIGURE 3. The symmetry of CSVD burden in patients with and without unilateral IPH. In 31 patients with unilateral intraplaque hemorrhage (IPH), the total cerebral small vessel disease (CSVD) scores were higher on the IPH-side (p = 0.004). In 77 patients with bilateral or non-IPH, CSVD scores were largely similar between ipsilateral and contralateral hemispheres of stenosis (p = 0.34).



[image: Figure 4]
FIGURE 4. Representative cases of patients with and without unilateral carotid IPH. Case 1 (a–e). A 68-year-old female complained of weakness of right limbs, and high-resolution MRI for carotid plaque showed carotid intraplaque hemorrhage (IPH) on the left side (a). Brain MRI showed more severe white matter hyperintensities and lacunes on the left hemisphere than that on the contralateral hemisphere (b–e). Case 2 (f–h). An 82-year-old male complained of transient weakness of lower limbs. High-resolution MRI for carotid plaque showed IPH on the right side (f). Brain MRI showed category-1 perivascular spaces (PVSs) in the left basal ganglia and category-2 PVSs in the right basal ganglia (g,h). Case 3 (i,j). An 85-year-old male complained of dizziness for 1 month. High-resolution MRI for carotid plaque showed IPH on the left side (i), and a cerebral microbleed lesion was found on the ipsilateral hemisphere (j). Case 4 (k–o). A 71-year-old male with asymptomatic carotid stenosis. Carotid plaque without hemorrhage on the left side was shown on carotid MRI (k), and cerebral small vessel disease was symmetrical between two hemispheres (l–o). Arrow indicates carotid IPH, and curved arrow indicates carotid non-IPH.




Comparison of Imaging Markers Between Groups With Different Clinical Symptoms

The comparison of imaging markers between groups with different clinical symptoms is shown in Table 3. Patients with stroke had a higher ipsilateral CSVD score than asymptomatic patients (p = 0.004) and those with TIA/amaurosis fugax (p = 0.008). IPH was observed in more than half of the patients with stroke (11 of 19, 57.9%). The statistical difference was marginally significant between symptoms and IPH (p = 0.057). No statistical difference was found between the degree of stenosis, the integrity of the circle of Willis, and clinical symptoms.


Table 3. Comparison of imaging markers between groups with different clinical symptoms.
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DISCUSSION

In a group of patients with unilateral carotid stenosis, we found that a significant association existed between carotid IPH and the total burden of CSVD. Moreover, compared with the degree of stenosis, primary collaterals, and IPH, the total CSVD score was a more effective imaging marker linked with clinical symptoms.

In the present study, multiple parameters including vascular risk factors, the degree of stenosis, collaterals, and carotid IPH were included to provide a comprehensive analysis on the relationship between CSVD and carotid stenosis. Theoretically, the association between LAA and CSVD may be indirect through common vascular risk factors or causative with arterial thromboembolism and impaired hemodynamics being two possible mechanisms (29). In order to better expose the effect of LAA on CSVD, we only included patients with unilateral carotid stenosis and evaluated the relationship between IPH and inter-hemispheric CSVD differences by using a within-patient design, which allowed the control of variability among individuals that may confuse the association between carotid stenosis and CSVD. By using this method, it can be further determined that the effect of carotid IPH on CSVD was independent of vascular risk factors shared by LAA and CSVD. As a reliable marker of thromboembolic plaque activity (8), the association of IPH with CSVD means that artery-to-artery thromboembolism may be an underlying mechanism through which LAA can aggravate CSVD. A previous study (30) found that IPH was also associated with decreased lumen size, which may be another source for CSVD in theory. However, in our study, the stenosis degree was not statistically different between patients with and with IPH; thus, the effect of IPH on CSVD was not driven by the association of IPH with decreased lumen size.

Our results were consistent with some previous studies evaluating the effects of carotid IPH on certain CSVD markers such as WMHs, lacunes, and CMBs (13–15). Certainly, our study also partly conflicted some studies that did not detect the association between carotid IPH and WMHs or lacunes (9–12). For example, the study by Ammirati et al. (11) examined the association between the progression of WMHs and plaque characteristics by using carotid ultrasound in asymptomatic patients with <70% stenosis, and they reached negative results. The population-based Rotterdam Study (9) involving 951 participants (only 13.1% with lacunes) also showed no association between MRI-defined carotid IPH and lacunes on MRI. The discrepancies between previous studies (9–12) and our study may stem from the different selections of study subjects, a more accurate imaging of plaque by MRI than that by ultrasound, within-subject design, and the notion of “total burden of CSVD” used in our study.

A systematic review and meta-analysis (14) of 32 studies (n = 17,721) showed no association of WMHs with simple carotid stenosis. Similarly, no significant association was found between the degree of stenosis, integrity of the circle of Willis, and total CSVD burden in our study. However, our results cannot negate the effect of impaired hemodynamics on CSVD because no data on cerebral blood flow or cerebrovascular reactivity were available in the present study.

In addition, our findings suggested that compared with the integrity of the circle of Willis, the degree of stenosis, and IPH, the total CSVD score was a more effective imaging marker linked with clinical manifestation. There are two main mechanisms for the occurrence of ischemic events caused by carotid stenosis; one is the downstream hypoperfusion secondary to stenosis, and the other is artery-to-artery embolism (31). The degree of stenosis, collateral circulation, or IPH can only explain a certain mechanism, while the total CSVD score can comprehensively reflect brain microstructure damage influenced by both the two mechanisms. That can partly explain why the total CSVD score was a more efficient imaging marker for the indication of clinical symptoms. Moreover, CSVD itself may accelerate the stroke process caused by carotid stenosis. The presence of CSVD often indicates impaired cerebrovascular reserve (16). When faced with decreased cerebral perfusion pressure caused by carotid stenosis, patients with CSVD would suffer from lower cerebral blood flow due to the inadequate vasodilation of cerebral micro-vessels, which promotes the occurrence of ischemic events or stroke (32).

In patients with carotid stenosis, WMHs and lacunes were reported to be associated with the risk of ischemic stroke in longitudinal studies (4, 5). Our study preliminarily extended the notion of “total burden of CSVD” to the severity of symptoms in patients with carotid stenosis. Although the present study cannot determine the predictive value of total CSVD burden for stroke, the results showed that the CSVD score can best distinguish between patients with and without stroke. That gave a hint that the total CSVD score might be a potential imaging marker for predicting clinical symptoms, which needs to be verified by future longitudinal studies.

An innovation of the present study was that we used the notion of total CSVD burden to evaluate the association between IPH, CSVD, and ischemic events. Considering the high possibility that these CSVD markers coexist with each other, merging them into the total CSVD burden can provide a more comprehensive information about the status of CSVD (17). Moreover, the total CSVD score is reliable and easy to collect as long as the standardized definition of each feature is adopted (21). When high-resolution MRI for carotid plaque characterization is not performed in patients with carotid stenosis in clinical practice, the total CSVD score evaluated on brain MRI can help indicate the stability of the plaque.

Our study also had several limitations. First, the main limitation was the cross-sectional design, and thus the causality between CSVD and clinical symptoms cannot be determined. As we mentioned above, CSVD may participate in the stroke progress caused by carotid stenosis, or their association stems from the common pathogenesis. Second, the degree of stenosis and integrity of the circle of Willis were indirect measurements of hemodynamics. Therefore, the effect of hemodynamics on CSVD or clinical symptoms cannot be directly concluded in present study. Although cerebral blood flow and cerebrovascular reactivity are more accurate indicators for cerebral hemodynamic changes, the degree of stenosis and collaterals are the commonly used imaging markers when determining treatment strategies or intraoperative procedures (25, 33). Third, our findings were only applicable to patients with carotid stenosis ≥50%. The relative contributions of IPH and hemodynamics may differ in pre-clinical subjects with <50% stenosis.



CONCLUSION

In conclusion, our study demonstrated that in patients with carotid stenosis, the total burden of CSVD was associated with IPH and can be an effective imaging marker linked with clinical symptoms. Our study adumbrates the potential value of total CSVD score for risk stratification in patients with carotid stenosis. Future longitudinal studies are needed to investigate the predictive value of the total CSVD burden in patients with carotid stenosis, by which the total CSVD burden may participate in formulating treatment strategies.
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White matter hyperintensities (WMHs) are common neuroimaging findings in the aging population and are associated with various clinical symptoms, especially cognitive impairment. Abnormal global cerebral blood flow (CBF) and specific functional connections have been reported in subjects with higher WMH loads. Nevertheless, the comprehensive functional mechanisms underlying WMH are yet to be established. In this study, by combining resting-state functional magnetic resonance imaging and arterial spin labeling, we investigated the neurovascular dysfunction in subjects with WMH in CBF, functional connectivity strength (FCS), and CBF–FCS coupling. The whole-brain alterations of all these measures were explored among non-dementia subjects with different WMH loads using a fine-grained Human Brainnetome Atlas. In addition, exploratory mediation analyses were conducted to further determine the relationships between these neuroimaging indicators, WMH load, and cognition. The results showed that subjects with higher WMH loads displayed decreased CBF and FCS mainly in regions involving the cognitive- and emotional-related brain networks, including the default mode network, salience network, and central executive network. Notably, subjects with higher WMH loads also showed an abnormal regional CBF–FCS coupling in several regions of the thalamus, posterior cingulate cortex, and parahippocampal gyrus involving the default mode network. Furthermore, regional CBF in the right inferior temporal gyrus and right dorsal caudate may mediate the relationship between WMH load and cognition in WMH subjects. These findings indicated characteristic changes in cerebral blood supply, brain activity, and neurovascular coupling in regions involving specific brain networks with the development of WMH, providing further information on pathophysiology underpinnings of the WMH and related cognitive impairment.

Keywords: white matter hyperintensities, arterial spin labeling, cerebral blood flow, functional magnetic resonance imaging, functional connectivity strength, neurovascular coupling


INTRODUCTION

White matter hyperintensities (WMHs), also known as leukoaraiosis or white matter (WM) lesions, are common neuroimaging findings in the aging population, which are typically described as hyperintensities on fluid-attenuated inversion recovery (FLAIR) magnetic resonance images (MRIs) (1, 2). Considered as established markers of cerebral small vessel disease (CSVD), WMHs are demonstrated to be associated with mood disorders, gait disturbance, and, particularly, cognitive impairment in various domains (1–3). Neuroimaging studies could directly investigate the structural and functional abnormalities in subjects with WMH in vivo and have provided important information on understanding the pathophysiological mechanisms underlying WMH (4–7). In the past decades, convergent evidence has identified the disruption of WM microstructural integrity and structural networks with the development of WMH and the related cognitive decline (6, 8, 9). However, compared with structural abnormalities, functional changes in subjects with WMH were much less reported in vivo, and a comprehensive picture of functional mechanisms underlying WMH is still far from clarified.

Previous studies at the cellular and the tissue level suggested that neurovascular dysfunction may be involved in the increase of WMH burden (10–13). Hence, hemodynamic indicators in neuroimaging studies, such as cerebral blood flow (CBF) and blood-oxygen-level-dependent (BOLD) functional magnetic resonance imaging (fMRI), may provide new perspectives for further elucidating the potential functional underpinnings of WMH (14). CBF is an important indicator that can reflect brain functional metabolism in respect of glucose utilization, oxygen consumption, and aerobic glycolysis (15). Using invasive imaging techniques of single-photon emission computed tomography, Xeon-computed tomography, or positron emission tomography, previous studies have indicated that subjects with higher WMH loads showed a decreased global CBF reduction in the whole brain, WM, and gray matter (GM) (16–20). Furthermore, a few recent studies have attempted to investigate CBF changes in WMH subjects using arterial spin labeling (ASL) MRI, which is a non-invasive technique without contrast and revealed a relationship between WMH load and CBF in WM, especially in the areas of WMH and normal-appearing WM around WMH (19–23). Nevertheless, these studies mainly focused on the global CBF changes of the whole brain or large brain areas in subjects with WMH, yet the characteristic alteration map of regional CBF in subjects with different WMH loads has not been evaluated. Resting-state BOLD fMRI is another promising neuroimaging tool for evaluating the aberrant functional architecture underlying the increase of WMH burden, which reflects the neuronal activity and intrinsic functional interactions and integrations among anatomically separated brain regions (24–27). Based on resting-state fMRI, previous studies have revealed aberrant functional connectivity (FC) in specific regions involving the default mode network (DMN) in subjects with higher WMH loads, which was associated with cognitive decline (25, 26, 28). As a data-driven, newly developed measure for FC calculation, the functional connectivity strength (FCS) represents the connectivity of each voxel with all other voxels in the brain (29–31). Hence, different from the seed-based FC analysis and independent component analysis approach used in previous studies (25, 26, 32), FCS analysis may be used to delineate overall functional alterations of each brain region underlying the increase of WMH burden.

Brain regions with higher neuronal activity usually tend to have higher perfusion and energy supply, indicating a neurovascular coupling that plays a critical role in maintaining normal brain function (33). Combined ASL and fMRI, previous studies have demonstrated a striking correlation between resting-state FCS and CBF in the normal brain (30, 34), further supporting the hypothesis of neurovascular coupling. Moreover, abnormal global and characteristic regional CBF–FCS coupling has been identified in several neuropsychiatric diseases, including schizophrenia, Wilson's disease, primary open-angle glaucoma, and generalized anxiety disorder (34–37). However, the relationship between CBF and FCS in subjects with different WMH loads remains unknown, which may provide complementary evidence for clarifying potential functional mechanisms in WMH.

Here, we hypothesized that the changes of not only CBF and FCS but also CBF–FCS coupling could contribute to the increase of WMH burden and the related cognitive impairment. To test this hypothesis, resting-state ASL and fMRI data were acquired to compute CBF, FCS, and correlation between CBF and FCS from 86 non-dementia subjects with WMH. Furthermore, to obtain the precise alteration information of CBF, FCS, and CBF–FCS coupling in both the whole GM and each brain sub-region, we investigated the global and local alteration patterns of these neuroimaging measures among subjects with different grades of WMH using a fine-grained Human Brainnetome Atlas (38). In addition, we performed exploratory correlation and mediation analyses to evaluate the relationships between these neuroimaging indicators, WMH load, and cognition.



MATERIALS AND METHODS


Subjects

Eighty-six non-dementia subjects with WMH on MRI scans were recruited from the outpatient service of the Department of Neurology, Tongji Hospital, Wuhan, China. The inclusion criteria for the participants were as follows: (1) 50–80 years old, right-handedness; (2) mild to severe WMH; (3) >5 years of education; (4) no dementia based on the criteria of the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition; (5) no MRI contraindication. The exclusion criteria were as follows: (1) cerebral infarcts with the diameter >15 mm or cerebral hemorrhage; (2) WMH mimics (e.g., leukodystrophy and multiple sclerosis); (3) severe large vessel diseases, such as carotid artery stenosis (>50%); (4) systematic diseases (e.g., cancer, connective tissue diseases); (5) a history of epilepsy, degenerative diseases, such as Alzheimer's disease and Parkinson's disease, or psychiatric diseases; (6) could not fulfill the MRI scan or the neuropsychological tests. The severity of WMH was visually rated on FLAIR images according to the Fazekas rating scale by two experienced neurologists (W.H.Z. and H.H.) blinded to the clinical information. The final score was the sum of the deep WMH score (0—absent, 1—punctuate foci, 2—beginning confluence of foci, 3—large confluent areas) and the periventricular WMH score (0—absent, 1—caps or pencil lining, 2—smooth halo, 3—irregular periventricular hyperintensities extending into deep WM) (39, 40). The correlation coefficient of the results from the two observers and the inter-rater coefficient was higher than 0.9. When the two observers failed to reach an agreement on the WMH score, another experienced neurologist (S.B.X., with 20 years of experience) would evaluate the Fazekas score of the case independently. A definite evaluation would be made if two of the three observers agreed; otherwise, they would discuss the case to make the final decision. Furthermore, according to the different WMH loads, the participants were divided into three groups: the mild WMH group (the total Fazekas scores of 1 or 2, n = 32), the moderate WMH group (the total Fazekas scores of 3 or 4, n = 24), and the severe WMH group (the total Fazekas scores of 5 or 6, n = 30). The Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, approved the study (ID: TJ-C20131216). Written informed consent was obtained from each participant.



Neuropsychological Tests

All participants received a series of neuropsychological tests to examine the performance of various cognitive domains, including (1) global cognition: the Mini-Mental State Examination; (2) processing speed: the Trail Making Test Part A; (3) executive function: Trail Making Test Part B; (4) episodic memory: the Auditory Verbal Learning Test long-delayed recall (20 min); (5) and language: the Verbal Fluency Test (41). For comparisons of performance across each cognitive domain, raw scores for these neuropsychological tests were transformed to z-scores based on the means and standard deviations across all the WMH subjects included in the present study and were then presented as the cognitive performance of each domain (42).



Data Acquisition

MRIs were acquired on a 3.0-T MR scanner (Discovery MR750, GE Healthcare, Milwaukee, WI, USA) using a 32-channel head array coil. T1-weighted images were collected using a BRAVO sequence with a repetition time (TR) of 8.16 ms, echo time (TE) of 3.18 ms, inversion time (TI) of 50 ms, flip angle (FA) of 12°, a matrix of 256 × 256, a field of view (FOV) of 256 × 256 mm, a slice thickness of 1 mm, and 188 slices. FLAIR images were acquired using a TR/TE of 8,000/160 ms, a TI of 2,100 ms, an FA of 111°, a 512 × 512 matrix, a 240 × 240-mm FOV, a slice thickness of 5.0 mm, and a slice gap of 1.5 mm. Resting-state fMRI data were obtained by an axial gradient echo-planar imaging sequence with a TR/TE of 2,000/35 ms, an FA of 90°, a 64 × 64 matrix, a 220 × 220-mm FOV, a slice thickness of 3.0 mm, a slice gap of 1.0 mm, and an acquisition time of 7 min. ASL MRI data were collected using a pseudo-continuous ASL technique, with a TR/TE of 5,086/15 ms, a TI of 2,025 ms, an FA of 111°, a 128 × 128 matrix, a 240 × 240-mm FOV, a slice thickness of 4.0 mm, and 50 slices. All the subjects were asked to relax, move as little as possible, and keep their eyes closed during the scan. Foam pads were used to minimize head movement, and earplugs were used to attenuate scanner noise.



Cerebral Blood Flow Analysis

The ASL data were pre-processed using the CAT12 toolbox (Computational Anatomy Toolbox; http://www.neuro.uni-jena.de/cat) implemented in SPM12 (Statistical Parametric Mapping, Institute of Neurology, London, UK). First, the ASL images were calculated by subtraction of the label images and control images based on the single-compartment model; after that, the images were then converted to the CBF images combined with the proton-density-weighted reference images (34, 43). Second, the skulled structural three-dimensional T1-weighted images were registered to the standard Montreal Neurological Institute (MNI) space to obtain the deformation parameters. Furthermore, the proton-density-weighted reference images were registered to the subject's T1-weighted images and written to the standard MNI space using before obtained deformation parameters, then applied to the CBF images and resliced to a 3 × 3 × 3-mm cubic voxel.



Functional Magnetic Resonance Imaging Data Pre-processing

The fMRI data were pre-processed by the Brainnetome fMRI toolkit (BRANT, http://brant.brainnetome.org) (44). The first 10 volumes were removed because of the magnetization equilibration effect, and the remaining images were corrected by the slice timing procedure to solve the acquisition time delay between different slices. The images were then realigned to the first volume to correct for head motion. Of note, we restricted the further analysis in participants with no more than 3° angular rotation on any axis or 3-mm translation, and no subjects were excluded according to the criteria. Next, the images were normalized to the MNI space and resampled to 3 × 3 × 3-mm voxels. Furthermore, a linear regression analysis was conducted to remove nuisance variables, including the linear shift, the mean signals from CSF and WM, and the head motion at the x-, y-, and z-axes. Finally, to eliminate the effect of low-frequency drifts and high-frequency noise, the temporal band-pass filter (0.01–0.08 Hz) was applied.



Functional Connectivity Strength Analysis

The Pearson's correlation coefficients were calculated between all pairs of the whole GM voxels, and the functional connectivity (FC) matrix was obtained from each participant. To reduce the influence of background noise, we restricted the analysis to positive correlations above a threshold of 0.2, according to previous studies that reported specific alterations of resting-state FCS in several neuropsychological diseases (34, 36, 37, 45–47). If the value of an FC was lower than 0.2, it would be set to zero. The FCS of a given voxel was calculated as the average of the FC between the voxel and all the remaining voxels (30, 45).



Cerebral Blood Flow–Functional Connectivity Strength Coupling Analysis

To quantitatively explore the relationship between CBF and FCS in subjects with WMH, we conducted correlation analyses across voxels and subjects, according to the protocols proposed by Liang et al. (30). Before the CBF–FCS coupling analysis, both ASL and BOLD images were smoothed by a 6-mm full width half maximum Gaussian kernel, and for each participant, CBF and FCS values were transferred into z-scores by subtracting mean and dividing by the standard deviation of global values within the GM as previous studies reported (30, 34). A distinctive CBF–FCS correlation coefficient was generated for each subject at the global GM level. Similarly, regional CBF–FCS coupling for each subject was calculated by averaging the CBF–FCS correlation coefficients of all voxels containing in a certain brain region. To delineate the whole-brain CBF–FCS decoupling maps with the increase of WMH burden, both the global and regional CBF–FCS correlations were further compared among the three groups in the study.



Statistical Analyses
 
Between-Group Differences in Demographic and Clinical Data

The differences in demographic and clinical data, including medical history and neuropsychological scores among the three groups, were evaluated by one-way analysis of variance (ANOVA), the Kruskal–Wallis test, and the χ2 test using SPSS 20.0 (IBM Corp., Armonk, NY, USA). To explore the potential effects of head motion, we also compared framewise displacement (48), a representative metric for head motion among the three groups. The relationship between the WMH scale and the z-score of each cognitive test was also determined by partial correlation analysis, controlling for age, sex, and years of education.

Atlas-Based Comparison in Cerebral Blood Flow, Functional Connectivity Strength, and Cerebral Blood Flow–Functional Connectivity Strength Coupling

We performed one-way ANOVA and post-hoc analysis to identify differences in the FCS, CBF, and correlation coefficient between CBF and FCS among the three WMH groups at the whole GM level (p < 0.01, permutation test for 1,000 times), with age and sex as confounding variables. To further characterize the regional changes of these neuroimaging measures of each subject, the human Brainnetome Atlas consists of 246 subregions in the cerebrum (210 cortical and 36 subcortical regions) (http://atlas.brainnetome.org) and has been widely used in previous neuroimaging studies that were used (38). The cerebellum regions were not included in the analysis in the study. One-way ANOVA and post-hoc analysis were also performed to evaluate the characteristic regional changes in all these neuroimaging measures among the three WMH groups, with age and sex as covariates (p < 0.01, permutation test for 1,000 times).



Exploratory Mediation Analyses

We performed Pearson's correlation analyses to evaluate the relationships between the CBF, FCS, and coefficient of CBF–FCS correlation in different brain regions and the z-scores of each cognitive domain in all subjects with WMH, controlling for age, sex, and years of education (p < 0.05). Furthermore, to determine whether the relationship between WMH load and cognitive decline in WMH subjects can be explained by the changes of hemodynamic measures revealed in our study, exploratory mediation analyses were implemented using the PROCESS macro v3.1 in SPSS (49). In all mediation models, the altered neuroimaging measures identified in the between-group comparisons, including CBF, FCS, and correlation coefficient between CBF and FCS, were separately entered as the mediators, whereas the WMH scale of each individual was entered into the models as the predictor and the z-score of each cognitive domain as the outcome, age, sex, and years of education as confounding variables. Mediation analyses were evaluated using a bootstrap method (n = 5,000), and significant indirect effects were defined by a 95% confidence interval, not including zero.



Control Analysis

To verify the stability of our main results, we repeated the between-group comparisons by adding hypertension and diabetes as covariates to investigate the potential confusion of the two risk factors. Furthermore, 16 matched healthy controls (HCs) from the in-house database with no visible WMH on FLAIR images were additionally included in the analysis to validate the alteration patterns of CBF, FCS, and CBF–FCS coupling in subjects with higher WMH loads (the details can be found in the Supplementary Material).





RESULTS


Demographic, Structural Magnetic Resonance Imaging, and Neuropsychological Data Analysis

Demographic, neuropsychological, and structural MRI characteristics of the participants are summarized in Table 1, Supplementary Table 1. There were no significant differences in age, gender, years of education, global gray matter volume, and framewise displacement among the three groups. The subjects in the moderate WMH and the severe WMH groups showed more proportion of hypertension and diabetes history than the subjects in the mild WMH group, whereas no significant differences were observed in these metrics between the moderate WMH group and the severe WMH group. Subjects in the severe WMH group exhibited worse performance in global cognitive function, executive function, and episodic memory compared with the other two groups and exhibited worse performance in processing speed compared with the moderate WMH group. No difference in language was observed among the three groups.


Table 1. Demographic and clinical features of subjects.
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Spatial Distribution of Cerebral Blood Flow and Functional Connectivity Strength

Visually, the distributions of CBF and FCS were similar among the three WMH groups (Figure 1). All of the three groups exhibited higher values of CBF in the posterior cingulate gyrus (PCC)/precuneus (PCu), anterior cingulate cortex (ACC), bilateral medial frontal cortex, lateral parietal cortex, lateral pre-frontal cortex (LPFC), lateral temporal cortex, insula, and several thalamus regions, most of which were core brain regions of the DMN and salience network (SN). Brain regions with higher FCS values were primarily located in the DMN regions, LPFC, insula, and visual cortex, showing a similar distribution pattern with CBF.


[image: Figure 1]
FIGURE 1. Spatial distribution maps CBF and FCS in subjects with different WMH grades. CBF and FCS maps are normalized to z-values and averaged among subjects within each group. CBF, cerebral blood flow; FCS, functional connectivity strength; WMH, white matter hyperintensities.




Cerebral Blood Flow and Functional Connectivity Strength Changes Among Subjects With Different White Matter Hyperintensity Loads

From the mild WMH group to the severe WMH group, both global CBF and global FCS showed a decreasing trend in whole GM. Particularly, subjects in the severe WMH group displayed a prominent decrease of both global CBF and global FCS in whole GM compared with the mild WMH group (Supplementary Table 2).

The identified brain regions showing altered CBF among the three groups mainly included the widespread cortical regions covering the PCC, ACC, bilateral inferior parietal lobule (IPL), dorsolateral pre-frontal cortex (DLPFC), frontal operculum, insula, and several regions of the temporal cortex, and subcortical regions of the bilateral thalamus and right dorsal caudate. Compared with the mild WMH group, subjects in the severe WMH group showed significantly decreased CBF in all these regions, whereas patients in the severe WMH group also showed lower CBF in the bilateral insula, thalamus, and a few regions of the frontal and temporal cortex, PCC, and caudate compared with the moderate WMH group. Significant altered CBF between the moderate WMH group and mild WMH group was observed in only one sub-region of the temporal cortex (Figure 2, Supplementary Table 3).
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FIGURE 2. Group differences in regional CBF among subjects with different WMH loads controlling for age and sex. (A) Surface statistical maps displaying F-scores of ANOVA for altered CBF among three groups (p < 0.01, with permutation test for 1,000 times). (B) Axial statistical maps displaying F-scores of ANOVA and t-scores of post-hoc analysis between every two groups. In statistical maps of ANOVA, warmer colors indicate significant differences in local CBF among three groups. In statistical maps of post-hoc analysis between every two groups, warm colors represent regional CBF decrease in moderate WMH group compared with mild WMH group, or in severe WMH group compared with mild WMH group, or in WMH3 group compared with moderate WMH group, respectively. L, left; R, right.


The FCS alteration map among the three WMH groups is shown in Figure 3. Relative to the mild WMH group, the patients in the severe WMH group exhibited lower FCS primarily in the bilateral IPL, inferior temporal gyrus (ITG), left anterior insula, left DLPFC, and PCun. Different from the CBF change pattern, lower FCS values in the moderate WMH group could also be observed in several regions of the IPL, ITG, and left DLPFC as compared with the mild WMH group. Furthermore, the subjects in the severe WMH group showed significantly decreased FCS in the left anterior insula and showed significantly increased FCS in the left DLPFC, compared with the moderate WMH group. In addition, the full overlap of the CBF and FCS changes was located in several regions of the IPL and anterior insula (Supplementary Table 4).
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FIGURE 3. Group differences in regional FCS among subjects with different WMH loads controlling for age and sex. (A) Surface statistical maps displaying F-scores of ANOVA for altered FCS among three groups (p < 0.01, with permutation test for 1,000 times). (B) Axial statistical maps displaying F-scores of ANOVA and t-scores of post-hoc analysis between every two groups. In statistical maps of ANOVA, warmer colors indicate significant differences in regional FCS among three groups. In statistical maps of post-hoc analysis between every two groups, warm colors represent regional FCS decrease in moderate WMH group compared with mild WMH group, or in severe WMH group compared with mild WMH group, or in WMH3 group compared with moderate WMH group, respectively, and cold colors represent regional FCS increase in severe WMH group compared with moderate WMH group. No significant increased FCS was found in severe WMH group relative to mild WMH group, or moderate WMH group when compared with mild WMH group. L, left; R, right.



Global and Regional Cerebral Blood Flow–Functional Connectivity Strength Coupling Changes Among Subjects With Different White Matter Hyperintensity Loads

In all of the three WMH groups, CBF was significantly correlated with FCS across voxels of the whole GM (Figure 4A). However, the global CBF–FCS coupling showed a decreasing trend with the increase of WMH load, although no significant difference was identified in the correlation coefficient among the three groups (Figure 4B). The severe WMH group showed significantly reduced CBF–FCS coupling in several regions of the bilateral thalamus compared with the other two WMH groups and showed significantly reduced CBF–FCS coupling in the PCC compared with the mild WMH group. In addition, compared to the other two groups, the severe WMH group showed a significantly altered CBF–FCS correlation pattern that CBF was negatively associated with FCS in a sub-region of the left parahippocampal gyrus (Figures 4C,D, Supplementary Table 5).
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FIGURE 4. Global and regional CBF–FCS coupling changes among subjects with different WMH loads. (A) Whole-brain CBF–FCS coupling alterations across voxels in samples of subjects with different WMH loads. (B) Between-group comparisons exhibited a decreasing trend in global CBF–FCS coupling from mild WMH group to severe WMH group (mild WMH group: r = 0.225 ± 0.108; moderate WMH group: r = 0.209 ± 0.132; severe WMH group: r = 0.156 ± 0.112), whereas no significant differences were identified in global CBF–FCS coupling among three WMH groups (F = 1.645, p = 0.199). (C,D) Altered regional CBF–FCS coupling among three WMH groups. Compared with mild WMH and moderate WMH group, severe WMH group showed significant aberrant CBF–FCS coupling in bilateral thalamus, ACC, and left parahippocampal gyrus. Data were shown as adjusted correlation coefficients between CBF and FCS controlling for age and sex. Error bars represent the SD. *p < 0.05. ACC, anterior cingulate cortex; PhG, parahippocampal gyrus; Tha, thalamus; WMH, white matter hyperintensities. L, left; R, right. Detailed information on brain regions is available at http://atlas.brainnetome.org/.




Relationships Between Neuroimaging Measures, White Matter Hyperintensity Load, and Cognitive Performance

In all WMH subjects, there were significant associations between WMH Fazekas score and global cognitive function (r = −0.299, p = 0.006), executive function (r = −0.323, p = 0.003), episodic memory (r = −0.244, p = 0.026), and language (r = −0.217, p = 0.049), and no significant association was identified between Fazekas score and processing speed (r = −0.188, p = 0.089). CBF in several regions of frontal, temporal, parietal, insular, cingulate cortices, and caudate was found to be positively associated with cognitive decline in various domains, especially processing speed and executive function (Supplementary Table 6). Meanwhile, the FCS–cognition relationship was observed only between regional FCS in a sub-region of IPL and executive function, and the correlation coefficient between CBF and FCS in a sub-region of the thalamus was significantly associated with global cognitive performance (Supplementary Table 6). Because no significant correlation was identified between WMH load and processing speed, here mediation models were established only for the cognitive performance of other domains. Significant mediation effects of WMH on the cognitive decline were observed via regional CBF in a sub-region of ITG (for episodic memory and executive function) and right dorsal caudate (for executive function) (Figure 5, Supplementary Table 7).
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FIGURE 5. Mediation effect of regional CBF between WMH load and cognitive function. Diagrams show areas of CBF mediating relationship between WMH load (represented as Fazekas score) and cognitive performance (executive function or episodic memory), and mediation models of pathways from WMH load to CBF reduction in right ITG and right caudate to reduce cognitive performance. In each model, age, sex, and years of education were entered as covariates. βa and βb represent coefficients of relationships between WMH load and regional CBF, and associations between region CBF and cognition (when both WMH load and CBF were both entered into model as predicting variables). Total effect (βc) = Direct effect (βc') + Mediation effect (βa*βb). Mediating role of regional CBF reduction on association between WMH and cognition is defined when 95% confidence interval did not conclude 0 for 5,000 bootstrapping iterations. BG, basal ganglia; CBF, cerebral blood flow; FCS, functional connectivity strength; ITG, inferior temporal gyrus; WMH, white matter hyperintensities. L, left; R, right. Detailed information on brain regions is available at http://atlas.brainnetome.org/.




Control Results

For all of the three neuroimaging measures (CBF, FCS, and CBF–FCS coupling), significant correlations between the F-scores or t-scores in the main results with and without controlling for hypertension and diabetes were observed (Supplementary Figures 1–3), indicating that other risk factors, such as hypertension and diabetes, are unlikely to provide a convincing explanation of alterations in the hemodynamic measures underlying the increase of WMH burden revealed in this study. The patterns of differences in all the three measures between the HC group and the moderate/severe WMH group were spatially consistent with alteration patterns in these measures between the mild WMH group and the other two WMH groups (Supplementary Figures 4–6, Supplementary Table 8), emphasizing the robustness of our main results that revealed characteristic alteration patterns of these measures in subjects with higher WMH loads.





DISCUSSION

To the best of our knowledge, this is the first study to depict the whole-brain CBF, FCS, and CBF–FCS coupling alteration maps among subjects with different WMH loads by combining ASL and BOLD fMRI techniques. Subjects with higher WMH loads showed decreased CBF and FCS in subcortical and cortical regions involving several important large-scale brain networks, especially the DMN, SN, and CEN. Notably, patients with severe WMH load showed abnormal regional CBF–FCS coupling in several regions of the thalamus, PCC, and parahippocampal gyrus. Furthermore, exploratory mediation analyses identified the crucial role of specific CBF reduction underlying cognitive impairment in subjects with WMH. Altogether, these findings provide further information on dysfunctional mechanisms underlying WMH and related cognitive impairment from the comprehensive perspective of blood supply, brain activity, and neurovascular decoupling.

In the present study, we found a significant trend of both CBF and FCS reduction with the increase of WMH load. As neuroimaging measures reflecting distinct brain functional aspects of metabolic demand and neuronal activity, respectively, both CBF and FCS can be affected by structural damages (50, 51). Prior works have demonstrated that the disruption of WM fibers underlay the increase of WMH burden and was associated with various clinical symptoms related to WMH, including cognitive impairment, gait disturbance, and depression (6, 52, 53). Severe and extensive WM disconnections can result in the degeneration and hypometabolism of the GM connected to the impaired WM fibers, which may be an important explanation for the recorded CBF and FCS reduction in subjects with more severe WMH (54, 55). Another possible mechanism for CBF and FCS changes is the abnormalities in GM attributed to CSVD directly. Considered to be the primary neuroimaging manifestations of CSVD, WMHs are usually accompanied by other damages in GM, including cortical microinfarcts, cerebral microbleeds, and GM atrophy, which may lead to the lower blood supply required by GM tissues as well as the decreased neuronal activity (56). In addition, aberrant inflammatory factors, which are considered to be involved in the pathophysiological mechanisms of WMH, would also contribute to the abnormal modulation of CBF and FCS in subjects with higher WMH loads (13).

Of note, our results showed a characteristic regional CBF decrease in cortical functional hub regions, which exhibited higher values of CBF in all the three groups, mainly covering the core component of the DMN (PCC/PCu, bilateral IPL, and lateral temporal cortex) (57, 58), SN (ACC, bilateral frontal operculum, and insula) (58, 59), and CEN (bilateral DLPFC and posterior parietal cortex) (58), as well as subcortical nuclei, which also serve as integrative hubs for brain networks (bilateral thalamus and right dorsal caudate) (60, 61) in subjects with more WMH. Similarly, significantly decreased FCS in subjects with moderate and severe WMH were detected mainly in core nodes of the DMN (PCu, bilateral IPL, and lateral temporal cortex) (57, 58), ECN (bilateral posterior parietal cortex and right DLPFC) (58), and SN (left anterior insula) (58, 59). Particularly, a full overlap of the CBF and FCS changes in subjects with higher WMH loads was identified in several of these regions, including IPL and anterior insula. The DMN, CEN, and SN are the most robust intrinsic large-scale networks that account for a wide range of cognitive and emotional processing (58). Consistent with previous studies focused on the structural and functional abnormalities in WMH (25, 26, 28, 62), the characteristic alteration patterns of both CBF and FCS among subjects with different WMH loads emphasized that the dysfunction of these intrinsic brain networks may play a crucial role in the pathophysiology of WMH. It is worth noting that there were also some differences in the alteration patterns of CBF and FCS among subjects with diverse WMH loads. Altered CBF was mainly identified between the severe WMH group and the other two groups, whereas FCS alterations were mainly detected in the comparisons between the mild WMH group and the two groups with higher WMH loads. Because only subjects in the severe WMH group showed significantly impaired cognitive performance, one could speculate that the disconnections of functional networks may appear earlier than CBF reduction with the increase of WMH burden, and extensive WM disconnections, as well as microvasculature damage associated with neuroinflammation, may further generate hypoperfusion in cognitive-related networks, resulting in cognitive impairment in subjects with WMH. Another possible explanation is that referred to as the “degree centrality” of weighted networks, FCS could not fully reflect the whole alteration picture of dissociable intrinsic brain networks independently (31). For example, FCS may be normal when significantly increased FCs and decreased FCs coexist involving a certain voxel or region. Hence, more information of aberrant intra- and inter-network connectivity architecture, which may attribute to the further increase of WMH burden and the subsequent cognitive decline, would not be completely revealed by FCS alterations. In addition, in the severe WMH group, the values of FCS in the left DLPFC were significantly higher than those in the moderate WMH group but were still significantly lower than those in the mild WMH group, which might be explained as a compensatory mechanism to the structural impairments of the DLPFC in the patients with severe WMH; on the other hand, DLPFC plays important roles not only in a wide range of cognitive domains but also in modulating emotional processing (59, 63–65). Thus, in line with previous studies focused on major depression and schizophrenia (63, 66), this result may be related to emotion dysregulation in patients with severe WMH as reported.

Another strength of our study is that we explored the alterations of both the global and regional CBF–FCS coupling among the subjects with different WMH loads. The whole-brain CBF–FCS coupling showed a decreasing trend from the mild WMH group to the severe WMH group, and importantly, subjects with severe WMH load showed significantly altered regional CBF–FCS correlations in several core nodes of the DMN, including the thalamus, PCC, and parahippocampal gyrus (57, 67). The altered associations between CBF and FCS within the DMN in the subjects with more WMH, which were first discovered by our study from the novel aspect of neurovascular decoupling, further emphasized that the selective functional abnormalities in the DMN may play a key role in the increase of WMH burden in addition to our results of CBF and FCS alterations. The neurovascular coupling depends on various components and their interaction of neurovascular unit, including neurons, astrocytes, and vessels (68). One possible explanation for neurovascular decoupling in subjects with a high WMH load is the prominent astrocyte dysfunction, as previous studies reported, which may impede the interaction between neuronal activity and vascular response (13, 33). Second, the vascular factors, especially endothelial cell dysfunction together with a series of concomitant inflammatory processes, which have been considered as another important pathological basis for WMH, may lead to the dysregulation of the CBF and neuronal activity (10–13, 69). Finally, GM atrophy in WMH subjects due to the denervation associated with WM disconnections and the microvasculature damages in GM, which has been demonstrated in various structural neuroimaging studies (5, 70–72), may also contribute to the reduced neurovascular coupling in subjects with higher WMH loads. Because no difference in global gray matter volume was found among the three groups in our study, further investigations with a larger sample size are needed to verify this hypothesis.

Previous studies have reported that resting-state functional connectivity within the DMN was associated with cognitive decline in subjects with WMH (26, 28). Consisting with and further extending their findings, our results showed significant correlations between cognitive performance and all the functional neuroimaging measures investigated in our study (CBF, FCS, and CBF–FCS coupling) in several cortical and subcortical hub regions involving cognitive networks in subjects with WMH. In particular, the results of mediation analyses indicated that CBF in the right ITG and right dorsal caudate might mediate the relationship between WMH load and cognition. Thought to be a constituent of the DMN, the ITG is well-known to be involved in various high-cognitive functions, including visual perception, language comprehensions, and memory (73–75). The right dorsal caudate has also been demonstrated to constitute a core circuit supporting the integration of diverse cognitive networks and is involved in the process of executive function (60, 76). Thus, we infer that cortical and subcortical hub regions involving essential cognitive and emotional networks would be more vulnerable to the neurovascular damage caused by WMH, resulting in a series of emotional and cognitive impairment, and specific regional CBF may serve as a potential neuroimaging marker for detecting an early cognitive decline in the future. However, no mediation effect of either regional FCS or CBF–FCS coupling between WMH and cognitive function was identified, which may partly be attributed to relatively simple neuropsychological scales to reflect cognitive performance in each domain and the selection of threshold in the FCS calculation. Because this is the first time to investigate the alterations of FCS and CBF–FCS coupling in the subjects with WMH, these findings should be further evaluated in the future. In addition, it is worth noting that many factors could contribute to cognitive decline in older adults, and the relationship between WMH load and cognitive impairment revealed by our study as well as previous works would only be considered as a correlation but not causality. Hence, our results may only provide a possible explanation to the association between WMH burden and cognitive impairment using mathematical models, and the detailed mechanisms of how hemodynamic changes regulate the WMH progression and lead to cognitive impairment should be further investigated.

The current study has several limitations that should be addressed. First, as CBF at rest varies greatly with time, it may be insufficient to provide precise information on regional cerebral perfusion and the real demand of blood supply by tissues (69, 77). Other alternative measures, for instance, cerebrovascular reactivity, may be applied to explore further the adequacy of tissue-level CBF in the subjects with different WMH loads (78, 79). Second, this is an exploratory study with relatively small sample size, and few regions can survive with a strict multiple comparison correction in this study. Here, we added to introduce a permutation test (for 1,000 times, p < 0.01) for the comparison of each measure among the three groups to increase the reliability of the results. Third, the control analysis showed that whether compared with the mild WMH group or the HC group, regional CBF, FCS, and CBF–FCS coupling in subjects with higher WMH loads exhibited very similar alteration patterns, highlighting the important role of dysfunction in brain regions involving large-scale networks underlying the increase of WMH load. Nevertheless, given the very small sample size in the additional HC group, there were still limitations in these findings. Fourth, in line with several previous studies (30, 34–37, 47), the procedure of partial volume correction was not implemented in this study. Also, in the between-group CBF analysis, we did not conduct a mean-centering of CBF at the individual level to compare the differences in absolute regional CBF among subjects with different WMH loads. Finally, we did not collect the information on emotional and gait disturbance common in subjects with a high WMH load. Large-scale longitudinal studies with more detailed clinical information will be warranted to determine further the exact role of neurovascular dysfunction in the increase of WMH burden and related clinical symptoms.

In conclusion, we investigated dysfunctional architectures in WMH subjects in the alterations in CBF, FCS, and coupling between CBF and FCS among the subjects with diverse WMH loads. Specifically, we found decreased regional CBF, FCS, and disrupted CBF–FCS coupling in hub regions involving cognitive- and emotional-related networks in subjects with higher WMH loads. These findings provide novel insights into the pathophysiology underpinnings of WMH and related cognitive impairment.
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Cerebral small vessel disease (cSVD)—a common cause of stroke and vascular dementia—is a group of clinical syndromes that affects the brain's small vessels, including arterioles, capillaries, and venules. Its pathogenesis is not fully understood, and effective treatments are limited. Increasing evidence indicates that an elevated total serum homocysteine level is directly and indirectly associated with cSVD, and endothelial dysfunction plays an active role in this association. Hyperhomocysteinemia affects endothelial function through oxidative stress, inflammatory pathways, and epigenetic alterations at an early stage, even before the onset of small vessel injuries and the disease. Therefore, hyperhomocysteinemia is potentially an important therapeutic target for cSVD. However, decreasing the homocysteine level is not sufficiently effective, possibly due to delayed treatment, which underlying reason remains unclear. In this review, we examined endothelial dysfunction to understand the close relationship between hyperhomocysteinemia and cSVD and identify the optimal timing for the therapy.
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INTRODUCTION

Cerebral small vessel disease (cSVD) refers to a series of clinical, imaging, and pathological syndromes caused by various etiological factors affecting small arteries, capillaries, and venules in the brain. As an age-dependent disease, the cSVD incidence is predicted to increase with the aging population (1). Several factors can contribute to the occurrence of cSVD, such as age, hypertension, diabetes, hyperlipidemia, small artery sclerosis, cerebrovascular amyloid, gene mutations, immune-mediated vasculitis, and certain infections (2); arteriolar sclerosis is the most common factor in older individuals (3, 4).

Globally, cSVD causes up to 45% of dementia and accounts for approximately 20% of all strokes. Twenty-five percent of these stroke cases are of the ischemic (or lacunar) type, of which in about 20% patients left disabled (3), putting an enormous burden on the society and families of these patients. Evidence regarding the efficacy of treatment with antiplatelets, anticoagulants, lipid-regulating drugs, and other methods in cSVD is lacking (5–7). Therefore, early detection and intervention of the risk factors is currently a beneficial strategy (8). The characteristic magnetic resonance imaging (MRI) markers are white matter hyperintensities (WMH), lacunes of presumed vascular origin, cerebral microbleeds (CMBs), enlarged perivascular spaces (EPVS), and cerebral atrophy (9, 10). Apart from imaging markers, sensitive, specific, and simple serum markers, such as homocysteine (Hcy), intercellular adhesion molecule-1 (ICAM-1), C-reactive protein (CRP), and interleukin-6 (IL-6) are also valuable in diagnosing cSVD (11).

Homocysteine (Hcy) is also an age-dependent indicator, and an elevated serum total Hcy (tHcy) level is associated with cardiovascular diseases, atherosclerosis, cerebrovascular diseases, and neurodegenerative disorders (12). Therefore, Hcy-lowering treatment is gradually becoming a therapeutic target for these diseases. However, contradictory results have been reported in cSVD. Several trials reported that primary prevention with Hcy-lowering therapy could reduce the incidence of cerebrovascular diseases (13–15). Unfortunately, a few trials using vitamin B supplementation to reduce Hcy levels failed to demonstrate the benefit of reducing stroke and cognitive impairment events (16–18). Understanding the mechanism behind Hcy-lowering therapy could help elucidate these findings. Endothelial dysfunction (ED) is a core mechanism of hyperhomocysteinemia (HHcy) affecting cSVD. Reducing Hcy levels alleviates ED, and early intervention of ED could reverse cSVD progression. Therefore, it is critical to identify the correct timing of lowering serum Hcy levels for treating ED and improving cSVD patient's prognosis.



HYPERHOMOCYSTEINEMIA


Homocysteine Metabolism and HHcy

Hcy is an intermediate metabolite in the methionine cycle, and the only Hcy sources are methionine-containing foods, such as eggs, sesame seeds, nuts, and meat. Plasma Hcy concentrations increase with age and are higher in men than in women (12, 19, 20). Hcy is primarily involved in methyl transfer (or one-carbon metabolism) and can undergo three metabolic pathways (21–23) (Figure 1): (a) Remethylation: Hcy is remethylated with the participation of 5-methyltetrahydrofolate and vitamin B12 (cobalamin) and catalyzed by methionine synthase (MS) to form methionine. Alternatively, betaine provides methyl to produce methionine catalyzed by betaine-homocysteine methyltransferase (BHMT); (b) Transsulfuration Pathway: Hcy is formed as cysteine is catalyzed by cystathionine beta-synthase (CBS) and its coenzyme, vitamin B6; (c) a small amount of Hcy is released directly into the extracellular fluid to perform physiological functions.


[image: Figure 1]
FIGURE 1. A diagram of homocysteine (Hcy) and methionine metabolism. Three pathways involved in Hcy meatabolism, including remethylation pathway, transsulfuration pathway, and a small amount of Hcy released directly into the extracellular fluid. When a deficiency of MTHFR, CBS, MS, or B-vitamins occurs, an excess of homocysteine enters the blood, causing HHcy, resulting in damage to the corresponding target organs. SAM is the only donor of methyl in all of the metabolic pathways. HHcy leads to hypomethylation of biomolecules, such as proteins, lipids, and nucleic acids, which contributes to metabolic abnormalities and promotes disease occurrence.


Vitamins B2, B6, B9 (folic acid), and B12 are indispensable coenzymes in the metabolism of the amino acid Hcy, and their deficiency could disturb the aforementioned pathways, leading to Hcy accumulation and elevated levels of Hcy in the plasma that triggers HHcy (24).

HHcy is defined by the plasma Hcy level of more than 15 μmol/L, and can be categorized into mild (Hcy = 15–30 μmol/L), moderate (Hcy = 30–100 μmol/L), and severe (Hcy >100 μmol/L) (24). HHcy can be classified as primary or secondary. Primary HHcy is mainly caused by mutations in the MTHFR (C677T or A1298C) and MTRR (A2756G) genes (25, 26). A higher MTHFR mutation rate is observed in the Chinese population than the others (27). The frequency of C677T mutation varies between 23.2 and 45.2% in the Chinese population (25), contributing to higher plasma-Hcy levels in Chinese than in Americans and Koreans (28–30). Secondary HHcy is mainly caused by impaired Hcy metabolism due to the deficiency of vitamin B2, B6, B9 (folic acid), or B12, renal failure, hypothyroidism, tumors, certain drugs, among several other causes (31). Dietary overdose may also lead to HHcy.



HHcy and Disease Condition

As a characteristic feature of aging, HHcy is causally linked to the development of age-associated disorders, such as ischemic heart diseases, atherosclerosis, cerebrovascular diseases, neurodegeneration, glomerular filtration rate decline, bone fractures, and venous thrombosis (12, 32). In particular, the focus has been on cardiocerebrovascular events. Several studies have shown that interventions to reduce tHcy, such as B-vitamin supplementation alone or in combination, had no effect on myocardial infarction and death from any cause or adverse event; however, statistical differences were observed in the stroke group (33, 34). These results suggested that the nervous system may be more sensitive to the toxic effects of HHcy than the cardiovascular system. Similarly, a study on the secondary prevention of stroke found that the use of B-vitamin supplements to lower Hcy significantly reduced stroke events and recurrence (13–15). Regardless of a history of acute ischemic stroke, patients with higher plasma-Hcy concentrations are more likely to develop cognitive impairments and depression than patients with normal levels (35, 36). Consequently, HHcy is a significant risk factor for nervous system disorders, especially cerebrovascular diseases.



HHcy Damages Brain Small Vessel Through Affecting Endothelial Function

There is an abundance of evidence that HHcy can damage brain small vessel, which increases the incidence of cSVD. The mechanisms include inflammation, atherosclerotic plaque formation, endothelial dysfunction, smooth muscle cell proliferation and oxidative stress response (37, 38). Among these pathological injury mechanisms, endothelial dysfunction plays a major role and determines the occurrence, development, and prognosis of cSVD (39). Hcy accumulation can interfere with the normal functioning of endothelial cells (ECs) through many pathological pathways (40–50). These include (a) oxidative stress resulting from the uncoupling of nitric oxide (NO) synthase, upregulation of the oxidation system, and decline of the antioxidant system; (b) competitive inhibition of NO synthase due to accumulation of asymmetric dimethylarginine (AMDA), resulting in decreased production of NO; (c) reduced hydrogen sulfide production, leading to abnormal vascular relaxation; (d) endoplasmic reticulum stress and unfolded protein response with eventual EC apoptosis; (e) chronic inflammation and prothrombotic conditions; and (f) epigenetic alterations, including hypomethylation and protein N-homocysteinylation. These mechanisms result in endothelial dysfunction and apoptosis, broken intercellular tight connections, and chronic hypoperfusion, which could be conducive to the formation and progression of cSVD.




ENDOTHELIAL DYSFUNCTION AND CSVD


ED' Relevance in cSVD

Pathological changes in the small vessels vary during different periods of the cSVD process, including ED, blood-brain-barrier (BBB) injury, inflammatory response, smooth muscle proliferation, and small vessel sclerosis (3). Although different pathological changes play different roles in cSVD, they overlap and affect each other. ED triggers the first step of small blood vessel damage and plays a crucial role during the entire disease development process (39, 51). The significance of ED in cSVD has been well-established by population studies. A case-control study showed a worsening cerebral vasoreactivity in symptomatic lacunar stroke patients compared to that in matched controls, while cerebrovascular reactivity was used as a marker of endothelial function, indicating that ED severity in the cerebral artery may be a predisposing factor of symptomatic lacunar stroke in cSVD patients (51). Abnormal endothelial secretion of soluble ICAM-1, promotes the adhesion of leucocytes, which causes small vessels to occlude, and leads to incidence of silent brain infarctions and periventricular white matter lesions, implying ED in relation to progression of ischemic cerebral small vessel disease in type 2 diabetes (52). Markers of endothelial activation and damage, such as ICAM-1, thrombomodulin (TM), tissue factor (TF), and tissue factor pathway inhibitor (TFPI), were associated with the number of lacunes and severity of leukoaraiosis in the cSVD group in a prospective series of patients suffering from a lacunar strokes (53).



How ED Affects cSVD

ECs in the brain maintain BBB's integrity and regulate transmembrane transport functions. In addition, ECs are functionally active in controlling normal physiological processes, such as blood clotting, matching blood flow to neural activity, inflammatory reaction, and angiogenesis (54). When ischemic attacks, immune inflammation, or oxidative stress damage the endothelium, various abnormally released molecules (e.g., vasomotor factors, adhesion molecules, inflammatory cytokines, factors involved in the coagulation process, and enzymes) from ECs lead to impaired endothelium-dependent vasodilation, BBB destruction, and pre-thrombotic state, and exacerbates cSVD progression (11).

ED is the first step in cSVD pathogenesis. It is associated with leukoaraiosis, lacuna infarctions, and microbleeds through multiple underlying mechanisms (Figure 2). Firstly, the imbalance of vasomotor factors leads to pathological vasoconstriction and blood flow reduction, eventually leading to ischemia in the corresponding regions. Endothelially-derived NO, a key factor of vasodilation, is produced by L-arginine in a reaction catalyzed by endothelial-type NO synthase (eNOS), released into smooth muscle cells, wherein it activates guanylate cyclase to relax the vessel mediated by the cGMP pathway (55). In eNOS-deficient ED mice, NO reduction leads to pathological vasoconstriction and cerebral hypoperfusion, which exhibits similar MRI findings to those of cSVD, such as microhemorrhage, microinfarction, and white matter changes (56). In a cSVD rat model, ED, subsequent NO reduction, and BBB injury were associated with WMH burden (57). In addition, dysfunctional ECs can increase the secretion of endothelin-1, a vasoconstrictor, resulting in the pathological process of vasoconstriction (39).


[image: Figure 2]
FIGURE 2. Schematic representation of dysfunctional ECs linking to specific features of cerebral small vessel disease. Dysfunctional ECs induce abnormal secretion of NO and endothelin-1, which leads pathological vascular contraction. Increased secretion of MMPs and decreased production of claudin-5 destroy the tight connections, leading to blood-brain barrier leakage. Abnormally released MMPs, adhesion factors (ICAM-1, VCAM-1), and Hsp90α result in dysmaturity of oligodendrocyte precursor cells and apoptosis of oligodendrocytes, which affects the myelination. Endothelial microparticles and vWF are released from the damaged ECs, causing platelet aggregation and inflammatory response.


Secondly, ECs and their tight junction (TJ) protein complexes are required to form a complete BBB. TJ protein complexes between ECs maintain BBB integrity and control the passage of cells and molecules. Damaged ECs and broken tight junctions can decrease BBB's integrity and increase its penetrability, leading to inflammation and edema of the surrounding tissue; corresponding signal changes can be observed on an MRI (58). The destruction of TJs caused by ECs dysfunction mainly results from the abnormal secretion of NO, matrix metalloproteinases (MMPs), and claudin proteins, inhibiting the modification of TJ proteins via nitrosylation or nitrosation, promoting TJ loss and accelerating BBB leakage (59). MMP-2 and MMP-9 also show increased expression, leading to decreased TJ proteins and transmembrane protein, claudin-5, which increases BBB's permeability (60). In addition, ED reduces the release of claudin-5, which adversely affects the tight connections between ECs and causes BBB injuries, which can impair brain function (61).

Thirdly, the survival and maturation of oligodendrocytes could be affected by ED and eventually interfere with white matter myelination. In an ATP11B-knockout rat model of cSVD, dysfunctional vascular endothelium secretes MMP chaperone protein, heat shock protein 90α (HSP90α), which leads to the maturation of oligodendrocyte precursor cells, contributing to white matter changes (57). Excessive MMPs, especially MMP-3 and MMP-9, secreted from dysfunctional ECs into the brain tissue cause and accelerate myelin breakdown (62). Moreover, dysfunctional ECs secrete increased CRP, IL-6, ICAM1, and e-selectin, leading to oligodendrocyte damage, and even apoptosis (4).

Finally, ED can participate in cSVD pathogenesis in multiple ways. Elevated plasma adhesion factors (ICAM-1 and vascular cell adhesion molecule-1 [VCAM-1]) and endothelial microparticles result from ED activating circulating inflammatory cells and causing vascular inflammation (63–65). Increased release of von Willebrand factor (vWF) caused by ED, which acts as a bridge to connect the process of platelets and inflammation, could lead to small vessel occlusion and further stimulate inflammation (66). These changes affect the structure and function of small vessels, contributing to the occurrence of cSVD and participating in its progression.



ED and Disease Reversal in the Early cSVD Stage

ED could be reversed through therapeutic interventions targeting the risk factors and inhibiting endothelial oxidative stress and inflammation. Previously, relieving eNOS uncoupling has been shown to reverse ED (54). This theory is also suitable for cSVD. Drug treatment to stabilize ED reverses the endothelial and oligodendroglial pathologies. Improved endothelial function can reverse ED itself, WMH, and oligodendroglial changes in the early disease state (57). Evidence suggests that in the early stage of cSVD, punctate lesions and a small number of white matter lesions caused by impaired interstitial fluid circulation may be quiescent and reversible. In contrast, fused and massive white matter lesions caused by demyelination and chronic hypoperfusion at later stages generally appear progressive and irreversible (67, 68). Thus, reversal of ED is a crucial therapeutic mechanism of cSVD, and the time window is notable and worth considering.




HHCY AND CSVD

Several population-based experiments confirmed that elevated baseline Hcy levels are positively associated with cSVD incidence and the subsequent severity and disease progression, independent of vascular risk factors and severity of the atherosclerotic disease. The relevance of the presence and number of lacunar infarcts, WMH volume, and progression to high baseline Hcy levels (32, 69–71) provides a more intuitive view of the correlation between HHcy and cSVD. In patients with dementia caused by small vessel lesions, higher tHcy levels were used to predict WMH progression, and the level was associated with deep CMBs and lacunes (32). In cSVD-related stroke, serum Hcy levels were significantly higher in patients with large WMH volumes than those with small WMH volumes (69, 70). The association between Hcy and WMH burden suggested that the degree of ED may be greater in patients with increased WMH volume and may, in part, explain that ED acts as a bridge between HHcy and cSVD (72). Similar results were obtained in recent observational studies, where WMH volume and EPVS number were positively correlated with plasma Hcy concentrations. EPVS may be specifically associated with BBB leakage led by injured ECs and is considered as an important marker of BBB disruption (68, 73, 74).


ED in Hcy-Linked cSVD

As mentioned earlier, ED is a major mechanism of HHcy-linked cSVD, which mainly manifests as NO reduction, TJ breakage, BBB leakage, platelet aggregation, and pre-thrombotic state (Figure 3). The decrease in NO production and bioavailability predominates in Hcy-induced endothelial injury models, which exhibits vasoconstriction, vascular smooth muscle proliferation, and small arteriosclerosis; inadequate perfusion eventually develops cerebral white matter damage, acute small infarctions, and hemorrhages (44, 45). In addition, HHcy damages ECs and induces abnormal secretion of MMPs and transmembrane proteins, disrupting endothelial junctions, leading to BBB leakage, providing an important pathological basis for WMH, EPVS, lacunes, and CMB (75, 76). Furthermore, HHcy can also induce a pre-thrombotic state by modifying fibrinogen or enhancing platelet activation and coagulation and weakening fibrinolysis, which is prone to thrombosis and leads to ischemic stroke (42, 77). Naturally, Hcy-lowering therapy acts by ameliorating ED. AVE3085, a specific eNOS-targeting enhancer, prevents Hcy-induced ED by increasing NO production and reversing eNOS reduction in human ECs. The protective effects of AVE3085 translate into improved endothelium-dependent relaxation in the aorta of spontaneously hypertensive rats and significantly improved endothelium-dependent vasorelaxation in the Hcy-exposed human internal mammary artery (54). However, these studies indicate that ameliorating ED could reverse disease progression, which seems to be working just at early stage.
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FIGURE 3. Progression of HHcy-induced cSVD through ED. In the beginning, HHcy induces endothelial cell injury through oxidative stress, eNOS dysfunction, inflammation, and hypomethylation of biomolecules. Dysfunctional endothelia release the molecules abnormally, such as impaired NO production, increased MMPs and adhesion factors, decreased claudin-5. The process facilitates the damage of small vessels, including pathological vasoconstriction, SMCs injury, blood-brain barrier damage, pre-thrombotic state and vascular inflammation. Along with these pathological changes progression, hypoperfusion, intravascular material leakage, demyelination, chronic vascular and perivascular inflammation appear successively, which eventually develop into cSVD.




Hcy-Lowering Therapy in cSVD

In HHcy patients, several trials, reviews, and meta-analyses evaluating primary prevention with treatment, have shown that Hcy-lowering therapy with B-vitamin supplementation reduces the incidence of cerebrovascular diseases (13–15), in contrast to studies that have shown no such association (16–18). Thus, the main question might be at what stage of the disease can cSVD lesions be reversed or stopped from progressing using proper Hcy-lowering treatment. Some studies did not observe positive results due to malabsorption and other individual factors. Patients with chronic kidney disease and those on antiplatelet therapy had reduced effects of B-vitamin supplementation on Hcy-associated cerebrovascular events (78). Older patients with gastrointestinal diseases failed to reach therapeutic concentrations of B-vitamins due to malabsorption and Hcy-lowering therapy may not be effective for hereditary cSVD (79). Moreover, delayed treatment may be a significant cause of a poor response to treatment. Nam et al. showed that if an ischemic stroke occurs in cSVD patients, disease progression might not be reversed by treatments meant to lower the tHcy levels, which suggest that patients with early or preclinical cSVD are more likely to benefit from Hcy-lowering therapy, and the curative effect was closely related to the timing of the treatment (68). In the stroke prevention trial, patients with low baseline Hcy levels had better outcomes than those with high levels (80). It indicates that Hcy-lowering treatment is similar to statin therapy for lowering lipid levels, and the underlying disease mechanisms are independent of the original baseline Hcy level. Considering that Hcy levels are associated with disease severity, it is also possible that patients with lower levels are more likely to be at an early stage of the disease and are more likely to benefit from treatment.




DISCUSSION

Both cSVD and HHcy are age-dependent diseases, and as a risk factor of cSVD, HHcy contributes to its onset and progression. Nonetheless, the use of Hcy-lowering therapy is controversial. Therefore, it is unclear whether Hcy can be considered as an early indicator of cSVD and whether reducing Hcy levels is necessary for the treatment. Considering the prevalence of HHcy in older individuals and their vulnerability to cSVD, monitoring of tHcy levels is recommended. In consideration of the limited treatment time window, active measures should be taken sooner rather than later. ECs were injured when first exposed to elevated tHcy conditions; once Hcy is elevated, damage to the endothelium begins, which precedes cerebral small vessel injury years before the onset of cSVD. As mentioned above, ameliorating ED could reverse the progression of the disease in its early stage, which is the primary purpose of Hcy-lowering therapy. Since effective therapy relies on early intervention, immediate steps should be taken upon detection of HHcy. Currently, most pathological states are described as early or later stages; therefore, the critical point of the irreversible stage remains unclear. Further studies are needed to evaluate the relationship between different manifestations of endothelial injury and determine the timeline of brain damage in patients with cSVD.
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Background and Purpose: Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy caused by mutations in the NOTCH3 gene is a hereditary cerebral small vessel disease, manifesting with stroke, cognitive impairment, and mood disturbances. Functional or structural changes in the default mode network (DMN), which plays important role in cognitive and mental maintenance, have been found in several neurological and mental diseases. However, it remains unclear whether DMN is altered in patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL).

Methods: Multimodal imaging methods, including MRI and positron emission tomography (PET), were applied to evaluate the functional, structural, and metabolic characteristics of DMN in 25 patients with CADASIL and 42 healthy controls.

Results: Compared with controls, patients with CADASIL had decreased nodal efficiency and degree centrality of the dorsal medial pre-frontal cortex and hippocampal formation within DMN. Structural MRI and diffusion tensor imaging (DTI) showed decreased gray matter volume and fiber tracks presented in the bilateral hippocampal formation. Meanwhile, PET imaging showed decreased metabolism within the whole DMN in CADASIL. Furthermore, correlation analyses showed that these nodal characteristics, gray matter volume, and metabolic signals of DMN were related to cognitive scores in CADASIL.

Conclusions: Our results suggested that altered network characteristics of DMN might play important roles in cognitive deficits of CADASIL.

Keywords: CADASIL, default mode network, cognitive impairment, MRI, PET


INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy is the most common hereditary cerebrovascular disease (1). It is caused by the pathogenic mutations in the NOTCH3 gene on chromosome 19 and, therefore, shows familial inheritance. The typical clinical manifestations of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) are migraine with aura, stroke, mood disturbances, and progressive cognitive impairments, including deficits in executive function, processing speed, attention, and memory (2).

Default mode network is a notable network that shows greater activity during the resting state than when performing tasks. It was first addressed by Raichle in a positron emission tomography (PET) study in 2001 (3). The component brain areas of default mode network (DMN) mainly include posterior cingulate cortex and precuneus (PCC/PCU), medial pre-frontal cortex (MPFC), medial and inferior temporal lobes, and inferior parietal lobe (IPL), and play important roles in a great variety of cognitive domains, such as working memory, visuomotor, visual language, and mental imagery (4). DMN has become a central research theme in neuropsychiatric disorders, including stroke, dementia, migraine, traumatic brain injury, depression, anxiety, and schizophrenia (5–10). A series of important research results about changed DMN characteristics in these disorders have been reported by using magnetic resonance imaging (MRI) and PET methods (5–10). However, as a focus of research into cognition, whether DMN is altered in patients with CADASIL remains unclear.

Several studies have demonstrated brain alterations in functional and structural imaging parameters in patients with CADASIL. Our previous resting-state functional MRI (fMRI) studies showed that altered functional activity and connectivity in PCC/PCU and para-hippocampal cortex (PHC) were associated with cognitive impairment in CADASIL (11, 12). Diffusion tensor imaging (DTI) studies have demonstrated widespread white matter lesions associated with cognitive deficits in CADASIL (13–15). Moreover, a case study using diffusion tensor tractography indicated that neural tract injuries were mainly located in the frontal lobe in a patient with CADASIL (16). Furthermore, a recent 18F-2-fluoro-2-deoxy-D-glucose PET (18F-FDG PET) study showed that decreased metabolism in the limbic lobe, including the hippocampus and PHC, was positively associated with a cognitive score in patients with CADASIL (17). Several regions involved in CADASIL belong to the hub nodes of DMN, and the DMN has a high degree of connectivity across the above-involved regions, including the PCC/PCU, MPFC, hippocampus, and PHC (5, 18). Though promising initial results from different neuroimaging studies have shown considerable overlap with areas typically considered part of the DMN, few studies explored the DMN in patients with CADASIL. Thus, based on the brain regions highlighted in these CADASIL studies, we assumed DMN modifications in patients with CADASIL.

Therefore, in the present study, we focused on multimodal imaging outcomes of DMN in CADASIL. To characterize the DMN comprehensively, resting-state fMRI, T1-weighted MRI, DTI, and 18F-FDG PET were employed to assess functional network properties, gray matter volume (GMV), structural connectivity, and metabolism in DMN, and the associations with cognitive deficits.



MATERIALS AND METHODS


Participants

The study protocol was approved by the ethics committee in the Shanghai Ninth People's Hospital. All participants were fully informed of the study procedures and signed the informed consent. A total of 25 patients with CADASIL from 14 families evaluated at Shanghai Ninth People's Hospital between May 2016 and January 2019 were recruited for this study. For all patients, the diagnosis was confirmed by the identification of pathogenic mutations in the NOTCH3 gene (19). All subjects underwent detailed standard neurological examinations. Subjects were excluded from the study if they had severe depression or anxiety according to evaluation by two trained neuropsychologists using the Hamilton Depression Scale (HAMD) and the Hamilton Anxiety Scale (HAMA) (20, 21). Subjects were diagnosed with severe depression and anxiety based on HAMD and HAMA scores >17 and >14, respectively. Neurological deficits in all subjects were assessed using the National Institutes of Health Stroke Scale (NIHSS) and the modified Rankin scale (mRs). Cognitive scores in all subjects were recorded by the Montreal Cognitive Assessment (MoCA) and Mini-Mental State Examination (MMSE). Most of the patients underwent both MRI and PET/computed tomography (PET/CT), but four underwent only MRI and another four underwent only PET/CT.

Forty-two healthy subjects were recruited as a control group based on the following criteria: no history of stroke, headache, cognitive impairment, or vascular disease risk factors; no family history of cerebrovascular diseases or vascular disease risk factors; not taking medications and no substance addiction, such as drugs, cigarettes, or alcohol. All of the healthy subjects had normal results on neurological and general examinations. Among the 42 controls, 21 underwent only MRI and the remaining 21 controls underwent only PET/CT. The sample size and demographic information of each group were listed in Table 1.


Table 1. Demographic information of CADASIL and control.

[image: Table 1]



MRI Acquisition

Subjects in the first control group and 21 patients with CADASIL underwent MRI, including resting-state fMRI, structural MRI (T1-weighted, T2-weighted, and fluid-attenuated inversion recovery [FLAIR] imaging), and DTI on a 3 Tesla system (Trio Tim; Siemens Healthcare, Malvern, PA, USA) with a 12-channel head coil at East China Normal University. Soft earplugs and custom-fit foam were applied to reduce noise and movement artifacts. Resting-state fMRI was performed using a T2*-weighted gradient-echo echo-planar imaging pulse sequence with the following parameters: repetition time/echo time (TR/TE) = 2,000/30 ms; flip angle = 90°; field of view (FOV) = 220 mm × 220 mm; number of slices = 33; resolution = 3.44 mm × 3.44 mm × 4.38 mm; total volume = 210. The fMRI acquisition time was 7 min and 6 s for each subject. During the fMRI scan, the subjects kept their eyes closed but did not fall asleep. The whole-brain anatomical volume was obtained using a high-resolution T1-weighted 3D magnetization-prepared rapid-acquisition gradient-echo pulse sequence with the following parameters: TR = 2,530 ms; TE = 2.34 ms; flip angle = 7°; FOV = 256 mm × 256 mm; number of slices = 192; resolution = 1 mm × 1 mm × 1 mm. The T1-weighted image acquisition time was 6 min and 3 s for each subject. T2-weighted imaging was obtained using turbo spin-echo dark fluid sequence with the following parameters: TR/TE = 5,500/83 ms; FOV = 220 mm × 220 mm; number of slices = 35; resolution = 0.38 mm × 0.38 mm × 5.2 mm. The T2-weighted image scanning time was 1 min and 26 s for each subject. The parameters of FLAIR imaging were: TR/TE = 9,000/93 ms; FOV = 220 mm × 220 mm; number of slices = 30; resolution = 0.43 mm × 0.43 mm × 4.55 mm. The FLAIR image scanning time was 4 min and 50 s for each subject. DTI was performed using a single-shot, spin-echo planar imaging sequence acquired in contiguous axial planes with the following parameters: 64 non-collinear directions, diffusion weighting of b = 1,000 s/m2, an acquisition without diffusion weighting of b = 0; TR/TE = 8,900/86 ms; FOV = 256 mm × 256 mm, covered the whole brain; 70 contiguous slices; resolution = 2 mm × 2 mm × 2 mm. The DTI scanning time was 10 min and 7 s for each subject. The total MRI acquisition time was 29 min and 38 s for each subject.



PET Acquisition

18F-2-fluoro-2-deoxy-D-glucose PET data were acquired using a Siemens Biograph Truepoint HD 64 PET/CT is made by Simens in Germany at the PET Center of Huashan Hospital, Fudan University. 18F-FDG was synthesized and radiolabeled at the PET Center according to the protocol of the manufacturer under the inspection by the Chinese Food and Drug Administration. Before 18F-FDG injection, subjects were asked to avoid strenuous physical activity and fast for about 6 h to maintain blood glucose level <8 mmol/L. After receiving an injection of 18F-FDG at a dose of 5.55 MBq/kg (0.15 mCi/kg), subjects rested in a dimly lit room for 50 min. Before PET acquisition, a low-dose CT scan was performed for attenuation correction, and then 10-min PET images were reconstructed using a filtered back-projection algorithm. The matrix size of the reconstructed images was 168 × 168 × 148 with a resolution of 2.04 mm × 2.04 mm × 1.5 mm.



Data Processing

Prior to preprocessing, all the raw DICOM data were converted to the Neuroimaging Informatics Technology Initiative format (NII) using MRICRON software (https://people.cas.sc.edu/rorden/mricron/install.html) and the quality of the images was checked visually.


fMRI Data Processing

The resting-state fMRI data were preprocessed using Data Processing Assistant for Resting-State fMRI (DPARSF; http://www.restfmri.net) (22, 23). Data were preprocessed starting with the removal of the first 10 volumes to ameliorate possible effects of scanner instability and the adaptation of subjects to the environment. Then, slice time correction was applied to reduce the effects of within-scan acquisition time differences between slices. To correct the effects of head motion, the fMRI images of each subject were realigned and registered. All subjects had head motions <1.5° of rotation or 0.5 mm of mean frame-wise displacement (24). The fMRI images were then normalized into the Montreal Neurological Institute (MNI) space using the EPI template and smoothed by a full-width at half-maximum (FWHM) 8 mm Gaussian kernel. Following spatial smoothing, linear detrend was performed to remove noise due to long-term physiological shifts, movement-related noise remaining after realignment, and instrumental instability. To reduce further the effects of noise, the fMRI images were filtered with a temporal band-pass filter (0.01–0.08 Hz). Finally, the six head motion parameters, global mean signal, white matter signal, and cerebrospinal fluid signal were regressed out as nuisance covariates to remove these unwanted signals.

With reference to previous studies (18, 25, 26), 11 separate regions comprising the left DMN and 11 mirrored regions comprising the right DMN were defined as regions of interest (ROIs). The 11 ROIs were spheres of radius 8 mm in the dorsal MPFC (dMPFC), anterior MPFC (aMPFC), ventral MPFC (vMPFC), posterior IPL (pIPL), temporal-parietal junction (TPJ), lateral temporal cortex (LTC), temporal pole (TempP), PCC, retrosplenial cortex (RSC), PHC, and hippocampal formation (HF) (see Supplementary Table 1 and Supplementary Figure 1 for coordinates and spatial positions). Average fMRI time-series were calculated across every voxel in each ROI. The absolute value of Fisher's z-transformed Pearson's correlation coefficient between each pair of time-series was defined as the functional connectivity (FC) strength.

Graph analysis of the pairwise (11 × 11) correlation matrixes was performed using GRETNA (v2.0.0; https://www.nitrc.org/projects/gretna/) (27). Global and nodal network properties, including nodal degree centrality, nodal shortest path length, nodal clustering coefficient, nodal efficiency, nodal local efficiency, betweenness centrality, global efficiency, assortativity coefficient, and small-worldness, were calculated to delineate the integrative and local topological architecture of the DMN, respectively. Their definitions and calculations of the nodal and global network properties were summarized in Supplementary Table 2.



T1-Weighted Data Processing

The T1-weighted MRI data were preprocessed using the Computational Anatomy Toolbox (CAT12; http://dbm.neuro.uni-jena.de/cat12) implemented in statistical parametric mapping software (SPM12; htttp://www.fil.ion.ucl.ac.uk/spm/). First, all T1-weighted MRI data were normalized into the MNI space using the Diffeomorphic Anatomic Registration Through Exponentiated Lie algebra algorithm (DARTEL). The bias field inhomogeneities were corrected to remove non-uniform intensities. Normalized images were then segmented into gray matter, white matter, and cerebrospinal fluid components. The total intracranial volume (TIV) of each participant was evaluated to correct for the effects of differences in brain size. The internal gray matter threshold was set to 0.2 to exclude artifacts on the gray-white matter border. Thereafter, all preprocessed scans were smoothed with the FWHM 6 mm Gaussian kernel. Finally, the average GMV was calculated across every voxel in each ROI.



DTI Data Processing

The raw DTI data were preprocessed using FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl/index.html.) First, eddy current correction was performed to correct for head motion artifacts and eddy current distortions. Then, the brain of each subject was extracted using the FSL Brain Extraction Tool (BET). Tensor reconstruction and fiber tracking were applied by Diffusion Toolkit TrackVis (https://www.nitrc.org/projects/trackvis.) The Fiber Association Continuous Tracking (FACT) algorithm in Diffusion Toolkit was applied to obtain the whole-brain fiber tracts. The main parameters in fiber tractography were as follows: maximum turning angle threshold at 35°; minimum fractional anisotropy (FA) threshold of 0.2. Then, SPM12 was applied to bring all the individual tracts into the MNI space by non-linear transformation methods. In the normalization step, tracts were spatially normalized by: co-registering T1-weighted MRI to the corresponding FA image; calculating the deformation field of the individual coregistered T1-weighted image space to the MNI space; applying the deformation field to tracts and bringing them into the MNI space. Thereafter, TrackVis was used to record the number of tracts (NT) passing through each ROI.



PET Data Processing

First, PET images of each subject were processed using SPM12 software with spatial normalization and smoothing. The PET template in SPM12 was used in the spatial normalization step. The FWHM 8 mm Gaussian kernel was applied in the smoothing step. The average glucose metabolism was then calculated across every voxel in each ROI.




Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows (SPSS, Chicago, IL, USA). The Chi-square tests and permutation tests (permutation times = 10,000) were used to compare demographic, clinical, and imaging characteristics between the CADASIL and control groups, as appropriate. Furthermore, the two-sample t-test was applied for voxel-wise metabolism comparisons between the CADASIL and corresponding control groups using SPM12 software. Subsequently, partial correlations were established to estimate the relations between the cognitive deficits and the imaging characteristics showing significant between-group differences. Age, sex, and education levels were entered as covariates in partial correlation analysis. Benjamini-Hochberg false discovery rate (FDR) correction was further used to avoid type-I errors in the multiple comparisons and correlations. The results of two-sample comparisons and partial correlations were regarded as significant at p < 0.05 (two-tailed) with FDR correction.




RESULTS


Demographic and Clinical Data

Table 1 showed comparisons of the demographic and clinical data of the CADASIL and healthy control groups. There were significant differences between the two groups in terms of neurological deficits and cognitive scores, but no differences in sex, age, education levels, or depression and anxiety symptom scores.



Network Analysis of DMN

Compared with the healthy control group, the CADASIL group had decreased FC between the HF and the MPFC (aMPFC, dMPFC, and vMPFC), as well as increased FC between the TPJ and PHC within the left DMN (Figure 1A and Supplementary Figure 2). Further network analysis showed that the nodal characteristics of the left dMPFC and HF, including nodal efficiency and degree centrality, were significantly different between the CADASIL and healthy control groups (Figure 2A). The integrative topological architecture of the left DMN was not significantly different between the two groups.


[image: Figure 1]
FIGURE 1. Topological properties of DMN in CADASIL and control groups in the left (A) and right (B) hemisphere. The color bar corresponded to nodal color, representing the mean nodal efficiency in the corresponding group. Nodal size represented the mean degree of centrality in the corresponding group. The thickness of edges reflected the strength of FC between regions. FC showing significant differences between the two groups was indicated in cyan (p < 0.05). DMN, default mode network; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; FC, functional connectivity; HC, healthy control; a MPFC, anterior medial pre-frontal cortex; dMPFC, dorsal medial pre-frontal cortex; vMPFC, ventral medial pre-frontal cortex; HF, hippocampal formation; PCC, posterior cingulate cortex; PHC, parahippocampal cortex; TPJ, temporal-parietal junction.



[image: Figure 2]
FIGURE 2. Differences between CADASIL and control groups in topological properties and correlations between the properties and cognitive scores in the DMN. (A) Nodal efficiency and degree centrality were significantly different between the CADASIL and healthy control groups in the left DMN. The CADASIL had decreased nodal efficiency and degree centrality in the left dMPFC and HF. (B) Linear correlations between network properties in the DMN and cognitive scores in CADASIL. CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; DMN, default mode network; dMPFC, dorsal medial pre-frontal cortex; HF, hippocampal formation; HC, healthy control; DG, degree centrality; NE, nodal efficiency; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination.


In the right DMN, the CADASIL group showed decreased FC between the HF and the aMPFC as well as the dMPFC, and increased FC between the TPJ and RSC in comparison to the healthy control group (Figure 1B and Supplementary Figure 2). There were no significant differences in the global or local topological architecture of the right DMN between the two groups.



GMV Analysis of DMN

There was no significant difference in TIV between the CADASIL group and the healthy control group. Compared with the healthy control group, the patients with CADASIL had decreased GMV in the left PHC (0.58 ± 0.1 vs. 0.66 ± 0.12, respectively, p = 0.02) and bilateral HF (left: 0.38 ± 0.04 vs. 0.41 ± 0.05, respectively, p = 0.035; right: 0.40 ± 0.05 vs. 0.44 ± 0.06, respectively, p = 0.04) (Figure 3A).


[image: Figure 3]
FIGURE 3. Results of GMV analysis in CADASIL and control groups. (A) Alterations in GMV of the DMN in CADASIL. Patients with CADASIL had decreased GMV in the left PHC and bilateral HF compared with healthy controls. (B) Correlations between GMV of ROIs within the DMN and cognitive scores in CADASIL. GMV, gray matter volume; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; DMN, default mode network; PHC, parahippocampal cortex; HF, hippocampal formation; ROI, region of interest; HC, healthy control; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination.




Fiber Tracks Analysis of DMN

Compared with the healthy control group, the patients with CADASIL had reduced NT in the bilateral HF (left: 198.86 ± 85.86 vs. 263.33 ± 64.18, respectively, p = 0.008; right: 208.05 ± 72.68 vs. 290.24 ± 84.01, respectively, p = 0.001) (Figure 4). There was no significant increase in tracks between the CADASIL and healthy control groups.


[image: Figure 4]
FIGURE 4. Analysis of fiber tracks in the DMN in CADASIL and control groups. Patients with CADASIL had decreased fiber tracks in the bilateral HF. DMN, default mode network; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; HF, hippocampal formation; HC, healthy control.




Metabolism Analysis of DMN

Compared with the healthy control group, the patients with CADASIL had decreased glucose metabolism across the ROIs (p < 0.00001) (Figure 5A). There was a significant decrease in global metabolism across the whole brain (p < 0.00001) (Figure 5A). There was no significant increase in regional metabolism between the two groups.


[image: Figure 5]
FIGURE 5. Results of metabolism analysis in the DMN in CADASIL and control groups. (A) Metabolism alterations in the CADASIL group. (B) Correlations between metabolism across ROIs within the DMN and cognitive scores in the CADASIL group. Patients with CADASIL had decreased metabolism across the whole brain, including the ROIs within the DMN, compared with healthy controls. DMN, default mode network; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; ROI, region of interest; HC, healthy control; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination.




Correlation Analysis

In fMRI, the nodal efficiency and degree centrality in the bilateral HF were positively correlated with MoCA and MMSE scores in the patients with CADASIL (p < 0.05) (Figure 2B). Similar correlations between the GMV of the bilateral HF and left PHC, and cognitive scores were also detected in the CADASIL group (Figure 3B). There was no significant correlation between the number of tracks and cognitive scores. The levels of metabolism in most ROIs with decreased glucose metabolism were positively correlated with the cognitive scores in the CADASIL group (p < 0.01) (Figure 5B and Supplementary Table 3).




DISCUSSION

The present study was performed to investigate whether the DMN was altered in patients with CADASIL. We integrated the results of multimodal imaging methods, including fMRI, T1-weighted MRI, DTI, and PET, to investigate the changes in functional network properties, GMV, fiber tracks, and glucose metabolism within the DMN in patients with CADASIL. Consistent with our initial hypothesis, the characteristics of DMN represented by these images in the CADASIL group were significantly different compared with those in the healthy control group. Correlation analysis showed that these modifications were associated with cognitive deficits in the CADASIL group. These findings had important implications for the further understanding of CADASIL-related cognitive deficits and could provide potential brain markers for CADASIL.

Previous neuroimaging studies have focused on the whole brain functional or structural changes in CADASIL by a single imaging modality (15, 17, 28). In our study, we focused on the DMN by multi-modal imaging methods. The results in this study corresponded with previous MRI studies on stroke, dementia, migraine, and WMH that showed that functional or structural modifications of DMN are associated with cognitive deficits. In this study, more than 90% of CADASIL subjects had WMH. Although the ratio of migraine, dementia, and migraine was not as high as WMH, these symptoms are also typical of the later clinical manifestations of CADASIL. Notably, in order to fully and thoroughly explore the DMN alterations in CADASIL, except for three MRI modalities, one PET modality which represents the glucose metabolism in the brain was applied to evaluate the network characteristics of DMN. In order to reduce the influence of different subjects on the results, most of the patients with CADASIL (17 of 21) had both PET and MRI modalities.

In the FC analysis, weakened interactions between the HF and MPFC (aMPFC and dMPFC) were detected in both the left and right DMN in patients with CADASIL. Further graph theory analysis of the FC matrixes showed that the changed FC resulted in decreased nodal efficiency and degree centrality of HF and dMPFC in the CADASIL group. These observations indicated that HF and dMPFC within the DMN in the patients with CADASIL have a poor capacity for information propagation, and reduced functional interactions with other regions within the network. Indeed, the HF plays a central node in memory function (29–31) and the dMPFC plays a key role in cognitive performance, including decision making, reward processing, mentalizing, memory, and conceptual processing (6, 31, 32). In addition, functional interactions between the HF and MPFC have been demonstrated to form an important neural circuit for spatial working memory (33–35). Furthermore, functional alterations in the HF or MPFC have been shown to be associated with cognitive deficits in other diseases (36–40). Therefore, our fMRI results demonstrated that the changed FC strength as a particular locus of dysfunction affected the nodal properties of the DMN, which may contribute to cognitive deficits in patients with CADASIL.

To examine structural changes within the DMN in CADASIL, differences between the two groups in GMV and NT of the ROIs were examined. Analyses of both the GMV and NT showed that patients with CADASIL had decreased GMV and NT in the ROI of HF. Further, decreased GMV was found in the left PHC and the bilateral HF in the CADASIL group. Both the PHC and HF are key regions for memory-related cognition (31, 41, 42). In addition, decreased GMV as well as changed FA in the two regions have been reported to be associated with cognitive deficits (15, 43–45). The significant associations between the GMV of HF and cognitive scores were consistent with the results of a previous MRI study in a large cohort (46). The HF belongs to the medial temporal subsystem of the DMN, which, through its interactions with the MPFC, plays a role in a wide range of associative or constructive aspects of mental simulation (6). Indeed, decreased interactions between the MPFC and medial temporal lobe including the hippocampus in resting-state fMRI data, and decreased GMV in the two regions, have been suggested to be associated with cognitive deficits, including working memory, social and emotional processing, and executive function deficits (39, 40, 43–45, 47, 48). The two regions have been suggested to play hub roles in DMN, which is a hub network for advanced cognition (18, 25). Cognitive performance relies on the coordination and collaboration of the activation and deactivation response; if one component fails, the whole system is jeopardized (49, 50). Therefore, the overlap between the results of fMRI and structural MRI indicates that changes of HF within the DMN may play important roles in the cognitive deficits seen in patients with CADASIL, and HF may be a potential brain marker. These MRI results corresponded with a previous DMN study in Fabry disease that showed functional DMN modifications and white matter damage were associated with cognitive deficits (51). However, contrary to the pattern of reduced DMN FC and decreased GMV found in our results, there were no significant differences in GMV, and increased DMN FC was observed in patients with Fabry disease. These differences between CADASIL and Fabry disease implied different pathogenic mechanisms underlying the two conditions, which can be further investigated. In marked contrast to the local variation in MRI results, 18F-FDG PET showed that glucose metabolism of each ROI within the whole DMN, and even the whole brain, was decreased in the CADASIL group. Although there have been few PET studies in CADASIL, two independent PET studies reported hypometabolism across the whole brain in the resting state in patients with CADASIL (52, 53), which was consistent with our findings. Furthermore, similar to the results of MRI, metabolism was positively correlated with the cognitive scores in the CADASIL group. These correlations between characteristics of DMN revealed by different imaging modalities and cognitive scores suggested that interior relations may underlie the functional and structural changes within the DMN in patients with CADASIL. However, regional functional or structural disconnection can affect metabolism in other regions and vice versa. Further longitudinal multimodal imaging studies are required to determine the underlying mechanisms.

This study has some limitations, as only resting-state fMRI or PET data were collected, and it is, therefore, unclear whether there were altered patterns of DMN activity or connectivity during task performance in CADASIL, which had been demonstrated in other disorders or with aging (54–57).



CONCLUSIONS

In conclusion, altered functional and structural properties of the DMN were found in patients with CADASIL by multimodal imaging. These cognition-associated changes of HF within the DMN may play important roles in cognitive deficits in CADASIL.
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Background and Aim: Carotid atherosclerosis (CAS) is a common pathogenesis of cerebrovascular disease closely related to stroke and silent cerebrovascular disease (SCD), while the insufficient brain perfusion mechanism cannot quite explain the mechanism. The purpose of this study was to utilize diffusion tensor image analysis along the perivascular space (DTI-ALPS) to evaluate the glymphatic system activity and correlated DTI-ALPS with enlarged perivascular spaces (ePVS), carotid intima-media thickening (CIMT), mini-mental state examination (MMSE), and serological indicator in individuals with carotid plaque.

Methods: Routine MRI and diffusion tensor images scan of the brain, carotid ultrasound, and blood examination were conducted on 74 individuals (52 carotid plaque subjects, 22 non-carotid plaque subjects), whose demographic and clinical characteristics were also recorded. DTI-ALPS index between patients with carotid plaque and normal controls were acquired and the correlations with other variables were analyzed.

Results: The values of ALPS-index in the carotid plaque group was significantly lower compared to normal controls (2.12 ± 0.39, 1.95 ± 0.28, respectively, p = 0.034). The ALPS-index was negatively correlated with the basal ganglia (BG)-ePVS score (r = −0.242, p = 0.038) while there was no significant difference in the centrum semiovale (CSO)-ePVS score. Further analysis showed that there are more high-grade ePVS in the BG compared to the carotid plaque group than in the non-carotid plaque group (84.6% vs. 40.9%, p = 0.001).

Conclusions: ALPS-index reflects the glymphatic system of the brain, which is associated with early high-risk cerebrovascular diseases. There may be damage in the function of the glymphatic system which induces the expansion of the perivascular space (PVS) in the BG in individuals with carotid plaque.

Keywords: carotid plaque, carotid atherosclerosis, glymphatic system, DTI-ALPS, ePVS


INTRODUCTION

Carotid atherosclerosis (CAS) can lead to stroke, vascular cognitive impairment, and silent cerebrovascular disease (SCD) (1, 2). CAS is a dynamic evolution which can be divided into three main stages, including carotid intima-media thickening (CIMT), carotid plaque formation, and carotid stenosis. CIMT or carotid plaque formation is a subclinical state of CAS. Studies have shown that the two states may be correlated with cognitive impairment in the high-risk asymptomatic individuals who develop stroke. However, the mechanism has not been fully explained (3, 4). A more recent study has shown that enlarged perivascular space (ePVS) is an early neuroimaging diagnostic biomarker of mild cognitive impairment (5). PVS refers to the normal fluid-filled anatomical structure surrounding the small blood vessels in the brain. Recent studies have shown that PVS is a drainage channel, that plays a critical role not only in the fluid exchange, but also in the removal of waste in the brain and in the maintenance of brain homeostasis and immune regulation. Studies have shown that ePVS increases with age and blood pressure, especially in intracranial atherosclerosis (6, 7). Some cross-sectional studies have also shown that the more ePVS, the more severe white matter hyperintensity (WMH) and lacunar infarction are found in the brain. Furthermore, ePVS are more common in patients with dementia than in the normal people. However, the formation mechanisms of ePVS is still unclear (8, 9).

A recently discovered waste drainage system in the central nervous system, the glymphatic system, has been found to play a significant role in the movement of the cerebrospinal fluid (CSF) along the PVS. This system not only promotes the clearance of accumulated soluble proteins, but also assists in the distribution of nutrients and neuromodulators in the brain. In this glymphatic loop circuit, CSF and interstitial fluid (ISF) interchange by the influx of CSF along the PVS (10–12). The impairment of the glymphatic system has been suggested to cause SCD, cerebral vascular atherosclerosis, neurodegenerative diseases, and other diseases related to aging (13–15).

There is also a growing interest in the potential imaging-marker for glymphatic activity [the diffusion tensor image analysis along the perivascular space (DTI-ALPS) parameter] using diffusion MRI imaging (16, 17). The DTI-ALPS showed promising results in its ability to differentiate glymphatic system impairment in patients with Parkinson's disease, idiopathic normal pressure hydrocephalus, and Type 2 diabetes mellitus (T2DM) (18–20). Previous studies also showed significant positive correlations between DTI-ALPS and cognitive functions assessed with the MMSE in individuals who are cognitively normal and who have Alzheimer's disease (21).

Carotid atherosclerosis, the causative roles of the cerebrovascular dysfunction mechanism, following abnormal vascular endothelial cell damage, lipid deposition, release of inflammatory factors, results in artery stenosis, or even occlusion. Not only stable plaque but also vulnerable plaque cause wide health problems and established risk factors for stroke and vascular cognitive decline in elderly people and in people with vascular Parkinsonism (3, 4, 22).

Previous studies of our group have shown that the cognitive score of patients with carotid artery vulnerable plaque were different from that of the group with stable carotid plaque, while there was no significant difference in the blood pressure and cerebral blood flow perfusion between the two groups (9, 21). By comparing different brain regions in the resting state, the functional MRI (fMRI) between the two groups and local consistency in patients with carotid artery vulnerable plaque were higher than in the stable plaque group, and functional connections in the default network were significantly enhanced. These studies indicated that the corresponding brain regions in the vulnerable plaque group are not in a state of low activity due to insufficient blood supply (6); thus we speculated that cognitive impairment might be induced not only based on hemodynamic changes, but might be due to a new mechanism that causes the changes. We hypothesize that subclinical state of CAS, the carotid plaque, which can be used to assess the vascular risk of asymptomatic individuals and SCD, may induce changes in the glymphatic function of the brain. Therefore, we aimed to evaluate the activities of glymphatic system in patients with DTI, who have carotid plaque, using the DTI-ALPS method. We also investigated whether there were any relationship between the DTI-ALPS-index and ePVS, as well as with MMSE score and the inflammation factors.

To our knowledge, up to now, there is no research to evaluate the function of the glymphatic system in patients with carotid plaque. This study is based on the hypothesis that the state of carotid artery plaque may not change the cerebral perfusion, but the cause of early white matter fiber damage may be caused by the impaired function of the glymphatic system in the group with carotid artery plaque.



MATERIALS AND METHODS


Study Subjects

From December 2015 to December 2017, all subjects were recruited from the project of Stroke Risk Screening and Prevention Project in Hunan Province. A total of 2,275 subjects were surveyed to collect the data regarding their gender, age, educational level, smoking status, and previous medical and medication history. Blood samples were also collected. Physical examination and neuropsychological tests (MMSE) were also performed by professional neurologists. All subjects came from the Wujialing community, Changsha city, Hunan province. About 1,251 of the subjects were at high-risk of stroke (participants who were over 40 years old and preserved ≥3 of traditional vascular risk factors were defined as high-risk of stroke) and completed carotid ultrasound examination. According to the inclusion and exclusion criteria, as defined in the following standard, a total of 107 subjects underwent brain multimodal MRI scanning (i.e., T1WI, T2WI, and FLAIR DTI sequences) (Figure 1). The inclusion criteria were as follows: (1) subjects aged from 40 to 75 years old; (2) right handedness; (3) single type of carotid plaque, hypoechoic, isoechoic, or hyperechoic; (4) carotid stenosis <50%; (5) no previous history of stroke or transient ischemic attack; (6) no other organic or mental diseases in the nervous system; (7) no serious heart disease, such as atrial fibrillation; (8) no drug dependence, and (9) education level >6 years. The exclusion criteria were as follows: (1) MRI contraindications; (2) with subclavian artery plaque; (3) have a history of carotid endarterectomy; (4) a history of nervous system trauma; (5) using hormone contraceptive or in pregnancy and lactation; (6) Fazekas scores >2. According to the inclusion and exclusion criteria, 107 subjects were scanned by carotid ultrasound and MRI (i.e., DTI-ALPS). In the end, 74 people (32 men and 42 women; mean of 60.8 years old; age range of 46–76 years) were enrolled in this study. All procedures were approved by the ethics committee of Xiangya Hospital of Central South University. Each participant had given a written informed consent.


[image: Figure 1]
FIGURE 1. Procedure for checking the enrolled population.




Clinical Information at Baseline

Age, gender, hypertension, diabetes mellitus (DM), hyperlipidemia, body mass index (BMI), coronary heart disease, and smoking status were recorded. Hypertension was defined as the mean systolic blood pressure (SBP) ≥140 mmHg and/or mean diastolic blood pressure (DBP) ≥90 mmHg at two consecutive non-invasive measurements with an interval of at least 15 min, or with a medical history of oral medication with blood pressure lowering drugs. The DM was defined as fasting plasma glucose (FPG) ≥7.9 mmol/L, plasma glucose at any time of ≥11.0 mmol/L, or a history of oral medication of glucose lowering drugs. Hyperlipidemia was defined as low density lipoprotein ≥160 mg/dL, total cholesterol of ≥240 mg/dL, triglycerides of ≥150 mg/dL, or a history of oral medication with lipid-lowering drugs. Coronary heart disease was defined as the presence of clinical manifestations of myocardial infarction, angina, or ischemic heart failure as well as coronary atherosclerosis. Smoking was defined as smoking ≥10 cigarettes per day or smoking for >1 year. Each subject was scored with MMSE by the neurologist trained in professional neuropsychological scoring. MMSE total score was 30 points (23), where the score <27 was considered to be a cognitive impairment.



Blood Examination

Venous blood was collected from the antecubital vein in the morning before the participants ate breakfast, following an overnight fast of 12–14 h. All subjects underwent routine laboratory tests, including assays for FPG, serum total cholesterol, serum triglycerides (TG), serum low density lipoprotein cholesterol (LDL-c), high-sensitivity C-reactive protein (hsCRP), and interleukin-6 (IL-6).



Carotid Ultrasound Examination

Carotid ultrasound was carried out with an ultrasound scanner (5-MHz Sector Array transducer; iU22, Philips Ultrasound, Bothell, WA, USA) in both the right and left common carotid arteries (CCAs) and bifurcations by an experienced ultrasound doctor. The distance from the media-adventitia interface to the intima-lumen interface was defined as the intima-media thickness (IMT). A plaque was defined as a focal structure with an IMT >1.5 mm (24). The carotid intima-media thickness (CIMT) was defined as the average IMT and was calculated from the bilateral IMTs of the CCAs, carotid bulb, and bifurcations in a region free of plaque (25).



MRI Protocol

Magnetic resonance imaging was acquired by using a 3.0-T scanner (SIGNA HDX, GE, Boston, USA) with a 12-channel head coil. The MRI scanning included T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), and fluid attenuated inversion recovery (FLAIR) sequences. Each scan involved a three-dimensional sagittal brain volume imaging (BRAVO) sequence with the following parameters: repetition time (TR) = 7.792 ms, echo time (TE) = 2.984 ms, flip angle = 7°, 188 slices, slice thickness = 1 mm, slice spacing = 1 mm, acquisition matrix = 256 × 256, voxel size = 111 mm3. Diffusion tensor imaging (DTI) parameters are as follows: repetition time (TR) = 12,000 ms, echo time (TE) = 72.5 ms, acquisition matrix = 256 × 256, field of view (FOV) = 230 × 230 mm, slice thickness = 3 mm, flip angle = 90, gradient direction = 32, diffusion sensitivity coefficient (b) = 0.1000 s/mm2. All the digital imaging and communications in medicine (DICOM) images are imported to RadiAnt DICOM Viewer.



Enlarged Perivascular Space Scoring

The layer with the largest number of ePVS was selected independently in the centrum ovale and in the BG. The ePVS was determined according to the following criteria: (1) depending on the image plane, the ePVS was spotty or strip-like, with clear and smooth borders and usually <3 mm in diameter; (2) the ePVS was consistent with the passage of the perforating vessels; and (3) on all MRI sequences, the density of the ePVS was equal to that of the CSF (Figure 2). The ePVS of each region was graded as follows: 0, none; 1, ≤ 10; 2, 11–20; 3, 21–40; 4, ≥40 (26, 27).


[image: Figure 2]
FIGURE 2. ePVS in the centrum ovale (A) and in the basal ganglia (B) (arrow).




DTI-ALPS Processing and Image Analysis

The ALPS-index was calculated to assess the activity of the glymphatic system. We adopted the method for DTI-ALPS processing and measurement from the previous publication (7–9, 21, 28, 29). Diffusion metric images were generated by using dTV.II.13k+ software (Department of Biomedical Information Sciences, Graduate School of Information Sciences, Hiroshima City University) (30). The software creates computational images of the diffusion tensor including a color-coded fractional anisotropy (FA) map and diffusivity map, and in addition, has the capability to calculate diffusivity in the direction of the x-, y-, and z-axes on each image. We selected the slice at the level of the lateral ventricle body (Figure 3A). At this level, the direction of the perivascular space is perpendicular to the ventricle wall and is thus mostly in the right-left direction (x-axis) on the axial plane. The direction is also perpendicular to the direction of both the projection fibers (mostly in the z-axis) and the association fibers (mostly in the y-axis). Thus, the diffusivity along the x-axis at regions with projection/association fibers will at least partly represent the diffusivity along the perivascular space. A 5-mm diameter spherical region of interest (ROI) was placed in the area of the projection fibers, the area of the association fibers, and the area of the subcortical fibers in the left hemisphere (Figure 3B). For each area, we calculated the diffusivity in the directions of the x-, y-, and z-axes and the index value was derived from the ratio of the two diffusivity value sets that are perpendicular to the main fibers in the tissue: that is, the ratio of the average values of the x-axis diffusivity in the area of the projection fibers (Dxproj) and the x-axis diffusivity in the area of the association fibers (Dxassoc) to the average value of the y-axis diffusivity in the area of the projection fibers (Dyproj), and the z-axis diffusivity in the areas of the association fibers (Dzassoc), as shown below:
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FIGURE 3. (A) shows three ROIs that are placed in the area with projection fibers (projection area), association fibers (association area), and subcortical fibers (subcortical area) to measure diffusivities of the three directions (x, y, z). (B) indicates the relationship between the direction of the perivascular space (gray cylinders) and the directions of the fibers [(B) uses Figure 2b in the paper, “Evaluation of glymphatic system activity with the diffusion MR technique: diffusion tensor image analysis along the perivascular space (DTI-ALPS) in Alzheimer's disease cases” for reference].




Repeatability Assessment

The ePVS SCORING and ALPS-index in our project were measured by two radiologists (with 10 and 15 years of experience in neuroimaging, respectively). Intra-class correlation coefficient (ICC) and Bland-Altman plot (mean difference, 95% limits of agreement) were used to assess the agreement between the two radiologists. For ePVS SCORING, The ICC coefficients of inter-class and intra-class were 0.93 and 0.91, respectively. For ALPS-index, The ICC coefficients of inter-class and intra-class were 0.86 and 0.81, respectively. Bland-Altman plot showed that only 1 plot is outside of the 95% conformance limitation for ePVS SCORING and ALPS-index, respectively. At last, the two radiologists compared their ratings and decided on the final data together.



Statistical Analysis

All the data were analyzed by SPSS 22.0 software, the continuous variables were expressed by mean value ± standard deviation. Shapiro Wilk (S–W) test was used to test the normally distributed variables, independent sample T-test was used for two sample variables, Mann–Whitney U-test for non-normal distribution variables, and χ2 test for type variables. Pearson's correlation analysis was used to analyze the correlation between the two sample variables, and Spearman's correlation was used to analyze the rank variables. The value, P < 0.05 means that the difference is statistically significant. An independent samples t-test and Wilcoxon rank-sum test were used for evaluating patient characteristics. The statistical significance levels of the report were two-sided, with the statistical significance set at 0.05.




RESULTS

According to the carotid ultrasound examination, 74 people (32 men and 42 women; mean of 60.8 years old; age range of 66–76 years) were allocated into two groups (non-carotid plaque group and carotid plaque group). Demographic and clinical characteristics of the two groups are shown in Table 1.


Table 1. Demographic and clinical characteristics of the patients.

[image: Table 1]

Table 1 shows that 22 patients have no carotid plaque and 52 patients belonged to the carotid plaque group; there were no significant differences found between the groups in years, gender, diabetes, hypertension, hyperlipidemia, coronary heart disease, and BMI.

As shown in Table 2, between the two groups, ALPS-index values in carotid plaque group were significantly lower than that of the non-carotid plaque group (P = 0.034, Figure 4); conversely, IMT in carotid plaque group were significantly higher than that of non-carotid plaque group (P = 0.034, Figure 4). Moreover, compared with non-carotid plaque group, there were more ePVS high grade and score in BG (P = 0.000, Figure 5).


Table 2. Imaging index and blood examination.

[image: Table 2]


[image: Figure 4]
FIGURE 4. ALPS-index in two groups.



[image: Figure 5]
FIGURE 5. High grade BG-ePVS in two groups.


Table 3 demonstrates that ALPS-index was negatively correlated with IMT (r = −0.262, P = 0.024) and BG-ePVS score (r = −0.242, P = 0.038) whereas no significant correlation was found between ALPS-index and CSO-ePVS score (r = −1.085, P = 0.278). Meanwhile, ALPS-index showed no significant correlations with FPG, IL-6, hsCRP, cognitive function score (MMSE), pulse pressure, etc. ALPS-index has no significant correlations with gentle either, as shown in Table 4.


Table 3. Relationship between ALPS-index and other variables.
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Table 4. ALPS-index in different sex groups.
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Table 5 shows that the effect of IMT and BG-ePVS score on ALPS-index was statistically significant (P < 0.05).


Table 5. Multiple linear regression analysis of ALPS-index and other variables.
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DISCUSSION

There are growing interests in the fluid loop circuit in the glymphatic system and driving mechanisms for this interchange. Transmission in the PVS is believed to be an advection and it is generated by the cardio-cerebrovascular pulsatility in each cardiac cycle on the brain parenchyma (10, 11, 31, 32).

Recently, there are several studies that have made use of the ALPS-index to evaluate the function of cerebral glymphatic system (16, 18–20). We calculated the ALPS-index in order to clarify the activity of the glymphatic system in asymptomatic patients with carotid plaque and controls. There are several important findings in this study. First of all, we found that there were significant differences in ALPS-index between carotid plaque group and non-carotid plaque group using the means of the groups in an independent-sample t-test (Table 2). ALPS-index in the carotid plaque group is lower than that in the non-carotid plaque group. This finding is evident of the dysfunction of glymphatic system in the early and middle stages of CAS. This result is similar to the results of the research by Yang et al. on T2DM (20). Asymptomatic patients with carotid plaque might have a common feature of cortical atherothrombotic embolism and lacunar stroke; the coexisting macrovascular and microvascular damage can be induced by different degrees of carotid plaque, increasing the risk of developing small vessel disease with the enlargement of the PVS (11, 33). The results were consistent with those of previous studies, specifically those that showed that carotid atherosclerosis is associated with brain changes (34, 35). Our research supports the hypothesis that CAS is related to changes in the brain injury and the cardiovascular and cerebrovascular diseases can affect the brain structure and brain function (25, 36), which might be achieved by affecting the function of the glymphatic system. It is interesting to note that comparing asymptomatic patients with carotid plaque and non-carotid plaque, the correlation analysis showed that the ALPS-index was not a significant sign correlated with sex, age, MBP, FBS, TG, LDL-c, cognitive function score (MMSE), pulse pressure, history of hypertension, diabetes, and hypercholesterolemia.

Our study suggested that CAS is directly related to the glymphatic system of the brain (37). Previous studies have speculated that the expansion of the PVS is evident of intracranial imaging lesions caused by the dysfunction of the glymphatic system (38). However, so far, studies using the DTI-ALPS method assessing the function of the glymphatic system lack the analysis of ePVS of the study subjects. Our study examined the relationship between MRI-visible ePVS and DTI-ALPS. Further analysis showed that there are more high-grade ePVS in the BG area compared to the carotid plaque group with the non-carotid plaque group; the ALPS-index showed significantly negative correlation with the BG-ePVS score while there was no significant difference in the CSO-ePVS score. This result further confirms the hypothesis that CAS affects the function of the glymphatic system and causes PVS in BG-ePVS. We know that the expansion of PVS in the BG is related to blood pressure variability (39) and is related to deep perforating atherosclerosis (40). In our study, there was no significant difference in the variability of blood pressure or pulse pressure between the two groups. The reasons may be as follows: First, there may be other mechanisms involved in carotid plaque, deep perforating artery atherosclerosis, DTI-ALPS changes and glymphatic system dysfunction, BG-ePVS. Second, due to the deviation of the study, for example, the sample size is too small. The sample will be expanded for further research in the future, but it cannot be ignored that it is very likely that CAS itself can mediate the decrease in the clearance of the glymphatic system.

Clinical research data have proved that ePVS is a risk factor for cognitive impairment and dementia. The ePVS is an important risk factor for cognitive decline in Parkinson's disease and Alzheimer's disease, as well as vascular cognitive impairment and vascular dementia (21, 41–43). However, we found no significant difference between MMSE and BG-ePVS score and CSO-ePVS score. The correlation analysis also showed that the ALPS-index had no significant signs correlated with the MMSE score. The glymphatic system is a covert discovered waste drainage system in the brain parenchyma that involves the movement of the CSF along the PVS. This study further confirms that cognitive dysfunction is the result of abnormalities in the glymphatic system rather than the cause. In the early stages of atherosclerosis, MMSE score is not a sensitive indicator of vascular cognitive decline. Previous research findings of our studies (44), using ASL technique to evaluate mean CBF of the whole brain, found normal cognitive functions and CBF in two groups. In other words, the phenomenon that CAS affects the function of the glymphatic system and causes the perivascular space in the basal ganglia to expand might not be caused by decreased cerebral perfusion.

We investigated the associations between inflammation biomarkers and the ALPS-index changes in asymptomatic patients with carotid plaque and control group to further evaluate the pathophysiological mechanism of the glymphatic system in individuals with cerebral arteriosclerosis before stroke and dementia, such as serum IL-6 and hsCRP. But the results showed that the ALPS-index was not a significant sign correlated with inflammation biomarkers mentioned above, which may be attributed to the insufficiency of sample size or the possibility that systemic inflammation may not affect the CSF along the ePVS.

In this pilot study, limitations included small sample size in our single center; further multiple center studies with larger samples are needed to assist in improving the usefulness of the DTI-ALPS parameter and whether it may be a biomarker of neuro-fluid dynamics in the glymphatic system. Due to the limited sample size, we failed to further analyze other different types of CAS, such as carotid vulnerable/stable plaque and carotid stenosis. Second, the ROIs were placed manually, and the ePVS score were counted manually, which might be a subjective factor of our measurement. Third, the method of the ALPS-index is theoretically deductive. In future, even if the components of carotid plaque are related to the function of the glymphatic system, it is necessary to combine the high-resolution MRI of carotid and high-level DTI parameter analysis, which will be a very meaningful task.



CONCLUSION

In summary, the present study provides elementary evidence that carotid plaque may reduce DTI-ALPS, damage the function of the glymphatic system, and promote the expansion of the PVs in the BG. This study revealed novel interesting evidence indicating that alterations in ALPS-index are associated with early high-risk cerebrovascular diseases, helping to find out the actual damage of carotid plaque in patients with early dysfunction of intracranial neurovascular unit, looking for the early pathophysiological changes from the micro level.
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Mitochondrial myopathy encephalopathy lactic acidosis and stroke-like episodes (MELAS) is an important cause of stroke-mimicking diseases that predominantly affect patients before 40 years of age. MELAS results from gene mutations in either mitochondrial DNA (mtDNA) or nuclear DNA (nDNA) responsible for the wide spectrum of clinical symptoms and imaging findings. Neurological manifestations can present with stroke-like episodes (the cardinal features of MELAS), epilepsy, cognitive and mental disorders, or recurrent headaches. Magnetic resonance imaging (MRI) is an important tool for detecting stroke-like lesions, accurate recognition of imaging findings is important in guiding clinical decision making in MELAS patients. With the development of neuroimaging technologies, MRI plays an increasingly important role in course monitoring and efficacy assessment of the disease. In this article, we provide an overview of the neuroimaging features and the application of novel MRI techniques in MELAS syndrome.
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INTRODUCTION

Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) is a maternally inherited disorder caused by mitochondrial DNA (mtDNA) or nuclear DNA (nDNA) mutations in a diffuse multisystemic fashion. MELAS varies widely in the disease onset, symptoms, severity and prognosis. Its broad clinical presentation includes stroke-like episodes (SLEs), epilepsy, lactic acidemia, myopathy, hearing impairment, diabetes, cardiomyopathy and short stature (1, 2). The strong dependence of the central nervous system on oxidative metabolism predisposes to mitochondrial damage (3), and SLEs are the predominant features of MELAS (4). Typical neurological manifestations of SLEs are very similar to ischemic stroke in the acute phase. The diagnosis of MELAS is not difficult when the clinical and imaging findings are typical. However, due to the variability of the disease, diagnosis remains challenging and MELAS is easily misdiagnosed as cerebral infarction, viral encephalitis and other brain diseases, especially the first attack.

At present, with the wide application of new magnetic resonance imaging (MRI) techniques in the clinic, such as hydrogen proton magnetic resonance spectroscopy (1H-MRS), perfusion-weighted imaging (PWI) and arterial spin labeling (ASL), MRI has also become one of the effective methods for diagnosis of MELAS in addition to muscle biopsy and pathogenic gene testing. Clinicians have also gradually gained a deeper understanding of MELAS. In this paper, we review the conventional findings and the latest application of MRI in MELAS syndrome (Table 1).


Table 1. The neuroimaging features of stroke-like lesions in MRI.
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CLINICAL AND PATHOPHYSIOLOGICAL FEATURES

MELAS is commonly associated with the m.3243A>G tRNALeu (UUR) mutation. Childhood and early adulthood are typically the age of onset with 65–76% of cases occurring at or before the age of 20, but disease onset can occur at any age (1, 4). Yatsuga et al. (5) found the juvenile of MELAS was associated with significantly higher mortality and a more rapid disease progression than the adult. Generally the earlier the clinical phenotypes appear, the severer the disease develops (6). SLEs, as one of the cardinal symptoms, classically present as acute hemianopia, hemiparesis, or cortical blindness. SLEs are usually recurrent and can lead to serious long-term consequences, such as neurodegeneration, cognitive impairment (7).

Energy deficiency can stimulate the proliferation of mitochondria of smooth muscle and small vascular endothelial cells at the same time. In MELAS, a variety of factors can lead to the lack of nitric oxide that can maintain the relaxation function of vascular smooth muscle. Both can cause microvascular blood perfusion damage, lead to stroke like attack and other complications (1). The basic neuropathological changes of MELAS were comprised of spongiform degeneration, neuronal cell loss, glial proliferation, and demyelination (8, 9).

At present, the diagnosis of MELAS is a comprehensive diagnostic criterion combining imaging findings, pathological examination, genetic testing, or muscle biopsy results with clinical manifestations. Among them, the discovery of pathogenic mutations in mtDNA or nDNA genes and typical pathological changes in mitochondrial myopathy by muscle biopsy is the “gold standard” for the diagnosis (10).



CONVENTIONAL IMAGING FEATURES

SLEs appear as stroke-like lesions (SLLs) on MRI. In acute SLEs, MRI findings include cortex swelling presenting with hyperintensity on T2WI and T2 FLAIR, named as “bright thickened cortical band” (Figures 1A,B). Part of cortical lesions show patchy or linear enhancement on T1-weighted postcontrast images (Figure 1C), due to local exudation or circulation disorders caused by the breakdown of the blood-brain barrier and increased regional cerebral blood flow in the affected areas (11). In the sub-acute phase, SLLs may develop gyriform hyperintensity on T1WI and hypointensity on T2WI/T2FLAIR (“black toenail sign”) because of cortical laminar necrosis. Whitehead et al. (12) found that the black toenail sign was a common imaging feature in MELAS, and the extent of gyral necrosis correlated with disease duration. A recent study observed that a cortical linear cystic lesion was a characteristic MR finding in MELAS patients (13), and it was defined as showing a linear or dotted cerebrospinal fluid signal in the deep layer of the affected cortex, and an iso-intensity line covered its surface. In the chronic stage, the affected areas gradually evolve into cerebral encephalomalacia, gliosis, and atrophy over time (Figure 1D).


[image: Figure 1]
FIGURE 1. Neuroimaging for an 8-year-old girl with MELAS who presented with intermittent fever, vomiting, convulsions. (A,B) Axial T2WI and T2FLAIR imaging reveal multiple hyperintensities in bilateral frontal and parietal cortex and subcortical white matter, especially in the left side; (C) Axial post-contrast T1WI imaging reveals linear enhancement of the left lesions; (D) T2FLAIR image 3 years later demonstrates new migrating lesions of both cerebral hemispheres along with old lesions, accompanied by evolving encephalomalacia, atrophy; (E) DWI imaging demonstrates hyperintensities in gyriform pattern in the lesion areas; (F) ADC sequence shows iso/hyperintensities corresponding to DWI lesions; (G) MRS imaging shows decreased NAA/Cho ratio and a large lactate peak.


Typical SLLs in MELAS mainly distribute in the cerebral cortex and subcortex white matter with a predilection to the posterior brain, although the deep gray matter such as the thalamus may also be affected probably reflecting its high metabolic demand (14). Lesions in the parietal and occipital lobe were twice as many as those in the temporal lobe and 4 times as many as those in the frontal lobe (15). Tschampa et al. (16) reported that deep gray matter changes presented in the majority of m.3243A>G mutation carriers lacking SLEs. Cortical lesions are typically multiple and asymmetrical; however, more and more symmetric cases have been recognized (17, 18), Bhatia et al. (18) thought highly specific cortical symmetry should also raise the possibility of MELAS. SLLs frequently spread to the cortex of adjacent gyri in a migratory fashion over time, resulting in large regions of cortical involvement that are not limited to vascular territories (4, 15, 19). The migratory, increasing and decreasing pattern of SLLs on imaging is the main feature of MELAS.



FUNTIONAL MRI FINDINGS


Diffusion-Weighted Imaging and Apparent Diffusion Coefficient

Stroke-like lesions (SLLs) always present high signals on DWI (Figure 1E). Earlier reports suggested that the ADC value of SLLs was normal or increased (reflecting vasogenic edema) (20, 21), but now most studies have found that the ADC signals alternately change or mix in different periods (18, 22–24) (Figure 1F). Stoquart-Elsankari et al. (24) speculated that the changes in ADC might be related to the different levels of impairment of mitochondrial energy transport, correlated with cellular dysfunction. Moderate cellular dysfunction with vasogenic edema results from mild energy failure, and irreversible cellular failure responsible for cytotoxic edema is caused by severe energy failure. Besides, Xu et al. (25) reported a pattern of acute SLLs that DWI hyperintensity with decreased ADC along cortical area and increased ADC in most affected subcortical white matter. After the acute phase, the ADC value can return to normal.



1H-MRS

MELAS is characterized by an increased lactate peak in the lesion area, accompanied by a decreased N-acetylaspartate peak on 1H-MRS (Figure 1G). However, the characters are not specific and could also be found in other diseases, such as infarction. A lactate peak on MRS reflects anaerobic metabolism. Some reports have shown that a lactate peak even occurs in the normal-appearing region (brain parenchyma or cerebrospinal fluid area) on MRS (26, 27), which is of greater clinical significance for the disease. However, lactate signal could only be detected in normal cerebrospinal fluid in about one-third of patients (28).

Abe et al. (29) found that a patient 48 h after SLEs, a lactate peak on MRS could be seen much before the changes in DWI sequence, suggesting that MRS may have the predictive ability in displaying early lesions. Previous studies indicated that MRS might be more sensitive for detecting MELAS-associated preclinical abnormalities compared to conventional MRI (30, 31). Moreover, the lactate level varies at different stages of the disease. The lactate peak was bigger during onset than in intermission (30). Lactate in the lateral ventricles increased over time, and high lactate was associated with increased mortality (32). Weiduschat et al. (33) reported that lactate and total choline levels were reliable biomarkers for predicting the risk of individual A3243G mutation carriers to develop the MELAS. In addition, a recent study demonstrated the lactate peaks and ratios of N-acetylaspartate to choline were significantly improved that corresponded with clinical improvement after L-arginine therapy (34). To sum up, MRS may be a useful imaging biomarker for early diagnosis, course monitoring, and efficacy evaluation of MELAS.



PWI and ASL

Both PWI and ASL can reflect microscopic hemodynamic information of the brain and evaluate cerebral perfusion. And as a non-invasive technique, ASL provides new dimensions in the evaluation of cerebral perfusion. The general trend is hyperperfusion in the acute stage and hypoperfusion in the chronic phase of SLEs (35–38). Hyperperfusion might be caused by dilation of cerebral arteries and increased microvascular permeability in the lesion areas (39), and hypoperfusion could be associated with cerebral cytotoxic edema, cortical atrophy, and gliosis (40). Li et al. (41) identified focal hyperperfusion as an imaging hallmark in acute encephalopathy of MELAS. In addition, regional hyperperfusion was observed on ASL in the preclinical phase 3–5 months before the clinical onset of SLEs (40), similar results were also reported in two other teams (41, 42). These reports indicate that ASL has the potential for detecting latent SLLs and predicting the emergence of SLEs. Meanwhile, Rodan et al. (43) found that MELAS disease severity and mutation load were negatively correlated with interictal cerebrovascular reactivity and directly correlated with frontal cerebral blood flow on ASL, suggesting that these metrics could be used as non-invasive prognostic markers to stratify risk for SLEs.



Magnetic Resonance Angiography

MRA has not been routinely performed in MELAS in the past, because major cerebral vessels were considered to be the target of mitochondrial metabolism defects in these patients. However, more and more studies have found major cerebral vessels dilation (39, 44, 45) or stenosis (46, 47) on MRA in MELAS in the acute and chronic stages of the disease. Gramegna et al. (48) found that the proportion of cerebral major vessels dilation and stenosis was 40 and 19%, respectively, on MRA, and the middle cerebral artery was the most commonly involved. Among them, 88% of dilation was related to the acute SLEs, whereas only a few cases of stenosis were symptomatic for SLEs. Most alterations related to SLEs in the major cerebral vessels could be normalized completely after resolution of symptoms. These studies demonstrated that MRA could detect alterations in major cerebral vessels in MELAS patients. Furthermore, vasodilation by MRA had occasionally been detected in patients up to 3–5 months before the onset of SLEs (40, 44), indicating that MRA might be used as a possible tool for future onset of SLEs in selected patients. In a word, the macrovascular changes on MRA and underlying pathophysiology mechanism of MELAS need to be further investigated in large cohort studies.



Other Functional MRI

There are also a few reports on the application of other new MRI techniques in MELAS. Virtanen et al. (49) observed in patients that mild microstructural damage of white matter tracts with loss of directional organization and reduced brain volumes with diffusion tensor imaging. Mineral (calcium or iron) deposition in basal ganglia of MELAS could be demonstrated by susceptibility-weighted imaging (50). Furthermore, studies on monitoring the disease status and evaluating drug efficacy by blood oxygenation level dependent function magnetic resonance imaging (bold-fMRI) have also been reported. Wang et al. (51) reported that MELAS patients, particularly those at the acute stage, exhibited topological reorganization of the whole-brain functional network based on resting-state fMRI. They also found that MELAS patients spent more time in a state with weaker connectivity and less time in states with stronger connectivity, and patients at the acute stage exhibited that global efficiency was markedly increased while local efficiency was decreased, compared to the controls and the patients at the chronic period (52). Additionally, Rodan et al. (53) demonstrated that MELAS patients' fMRI activation in response to visual cortex stimulus was significantly increased in primary visual striate cortex V1 and extrastriate regions V2 to V5 after L-arginine treatment with task fMRI.




DIFFERENTIAL DIAGNOSIS

The diversity and complexity of clinical and radiological manifestations in patients with MELAS pose a challenge to the diagnosis. In imaging, the unilateral isolated cortical lesion is easily misdiagnosed as acute cerebral infarction, viral encephalitis, and low-grade glioma, etc., especially infarction. In acute SLLs, MRI differentiation of MELAS from other diseases mainly includes the following points: (1) lesions first involve the cortex and less deep white matter; (2) lesions commonly affect occipital and parietal lobes; (3) lesions are not limited to arterial territories and migrate over time; (4) a lactate peak appears in lesions, even in the normal-appearing region (brain parenchyma or cerebrospinal fluid area) on MRS, which is one of the indicators of diagnostic specificity; (5) lesions always present as hyperperfusion on PWI/ASL.

For acute ischemic stroke, patients are often accompanied by risk factors such as hypertension, diabetes, and hyperlipemia. The lesions of infarction are confined to the boundary of the vascular territories, and present hypoperfusion on PWI/ASL, effectively distinguishing it from MELAS. Chong et al. (54) discovered a new scoring criterion based on the vessel flow void sign and hyperintense vessel sign in T2FLAIR images was helpful to differentiate infarction from MELAS on conventional MRI, with sensitivity and specificity of 92.3 and 85.0%, respectively. Furthermore, cortical linear cystic lesions might help to distinguish the two diseases (13).

For viral encephalitis, patients may have a high fever, meningeal irritation with lymphocytic pleocytosis, and an elevated protein level on cerebrospinal fluid. On imaging, viral encephalitis usually involves the limbic system, such as the frontal orbital gyrus, hippocampus and temporal lobe, rather than the parietal, and temporal lobe. The diffusion restriction uninvolved the entire lesions might be an important differential diagnostic sign between them (55). Functional MRI techniques are also valuable for accurate diagnosis.

For low-grade glioma, patients often present with chronic onset. On imaging, the conventional MRI findings of low-grade glioma are sometimes similar to the single SLL, and MRS can help distinguish them. On MRS, low-grade glioma often presents with elevated choline peak and decreased N-acetylaspartate peak, but usually without an increased lactic acid peak, which is a characteristic of SLL.



CONCLUSIONS

In conclusion, MELAS is a rare progressive neurodegenerative disorder involving multi-organs. MELAS has obvious clinical heterogeneity as the clinical manifestations of different patients or the same patients vary in different phases, which makes the diagnosis a little arduous sometimes. However, neuroimaging of MRI demonstrates characteristic patterns of MELAS patients, including cortex swelling with a predilection for the posterior brain regions, not limited to arterial territories, hyperperfusion, and elevated lactate peak in both affected and non-affected regions, which may be found concurrently with encephalomalacia and atrophy. The recognition of these imaging features signs facilitates screening and early diagnosis of MELAS. Meanwhile, the novel MRI approaches have provided new dimensions in the evaluation of the disease. Multimodal MRI has shown great potential in risk stratification, course monitoring, progression, and efficacy evaluation of MELAS, and also provides a reference for understanding its neuropathological mechanism.
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Cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) is a hereditary cerebral small vascular disease caused by a homozygous mutation in the high-temperature requirement A serine peptidase 1 (HTRA1) gene. Cerebral microbleeds (CMBs) are increasingly being recognized as neuroimaging findings occurring with cerebrovascular disease and have different etiologies. Mild to moderate CMBs are not unusual in CARASIL, and they are observed to affect cortical and subcortical structures; in contrast, diffuse CMBs, especially in the cerebellum, are rare. In this case, we report a novel mutation of HTRA1 in a 43-year-old woman whose imaging indicated multiple CMBs in all lobes, brain stem, and cerebellum. The amount and location of CMBs vary in CARASIL cases, and the potential cause is not fully understood. This study revealed that specific imaging findings of this patient may be related to a new genetic mutation.

Keywords: CARASIL, cerebral microbleed, HTRA1 mutation, leukoencephalopathy, cerebral small vessel disease


INTRODUCTION

Cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) is a very rare autosomal recessive non-hypertensive cerebral small vessel arteriopathy caused by biallelic mutations of the high-temperature requirement protease A1 (HTRA1) gene. Additionally, it is characterized by subcortical infarcts, alopecia, and spondylosis (1). Furthermore, leukoencephalopathy with multiple lacunar infarctions, brain atrophy, and cerebral microbleeds (CMBs) have been observed on magnetic resonance imaging (MRI) in previous studies (2–4). Presently, there are very few studies on CMBs in CARASIL, most of which are reported to be located in the cortex and subcortex, mainly in the basal ganglia region (5–9). Herein, we report a 43-year-old woman with a novel HTRA1 gene mutation who presented widely distributed CMBs in the brain lobes and deep regions, especially the cerebellum.



CASE PRESENTATION

The proband was a 43-year-old woman with progressive gait disturbance and memory impairment for 1 year and inarticulate speech for 2 months. One year before admission, she developed walking instability and slight memory loss without any regular treatment. Since the last 2 months, slurred speech and comparatively obvious cognitive impairment have been observed. Additionally, the patient had no hypertension, diabetes, or other diseases except for mild hair loss at a young age. The positive sign of physical examination were mild alopecia, unsteady walking, ataxic gait, and inarticulate speech, accompany with moderate cognitive impairment and Mini-Mental State Exam score of 18 points (illiteracy), demonstrating majorly focused on orientation, memory, and computed function. Further neurological examination revealed normal muscle strength and tone, whereas exhibited positive bilateral Babinski signs. Moreover, she failed to complete the dysmetria and dysdiadochokinesia and underwent the Finger to-Nose test. MRI revealed white matter hyperintensities in the periventricular centrum semiovale and brain stem on T2-weighted and fluid-attenuation inversion recovery images; additionally, extensive microbleeds were observed in the frontal, temporal, and occipital lobes, brain stem, and cerebellum on magnetic susceptibility-weighted imaging (Figure 1). The imaging showed leukodystrophy and extensive CMBs tending toward cerebral small vascular disease (cSVD), which appeared similar to cerebral amyloid angiopathy (CAA) at first glance. However, deep CMBs in the cerebral and cerebellar regions were similarly observed; in contrast, other CAA-related features, such as convexity subarachnoid hemorrhage and cortical superficial siderosis, were absent. To further clarify the diagnosis, vasculitis markers were assessed, and angiography was performed, both of which showed negative findings. The blood pressure was noted an average at 136/80 mmHg. Considering the patient's hair loss, which is a symptom of CARASIL, we detected a genetic mutation linked to hereditary cSVD, and targeted panel-sequencing revealed a novel homozygous missense mutation (c.508 A>C, p.N170H, chr10:124248453) in the HTRA1 gene, which exhibited heterozygous mutation in her father. Finally, the diagnosis was confirmed as CARASIL. Following the administration of donepezil and some neurotrophic treatments, the patient's symptoms did not improve but progressively worsened. At six months of follow-up after discharge, she could neither walk nor independently perform daily living activities.


[image: Figure 1]
FIGURE 1. Multiple hyperintensities in the cerebral white matter extending from supra- to infratentorial regions on T2-weighted (A–D) and fluid-attenuation inversion recovery images (E–H). Susceptibility-weighted imaging shows diffuse microbleeds in the cerebellum, brain stem, subcortex, and cortex (I–L).




DISCUSSION

CARASIL is an extremely rare cSVD, with most cases reported in Asia, mainly in Japan and China. A few reports on Caucasian patients have also been published in recent years (9–11). The clinical manifestations include early adult-onset subcortical infarcts, progressive motor and cognitive impairment, alopecia, and spondylosis; non-neurologic symptoms include special signs that distinguish CARASIL from other diseases (1, 3, 4). Due to the HTRA1 mutation, dysregulation of the inhibition of signaling by members of the TGF-β family induces cerebral small vessel disease and has also been linked to alopecia and spondylosis. The central pathology involves the lack of vascular smooth muscle cells (VSMCs) in the media and adventitial fibrosis, which invades the small penetrating arteries and mainly affects the cerebral white matter and basal ganglia (12, 13). Loss of VSMCs is the primary feature of CARASIL, followed by deposition of granular materials in the media and fibrosis of the arterial wall, leading to ischemic and hemorrhagic consequences; consequently, diffuse white matter hyperintensity, lacunar infarctions, CMBs, and encephalatrophy are observed on MRI (14).

CMBs are increasingly being recognized as a characteristic marker of cSVD on neuroimaging and progressing in various locations for specific vascular pathologies among different etiology. For example, the lesions in leptomeningeal and cortical vessels contribute to strict lobar distribution, suggesting CAA, while the deep perforating arteries match with the hypertensive vasculopathy. Since the pial arteries, perforating arteries, and arterioles are affected in CARASIL, the lobes and deep brain regions are potentially involved in the pathologies simultaneously (4). Previously, mild to moderate CMBs were observed in patients with partial CARASIL, preferentially involving the juxtacortical hemispheric areas, thalamus, and brain stem (5–9). This patient showed multiple CMBs in all lobes, especially in the cerebellum, which is rarely reported. Since other vascular risk factors were absence, and the imaging findings, lacunar infarctions and atrophy, were less severe, such numerous CMBs and distinct locations may not be rationally explained by comorbidity or disease progression in this case. Additionally, it is unclear whether the presentation could be ascribed to coincidence or the new HTRA1 gene mutation. Based on the available studies, the imagine features vary among different families in CARASIL, and the underlying mechanisms are unclear. Besides disease progression, different mutation sites may also a cause of differential imaging findings. A case in point is the various degrees and locations of microbleeds and white matter hyperintensities found in patients with different gene mutations (2, 3, 15). In some families, microbleeds were absent, while most families showed mild microbleeds in cortico-subcortica regions and thalamus. Even more, a few families exhibited extend regions were involvement, such as midbrain and pons. On the other hand, anterior temporal lobe immunity in a few familial cases, whereas contrary findings were observed in some other studies. However, there is no study on the relationship between gene loci and imaging features at present. Under these circumstances, accurate diagnosis may be difficult to establish based on imaging manifestations alone; therefore, non-neurological signs and proper molecular testing should be considered for an accurate diagnosis.



CONCLUSION

As a gene-associated orphan disease, the incidence of CARASIL in the general population is low, and there is limited knowledge about it. Our case describes a new genetic mutation that is not listed in the Exome Aggregation Consortium database. Our data further imply that different mutations could possibly lead to different imaging findings. The imaging features and potential mechanism of their versatility should be further investigated to gain deeper insights into this condition.
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Purpose: The objective of this study was to evaluate whether altered gray matter volume (GMV) and white matter volume (WMV) are associated with the presence of cerebral microbleeds (CMBs) in cerebral small vessel disease (CSVD).

Materials and Methods: In this study, we included 26 CSVD patients with CMBs (CSVD-c), 43 CSVD patients without CMBs (CSVD-n) and 39 healthy controls. All participants underwent cognitive assessment testing. Both univariate analysis and multivariate pattern analysis (MVPA) approaches were applied to investigate differences in brain morphometry among groups.

Results: In univariate analysis, GMV and WMV differences were compared among groups using voxel-based morphometry (VBM) with diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL). Compared to healthy controls, the CSVD-c group and CSVD-n group showed significantly lower GMV than the control group in similar brain clusters, mainly including the right superior frontal gyrus (medial orbital), left anterior cingulate gyrus, right inferior frontal gyrus (triangular part) and left superior frontal gyrus (medial), while the CSVD-n group also showed significantly lower WMV in the cluster of the left superior frontal gyrus (medial). No significant GMV or WMV differences were found between the CSVD-c group and the CSVD-n group. Specifically, we applied the multiple kernel learning (MKL) technique in MVPA to combine GMV and WMV features, yielding an average of >80% accuracy for three binary classification problems, which was a considerable improvement over the individual modality approach. Consistent with the univariate analysis, the MKL weight maps revealed default mode network and subcortical region damage associated with CSVD compared to controls. On the other hand, when classifying the CSVD-c group and CSVD-n group in the MVPA analysis, we found that some WMVs were highly weighted regions (left olfactory cortex and right middle frontal gyrus), which hinted at the presence of different white matter alterations in the CSVD-c group.

Conclusion: Our findings not only suggested that the localized alterations in GMV and WMV appeared to be associated with the pathophysiology of CSVD but also indicated that altered brain morphometry could be a potential discriminative pattern to detect CSVD at the individual level.

Keywords: cerebral small vessel disease, cerebral microbleeds, gray matter volume, white matter volume, multivariate pattern analysis


INTRODUCTION

Cerebral small vessel disease (CSVD) refers to different pathologic changes involving small intracranial blood vessels, including small arteries, arterioles, capillaries, and small veins (1). CSVD plays a crucial role in lacunar stroke and brain hemorrhages and is a leading cause of functional loss and dementia in the elderly population (2). Neuroimaging is considered the gold standard for detecting CSVD, and the key neuroimaging markers include small cerebral infarctions, lacunes, white matter hyperintensities (WMH), enlarged perivascular spaces (PVS), cerebral microbleeds (CMBs), and brain atrophy (3). Among these, CMBs have been recognized to play a synergistic role in both cerebrovascular and neurodegenerative pathology occurring in the aging brain (4). CMBs are well-demarcated, hypointense, rounded lesions on magnetic susceptibility-sensitive sequences of magnetic resonance imaging (MRI). These hemosiderin-rich lesions form when the heme iron in red blood cells leaks out from brain micro-vessels and are then sequestered by macrophages for storage (5). Several large clinical studies have established an association of CMBs with vascular and systemic inflammation (6) as well as with cognitive decline in patients with vascular dementia and Alzheimer's disease (AD) (7) and in elderly subjects (8).

As one of the important neuroimaging markers of CSVD, CMBs have a significant impact on the cognitive function of patients with CSVD (9). Histopathologic studies have shown that the presence of CMBs indicates widespread damage in arterioles by hypertension, amyloid deposition and surrounding gliosis, infarction, or even necrosis, resulting in microstructural damage to the surrounding white matter. Therefore, CMBs may disrupt white matter tracts involved in cognitive function, leading to damage to neural networks (10). Therefore, cognitive impairment in patients with CMBs is thought to correlate with brain damage in white matter and gray matter structures, and exploring the relationship between CMBs and cerebral morphological changes with new techniques is a current hotspot for CSVD research.

WMH and lacunar infarct correspond to pathophysiological changes including neuron death, demyelination, and axon loss and these subcortical lesions may cause degenerative cortical atrophy in frontal and temporal area (11). Therefore, many studies reported reduced GMV and WMV in CSVD patients (11–13). However, few studies have investigated the relationship between brain volume and CMBs, particularly the relationship between CMBs and WM. A previous study findings speculated that higher CMBs were associated with WM atrophy but not associated with GM atrophy and concluded this caused by CMBs interrupting brain network connectivity (14). Another study found that CSVD subjects with deep or infratentorial CMBs had a lower amygdala GMV than the CSVD subjects with no CMBs after adjusting for age, sex, and total intracranial volume (TIV), although this significance was no longer present after further adjustment for other vascular risk factors (hypertension, diabetes, cigarette smoking, alcohol consumption, body mass index (BMI), and chronic kidney disease (CKD). On the other hand, subjects with strictly lobar CMBs had larger total, frontal, and occipital WMVs than the CSVD subjects with no CMBs (15). The results of previous studies were inconsistent in the relationship between CMBs and WMV morphological changes, but these results both gave us the hint that there existed WM changes in CSVD patients with CMBs compared with CSVD patients without CMBs. Meanwhile, no healthy subjects were included in these studies, and the brain morphological alterations between CSVD patients and healthy controls had not yet been investigated.

Using traditional mass-univariate analyses to quantify the alterations in GM or WM density or volume between groups in a voxel-wise manner has an important limitation in that mass-univariate analyses only aim to test whether there are any effects in one or more brain regions rather than to test whether the effects are large enough to have translational importance for clinical utility (15). Recently, researchers have developed a growing interest in applying multivariate pattern analysis (MVPA) to develop neuroimaging biomarkers for clinical diagnoses of brain diseases (16). MVPA is a promising machine-learning-based pattern recognition technique that can be used to classify neuroimaging data by discriminating between two or more classes (or groups). Relative to traditional univariate analysis, MVPA has two advantages. First, MVPA takes the intercorrelation between voxels into consideration and thus might be more sensitive in detecting subtle and spatially distributed alterations. Second, MVPA allows statistical inferences at the single-subject level and thus could be used to make diagnostic decisions regarding individual patients (17). MVPA and machine-learning methods have been successfully applied in the risk stratification of various diseases along with CSVD, including WMH and enlarged PVS (18–20). However, no study has investigated the utility of MVPA with brain morphometric features for the three binary classification problems in CSVD patients with CMBs (CSVD-c), CSVD patients without CMBs (CSVD-n) and healthy controls.

Therefore, we aimed to apply both mass-univariate and multivariate pattern analysis methods to evaluate brain morphological alterations in a relatively large sample of CSVD patients with or without CMBs. We hypothesized that (1) the CMBs accompanying CSVD will bring about specific brain morphological changes; (2) MVPA analysis would potentially be able to discriminate individual patients with CSVD from healthy controls; and (3) information will be provided on neurobiological changes that will potentially help to elucidate the potential pathogenesis of CSVD.



MATERIALS AND METHODS


Subjects

This was a cross-sectional study approved by the institutional review board of Shandong Provincial Hospital Affiliated to Shandong First Medical University. Between December 2018 and August 2019, 26 CSVD patients with CMBs (age: 67.08 ± 6.19 years; 10 females) and 43 CSVD patients without CMBs (age: 66.79 ± 5.19 years; 22 females) were recruited. We also included 39 healthy subjects (age: 63.90 ± 8.98 years; 22 females) in our study. The inclusion criteria for CSVD patients included diagnosis of recent small subcortical infarct, lacunes of presumed vascular origin, WMH of presumed vascular origin, enlarged PVS, CMBs, and brain atrophy, based on current MRI consensus standards (3). The severity of WMH was assessed using the Fazekas scale. The scale grades the severity from 0 to 3grade. 0 represents occasional or non-punctate WMH; grade 1, multiple punctate WMHs; grade 2, bridging of punctate WMHs leading to confluent lesions; and grade 3, widespread confluent WMH (21). The total CSVD disease burden was assessed by amended CSVD score (0–7 scale; scores calculated based on the severity of CMBs, lacunes, and WMH) that was recently recommended for predicting cognitive decline (22).



Image Acquisition

All subjects were imaged on a MAGNETOM Skyra 3.0 T MR scanner (Siemens Healthcare, Erlangen, Germany) using a product 32-channel head coil for signal reception. The brain scanning protocol consisted of a 3D T1-weighted (T1W) magnetization-prepared rapid gradient echo (MPRAGE) sequence for anatomical structure (repetition time (TR) = 7.3 ms, echo time (TE) = 2.4 ms, inversion time (TI) = 900 ms, flip angle = 9°, isotropic voxel size = 1 mm3) and a 3D multi-echo gradient echo (mGRE) sequence for quantitative susceptibility mapping (QSM) (TR = 50 ms, first TE = 6.8 ms, TE interval = 4.1 ms, number of echoes = 10, flip angle = 15°, voxel size = 1 ×1 ×2 mm3). In addition, T2-weighted (T2W) turbo spin echo, T2W fluid-attenuated inversion recovery (FLAIR), diffusion-weighted, and susceptibility-weighted imaging (SWI) scans were acquired to detect brain abnormalities. Before the scan, all participants remained in a normal state of respiration and heart rate. All participants were required to be awake and quietly breathing until the end of the scan.



Diagnosis of CMBs in CSVD Patients

Through the conventional MRI sequence and SWI images, small subcortical infarct, lacune of presumed vascular origin, WMH of presumed vascular origin, PVS, CMBs, and brain atrophy were diagnosed by a senior neuroradiologist. CMBs are small (generally 2–5 mm in diameter) hypointense lesions that are visible on paramagnetic-sensitive MRI sequences such as T2*-weighted gradient-recalled echo (GRE) or susceptibility-weighted sequences and are most commonly located in the cortico-subcortical junction and deep gray or white matter in the cerebral hemispheres, brainstem, and cerebellum (23–25).



Cognitive Assessments

All participants underwent the Montreal Cognitive Assessment (MoCA) Beijing version (www.mocatest.org), which is a one-page 30-point test administered in 10 min (26). The optimal cutoff for detecting cognitive impairment was 13/14 points for illiterate individuals, 19/20 for individuals with 1–6 years of education, and 24/25 for individuals with 7 or more years of education (27). In addition, a variety of executive functions, including flexibility, working memory and inhibition, were assessed. Briefly, these tests included the following: the Rey auditory verbal learning test (AVLT) for assessing verbal memory abilities (28); the symbol digit modalities test (SDMT) for evaluating attention and information processing speed (29); the trail-making test (TMT) for evaluating attention, information processing speed, visual search and motor coordination (30); and the Stroop color-word test (SCWT) (31). The test implementer was professionally trained and qualified and had no knowledge of the subject grouping.



VBM-DARTEL Processing

After data acquisition, 3D T1W image processing was performed using VBM with Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) (32) based on the statistical parametric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) toolbox (pipeline shown in Figure 1). DARTEL is a fully deformable registration and normalization method that provides precise inter-subject alignment throughout the iterative unified model. First, all the 3D T1W images were aligned to conventional AC-PC space using manually identified landmarks, including the anterior commissure (AC), the posterior commissure (PC), and the mid-sagittal plane. Then, the aligned images were segmented into GM, WM and cerebrospinal fluid (CSF) in native space with unified segmentation using the New Segment tool in SPM (16). Afterward, all the segmented GM and WM images were rigidly transformed to produce a series of aligned GM and WM images. The study-specific GM templates were then created by the DARTEL algorithm with the aligned serial images from all the subjects. During the template creation process, all aligned images were warped to the template, yielding a series of flow fields, which parameterized the deformation. After normalization and modulation, the modulated data were transformed into Montreal Neurological Institute (MNI) space. Finally, the gray matter volume (GMV) and white matter volume (WMV) and partitions were smoothed with an isotropic Gaussian kernel of 8-mm full-width at half-maximum (FWHM).


[image: Figure 1]
FIGURE 1. The processing pipeline of VBM-DARTEL analysis using Statistical Parametric Mapping software. DARTEL, diffeomorphic anatomical registration through exponentiated lie algebra; GRF, Gaussian random field.




Univariate Analysis

To compare GMV and WMV and identify abnormalities among the three groups, one-way analysis of covariance ANCOVA was performed with age, sex and TIV as covariates using the DPABI toolbox. For post-hoc tests, the least-significant difference (LSD) method was applied, and the corrected p-values for comparing group means of any pairs were calculated (33). Then, the p maps were converted to Z maps, and using the Z maps, we performed Gaussian random field (GRF) correction (34) to correct for multiple comparisons. The statistical threshold was set at a voxel-level p < 0.001 with a cluster-level p < 0.05 (two-tailed) in the DPABI toolbox (33). All coordinates are reported in MNI space. Brain regions with significant intergroup differences in GMV were defined as regions of interest (ROIs), and the mean GMV and WMV of these ROIs were extracted from CSVD patients. Pearson's correlations between mean GMV and clinical parameters were calculated using SPSS Version 24.0 (SPSS Inc, Chicago, IL, USA), and significance was set to p < 0.05.



Multivariate Pattern Analysis

MVPA was carried out to classify different groups based on GMV and WMV maps and investigate unique information that may be overlooked by univariate approaches. The Pattern Recognition Neuroimaging Toolbox (PRo-NTo) (35) was used to implement a binary classifier based on the multiple kernel learning (MKL) approach, which models the whole brain as a combination of regional patterns and therefore learns the contribution of different brain regions to the classification model (16). As an optimized MKL technique called “simple MKL” implemented in PRoNTo assumes sparsity in the kernel combination, this technique selects only a subset of brain regions to perform the classification, and the remaining regions have a null contribution to the model. Regions were defined using the automated anatomical labeling (AAL) atlas (36), which splits the brain into 90 cortical and subcortical regions (detailed shown in Supplementary Table S1). For each region and each modality, a linear kernel was computed based on the regional pattern containing all voxels within the region, and MKL was used to combine multiple (modalities × number of regions) kernels. Considering that the number of voxels varies among brain regions, the kernels were mean-centered and normalized using standard kernel operations implemented in PRoNTo. Age, sex and TIV were included as covariates.

Then, nested cross-validation (CV) with hyperparameter optimization was used to train the classification model and assess the generalization error (16). The outer loop was used to assess the model's performance, and the inner loop was used to optimize the model hyperparameters. For the inner loop, a 10-fold CV on subjects-per-group-out technique was used; for the outer loop, the leave-one-subject-out technique was used. As the simple MKL model employs a binary support vector machine (SVM) for classification, we used soft-margin hyperparameter optimization with the best configuration among C = 0.01, 0.1, 1 and 10. All C values were tested using a 10-fold CV (inner folds), and then the best C value was used for the outer loop (pipeline shown in Figure 2). As in our previous study (16), the statistics we used to evaluate classification performance are accuracy, sensitivity, specificity and the area under the curve (AUC) for the receiver operating characteristic (ROC) curve. Accuracy was defined as (TP+TN)/(TP+TN+FN+FP), where TP = true positive, TN =true negative, FP = false positive and FN = false negative. Sensitivity was defined as TP/(TP+FN), and specificity was defined as TN/(FP+TN).


[image: Figure 2]
FIGURE 2. The flow chart of machine learning based multivariate pattern analysis (MVPA) and nested cross-validation pipeline used in our study. Permutation test was used to evaluate the significance of the classification performance for 5,000 times randomly.


After constructing the optimal classification model, we built weight maps representing the SVM weights per voxel and also maps summarizing the weights per ROI as defined by AAL atlas. As a simple kernel model was implemented by MKL-SVM, the weights per voxel will be averaged (in absolute value) within each region, and the regional weight maps were the spatial representation of the decision function that defined regional contributions to the classification process. Confidence intervals (p-values) generated by non-parametric permutation testing with 5000 randomizations were used to assure low variability in the outputs of classification models.




RESULTS


Demographic and Clinical Characteristics

The demographic and clinical characteristics of each group are summarized in Table 1. One-way analysis of variance (ANCOVA) with LSD post-hoc tests was performed to assess differences in age, TIV, and MoCA, AVLT, SDMT, SCWT, and TMT scores, and a chi-square test was used to assess differences in sex, lacunes and vascular risk factors (smoking, hypertension, treated hypercholesterolemia and diabetes mellitus) among groups. The rank sum test of multiple independent samples (Kruskal-Wallis test) was used to compare CSVD scores and the severity of WMH among groups. The CSVD-c group had significantly lower MoCA, AVLT, and SDMT scores and significantly higher SCWT and TMT scores than the other groups. The CSVD-c group had a higher percentage of hypertension and treated hypercholesterolemia. No significant differences were found in age, sex, smoking and diabetes mellitus status, or TIV among the three groups.


Table 1. Demographic and clinical characteristics of CSVD patients and controls.
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Univariate Analysis of GMV and WMV Differences

We performed univariate analyses to explore GMV and WMV alterations among groups. Compared with the control group, the CSVD-c group and CSVD-n group showed significantly (ANCOVA and LSD post-hoc test with GRF correction, voxel-level p < 0.001, cluster-level p < 0.05) decreased GMV in similar brain clusters, which mainly included the right superior frontal gyrus (medial orbital), left anterior cingulate gyrus, right inferior frontal gyrus (triangular part) and left superior frontal gyrus (medial). Meanwhile, the CSVD-n group also showed significantly decreased WMV in the cluster of the left medial superior frontal gyrus. The detailed results are shown in Table 2 and Figure 3. No significant differences in GMV or WMV were found between the CSVD-c group and the CSVD-n group.


Table 2. Significant altered GMV and WMV among three groups.

[image: Table 2]


[image: Figure 3]
FIGURE 3. Brain regions showing significantly decreased GMV in (A) CSVD-c group and (B) CSVD-n group (ANOVA and LSD post-hoc test with GRF correction, voxel level p < 0.001, cluster level p < 0.05), and (C) decreased WMV in CSVD-n group compared with control group.




Multivariate Pattern Analysis and Classification Results

Regarding the three binary classification problems, the detailed statistics and ROC curves for evaluating classification performance are shown in Table 3 and Figure 4. As the results show, the MKL models that combined GMV and WMV features enhanced the classification accuracy for each binary classification problem. Based on the optimal MKL model combining GMV and WMV features, regional weight maps obtained by MKL (per region) were also calculated. The CSVD-c group vs. control group contrast suggested high regional weight in the bilateral medial superior frontal gyri (12.96 and 5.94%), bilateral anterior cingulate gyri (6.48 and 5.45%), right gyrus rectus (7.91%), and right superior frontal gyrus (medial orbital) (5.04%) for GMV and in the left olfactory cortex (12.09%) and left parahippocampal gyrus (7.91%) for WMV (Figure 5A). Meanwhile, the CSVD-n group vs. control group contrast suggested high regional weight in the left medial superior frontal gyrus (7.02%), cuneus (5.98%), and precuneus (5.96%) for GMV and in the left anterior cingulate gyrus (8.02%) and left inferior temporal gyrus (7.15%) for WMV (Figure 5B). In addition, the CSVD-c group vs. CSVD-n group contrast suggested high regional weight in the right temporal pole of the middle temporal gyrus (11.21%), right temporal pole of the superior temporal gyrus (7.39%), and right parahippocampal gyrus (5.62%) for GMV and in the left olfactory cortex (12.42%) and right middle frontal gyrus (9.50%) for WMV (Figure 5C). The ROIs with high weight detected from two CSVD groups vs. control group contrasts were relatively analogous to the ROIs with significant differences in the univariate analyses. Of note, we achieved good classification accuracy (81.16%) in the CSVD-c group vs. CSVD-n group, despite no significant differences between groups, and the ROIs with high weights in the MKL model provided important supplementary information for the univariate analyses.


Table 3. The statistics for evaluating classification performance.
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[image: Figure 4]
FIGURE 4. Receiver operating characteristic (ROC) curve for (A) CSVD-c vs. HC, (B) CSVD-n vs. HC, and (C) CSVD-c vs. CSVD-n classification problems. HC, healthy controls.



[image: Figure 5]
FIGURE 5. Weight (per region) maps modeled by multi-kernel learning (MKL) combining GMV and WMV features. As a simple kernel model was implemented by MKL-SVM, the weights per voxel will be averaged (in absolute value) within each ROI as defined by AAL atlas. The regional MKL weights representing regional contribution to (A) CSVD-c vs. HC, (B) CSVD-n vs. HC, and (C) CSVD-c vs. CSVD-n classification problems were rendered on the ICBM152 template. Weights with lower (1% or less) contribution are not shown. HC, healthy controls.





DISCUSSION

The current study applied both univariate analyses and the MVPA approach to explore brain morphological alterations in a relatively large cohort of CSVD patients with or without CMBs. Our study revealed that compared with the control group, the CSVD-c and CSVD-n groups showed significantly decreased GMV in similar brain clusters, which mainly included the right superior frontal gyrus (medial orbital), left anterior cingulate gyrus, right inferior frontal gyrus (triangular part) and left superior frontal gyrus (medial). According to many previous researchers, these regions with decreased GMV are mainly involved in the default mode network (DMN) (37). At the same time, the CSVD-n group showed significantly decreased WMV in the cluster of the left superior frontal gyrus (medial) compared with controls. No significant GMV or WMV differences were found between the CSVD-c group and the CSVD-n group. Additionally, CSVD patients could be differentiated from healthy controls using the MKL model based on GMV and WMV maps with high classification accuracy (86.15%; p < 0.05). Brain regions involving the DMN and subcortical regions were identified to have high differentiating power in these MKL modles. Meanwhile, we achieved good classification accuracy (81.16%) in the CSVD-c group vs. CSVD-n group contrast using the MKL model.

Using univariate analyses, our results showed that the CSVD-c group and CSVD-n group had significantly decreased GMV in similar brain clusters compared with the healthy control group, mainly involving the DMN. The core mechanism underlying CSVD-related brain injury is diffuse cerebrovascular endothelial failure. Endothelial damage leads to increased permeability with leakage of material into the vessel wall and perivascular tissue, leading to brain inflammation (38). Brain inflammation can lead to neuronal dysfunction and cell death (39, 40). In this study, we obtained similar results. We found that the TMT scores were significantly higher and the MoCA, AVLT and SDMT scores were significantly lower in the CSVD patients than in the healthy controls, suggesting that these related cognitive functions were significantly disrupted in CSVD patients. We thought this might be because the decreased GMV regions associated with CSVD mainly involved the DMN. The DMN is a set of functionally connected regions that plays crucial roles in internal cognitive processing. DMN connectivity strength has been positively correlated with individual cognitive performances (e.g., working memory, autobiographical memory, attention, and language) (41), and damage to the default network can cause cognitive impairment.

Compared to traditional univariate analysis, the MVPA approach can be used to make diagnostic decisions. Our results showed that the combination of GMV and WMV features improved the accuracy for each binary classification problem compared to using GMV or WMV features alone. For the classification of the CSVD and control groups, the high-weighted GMV feature areas included the bilateral superior frontal gyrus (medial part or medial orbital part) and bilateral anterior cingulate gyrus. More volume loss regions were identified compared to the univariate analyses. Meanwhile, many high-weighted WMV feature regions could also be found, such as the left anterior cingulate gyrus, left para-hippocampal gyrus and left inferior temporal gyrus.

The anterior cingulate gyrus is one of the important structures responsible for the executive function of the brain, and it mainly monitors ongoing directional behaviors and coordinates cognitive processes (42). The medial part of the superior frontal gyrus is commonly deactivated during the cognitive-related processing and has been ascribed to be a component of the default mode network and a study also found that the superior frontal gyrus is anatomically connected with the cingulate cortex (mostly the anterior cingulate gyrus and the mid-cingulate cortex) through resting-state functional connectivity analysis (43). These results suggest the injury of superior frontal gyrus and anterior cingulate gyrus related to decline of cognitive control. Our results also indicated that the impaired anterior cingulate gyrus and superior frontal gyrus were related with the decline of cognitive function. A study revealed damaged GMV and functional connectivity (FC) in the cerebellum in CSVD patients with WMH and reduced connectivity of cerebellar lobule VI to the left anterior cingulate gyrus owing to WMH (44). These results, similar to ours, showed WM lesions in CSVD. Furthermore, WMH can disrupt white matter tracts or U-fibers that mediate cortical–cortical or cortical–subcortical connections (45), which also provides evidence for our results.

The results of previous studies were inconsistent in the relationship between CMBs and WMV morphological changes, one showed reduced WMV (14), the other showed increased WMV (15). But using the MVPA approach could overcome this shortcoming came from the embarrassment of different conclusions, our analysis just concern existential WM changes, no matter WMV reduced or increased. Our results showed that CSVD should be considered a whole-brain disease and that GMV and WMV were both significantly altered, which was also hinted at by previous studies indicating that local white matter lesions may influence the gray matter in remote areas (46). Therefore, we combined between-group statistical comparison and MVPA-based individual classification to provide complementary information for revealing the potential pathogenesis of CSVD and assisting clinical diagnosis.

Notably, no significant GMV or WMV difference was found in univariate analysis between the CSVD-c and CSVD-n groups. This might reveal that the presence or absence of cerebral CMBs in patients with CSVD has little effect on changes in GMV, which is consistent with the findings of previous research (15). However, the MVPA analysis could mine multivoxel spatial pattern information and achieved a relatively good classification accuracy between the two CSVD groups (81.16%; p < 0.05). The classification of the CSVD-c and CSVD-n groups suggested that high-weighted regions were in the right temporal pole of the middle temporal gyrus, temporal pole of the superior temporal gyrus, right para-hippocampal gyrus for GMV and in the left olfactory cortex and right middle frontal gyrus for WMV. This result might have reflected more potential WM and GM changes in the CSVD-c group than in the CSVD-n group. CSVD-c patients have more severe inflammation in the brain because CMBs themselves could lead to a sustained local inflammatory response, characterized by initial activation and persistent increase in microglia and macrophages (47). Many investigations have reported that CMBs are associated with cognitive dysfunction in the elderly (48–50), and epidemiological studies have shown that CMBs adversely affect the cognitive function of patients with CSVD and are independent risk factors for cognitive decline (51). In our study, the CSVD-c patients had more serious cognitive problems than the CSVD-n patients. Hence, we speculated that more severe brain inflammation problems in CSVD-c patients might be the reason for them having poor cognitive scores. The middle temporal gyrus has been shown to be recruited during the processing of words and during the observation of actions (52). The human superior temporal gyrus is critical for extracting meaningful linguistic features from speech input (53). The hippocampus and surrounding medial temporal lobe structures play a key role in learning and memory formation (54). The hippocampus and parahippocampus were associated with olfactory ability (55). These previous studies showed the involved regions in CSVD-c patients correlated with cognitive function. Therefore, our results hinted the injury of right temporal lobe, right para-hippocampal gyrus and the left olfactory might be the reason why CSVD-c group had more serious congnitive decline.

In this study, we conducted VBM-DARTEL preprocessing using VBM8 within SPM8 toolbox. A recent study (56) has shown that VBM analysis through CAT12 within SPM12 toolbox is more robust to detect the small brain morphological changes than VBM8. Therefore, we also conducted VBM-DARTEL preprocessing using CAT12 as the supplementary experiment. The univariate results showed the number of significant voxels revealed by CAT12 method is more than VBM8 method, while the structural localization of peak voxels is similar between these two methods, and detailed results were shown in Supplementary Materials. In our future research, we will combine VBM and MVPA analysis based on CAT12. More longitudinal studies with a large sample size are needed in the future to understand the relationship between CMBs and the cerebral morphology changes. Besides, more specific features for neurodegeneration such as age, gender and cardiovascular risk factors should be included in future research to explore the neurodegeneration pathology of CSVD.



CONCLUSION

In conclusion, we found significantly lower decreased GMV and WMV in the frontal and anterior cingulate gyrus regions in CSVD patients. In addition, our work has shown that an appropriate a proper combination of MVPA and MKL methods can substantially improve the classification accuracy of CSVD patients. Our findings may clarify the potential pathogenesis of CSVD and provide further support in favor of machine-learning approaches in improving the clinical diagnosis of CSVD.
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Objective: Brain atrophy is an important imaging characteristic of cerebral small vascular disease (CSVD). Our study explores the linear measurement application on CT images of CSVD patients and develops a fully automatic brain atrophy classification model. The second aim was to compare it with the end-to-end Convolutional Neural Networks (CNNs) model.

Methods: A total of 385 subjects such as 107 no-atrophy brain, 185 mild atrophy, and 93 severe atrophy were collected and randomly separated into training set (n = 308) and test set (n = 77). Key slices for linear measurement were manually identified and used to annotate nine linear measurements and a binary classification of cerebral sulci widening. A linear-measurement-based pipeline (2D model) was constructed for two-types (existence/non-existence brain atrophy) or three-types classification (no/mild atrophy/severe atrophy). For comparison, an end-to-end CNN model (3D-deep learning model) for brain atrophy classification was also developed. Furthermore, age and gender were integrated to the 2D and 3D models. The sensitivity, specificity, accuracy, average F1 score, receiver operating characteristics (ROC) curves for two-type classification and weighed kappa for three-type classification of the two models were compared.

Results: Automated measurement of linear measurements and cerebral sulci widening achieved moderate to almost perfect agreement with manual annotation. In two-type atrophy classification, area under the curves (AUCs) of the 2D model and 3D model were 0.953 and 0.941 with no significant difference (p = 0.250). The Weighted kappa of the 2D model and 3D model were 0.727 and 0.607 according to standard classification they displayed, mild atrophy and severe atrophy, respectively. Applying patient age and gender information improved classification performances of both 2D and 3D models in two-type and three-type classification of brain atrophy.

Conclusion: We provide a model composed of different modules that can classify CSVD-related brain atrophy on CT images automatically, using linear measurement. It has similar performance and better interpretability than the end-to-end CNNs model and may prove advantageous in the clinical setting.

Keywords: brain atrophy, linear measurement, automated classification, convolutional neural networks, cerebral small vessel disease, computed tomography, deep learning


INTRODUCTION

Cerebral small vessel disease (CSVD), a disorder of cerebral microvessels, is an expanding epidemic all over the world. CSVD causes approximately a quarter of ischemic strokes and most hemorrhagic strokes. It is the most common cause of vascular dementia, and worsens the resulting cognitive impairment, thus contributing to about 50% of dementias worldwide, a massive health burden in reality (1, 2). In the context of CSVD, brain atrophy is one of the important radiological descriptions, according to the standards for reporting vascular changes on neuroimaging (STRIVE) (3). The neuropathological basis includes neuron loss, cortical thinning, subcortical vascular disease with white matter thinning and contraction, arteriolar sclerosis, venous collagen degeneration, and secondary neurodegenerative changes (4). Brain atrophy usually appears with other signs of CSVD, and it is an important measure in imaging studies that are done to assess the burden of vascular damage in the brain (5–7). The path analyses show that the impact of CSVD-related lesions on the clinical status is partly due to brain atrophy and changes in cortical morphology (8). Atrophy is thought to mediate, at least partially, the effects of vascular lesions on cognition, and is mainly observed in patients with accelerating cognitive decline (9, 10). Brain atrophy is suggested to impair the potential for functional recovery after stroke. Severe atrophy thus has lower brain reserve, making it less resilient to ischemic injury (11, 12).

Non-contrast computed tomography (NCCT) has the advantages of broader acceptability, lower cost, and faster scanning speed (less motion artifacts) compared to magnetic resonance imaging (MRI), and it plays a fundamental role in neuroimaging (13). Brain atrophy, such as cortical atrophy and central atrophy, has characteristic findings on NCCT images. The typical sign of central atrophy is the enlargement of the ventricular system. Correspondingly, enlarged Sylvian fissures, widened sulci, and narrowed gyrus are markers of cortical atrophy (14). The visual assessment of these discoveries of brain atrophy is simple and convenient (15), but its accuracy depends on the higher professional knowledge and rich clinical experience of raters. Although some scales based on visual findings have been developed, it is relatively coarse, subjective, and might be prone to floor and ceiling effects. In view of the low tissue contrast on NCCT images, accurate tissue segmentation and volume calculation are still imperfect and are constantly being improved (16). The challenge is believed to be tougher for some CSVD patients (17). The presence of white matter hypoattenuation or white matter hypodensities on NCCT further reduces tissue contrast. One-dimensional linear measurement, a mature and reliable way to assess the brain atrophy, has been widely used in clinical practice (18–20). Previous studies have shown that one-dimensional linear measurement and three-dimensional measurement results have achieved substantial correlation (21, 22). It does not have high requirements for tissue contrast and can be used on either MRI or NCCT.

A significant progress has been made in the development of fully automated structural image analysis and computer-aided diagnosis technology (23). The fully automatic method provides several advantages, including the ability to complete the set tasks independently without manual operation, and the measurement results can be quantified and further analyzed. This method has been beneficially applied to patients with CSVD (24). As a branch of machine learning, deep learning can extract hidden features within big data automatically and has achieved advanced performance across various fields (25). On the one hand, the underlying mechanism of deep learning is still a black box (26), and some researchers are focused on visualization and are dedicated to improving the interpretability of the algorithms (27). Building the model pipeline following the human medical approach rather than generating an end-to-end model is also a potentially advantageous protocol in relation to certain tasks. Yet, for the brain atrophy of CSVD patients, automatic analysis is mostly performed on MRI. The establishment of a fully automatic evaluation model on NCCT images is a useful supplement with clinical value.

In this study, we aimed to develop a fully automated brain atrophy classification model based on NCCT images for CSVD subjects, using one-dimensional line measurements to overcome the limitations of low tissue contrast. Several clinical information such as age and gender, were also included in the model to improve the accuracy of the model (2D-integrated model). For performance comparison, an end-to-end model (3D model and 3D-integrated model) has also been developed based on a pre-trained 3D CNN algorithm.



MATERIALS AND METHODS


Study Populations

An observational study based on a cohort of outpatients and inpatients was conducted at the Stroke Center of the First Affiliated Hospital of Zhejiang University, from March 1, 2019 to April 1, 2020. This retrospective study was approved by the ethics committee of the first affiliated hospital of Zhejiang University (approval number: 2019.1511). A total of 385 eligible patients were enrolled in this study. The inclusion criteria were set as follows: (1) Patients who have been clinically diagnosed as CSVD, and at least one of the following neuroimaging markers on MRI images: white matter hyperintensities, recent small subcortical infarcts, lacunes, enlarged perivascular spaces, cortical microinfarcts, cerebral microbleeds, and brain atrophy (8). (2) The both MRI and NCCT head/brain scans of patients were used to make a set of MRI–NCCT pairs for accurate training preparations, and the time interval between the MRI and NCCT scans were required to be <3 months to avoid differences in brain structures due to possible disease progression. (3) Age equal to or >40 years. The following patients were excluded: (1) cognitive impairment diagnosed with clear etiology, such as poisoning, infection, degeneration diseases (Parkinson's disease, multiple system atrophy, corticobasal degeneration, and dementia with Lewy bodies, etc.), and immune demyelination (multiple sclerosis, Balo's concentric sclerosis, etc.); (2) patients with any indications that may affect the linear measurement, such as of intracranial mass effect and local mass effect, ventricular effacement, midline shift, and herniation; (3) partial defect of brain tissue after surgery; (4) failed imaging scans or various artifacts that affect reading; and (5) symptomatic or asymptomatic brain injury. The study flowchart is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Flowchart of patient enrollment and strategy of training and testing for brain atrophy classification.




Computed Tomography Image Dataset

All CT scans were performed using 64-rows helical CT scanners(Brilliance 64, Philips; LightSpeed VCT, GE Medical System) with a tube voltage of 20 kVp and a tube current of 180–200 mAs. The raw data of the Minimum slice thickness in the Z axis direction were 0.625 mm, and the reconstruction slice thickness was 5 mm with an image matrix of 512 × 512 pixels.



Data Pre-Processing

Each image was normalized to the same intensity range 0–255 (WW = 80 HU, WL = 40 HU) and when deemed necessary the brain midline was rotated vertically. For 2D model training, all images were resampled to 224 × 224 pixels to reduce the GPU memory usage.



Model Training and Testing

All NCCT scans were randomly separated into a training set (n = 308) and a test set (n = 77) for both two-type and three-type classification tasks. At first, all images were corrected by rotation on the X–Y plane, asserting the brains were perpendicular to the horizontal edges of image in each sample. A series of common data augmentation approaches were performed to increase training data diversity and size, such as random rotation (from −5 to 5 degrees), random shift, random zoom, left–right flipping, and adding Gaussian noise. We applied five-fold cross validation in the training set (the training set was randomly split into five subsets. A model was trained using the first four subsets, and then validated on the remaining subset. Five iterations were performed using each subset as validation set to optimize model parameters and to avoid overfitting. All models were trained only on the training set, and the testing set was reserved for performance evaluation of our models.



Ground Truth Label (Reference for Model Training)

A neuroscientist and a radiologist, both with more than 20 years of personal experience, will reach a consensus on MRI–NCCT image pairs. The CSVD-related brain atrophy is labeled by the visual assessment on MRI (28). No enlargement of the ventricular system (third and fourth ventricles) and no enlargement of the sulci and lateral fissure is defined as no brain atrophy (n = 107). The significant enlargement of the ventricular system, along with significantly widened parietal lobe sulci (at least 2 sulci were >5 mm in width), and a significantly widened lateral fissure cistern is defined as severe atrophy (n = 93). The rest did not meet the above conditions and were regarded as having mild atrophy (n = 185). The high atrophy ratio was retained in the dataset to ensure sufficient positive samples for the effective learning process and evaluation of 3-classification algorithms. The demographic characteristics of the dataset are shown in Table 1.


Table 1. Demographic information of the study subjects.
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Manual Annotation on NCCT

The one-dimensional linear measurement was independently completed by another neuroradiologist on the four key slices of the NCCT images with ITK-SNAP software (US National Institutes of Health). This researcher was unaware of the label and clinical information of each subject. Results of the annotation were reviewed by the aforementioned two experts and a consensus was reached (Figure 2). Nine linear measurements included maximal frontal horn width (A), minimal intercaudate distance (B), maximal width of third ventricle (C), the choroid plexuses distance (D) on basal ganglion slice showing most prominently the heads of the caudate nuclei (key slice 1), minimal ventricular body width (E), maximal transversal intracranial width (F), and maximal transversal extracranial width (G) on a slice displaying most of the body of the lateral ventricle (key slice 2). The maximal width of Sylvian fissures (HR/HL) on the slice where measurement was most clearly visualized (key slice 3) (20, 29–31). It needs to be emphasized that enlargement of the parietal lobe sulci (at least 2 sulci being >5 mm in width) is a binary classification, implemented on the third slice above the top of the lateral ventricle (key slice 4), and still based on expert consensus as the ground truth.


[image: Figure 2]
FIGURE 2. Annotation of 9 linear measurements and cerebral sulci enlargement. (A–D) were four key slices defied for linear measurements and Cerebral sulci enlargement identification. (A), A, B, C, and D were manually annotated on basal ganglion slice showing most prominently the heads of the caudate nuclei (Key slice 1); (B), E, F, and G were annotated on slice displaying most of the body of the lateral ventricle (key slice 2); (C). HL and HR were manually annotated on slice a that the Sylvian fissures were most clearly visualized (key slice 3); (D), Binary classification of cerebral sulci widening on the third slice above the top of lateral ventricle was also annotated (key slice 4).




Overview of Pipeline Modules of Brain Atrophy Classification Model

The pipeline of the classification model consists of four modules: (1) key slice detection module, (2) automatic measurement module, (3) identification module of cerebral sulci widening, and (4) classifier module (Figure 3A). Key slice detectors, linear measurement calculators and cerebral sulci enlargement identifiers were developed based on CNN algorithms, while the atrophy classifier was implemented by a logistic regression model. All included CT images after pre-processing were input into the pipeline: key slices were identified first, and then linear measurements and cerebral sulci information were automatically identified. Seven linear measurements such as the Huckman Number (A + B), ventricle index (D/A), lateral ventricular body index (F/E), width of lateral ventricular body index (G/E), ventricle forefoot index (G/A), maximum width of third ventricle (C), average width of Sylvian fissures ([HL + HR]/2) (20, 30, 31), along with cerebral sulci enlargement information were used to identify whether the subject had cerebral atrophy or not in the two-class classification, and no atrophy, mild atrophy, or severe atrophy in the three-class classification.


[image: Figure 3]
FIGURE 3. Illustration of 2D model and 3D model for brain atrophy classification. (A) 2D model was consisted of four modules, such as key slice detectors, linear measurements calculators, cerebral sulci enlargement identifier, and atrophy classifier. Information of age and gender were integrated into the atrophy classifier of 2D model to generate 2D-integrated model. (B) 3D model was developed based on a 3D CNN model. Information of age and gender were integrated into the full connected layer to generate the 3D-integrated model.




Module 1: Key Slice Detection

The ResNet34, consisting of four convolutional-pooling blocks and a fully connected layer, was used as the backbone model to detect four defined key slices (32). To train the proposed CNN model, momentum was applied as the optimizer to minimize the cross entropy between annotated key slices and the prediction outputs. The batch size was set to eight and the learning rate was applied with piecewise-scheduled decay with warming starting. We selected models for each key slice with the best accuracy in the validation set to construct the detector for each slice.



Module 2: Automatic Measurement

Models for nine linear measurements in key slices 1, 2, and 3 were developed based on the ResNet 18 backbone. As the structure and morphology of the brain are very similar on adjacent slices to the key slice, we fed the key slice and two adjacent slices into three channels of the RGB color image and generated a three-channel fused image to train the proposed model. We used the mean square error (MSE) as the cost function and Adam as the optimization algorithm. The batch size is 16, learning rate is 0.0001, and the value of decay is 0.8 with a decay step of 10,000.



Module 3: Cerebral Sulci of Parietal Lobe Enlargement Identification

Model for cerebral sulci of parietal lobe enlargement identification in key slice 4 was developed based on ResNet 18 backbone. Three channel fused image consisting of key slice 4 and adjacent slices was used to train the classification model. We used cross entropy as the loss function and momentum as the optimization algorithm. The batch size was 8 and the learning rate was applied with piecewise-scheduled decay with warming starting.



Module 4: Brain Atrophy Classification

Seven linear measurements and cerebral sulci enlargement information were used to train a logistic regression classifier for no atrophy/atrophy two-class classification or no atrophy/mild atrophy/severe atrophy three-class classification. Furthermore, linear measurements, cerebral sulci of parietal lobe enlargement information as well as age and gender were utilized to build logistic regression as an integrated model.

These four modules had different outputs which were inter-connected sequentially, and outputs from the last module were used as training inputs to the next module. The outputs of key slice detection module were the machine-selected four slices (key slice 1–4) from each subject's NCCT image set. The outputs of the automatic measurement module were eight straight lines automatically drawn by the machine and their length values (A-G, HR/HL). For better visualization, these lines were displayed on key slices in different colors. The sulcus enlargement recognition module outputted an automatic judgment result, with or without sulcus enlargement. The outputs of classifier module were obtained by the machine after integrating all the information; it could be binary classification (atrophy or no atrophy) or three classifications (no atrophy, mild atrophy, or severe atrophy).



Overview of End-To-End 3D CNN Model

To compare with the 2D model, an end-to-end deep learning algorithm for two-class and three-class classification were trained using Med3D, a heterogeneous three-dimensional network pretrained on the 3DSeg-8 dataset was employed as the backbone (Figure 3B). The batch size was set to four and the Adam algorithm was utilized to optimize model parameters with a learning rate of 0.0001 in the backbone and 0.001 in fully connected layers. Optimization of model parameters was considered to converge once the model's performance on the validation set stopped improving for 50 epochs. Age and gender information were integrated into the fully connected layer to generate the 3D-integrated model. The outputs of 3D model or 3D-integrated model directly generated classification results, either a binary classification (atrophy or no atrophy) or three classifications (no atrophy, mild atrophy, or severe atrophy).



Statistical Analysis

Paired t-test and Pearson correlation test were used to evaluate the performance of automatic linear measurements. The consistency of the cerebral sulci dichotomy was assessed on accuracy and Cohen's kappa. The model performance of two-class classification was evaluated by sensitivity, specificity, accuracy, F1 score, and area under the curve (AUC) with 95% CI. The 0.5 was set as the probability threshold of binarized class labels. The differences between Receiver Operating characteristic (ROC) curves were further analyzed using the DeLong test. For three-type classification, the model performance was evaluated based on accuracy, average F1 score, and weighted kappa. All statistical analyses were performed using the R programming language (version 3.6); the p < 0.05 was considered as statistically significant.




RESULTS


Module Performance

The performance of three modules, key slice detection, linear measurements, and cerebral sulci enlargement identification, were evaluated in the test set. The detection accuracy for key slices 1, 2, 3, and 4 were 0.887, 0.558, 0.934, and 0.574, respectively, and they were compared with the annotated ground truth. The accuracy of the detected key slice and its two adjacent slices reached 1 for all key slices (Supplementary Table S1). The correlation results of nine linear measurements between annotated ground truth and automated measurements were listed in Table 2. In the test set, no significant difference was found in the mean value of each linear measurement between automated and manual annotations. Automated measurements achieved a very good correlation with ground truth in the minimal intercaudate distance, maximal transversal intracranial width, and maximal transversal extracranial width (correlation coefficient ≥ 0.8), a strong correlation in maximal width of the third ventricle, minimal ventricular body width, and maximal width of Sylvian fissures in left and right (correlation coefficient ≥ 0.6), and a moderate correlation in maximal frontal horn width and the choroid plexuses distance (correlation coefficient ≥ 0.4). For the cerebral sulci dichotomy, the accuracy of the deep learning algorithm was 0.818, and the Cohen's kappa was 0.636.


Table 2. Correlation analysis between automated measurement and manual ground truth for linear measurements.

[image: Table 2]



Performance of the Two-Type Classification for Brain Atrophy With CSVD

The performance of four models for two-type classification in the test set was assessed (Table 3 and Figure 4). The results showed that the 2D-integrated model yielded the highest sensitivity value (0.951), while the 3D-integrated model yielded the highest specificity value (0.943), accuracy value (0.943), F1 score (0.951), and AUC (0.981). Models with different strategies, all achieved great AUCs for two-type classification (>0.94). Furthermore, ROCs analysis showed the 2D model and 3D model, had no significant differences in statistics. Integration of age and gender information could significantly improve the model performance, while AUCs of the 2D-integrated model and 3D-integrated model had no significant differences (Supplementary Table S2). The representative cases of misclassifications showed key slice 3 (*in Figures 5A,B) detected by the 2D model was the adjacent slice to the manually annotated slice (reference) in both cases, which led to shorter H (long arrows) and might be the reason for misclassifications.


Table 3. Performance comparison for two-class classification of brain atrophy in test set, in terms of sensitivity, specificity, accuracy, F1 score, and area under the curve (AUC).
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FIGURE 4. Comparisons of receiver operating characteristics (ROC) curves generated by brain atrophy models for two-type classification.



[image: Figure 5]
FIGURE 5. Two representative examples of atrophy cases, which were misclassified. For each example, four key slices were presented from manual annotation (top) and detection of 2D model (bottom). On key slice 1, the green line represented A, the blue line represented B, the red line represented C and the yellow line represented D; On key slice 2, the green line represented E, the blue line represented F and the red line represented G; On key slice 3 (*in Figures 5A,B), the green line represented HL (long arrows), while the blue line represented HR (long arrows). (A) Example case was misclassified by 2D model but was correctly predicted by 3D model, 2D-integrated model, and 3D-integrated model. (B). Example case was misclassified by both 2D model and 3D model but was correctly predicted by 2D-integrated model and 3D-integrated model.




Performance of the Three-Type Classification for Brain Atrophy With CSVD

The performance of four models for three-class classification tasks was shown (Table 4). In the test set, the 2D-integrated model achieved the highest accuracy (0.808) and kappa (0.786), while the 3D-integrated model showed the highest average F1 score. All models had a substantial agreement with experts in diagnosing and classifying the degree of brain atrophy. Furthermore, we evaluated the classification performance of no atrophy, mild atrophy, and severe atrophy, respectively (Supplementary Table S3). Consistent with the results of two-type classification, the models all achieved a high performance with the identification of no-atrophy subjects. The 2D-integrated model was the best-performed model with an accuracy of 0.932, F1 score of 0.917, and AUC of 0.978 (0.959–0.991). In mild and severe atrophy, the AUC of the 2D model was consistently higher than that of the 3D model. Integration of age and gender improved the AUC of the 2D model for mild atrophy classification but showed no significant difference from severe atrophy. Noticeably, all models achieved a low sensitivity (< 0.6) and a high specificity (>0.93) for severe atrophy. The representative cases showed a longer H and were achieved by the linear measurement of the 2D model in the no-atrophy patient (Figure 6A short arrows). In the mild atrophy case, a shorter D (short arrows in Figure 6A) was achieved and the cerebral sulci on key slice 4 was misidentified as normal while manually annotated as enlargement (Figure 6B*). In the severe atrophy case, shorter C and H (short arrows in Figure 6C) were achieved, which might be the reason for misclassification.


Table 4. Performance comparison for three-class classification of brain atrophy in test set, in terms of accuracy, average F1 score, and Weighted kappa coefficient.
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FIGURE 6. Representative examples in no-atrophy, mild atrophy, and severe atrophy groups that were misclassified. For each example, 4 key slices were presented from manual annotation (top) and results of 2D model (bottom). On key slice 1, the green line represented A, the blue line represented B, the red line represented C and the yellow line represented D; On key slice 2, the green line represented E, the blue line represented F and the red line represented G; On key slice 3, the green line represented HL, while the blue line represented HR. (A). Example case that was misclassified by 2D model but correctly predicted by 3D model, 2D-integrated model and 3D-integrated model in the no-atrophy group. (B). Example case that was misclassified by 2D model, 3D model and 3D-integrated model but correctly predicted by the 2D-integrated model in mild atrophy group. (C). Example case that was misclassified by all four models in severe atrophy group.





DISCUSSION

In this study, we developed and verified a new pipeline that is different from end-to-end. It is applicable to brain atrophy assessment, using linear measurement. On this basis, we provide a fully automatic brain atrophy classification model, which combines machine learning and deep learning, which can be applied to CSVD patients. In addition, by integrating limited clinical information and age and gender, the classification performance of the model is improved. It may be incorporated into clinical decision support tools in the future.

One of the motivations that drove our study is that brain atrophy has become an important risk factor for brain health with CSVD, and the effects of CSVD can be mediated through the development of brain atrophy (33). The increased white matter hypersignal burden undermines the integrity of the white matter and causes the loss of volume. CSVD-related cortical atrophy may result from secondary neurodegenerative processes elicited by degeneration to the WM tracts that disrupt the functional connections of the brain (8). In a longitudinal study, Jokinen H et al. visually assessed the severity of brain atrophy on MRI and confirmed that brain atrophy is independently related to cognitive decline in small vessel diseases (10). Medial temporal lobe atrophy (MTLA), subcortical and cortical atrophy increase the impact of white matter lesions (WML) and lacunae on cognitive decline. This evaluation conclusion was corroborated in another MRI study that used automated brain volume assessment (6). Brain atrophy is related to the adverse outcome of acute ischemic stroke after reperfusion therapy (34). It can be considered as an indicator of brain weakness and is more susceptible to ischemia (35). A study of automatic CT volume segmentation showed that brain atrophy reduces the possibility of functional recovery after acute ischemic stroke in the anterior circulation (36). Our cross-sectional study of a group of CSVD subjects supports that the automatic assessment of brain atrophy is realistically achievable. Accurate clinical information (presence/absence and severity) of brain atrophy can be obtained through rapid and fully automatic linear measurement in NCCT. In the test set, the classification performance of the 2D integration model reached a significant agreement with the expert consensus (kappa = 0.786). This may be a friendly and effective assistant for young clinicians, involving decision-making and prognosis of CSVD.

Another important and original intention of our research is to realize and verify the method of fully automatic assessment of brain atrophy on NCCT images, which is also the reason why other neuroimaging features of CSVD patients were not involved in the study. As far as we know, this pilot study is the first attempt to automate linear measurement for the assessment of brain atrophy on NCCT. One-dimensional linear measurement is an effective and economical method for evaluating brain structure (29, 37). The linear index indirectly reflects the structural information of different brain regions. Based on the measured “Hackerman Number” and “ventricular index” data can reflect the degree of central atrophy (37, 38). The width of the Sylvian cistern and the sulci is related to the thickness of the cerebral cortex (39, 40). Linearity measurement is also suitable for evaluating patients with CSVD. Qin calculated the Sylvian fissure ratio (SFR) on the MRI axial image (29). It was defined as the average of the maximal Sylvian widths taken from the cut showing the widest Sylvian fissure divided by the transperineal coronal inner table diameter. In elderly patients with CSVD, SFR has clinical value in screening cognitive decline. Our linear measurement covers the lateral fissure cistern of the brain as well. What's more, we not only automate this linear measurement, but also include more one-dimensional measurements reflecting the brain structure, which will help improve the accuracy of the evaluation and also facilitate its application in different clinical scenarios.

Although the evaluation of CSVD relies on more advanced neuroimaging, mainly MRI structural and functional imaging, CT still plays an important role in primary healthcare centers. Hanning U quantitatively assessed the leukoaraiosis on NCCT images successfully (17). Subsequently, Chen and Pitkänen used machine learning and convolutional networks to further quantify white matter lesions on NCCT (41, 42). Recently, Kaipainen completed the simultaneous assessment of white matter lesions and brain atrophy, but the automated training is very complicated and requires MRI as template mapping (43). Moreover, the ventricular system has not been integrated. As one of many attempts to automate the analysis of CT images, our study can be a useful supplement to the automated evaluation of CSVD. In view of the difference in imaging principles, CT has a lower soft tissue contrast than MRI, and accurate three-dimensional volume measurement is a huge challenge. The presence of WM lesions affected segmentation-based brain volume measurements on MRI (44). For patients with CSVD, as the burden of white matter lesions increases, the density of white matter around the ventricular system decreases, and the segmentation and calculation of ventricle-white matter tissue relying on the difference of the Hounsfield unit threshold brings greater difficulties (17). On the subjects with CSVD, linear measurement is assumed to avoid the interference of white matter lesions. It has been proven that there is a correlation between one-dimensional measurement and three-dimensional measurement results.

Two different models of the underlying system design are presented in this study, one is the end-to-end pipeline, which is considered advanced, and the other is a pipeline composed of several modules. Although the accuracy of key slices detectors failed to reach 100%, the automatically detected key slice is the adjacent slice of manual annotated one in the rest of the cases. The cross-sectional anatomy on the adjacent CT slices of each key slice is similar to the key slice of the ground truth Information of measurements and cerebral sulci can also be obtained on the adjacent slices. We fed three consecutive slices into three channels of the RGB color image to ensure the features of defied key slices can be acquired. Furthermore, three consecutive slices would provide more anatomical information and contribute to generate robust models for the measurement of ventricle indices. The final results show that it is feasible to establish an atrophy classification model based on different modules. For the binary classification, the 2D model shows relatively higher sensitivity and lower specificity than the 3D model. The AUC is 0.953 (0.927–0.972) and 0.941 (0.912–0.962), respectively. In the three-classification task, the Kappa values of the two models were 0.727 and 0.607, respectively. Although both 2D and 3D models have application value in the future, we believe that some of the advantages of linear measurement modules are unique. Different from end-to-end, it is considered a black box between input and output, and the linear side measurement pipeline is artificially divided into four modules. Each module has a specific function and is visualized. This is closer to the thinking logic of human medicine, and therefore, has a greater clinical interpretability. In addition, this strategy improves the predictability of the model output. Adding or reducing the corresponding modules flexibly according to the specific clinical instructions is also easier to achieve. This can also reflect the significance of this pilot study.

There are several limitations in this study. First, this is a retrospective single-center study with a small sample size. Insufficient data will lead to the overfitting problem of deep learning algorithms and limit model performance. Although we have adjusted the ratio of no-atrophy and brain atrophy, the dataset is still imbalanced for a three-type task. Hence, a large and standard dataset is needed to improve model performance. And model robustness should be verified on diverse external datasets in future studies. Second, the present study excluded the atrophy of the cerebellum and brain stem and mainly focused on the assessment of cerebral atrophy, because image artifacts often present in the posterior cranial fossa of NCCT which may interfere with linear measurements and mislead classification. Third, the collected clinical information is limited. More demographic information, medical test results and medical history may be integrated into present models. Lastly, the lack of performance comparison between the automated algorithms and physicians with different training levels is also a limitation. The performance of physicians should be investigated to further elucidate the usefulness of our models.

In conclusion, we develop an end-to-end 3D CNN model and an automatic pipeline by using deep learning and machine learning algorithms to predict brain atrophy degree. The 2D model yields equivalent high performance when compared with the 3D model in predicting the presence of brain atrophy, while the 2D model is superior to the 3D model in predicting the degree of brain atrophy. Integration of age and gender can significantly improve the performance for brain atrophy classification. Compared to the end-to-end 3D CNN model, the 2D model follows the linear measurements approach which is more comprehensible to clinicians. Therefore, the application of our 2D linear measurement-based pipeline has the potential to assist physicians to reduce variants and improve efficiency.
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Monocarboxylate transporter 1 (MCT1) is expressed in glial cells and some populations of neurons. MCT1 facilitates astrocytes or oligodendrocytes (OLs) in the energy supplement of neurons, which is crucial for maintaining the neuronal activity and axonal function. It is suggested that MCT1 upregulation in cerebral ischemia is protective to ischemia/reperfusion (I/R) injury. Otherwise, its underlying mechanism has not been clearly discussed. In this review, it provides a novel insight that MCT1 may protect brain from I/R injury via facilitating lactate transport from glial cells (such as, astrocytes and OLs) to neurons. It extensively discusses (1) the structure and localization of MCT1; (2) the regulation of MCT1 in lactate transport among astrocytes, OLs, and neurons; and (3) the regulation of MCT1 in the cellular response of lactate accumulation under ischemic attack. At last, this review concludes that MCT1, in cerebral ischemia, may improve lactate transport from glial cells to neurons, which subsequently alleviates cellular damage induced by lactate accumulation (mostly in glial cells), and meets the energy metabolism of neurons.
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INTRODUCTION

Cerebral ischemia is a worldwide public health issue that causes brain dysfunction and most frequently results in mortality (1). Ischemia/reperfusion (I/R) injury is the underlying pathogenesis of neurological damage in ischemic stroke (2). Intravenous injection of lactate offers neuroprotection at the reperfusion period of cerebral ischemia (3). Administration of lactate reduces brain lesion volume, ameliorates behavioral outcomes, and promotes long-term memory in neonatal hypoxia-ischemia (4, 5). These pieces of evidence point out that lactate plays a beneficial role in cerebral ischemia. In the work of Sylvain et al. (6) using a photothrombotic stroke model, they have shown a link between brain energy metabolism and increased glycogen level. Actually, lactate is not only an energetic source of neurons, but also acts as a signaling molecule in the regulation of neuronal excitotoxicity (7–9).

In the central nervous system (CNS), lactate is mainly produced by astrocytes and oligodendrocytes (OLs), and then metabolized in neurons to sustain neuronal growth (10, 11). In addition, Kitchen et al. (12) work demonstrates that the pharmacological inhibition of protein aquaporin-4 expressed in astrocytes prevents the development of cerebral edema and promotes functional recovery in injured rats. Therefore, the regulation of astrocytes and OLs in relation with neuronal injury, especially in the aspect of lactate transport, can benefit cerebral ischemia.

Monocarboxylate transporter 1 (MCT1) is an effective and the most abundant lactate transporter in the brain (11), which is expressed in OLs, astrocytes, and some population of neurons (13). Importantly, MCT1 promotes lactate transport from astrocytes and OLs to neurons (14). Moreover, neuronal MCT1 upregulation has a protective effect on cerebral I/R injury (15). Besides, the upregulation of astrocytic MCT1 expression improves neurological deficit in middle cerebral artery occlusion rats (16). MCT1, located in the inner mitochondrial membrane of astrocytes, facilitates lactate entry into tricarboxylic acid (TCA) cycle (17). Thus, MCT1 in the regulation of lactate transport from astrocytes and OLs to neurons can benefit cerebral ischemia.

In this work, it suggests that MCT1 can benefit cerebral ischemia via regulating lactate flow from glial cells to neurons. Specifically, this review introduces the structure and function of MCT family, and then discusses the regulation of MCT1 in lactate transport between glial cells, such as astrocytes, OLs, and neurons. Finally, it proposes that MCT1 benefits neuronal damage in cerebral ischemia. Besides, lactate efflux from astrocytes and OLs attenuates accumulated lactate-induced cellular response in these cells. Hence, this review concludes that the regulation of MCT1 in lactate balance among neural cells is protective to the neuronal I/R injury that should be a novel therapeutic target for cerebral ischemia.



STRUCTURE AND DISTRIBUTION OF MONOCARBOXYLATE TRANSPORTER FAMILY

Human SLC16 gene family, also known as MCT family, comprises 14 members (MCT1–MCT14) (13). The molecular identity of the first member of this family is MCT1, which was established by two parallel studies: specific labeling studies in erythrocytes of rats and rabbits (18); studies in the purification and N-termini sequencing of a 40- to 50-kDa protein (19). Besides, the structures of other MCT members were further identified, showing similar topography. Normally, MCT family has 10–12 α-helical transmembrane domains (TMDs) with intracellular N- and C-termini and a large intracellular loop between TMDs 6 and 7, already confirmed for MCT1 in erythrocytes (18). Especially, the cluster of differentiation 147 (CD147) is required by MCT1 and MCT4 (20). The proposed topology of MCT family is schemed (Figure 1A). Experimentally, it is demonstrated that MCT1–MCT4 catalyzes the proton-linked transport of metabolically important monocarboxylates, such as lactate, pyruvate, and ketone bodies. MCT8 has a high affinity for thyroid hormone, and MCT10 is a transporter of aromatic amino acid (21, 22). In addition, substrates transported by the other eight members (MCT5, MCT6, MCT7, MCT9, MCT11–MCT14) remain unknown (22). In non-mammalian, five members (MCT1–MCT5) in yeast are not responsible for lactate transport (23) (Figure 1B).


[image: Figure 1]
FIGURE 1. Structure and function of monocarboxylate transporter (MCT) family. (A) The proposed topology of MCT family. There are 10–12 α-helical transmembrane domains (TMDs) for MCT family membranes in the presence of N- and C-termini located within cytoplasm. Besides, it shows the greatest variation at N- and C-termini and the large loop between TMDs 6 and 7 among family members, while the TMDs themselves are highly conserved. Importantly, two highly conserved motifs can be identified as the characteristic of the MCT family (green). Cluster of differentiation 147 (CD147) is an ancillary protein of MCT1 and MCT4, which is a cell surface glycoprotein containing a signal transmembrane span, two immunoglobulin-like domains in the extracellular region, and a short C-terminal cytoplasmic tail. The marked amino acids are significant for the structure conservation of MCT family. Specifically, R represents Arg; RP represents Arg and Pro; K290 represents Lys290; D302 represents Asp302; R313 represents Arg313; F360 represents Phe360; K413 represents Lys413; E218 represents Glu218. (B) Functions of MCT family members. MCT1, MCT2, MCT3, and MCT4 are proton-dependent transporters, which transport lactate, pyruvate, D-β-hydroxybutyrate, and acetoacetate (1). MCT8 can transport thyroid hormone and MCT10 is a transporter of aromatic amino acids, while the substrates of other MCT members are still unknown.




MCT1 IS EXPRESSED IN GLIAL CELLS AND NEURONS

The conceptual role of lactate in the brain has shifted from glycolytic waste product to supplemental fuel or signaling molecule (24). Four members of MCT family (MCT1, MCT2, MCT3, and MCT4) facilitate cerebral lactate transport, while the cerebral distribution of them is quite different. According to the brain-RNAseq database (http://www.brainrnaseq.org/), MCT1 is predominantly expressed by endothelial cells, MCT2 is equally expressed by all major brain cell types, and MCT3 and MCT4 are mainly expressed by microglia. Particularly, MCT1 is recognized as a lactate transporter of erythrocyte, and then found in energy-costing tissues, such as Chinese hamster ovary, Xenopus laevis oocyte and brain (25, 26). In the brain, MCT1 is distributed in the most of neural cells, such as astrocytes, OLs, and neurons (26). In addition, MCT1 expression can be merely recognized in activated microglia, which is merely correlated with inflammation (27). It is identified that MCT1 mainly localizes to OLs, astrocytes, and some specific neuronal populations, such as hippocampal, brainstem trigeminal ganglion, and cerebellar Purkinje neurons (11, 28, 29) (Table 1).


Table 1. Expression and Distribution of MCT1.
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In cerebral ischemia, an increased expression of MCT1 is protective to neuronal damage (2, 4). Redistribution of MCT1 also protects OLs from ischemic stress (29). Brain cost 10 times higher than what should be expected from its weight alone (30). Lactate, transported by MCT1, is an indispensable energy source of neurons (31). Moreover, the developmental expression of oligodendrocyte MCT1 has a regulative effect on neuronal amounts in medial prefrontal cortex (mPFC) during 12 months (32). Thus, MCT1 protects neurons from I/R injury through mediating lactate balance among neural cells.



MCT1 COUPLES ASTROCYTE-TO-NEURON LACTATE FLOW

Astrocytes exhibit a high glycolytic rate and release large amounts of lactate to neurons (11). In 1994, Pellerin and Magistretti has proposed a hypothesis of astrocyte-neuron lactate shuttle (ANLS). In ANLS, astrocytes serve as a “lactate source” whereas neurons serve as a “lactate sink” (33). Moreover, the opposition by Bak et al. (34) who argued that the oxidative metabolism of lactate in neurons only occurs during repolarization (and in the period between depolarization) rather than during neurotransmission activity. Hence, it still exists a debate in ANLS hypothesis. Until recently, it is discussed that the lactate supplement of astrocytes is a necessary energetic source of neurons (35). Furthermore, the glycolytic capability of astrocytes can be stimulated under various conditions, such as hypoxia, acidosis, and ATP deficiency (36). As an example, glutamate, released from activated neurons, is considered as a stimulus of glycolysis in astrocytes (37).

Lactate release is enhanced during glycogenolysis and glycolysis (38). A glucose flow exists between astrocytes and neurons. Glucose passes through blood brain barrier (BBB), and then transported and stored in a form of glycogen in astrocytes (39, 40). Glycogen is not only a component of brain energetics during sensory stimulation (41, 42), but also a regulator of K+ inflow, glutamate uptake, and calcium homeostasis (43, 44). Particularly, glycogen can be rapidly converted to pyruvate/lactate, or used for glutamate biosynthesis and glucose production (45, 46). Either glucose or lactate can be exported from astrocytes to neurons and used as an energetic substrate (47). Otherwise, under ischemia or hypoxia condition, lactate becomes the main energetic source of neurons (48). At this moment, lactate is converted from glycogen in astrocytes, and transported into neurons (49). In an experiment in vitro, astrocytic lactate release is stimulated by glutamate (50).

In the CNS, MCT1 arouses much attention because of its unique localization, which is expressed in astrocytes and neurons (11). Meanwhile, MCT2 restrictively localizes to neurons (7) and MCT4 is mainly expressed by astrocytes (31). Such a cellular distribution of cerebral MCT1, MCT2, and MCT4 may associate with their functional characteristics. In vitro, it was observed in cultured tanycytes that MCT1 is functional for lactate influx, displaying a Km of 7.7 mM (51, 52) and MCT2 has a Km of 0.8 mM for lactate influx (53), while MCT4 displays a Km of 34 mM for lactate efflux (54). Notably, MCT1 can also export lactate from astrocytes into extracellular space (55). Actually, both MCT1 and MCT4 can convey astrocyte-released lactate, while MCT1 is involved in basal lactate release, and MCT4 is required for enhanced lactate export (56–58). MCT2, predominantly expressed in neurons (59), mainly regulates the lactate uptake of neurons whose activity can be stimulated by glutamate (60).

Here, it is suggested that glucose is crossed over BBB, and then polymerized and stored in astrocytes in a form of glycogen. Once energetic supplements are rapidly required for neurons, e.g., under ischemic attack, astrocytic glycogen is activated and metabolized into lactate and glutamate. Besides, glutamate can further stimulate glycolysis, enhancing astrocytic lactate release. At this moment, MCT1 couples lactate flow from astrocytes to neurons, which exports lactate from astrocytes, and possibly imports lactate into neurons. Moreover, MCT4 can further enhance astrocytic lactate release in the presence of MCT1-mediated lactate efflux, and MCT2 facilitates lactate influx into neurons (Figure 2).
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FIGURE 2. Monocarboxylate transporter 1 (MCT1) regulatively facilitates lactate transport from glial cells to neurons in cerebral ischemia. MCT1 is expressed in glial cells, such as astrocytes and oligodendrocytes (OLs), and some populations of neurons in the areas of hippocampus, brainstem, trigeminal ganglion, and cerebellar Purkinje. Meanwhile, another three lactate transporters (MCT2, MCT3, and MCT4) are restricted to cell types: MCT2 in neurons, MCT3 in epithelial cells, and MCT4 in astrocytes. Moreover, MCT1 can regulate lactate influx and efflux among neural cells. MCT2 can merely regulate lactate influx and MCT4 mainly functions in lactate efflux from neural cells. In cerebral ischemia, MCT1 upregulation protects neurons from I/R injury through regulating lactate transport (2). Generally, glucose is transported from capillaries to glial cells, and then to be polymerized into glucogen (stored in astrocytes) or aerobically metabolized. Otherwise, increased glutamate is released from neurons and activates glial glycolysis in cerebral ischemia. As a result, glucose is metabolized into lactate in glial cells. At this moment, lactate becomes the main energetic substrate of neurons. To adapt the changed microenvironment, e.g., increased acidosis, MCT1 activity is strengthened, which not only facilitates the accumulated lactate efflux from glial cells, but also improves the lactate influx to neurons (11).




MCT1 FACILITATES LACTATE TRANSPORT FROM OLS TO NEURONS

Myelin wraps up 99% of axons, which is critical for an efficient impulse conduction of axons. Otherwise, myelin limits the contact between axons and extracellular space, and restricts the access of energetic metabolites into axons (61). Besides, it is postulated that axons derive metabolic energy from OLs (62). In vitro, oligodendrocyte MCT1 metabolically supports neuronal survival, and its deficiency leads to cell death (11). In vivo, OLs and myelin benefit the neurodegeneration, axonal energy metabolism, and structural integrity of axons. In addition, lactate supports oligodendrocyte development and myelination (63). The promotion of MCT1 in lactate transport from OLs to axons encourages neuronal conduction (62, 64).

Monocarboxylate transporter 1 was first found in the endothelial cells of capillaries and astrocytes (62, 65, 66). Until recently, MCT1 expressed in OLs was discussed. It is suggested that lactate is released from OLs through MCT1, and utilized by axons as an energetic substrate (62). Indeed, MCT1 is highly enriched within OLs, whose disruption or downregulation induces axon damage and neuron loss in an animal or a cell culture model (15, 62). In addition, MCT2 is expressed in neurons and MCT4 in astrocytes (67–69). MCT1 is indispensable for glycolytic OLs in supporting neuronal metabolism (70). On one hand, oligodendroglial MCT1 regulates lactate efflux and prevents the intracellular accumulation of lactate in OLs. On the other hand, MCT1 guarantees sufficient lactate to be transported and metabolized in neuronal axons (11). Furthermore, capillaries provide a constant source of glucose which enters astrocytes or OLs, and undergoes glycolysis. Then, glycolytic products (lactate or pyruvate) in OLs diffuse through cytoplasmic (“myelinic”) channels and reach the periaxonal space via MCT1 (15, 63). Moreover, MCT1, expressed in astrocytes, especially in the population closely located to OLs, constantly supplies lactate to neurons (71). Above all, MCT1 regulates lactate flow released from OLs to neurons that energetically supports the neuronal activity (Figure 2).



MCT1 PROTECTS BRAIN FROM I/R INJURY VIA REGULATING LACTATE TRANSPORT

Glycolysis is significant for neuronal metabolism in cerebral ischemia (72). Glucose enters brain parenchyma via glucose transporters, which was partially converted to lactate in astrocytes and OLs to meet the energetic demand of neurons (62, 67). It was proved that the given of exogenous lactate rescues impaired long-term memory (73, 74). In addition, lactate supports electrically evoked action potentials in brain slices when suffering oxygen and glucose deprivation (75). Indeed, lactate oxidation can support cellular functions under specific experimental conditions, e.g., lactate infusions or strenuous exercise (76). Even, lactate may “jump start” neuronal recovery after the restoration of blood flow and oxygen delivery (77). Therefore, lactate is an obligatory energy substrate for neurons under I/R injury (78).

Furthermore, the expressions of MCT1, MCT2, and MCT4 are cell-specifically modulated to adapt the changed metabolic state in cerebral ischemia (12). Particularly, MCT1 expression is strongly enhanced both at 1 and 24 h post-ischemia, which is supposed to regulate the lactate supplement from microvessels to ischemic brain and redistribute lactate between glial cells (astrocytes and OLs) and neurons (15). Besides, it has been recognized that post-ischemic modulation of MCT1 in rat hippocampal CA1 neurons can benefit their survival (79). Lactate is released in larger quantities from “resting” cultured astrocytes than that from neurons despite both of them can produce lactate under various conditions, e.g., high K+ or dinitrophenol (an uncoupling agent that suppresses oxidative respiratory chain) exposure (52, 53). Besides, OLs provide lactate to support neuronal survival and axonal energy metabolism (11). Here, it proposes a novel concept that in cerebral ischemia, MCT1 can metabolically support the neuronal survival and activity through regulating lactate transport (80).

In cerebral ischemia, the dysfunction of MCT1 is a critical determinant of acid-related cell damage (16, 81). Otherwise, MCT1 upregulation can alleviate cellular damage, and further improve the neurological deficit following experimental transient focal cerebral ischemia (16). The demonstrated utilization of lactate in hypoxic hippocampal slices suggests that MCT1 can meet the metabolic needs of the injured neurons (82). In ischemic heart, it showed that the increased MCT1 expression is a regulator in restoring cardiac pH through lactate export (83). Similarly, in ischemic brain, enhanced MCT1 immunoreactivity was observed in astrocytes, endothelial cells, and adjacent ependymal lining, which plays a protective role in the initial and long-term neuronal survival in hippocampus (84). Therefore, MCT1 potentially mediates the extent of lactic acidosis and lactate metabolism during cerebral ischemia, through which, neurons can sustain I/R injury.

Ischemia/reperfusion injury includes inflammatory reaction, oxidative stress (85, 86), apoptosis (87), and excitotoxicity (88). Overproduced lactate in ischemic brain plays as a mediator to activate proinflammatory pathways, e.g., interleukin 23/interleukin 17 (IL23/IL17) signaling pathway, which further activates toll-like receptor 2/toll-like receptor 4 (TLR2/TLR4) and then induces inflammatory response (89, 90). Additionally, changes in glycolytic intermediates contribute to reductions in the form of nicotinamide adenine dinucleotide (NADH), and glutathione (GSH) (91). Besides, high intracellular lactate level can impede the coupled oxidation of NADH to nicotinamide adenine dinucleotide (NAD+) in MCT1 inhibitor-treated cells (92). As a result, GSH reduction facilitates the production of hypoxia-enhanced superoxide radicals and hydrogen peroxide (92, 93). Then, more cytochrome C is released from mitochondria, which further contributes to the cell death through an apoptotic pathway (87). Furthermore, high NADH level favors glycolysis, but not aerobic glycolysis. When glycolysis is enhanced, ATPase activity is suppressed and lactate is overproduced (86). On one hand, the overproduced lactate can exacerbate lactic acidosis. On the other hand, the suppressed activity of ATPase decreases ATP production (87), and promotes an overload of intracellular Ca2+, eventually resulting in cell death (87, 88). In addition, the excessive accumulation of intracellular Ca2+ coexists with glutamate-induced excitotoxicity and overstimulation N-methyl-D-aspartate type (NMDARs) (94, 95). Both Ca2+ overload and excitotoxicity exacerbate cellular damage during cerebral ischemia (Figure 3).


[image: Figure 3]
FIGURE 3. Regulation of MCT1 in lactate transport promotes neuronal energy supplement, and suppresses cellular damage under ischemic attack. In ischemic brain, anaerobic glycolysis is largely enhanced and leads to lactate overproduction. Lactate becomes the main energy resource for neurons, while its intracellular accumulation (in glial cells) leads to toxic response. Specifically, lactate accumulation associates with cellular responses, such as inflammation, oxidative stress, apoptosis, Ca2+ overload, and glutamate-induced excitotoxicity. Especially, lactate can promote the transcription of proinflammatory factors (interleukin 23/interleukin 17 (IL23/IL17)), which triggers inflammation via toll-like receptor 2/toll-like receptor 4 (TLR2/TLR4). In addition, lactate can suppress the production of glutathione (GSH) which is an indispensable anti-oxidative enzyme, and GSH deficit leads to the increased superoxide radicals. Then, superoxide radicals can further activate oxidative stress. Again, superoxide radicals contribute to apoptosis in the presence of mitochondrial cytochrome C. Furthermore, lactate decreases adenosine triphosphate (ATP) level, resulting in Ca2+ overload. Ca2+ overload coexists with glutamate-induced excitotoxicity which leads to cellular damage. Collectively, intracellular lactate accumulation contributes to these cellular responses, leading to cell death. Therefore, a timely and rightly utilization of lactate protects brain from I/R injury. MCT1 can facilitate lactate efflux from glial cells, and assist lactate influx into neurons. Besides, neuronal MCT2 assists lactate entries into neurons, and then lactate is efficiently utilized by neurons.




CONCLUSIONS AND PERSPECTIVES

Glucose is an obligatory fuel of brain, which is metabolized mostly in a manner of aerobic glycolysis, but not anaerobic glycolysis (82). Anaerobic glycolysis and increased lactate production can be extensively enhanced when facing oxygen deficit (92). In glia-neuron metabolic crosstalk, lactate is produced mainly by glial cells, such as astrocytes and OLs, and further utilized by neurons (63). In ANLS model, glutamate depolarizes neurons by its receptors, which is terminated by an efficient glutamate uptake system in astrocytes (96). Especially, glutamate-cotransported Na+ can activate Na+/K+ ATPase, which fuels glycolytic enzymes and stimulates glycolysis in astrocytes. Lactate, once released from astrocytes, can be taken up and utilized by neurons (96). Besides, OLs are critical intermediaries for lactate transport to neurons (97), which potentially impact energy-dependent processes in axons (98). Actually, energetic interactions exist among astrocytes, OLs, and neurons: astrocytes can transfer energetic metabolites directly to neurons, or to OLs which in turn support neuronal axons (47).

Research over the last couple of decades has provided novel insights into lactate neurobiology and the implications of lactate transport-driven neuroenergetics in the health and diseases of peripheral nerve and CNS. Lactate transporters in peripheral nerves are important for the maintenance of axon and myelin integrity, motor end-plate integrity, the development of diabetic peripheral neuropathy (DPN), and the functional recovery following nerve injuries (99). This review discusses that the regulation of MCT1 in ANSL and oligodendrocyte-neuron lactate flow are necessary for the functional recovery of neurons under I/R injury. Especially, MCT1 can peculiarly facilitate astrocytic and oligodendroglial lactate transport to neurons (11). Conversely, the dysfunction of MCT1 may impede lactate transport from glial cells to neurons, leading to intracellular lactate accumulation (in glial cells) and insufficient energy supplement (of neurons).

During cerebral ischemia, lactate is a significant fuel for neurons (100). Otherwise, the intracellular accumulation of lactate overproduced in glial cells can trigger inflammation, oxidative stress, apoptosis, and excitotoxicity (87). In this review, it suggests that the timely utilization of lactate not only benefits the neuronal energy supplement, but also prevents harmful cell response resulted from glial lactate accumulation. MCT1 upregulation in ischemic brain plays a protective role in I/R injury (14, 16). Specifically, lactate is overproduced as a result of enhanced glycolysis, and MCT1 can possibly regulate lactate transport and balance its distribution among neural cells in cerebral ischemia. For one aspect, MCT1 metabolically supports neuronal survival. For another, MCT1 probably alleviates the intracellular accumulation of overproduced lactate and rescues the risk factors of I/R injury (Figure 3). Otherwise, the dysfunction of MCT1 leads to its incapability in the regulation of lactate transport and contributes to the activation of cellular response under I/R injury. Therefore, this review provides a promising preventive strategy for cerebral ischemia—lactate metabolism and MCT1.
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The importance of the perivascular space (PVS) as one of the imaging markers of cerebral small vessel disease (CSVD) has been widely appreciated by the neuroradiologists. The PVS surrounds the small blood vessels in the brain and has a signal consistent with the cerebrospinal fluid (CSF) on MR. In a variety of physio-pathological statuses, the PVS may expand. The discovery of the cerebral glymphatic system has provided a revolutionary perspective to elucidate its pathophysiological mechanisms. Research on the function and pathogenesis of this system has become a prevalent topic among neuroradiologists. It is now believed that this system carries out the similar functions as the lymphatic system in other parts of the body and plays an important role in the removal of metabolic waste and the maintenance of homeostatic fluid circulation in the brain. In this article, we will briefly describe the composition of the cerebral glymphatic system, the influencing factors, the MR manifestations of the PVS and the related imaging technological advances. The aim of this research is to provide a reference for future clinical studies of the PVS and glymphatic system.
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INTRODUCTION

Approximately 150 years ago, German pathologist Rudolf Virchow (1821–1902) and French anatomist Charles Philippe Robin (1821–1885) described the perivascular space in detail. As a tribute to them, perivascular space was named Virchow-Robin space (VRS). A VR space is a space filled with interstitial fluid (ISF) surrounding the cerebral small vessels (CSV). They penetrate the brain parenchyma from the brain surface, and are covered with leptomeninges. PVS is an emerging and early imaging marker of CSVD and can be considered a risk factor for CSVD. The STandards for ReportIng Vascular changes on nEuroimaging (STRIVE) (1) lists PVS together with recent small subcortical infarct (RSSI), lacunae, white matter hyperintensity (WMH), cerebral microbleed (CMB) and cerebral atrophy as the six major imaging manifestations of CSVD. Besides CSVD, many neurodegenerative disorders are associated with dilated PVS, such as Alzheimer's Disease (AD), Parkinson's Disease (PD), multiple sclerosis (MS), idiopathic normal pressure hydrocephalus (iNPH), brain trauma, central nervous system (CNS) cryptococcal infection and mucopolysaccharidosis.

While the function of PVS has been debated, the current literature consensus suggests that PVS acts as a conduit for lymphatic drainage, exchange between CSF and ISF, and waste removal from the brain, and it is the anatomic basis of the glymphatic system (2).

In the following review, we provide a brief description of the glymphatic system in terms of its function and possible mechanisms. We also discuss MR imaging features of VRS. In addition, we focus on the novel MR imaging techniques for evaluating the glymphatic system, some of which are currently in development but likely to become available soon in clinical settings.



ANATOMY OF PVS

VR spaces surround the walls of arteries, arterioles, capillaries, veins, and venules as they pass through the brain parenchyma from the subarachnoid space. The outer limits of VR spaces are the glia limitans of the underlying brain, and inner limits are the endothelial basement membranes of the vessel (Figure 1) (3). Penetrating arterioles are completely wrapped in a sheet of pia mater. It can be observed under electron microscopy that when the penetrating arterioles branch into the level of capillaries, the basement membrane of the pial sheath and the basement membranes of the astrocytes (glia limitans) fuse together to create a perivascular compartment (4). The compartment separates the vessel from surrounding brain tissue and fill with ISF.


[image: Figure 1]
FIGURE 1. Schematic drawing of PVS around basal and cortical perforating arterioles. The perivascular spaces surround the cerebral small perforating vessels as they pass through the brain parenchyma from the subarachnoid space (SAS). The outer limits of PVS are the glia limitans of the underlying brain, and inner limits are the endothelial basement membranes of the vessel. The basal perforating arterioles are covered by two layers of leptomeninges, with the inner membrane tightly adhering to the arteriolar wall, and the outer layer extending from the pia mater (left). The spaces between these two meningeal membranes connect to the SAS directly (left). Cortical arterioles are surrounded by only one leptomeningeal layer, closely applied to the vessel wall, so the cortical perivascular spaces connect directly to the subpial space and indirectly to the SAS in some way (right).


The perforating arteries in the basal ganglia (BG) are covered with two coats of leptomeninges, and the spaces between these two layers connect to the subarachnoid space directly (Figure 1) (3). Cortical arterioles and all venules are surrounded by only one leptomeningeal layer, so they connect directly to the subpial space and indirectly to the subarachnoid space in some way (Figure 1) (3).

VR spaces are accessory structures that are not actually a part of the blood vessel. It has been demonstrated that VR spaces function as pathways for waste removal and fluid drainage in the brain, similarly to the lymphatic drainage system in the body (2, 5).



GLYMPHATIC SYSTEM AND PVS


Glymphatic System Hypothesis

Although the existence of perivascular spaces has been confirmed by pathologists for more than 150 years and MR has made it possible to clearly visualize enlarged perivascular spaces (EPVS), the function and clinical significance of perivascular spaces continued to be debated until 2012, when Iliff et al. (5) uncovered a new mechanism of brain metabolism-a unique para-vascular pathway of brain metabolism, thus gradually unraveling the mystery of perivascular spaces. Their study revealed the presence of interstitial solute clearance structures dependent on astrocyte podocyte aquaporins 4 (AQP4) in the perivascular space of the rodent brain and termed it the “glymphatic system” (5). Iliff et al. also found that soluble amyloid β (Aβ) protein injected into the striatum of mice was cleared from this para-vascular pathway (5). In their subsequent study, the exchange of CSF with ISF in the live rat brain was observed by dynamic contrast-enhanced MRI through intrathecal injection of two different molecular weights of MRI contrast agents. Both contrast agents passed largely similarly through the para-arterial space in the rats, but the smaller molecular weight contrast agent entered the brain parenchyma more extensively, while the larger one was sparsely distributed in the brain parenchyma (6). This finding points to the molecular size-selective nature of the glymphatic system for clearing substances, which may explain the tendency of large molecular Aβ protein to be deposited around blood vessels. The discovery of meningeal lymphatic vessels in 2015 was even stronger evidence for the existence of brain glymphatic system (7).

The precise drainage pathways and mechanisms of the glymphatic system are not known. It is hypothesized that the system consists of three principal segments (2, 8): (1) a para-arterial CSF influx, (2) an astrocyte end-foot water channel protein AQP4 mediated convection of CSF and ISF, and (3) a para-venous ISF efflux (Figure 2). The possible circulation pathways of the system are as follows: neuronal metabolites are carried to the perivascular space via convection of CSF and ISF facilitated by AQP4, from where they are transported directed into lymphatic vessels located in meninges and in the soft tissue surrounding the skull and eventually return to the general circulation for clearance by the kidneys and liver via cervical and nasal lymph nodes (Figure 2) (2, 7, 8).


[image: Figure 2]
FIGURE 2. Schematic drawing of the glymphatic system. The glymphatic system may consist of the following three principal segments (1) a para-arterial CSF influx, (2) an astrocyte end-foot water channel protein AQP4 mediated convection of CSF and ISF, and (3) a para-venous ISF efflux. Neuronal metabolites are carried into the perivascular space and drain through the meningeal lymphatic vessels and soft tissues surrounding the skull to the cervical and nasal lymph nodes and are eventually removed from the general circulation. Adapted with permission from Nedergaard (2).




Drivers of Glymphatic Transport

The possible factors driving ISF through perivascular spaces are continuous production of CSF (8), vascular pulsation (9, 10), respiratory movement (11), the sleep–wake cycle (12–14), and AQP4 water channel protein (15).

The power source for this fluid drainage system is generated by the continuous CSF flow. The production of CSF from the choroid plexus drives the fluid from the ventricular system into the subarachnoid space and along the perivascular space into the cerebral interstitium. The driving force generated by CSF flow is important for the exchange between CSF and ISF and helps to flush out metabolites within perivascular spaces (8).

Cerebrovascular pulsatility drives fluid transport along this pathway. Rodent studies have shown that increased intracranial vascular pulsation is associated with increased PVS, and that vascular pulsation, particularly in the small cerebral arteries, is directly involved in the production of enlargement of perivascular spaces in the brain (9, 10). The elevation of blood pressure and the increase in the amplitude of pulsation of the arterial wall, although the arterial diameter remains constant, causes a decrease in the net flow of PVS and a decrease in debris clearance (10). Spontaneous low-frequency oscillations were observed in the arteries of awake mice which drives the drainage of solutes from the PVS (16). In mice with cerebral amyloid angiopathy (CAA), impaired vascular reactivity resulted in reduced solute clearance (16).

The similar effect of vascular pulsation on the glymphatic function of the human brain is derived from phase contrast MR. Lower cerebrovascular reactivity (CVR) was associated with higher WMH volume and increased PVS visibility in the basal ganglia (17). Furthermore, increased intracranial vascular pulsatility was associated with lower CSF stroke volume at the foramen magnum and, in turn, with increased PVS burden at the basal ganglia (17).

Respiratory movements affect the fluid drainage within the PVS by influencing CSF transport. Forced inspiration causes the CSF to move cephalad, while the venous blood draws away caudally (11). The movement of CSF from breathing might also flush perivascular spaces.

The glymphatic system is more effective during sleep. Using real-time assessment of tetramethylammonium diffusion and two-photon imaging, a recent study evaluated tracer clearance in live mice during wakefulness, natural sleep, and anesthesia. They found that the rate of clearance was highest during sleep, with the same performance under anesthesia, and a 95% reduction in tracer flux into the perivascular spaces of the mouse brain during wakefulness (12). Similarly, the clearance of Aβ by mice doubled during sleep (12). The study also shows a 60% increase in interstitial space under natural sleep or anesthesia, thus explaining the significant increase in the convection between CSF and ISF. Sleep may be involved in perivascular clearance in ischemic encephalopathy (13). CSF uptake and ISF drainage from the PVS increases during sleep, and poor sleep quality may affect the clearance of neurotoxins, interrupting ISF drainage and possibly leading to enlarged perivascular spaces (13). Hablitz et al. studied the relationship between the sleep timing and the glymphatic function in mice and found that the influx and clearance of glymphatic fluid had a circadian rhythm and peaked in efficiency during the mid-rest phase (14). The peak of perivascular AQP4 polarization occured simultaneously during the resting phase in mice, and the absence of AQP4 eliminated diurnal differences in glymphatic flow and drainage (14). Therefore, they concluded that the distribution of CSF is controlled by the diurnal rhythm, and AQP4 is involved.

AQP4 is a water channel protein on the feet of perivascular astrocytes and is a regulator of normal glymphatic function (15, 18), which facilitates the exchange of CSF and ISF in the VR spaces and the active outflow of ISF (5). Although AQP4 is the major water channel protein in mammals, it is only expressed in astrocytes and ventricular meningeal cells. The outer wall of the VR space is composed of astrocyte end-feet with abundant AQP4, which allows water in this interstitial space to move into the ISF, making the transport of small molecules and ions possible. In AQP4 knockout mice and rats, the transport of tracers in the CSF and ISF was significantly reduced, suggesting that the AQP4 gene is necessary for the fluid transport in the brain (5, 15). But the importance of AQP4 in the glymphatic system remains controversial. Smith et al. founded that uptake of CSF tracers and transport of fluorescent dextrans from subarachnoid space to brain parenchyma were unaffected by AQP4 gene knockout in rats or mices (19). They suggested that AQP4 does not appear to be necessary for fluid movement within the glymphatic system in rodent brains, and this movement applies more to diffusion than to convection. These conflicting findings may be due to the use of different techniques or anesthetics by different investigators (3, 20).



Substances Cleared by the Glymphatic System

Glymphatic clearance is a molecular size selective mechanism (5, 6). Soluble Aβ (5), tau (3) and lactate (21) can be selectively removed through this system. The system also contributes to the delivery of apolipoprotein E (ApoE) (22), lipids (23) and signaling molecules (23). AQP4 plays a major role in the transport of ions and small molecules. Polarized AQP4 can fold toward the center and constitute highly selective water pores, allowing the smooth passage of water molecules (2, 5, 6, 8). The abundance of AQP4 on the astrocyte end-foot, which forms the outer wall of the perivascular space, provides for the transport of small molecules and ions. At the same time, the cleft between astrocyte end-feet allows the passage of macromolecular compounds, and most of the solutes with molecular weight <100 kDa will leave the perivascular spaces through this cleft (8). Today's research is increasingly focused on the glymphatic clearance mechanisms, hoping to develop new therapeutic strategies for associated neurological disorders in the future.



PVS Enlargement

The PVS, as the main conduit for the drainage of ISF from brain tissues, is responsible for the exchange between CSF and ISF, the removal of intracerebral waste, and the maintenance of brain homeostasis (2). PVS also acts as a conduit for delivering various signaling molecules and metabolic factors (2, 18). The precise causes and mechanisms of PVS enlargement are not yet known. As the anatomical basis of the glymphatic system, the increased visibility and enlargement of PVS on imaging may be potentially linked to the dysfunction of the glymphatic system. Theoretically, PVS enlargement should be caused by fluid accumulation due to imbalance between CSF inflow and outflow, but direct evidence is still lacking (24). Altered blood flow and blood-brain barrier (BBB) dysfunction are also believed to be involved in PVS dysfunction (24, 25).

It is controversial whether the visible PVS on MRI refers only to the periarterial spaces or to both the periarterial and perivenous spaces. Most of the evidence suggests that visible PVS on MR are around arteries (3). However, the answer to the question of whether the absence of visibility on MR equates to the absence of enlargement of the perivenous spaces or the absence of venular dysfunction is no. Histopathological studies of autopsy specimens confirm the presence of many visible perivenous spaces in areas of collagenization of deep penetrating veins (3, 26). However, the extent to which this venous collagenization contributes to the visibility of PVS on MR, and the incidence and severity of venous collagenization in small vessel disease are unknown. Furthermore, the available studies do not find that the main pathway of solute efflux in the glymphatic system is along perivenous routes, but rather there is much evidence that solute inflow and efflux occur along periarterial routes (27). If the main pathway of solute efflux is not perivenous routes, could this explain to some extent why enlarged perivenous spaces are usually not observed on MR.

Patients with dilated VRS are generally asymptomatic, but multiple enlarged VRS or giant VRS may occasionally show the following symptoms or signs: headache, dizziness, cognitive impairment, inattention, visual impairment, epilepsy. PVS may be aggravated by aging, hypertension, inflammation, lacunar stroke, and dementia (3).

The enlarged perivascular space (EPVS) at different sites may have different pathophysiological basis and pathogenic mechanisms. EPVS often coexists with lacunar infarction. EPVS tends to be more pronounced in the basal ganglia region in patients with lacunar stroke than in those with non-lacunar stroke (28). Ischemic stroke patients with a higher EPVS load in the basal ganglia region have a higher risk of stroke recurrence (24). Small artery occlusion stroke subtypes have a relatively higher risk of high load EPVS in the hippocampus (29). Patients with CAA have a higher total cortical Aβ load and impaired Aβ clearance leading to enlarged perivascular spaces, especially in the centrum semiovale (30, 31). In patients with spontaneous cerebral hemorrhage, basal ganglia EPVS severity is associated with hypertensive arteriopathy (31), and high EPVS load in the centrum semiovale is associated with cerebral hemorrhage recurrence in patients with CAA (32). Post-stroke depression (PSD) is a common psychiatric symptom after stroke, occurring in approximately 1/3 of patients (33). EPVS is thought to be associated with the development of PSD. Researchers found that centrum semiovale rather than basal ganglia EPVS is more severe in patients with PSD and is associated with poor antidepressant response (34).

There are conflicting data on MR regarding the relationship between perivascular spaces and cognitive decline. Most studies have concluded that the burden of EPVS in both the basal ganglia and centrum semiovale is associated with cognitive decline (3). However, some studies did not find an association between EPVS in the basal ganglia region and cognitive dysfunction (3), whereas Arba et al. came to the opposite conclusion, suggesting that EPVS in the basal ganglia region, but not in the centrum semiovale, was associated with cognitive decline (35). Three other studies showed no independent association between EPVS and cognitive impairment (36, 37) and that EPVS was not a predictor of cognitive decline (38). These contradictory data may be related to the differences in the enrollment and assessment methods of each study. In addition, due to the wide range of cognitive functions included, EPVS may affect only some of these cognitive domains and not necessarily the overall cognitive function of the whole brain.

In addition, CADASIL 45, PD, cerebral trauma, idiopathic normal pressure hydrocephalus, mucopolysaccharidosis (39), neuropsychiatric retardation, autism (40), systemic lupus erythematosus (SLE) (41, 42), multiple sclerosis, primary angiitis of the central nervous system (43, 44), and cryptococcal infection (45, 46) are often accompanied with EPVS. For example, in patients with mucopolysaccharidosis, transient sieve-like PVS can appear in the white matter in the early stages of the disease and can increase, decrease or remain stable depending on the progression of the disease (39). In patients with cryptococcal infection, multiple EPVS can be found in the cerebral hemispheres, parietal ventricles, midbrain, bilateral cerebellar hemispheres, and especially in the basal ganglia, which is considered the most common early sign of cryptococcal infection and is associated with intracranial dissemination and proliferation of cryptococci (45, 46).

EPVS is not a specific disease, but should be considered as one of the imaging markers for the development of multiple diseases, and its mechanism of action and corresponding clinical relevance in neurological diseases are still unclear and need further investigation.




MR IMAGING OF PERIVASCULAR SPACES


Appropriate MR Imaging Sequence

Based on STRIVE (1), PVS were referred to as a neuroimaging marker of CSVD. MRI instead of CT is recommended for detecting PVS. The recommended sequences include T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), fluid attenuated inversion recovery sequence (FLAIR), diffusion-weighted imaging (DWI) and apparent diffusion coefficient map (ADC). VRS are best detected using T2WI. DWI is the most sensitive sequence for RSSI. FLAIR is used to identify VRS from WMHs and lacunes. A field strength of 1.5T is often of a similarly high resolution as 3.0T (47). It is generally believed that the VRS seen on conventional magnetic field strength (1.5T or 3.0T) MR is the peri-arteriolar space (48).



MR Manifestation

The signal intensity of perivascular spaces is consistent with CSF on all MRI sequences showing hypointense on T1WI and FLAIR, hyperintense on T2WI, without enhancement and generally no mass effect (1, 49). The diffusion of PVS is unrestricted. The signal of the surrounding brain is generally normal.

PVS appears striped when the penetrating artery is parallel to the imaging plane and rounded or ovoid when perpendicular to the imaging plane (Figures 3A–F) (1, 49). PVS is typically <3 mm in diameter (1). The distribution of PVS is usually bilaterally symmetrical. Sometimes, high-resolution MRI can reveal microscopic structures within the PVS: a central vessel can be observed in the cystic space and is defined as the “vessel sign”, which could be possibly helpful for differentiating the spaces from lacunes (Figure 3B) (1, 49). VR spaces can show a solitary round cyst, multiple strips and lines, unilateral predominantly dense cysts, or even a spider web-like appearance on MRI (Figure 3C).


[image: Figure 3]
FIGURE 3. Morphologic characteristics of the perivascular spaces. (A) Type III-midbrain type: Axial T2WI showed multiple linear EPVS (white arrow) with high intensity in the midbrain, which were generally symmetrically distributed on both sides and consistent with the course of the penetrating arteries. (B) In a 62-year-old woman, axial T2WI showed a large EPVS in the left precribrum with sac-like high intensity, within which a linear hypointense vessel can be seen, namely “vessel sign” (white arrow). (C) Axial T2WI revealed multiple linear and ovoid EPVS clustered locally near the right lateral ventricle (white arrow). (D,E) In a 76-year-old man with a history of hypertension and diabetes mellitus for many years, EPVS (white right angle arrow), WMH (black arrow), and small lacune (white arrow) were simultaneously present in the left centrum semiovale. The lacune (white arrow) showed a hyperintense rim around the vesicular cavity on FLAIR sequence, which can be distinguished from EPVS. (F) A 32-year-old male with cerebral cleft malformation combined with hypoplasia of the corpus callosum in the left cerebral hemisphere, who had recurrent headaches for many years. Multiple tumefactive PVS (white arrow) were seen in the subcortical white matter areas, and the lesions were unchanged on follow-up reviews of brain MR.


PVS are commonly located in the basal ganglia, the centrum semiovale, the subcortical white matter of brain convexity, and the brainstem, however, the space is rarely seen in the cerebellum (1, 49). Large PVS is often first seen around the penetrating artery in the precribrum even in young people.

Perivascular spaces of 1–2 mm appear in all age groups (49, 50). Mildly enlarged PVS can also be detected in routine MR examination in healthy individuals of all ages, however, the burden of EPVS becomes increasingly apparent with advancing age (50). PVS of >3 mm can be observed in approximately one-third of elderly people (50). Increased visibility of VRS in the BG and white matter is significantly associated with age, and the VRS burden in the BG is heavier in men than in women (50). PVS with a diameter >3 mm must be distinguished from small lacunes. Lacunes tend to be 3–15 mm in diameter with a hyperintense rim around the vesicular cavity on FLAIR sequence (Figures 3D,E) (1). Sometimes, PVS can be especially enlarged with a diameter larger than 15 mm, even with mass effect, which is named as giant PVS or tumefactive PVS (Figure 3F) (51).



Type of PVS

VR spaces are traditionally classified into three types based on their location. Type I-basal ganglia type: PVS courses with the lenticulostriate artery entering the basal ganglia through the precribrum (52); This is the most prevalent type. Type II-Hemispheric type: PVS follows the course of the medullary arteries into the white matter of brain convexity and extends into the subcortical white matter (52). Type III-midbrain type (Figure 3A): PVS lies in the midbrain following the path of penetrating artery from the posterior cerebral artery.

Similarly, giant VR spaces or tumefactive VR Spaces can be categorized into the three types described above, but type II and type III are more common (53). Type II VR spaces rarely cause clinical symptoms, but when they are diffuse, they may mimic PD or dementia (53). They are also seen in patients with neurofibromatosis and neuropsychiatric retardation (54, 55). Due to its special location, Type III VR spaces are more likely to compress the middle cerebral aqueduct or third ventricle, causing hydrocephalus. In some cases, tumefactive PVS can also cause pulsatile tinnitus (56), homonymous quadrantanopia (57), paralysis of the extremities (58), and reversible focal dystonia (59). Unlike the small PVS, the brain parenchyma surrounding the giant PVS has an abnormal signal intensity in 32.3% of type II cases and 3.8% of type III cases (53). They are often misdiagnosed as other pathologic processes, especially cystic neoplasms (49).

A recent study described an enlarged perivascular space located in the anterior temporal lobe with unique neuroimaging features (60). It occured in association with the vascular loop of the middle cerebral artery (MCA) branch and often compressed the adjacent cortex, with edema around the lesion. The clinical presentation was very similar to that of a cystic tumor and was often misdiagnosed and surgically removed as such. The author suggested that it should be considered as a separate subtype of perivascular spaces, namely type IV perivascular spaces, and proposed the term “opercular perivascular cyst” as naming. This type of PVS exhibits the same internal signal characteristics as CSF in all MRI sequences, without contrast enhancement or magnetic susceptibility artifacts, and the brain parenchyma surrounding the lesion shows variable high signal on T2WI and FLAIR (60).



Quantification of Perivascular Spaces
 
Visual Scoring

Visual scoring is frequently used to assess the severity of PVS, but there is currently no uniform grading system for radiologists. The most widely used method is Potter scoring. PVS are divided into 0–4 grades (grade 0 none; grade 1 <1–10; grade 2 11–20; grade 3 21–40; grade 4 > 40) according to their number in the BG and centrum semiovale, by counting the side of the cerebral hemisphere with the heavier PVS burden, and 0 to 1 grades for the midbrain according to the presence or absence of PVS (Figure 4) (51). The hippocampus was not involved in the Potter scoring, which has numerous methods of grading. Chinese IntraCranial AtheroSclerosis (CICAS) study group graded the hippocampal region based on the number of PVS as follows: grade 1 <5; grade 2 5–10; grade 3 > 10 (29). Heier classified the PVS based on its diameter as: (mild) grade 1 <2 mm, (moderate) grade 2 2–3 mm, and (severe) grade 3 > 3 mm (52).


[image: Figure 4]
FIGURE 4. Visual scoring of PVS. Potter scoring-Axial T2WI demonstrates the different severity of EPVS in the basal ganglia [top row, (A–D)] and in the centrum semiovale [bottom row, (E–H)], with the corresponding scores (1–4) shown at the bottom.


These scores are handy, practical, reliable and repeatable to use in clinical settings (51). Several studies, including some involving thousands of participants, have utilized these scoring methods (29). However, the intra- and inter-observer consistency of visual scores may be less than optimal, particularly in the centrum semiovale, as PVS coexists with other imaging markers of CSVD such as WMH and lacunae, making it difficult to distinguish between them (51). Visual scores are also subject to ceiling/flooring effects (3).



Automatic Computerized Quantification

With the development of computer image recognition technology, automatic computerized quantification of the perivascular space became feasible in clinical settings (61–63). Recently, Dubost et al. attempted to use 3D regression neural network for the quantification of dilated PVS, and the result was encouraging. The consistency between their automatic quantitative scoring and the experts' visual scores was high, with an intraclass correlation coefficient (ICC) of 0.74 and the reproducibility of the neural network was higher than the intra-rater agreement (ICC 0.93 vs. 0.80) (63). In addition, computational PVS counts correlate with age in a similar way to visual scores (63). Lian et al. presented a novel fully convolutional neural network to segment PVS efficiently without requiring any hand-drawing features or regions of interest (ROIs) (64). In addition to number, several morphological characteristics of perivascular spaces were also analyzed in some studies, including volume, size, length, width and linearity (65, 66). Interestingly, these studies showed that computational PVS morphological features were strongly associated with cerebrovascular risk factors and CSVD than PVS count or visual score (65, 66). The size and width of PVS in the centrum semiovale and deep corona radiata were associated with hypertension and stroke, but not with diabetes, hypercholesterolemia, or cardiovascular disease, while computational descriptors of PVS were associated with WMH severity in white matter region and with lacunes and microbleeds in basal ganglia (66).

Most of these automatic quantification methods focus on using computer technology in an effort to improve the efficiency and accuracy of automatic image segmentation. PVS is still mainly quantified visually and is usually limited to large-aperture PVS, and little has been done to improve its visibility and contrast with surrounding tissue through image postprocessing (67). Sepehrband et al. described an enhanced PVS contrast (EPC) multimodal approach to intensify the visibility of the PVS on MRI. An EPC image was created by fusing T1- and T2-weighted images and removing “non-structured high frequency spatial noise” using a dedicated filtering algorithm. This technique can significantly improve the consuity of the PVS and is effectively used for subsequent automatic quantification of the PVS (67).

These computational quantification methods are 100% automatic and do not have any inter- or intra-rater variability. This makes them more suitable for longitudinal studies. It seems that these methods have shown high consistency between manual assessment and computerized counts, but their value requires further testing. We expect that this automatic segmentation technique will be applied in the clinic in the near future, similarly to the AI software for lung nodule assessment that is widely used in radiology today. It will provide a wealth of basic data on the evolution of perivascular spaces with age and disease.



Application of Ultra-High-Field MRI

It is likely, in the near future, that ultra-high-field strength MRI will have an increased clinical impact. Ultra-high-field strengths are expected to improve spatial resolution and image contrast, making it possible to visualize the internal structure of VR spaces on MR images. Using 7T MRI in the human brain, small penetrating vessels within the PVS of the BG and centrum semiovale were successfully detected (48). Additionally, 7T MRI has been used to assess the asymmetric distribution of PVS in epileptic patients' brains (68), the number and size of VRS in multiple sclerosis patients (69), and the quantitative description of PVS in young and middle-aged healthy individuals (70, 71). Ultra-high-field MRI may help in the precise localization of onset areas of neurological disorders (68). Clearly, it is an effective tool for the non-invasive assessment of CSVD. It can detect atheromatous plaques in lenticulostriate arteries (72), assess post-stroke revascularization (73) and measure cerebral microvessel velocity (74).

Nevertheless, ultra-high field MRI also has its limitations. Typically, increased spatial resolution entails an increase in sensitivity to motion. An object scanned may exhibit artifacts caused by physiological involuntary movements, such as respiration or heartbeat, or spontaneous movements, such as slight head movements. By utilizing motion correction procedures, this issue can be greatly alleviated (75). The transmit radiofrequency (RF) magnetic field (B1) inhomogeneity also increases, resulting in a lower signal-to-noise ratio (SNR), especially in the periphery of the brain (75). Peripheral SNR loss may significantly limit detection of the subcortical perivascular spaces. In addition, the radiofrequency specific absorption rate (SAR) is significantly increased, which raises questions about the safety of the examination and the more limited compatibility with medical implants and devices (75). Parallel RF transmission (pTx) technology is an effective and most commonly applied solution for mitigating B1 inhomogeneities (76). Due to advances in pTx techniques in ultra-high magnetic field environments, combined with optimization of MR pulse sequences, black blood imaging techniques, non-contrast enhanced MR angiography (MRA) and arterial spin labeling (ASL) perfusion are able to achieve isotropic sub-millimeter resolution, which is very useful for high-resolution neurovascular imaging studies (76). Using optimized high-resolution black-blood T1-weighted 3D turbo spin-echo with variable flip angles (T1w TSE-VFA) sequences at 3T and 7T, Ma et al. successfully characterized the morphology of tonsillar arteries in healthy volunteers (77). As compared to 3T ASL, 7T ASL has a significantly better SNR, thus enabling whole-brain high-resolution perfusion imaging (76). Furthermore, ASL-based four-dimensional MRA (4D MRA) has been developed with a significantly higher SNR than ASL-based perfusion. 4D MRA at 7T enables detailed characterization of vascular structures and dynamic flow patterns (76). Regarding the safety of the examination at 7T, a recently proposed safety guideline can be helpful in future clinical settings for healthcare professionals (78).





IMAGING OF BRAIN GLYMPHATIC SYSTEM

In the following section we will briefly discuss imaging techniques for assessing the glymphatic system, most of which are in development.


Two-Photon Imaging and Fluorescent Tracing

Early studies of the cerebral glymphatic system were mostly carried out using two-photon imaging and fluorescence tracers. Iliff et al. used this technique to visualize the glymphatic pathway for the first time in rodents and showed that Aβ, the causative peptide of AD, was cleared from this pathway (5). The system is more effective during sleep (12, 14). A recent study explored the mechanisms of brain edema formation after stroke using radiolabeled tracers and multiphoton imaging coupled with DWI-MRI. According to the study, post-stroke cerebral edema is caused by an accelerated influx of CSF into the brain parenchyma via perivascular spaces within minutes of an ischemic insult (79). The finding overturns the traditional understanding of poststroke edema and provides a new concept for the development of alternative treatment strategies.

Researchers are continually innovating existing photo-microscopy techniques in order to obtain more accessible, minimally invasive, and higher definition images. Using a multiband filter cube, tunable LED light source, and CMOS camera, Sweeney et al. presented a transcranial fluorescence macroscopic imaging method to visualize CSF transport within perivascular spaces through the intact skull of living mice (80). In addition, a novel method for qualitative and quantitative estimation of glymphatic flux in rats using Evans blue-labeled albumin (EBA) was proposed that does not require radioactive labeling (81).

However, due to its drawbacks such as narrow field of view, shallow penetration depth, invasiveness to the study subject and the need for small cranial openings, this technique is not applicable to human brains. A real-time image of the entire human brain is not possible. Human brain researches are mainly focused on postmortem tissue assessment. Researchers evaluated the postmortem frontal cortex using Western blotting and immune-fluorescence from a total of 79 cognitively competent and histo-pathologically proven AD patients, and found a significant association between AQP4 expression and advancing age in all the participants (82). Individuals with AD had reduced AQP4 perivascular localization, and loss of perivascular localization slowed the clearance of Aβ and promoted its deposition (82). This may be one of the most successful applications of microscopy techniques in the human brain glymphatic system.



MRI for Assessment of the Glymphatic System

MRI's sensitive, non-invasive nature has made it possible to bring the study of the glymphatic system from the laboratory to the clinic. Researchers today are becoming more and more interested in the application of novel MR imaging techniques for assessing the human glymphatic system.


Dynamic Contrast-Enhanced MRI, DCE-MRI

Similar to animal experiments, non-invasive direct in vivo imaging of the human glymphatic system has been mainly accomplished through intrathecal administration of contrast agents. Intrathecal injection of gadolinium-based contrast agents (GBCA) has been considered safe at doses <1.0 mmol (83, 84). Serious neurotoxic complications were associated with significantly higher GBCA doses (84).

Researchers have also tried to assess the glymphatic system using the faster and more convenient intravenous GBCA method, thus avoiding the need for intrathecal injections. For a long time, it has been widely assumed that GBCA does not cross an intact BBB (85). However, recent studies questioned this dogma (85–87). Today, it is generally accepted that gadolinium, even with intact BBB and competent renal function, can gradually accumulate in the human CSF after intravenous injection. Based on this consideration, one study utilized heavy T2-weighted fluid-attenuated inversion recovery imaging (hT2W-FLAIR), a technique they call delayed T2-weighted gadolinium enhancement imaging, to assess GBCA distribution in the brain at different time points after intravenous administration in a cohort of 33 healthy subjects and 7 patients with brain metastases, and confirmed that hT2W-FLAIR allows the observation of the pathway of GBCA into and out of the glymphatic system (88). There are at least two routes were found for GBCA to enter the glymphatic system: through the blood-aqueous barrier of the ciliary body, as well as through the choroid plexus into the CSF circulation, from where GBCA was eventually removed along the PVS of penetrating arteries and the cranial perineural sheath (88). Further comparative analysis revealed no significant differences in signal intensity at any of the observed locations between patients with brain metastases and subjects without neurological disease, while patients with severe deep and periventricular WMHs (Fazekas score = 3) had significantly higher signals in the PVS, aqueous chamber, choroid plexus and ventricles than patients with minimal white matter lesions (Fazekas score ≤ 1) (88). With MRI, Absinta and colleagues found a way to visualize lymphatic vessels in people and common marmoset monkeys' dura mater. High-resolution 3D cranial T1-Magnetization Prepared Rapid Acquisition of Gradient Echoes (T1-MPRAGE), limited T2-FLAIR, T1 black blood technique and T1-Sampling Perfection with Application optimized Contrasts using different flip angle Evolution (T1-SPACE) were applied to visualize human and primate meningeal lymphatic vessels by intravenous injection of two chemically different contrast agents, gadobutrol and gadofosveset (89). Gadobutrol is a macrocyclic contrast agent with a high propensity for extravasation and gadofosveset is a blood-pool agent. The results show that lymphatic vessels enhance with gadobutrol, but not with gadofosveset (89). Their achievement is an important step toward noninvasive visualization of human dural lymphatic vessels, and it offers hope for improving our knowledge of CNS' glymphatic drainage physiology. If this result can be repeatedly validated in future studies, in combination with suitable MR sequences, gadobutrol may prove excellent for the examination of downstream drainage channels in the human glymphatic system. Would it also be possible to observe the perivascular spaces with the appropriate adjustments to the experimental design?



Diffusion Imaging

DCE-MRI for the human glymphatic system has its own drawbacks (90): (1) the potential adverse effects of GBCA accumulation in the brain, and (2) the long time required for the GBCA to reach and transit through the PVS after injection, which may limit its clinical utility. Furthermore, GBCA-free imaging of the glymphatic system is becoming increasingly popular. DWI allows for indirectly assessing the movement of intracranial interstitial extracellular spaces (iECS) (90). Diffusion tensor image analysis along the perivascular space (DTI-ALPS) was applied to assess the glymphatic activity in AD cases. Impaired water diffusivity along PVS in the white matter with dense projection or association fibers was associated with lower mini-mental state examination (MMSE) score and AD severity (91). Similar results have been observed in Parkinson's patients (92). Another study in a community-dwelling population of non-demented older adults showed that a higher DTI-ALPS index was associated with higher scores on the neuropsychological performance test and also with higher gray matter volume (93). Meanwhile, the significant association between glymphatic function and sleep was reconfirmed (93). These studies suggest the promise of the DTI-ALPS index as an imaging marker for assessing cognitive impairment. Two other researches on sleep disorders found that the DTI-ALPS index was significantly lower in patients with obstructive sleep apnea (OSA) and isolated rapid eye movement sleep behavior disorder (iRBD) than in healthy controls (94, 95).

Intravoxel incoherent motion diffusion weighted imaging (IVIM-DWI) has also been extended to assess for glymphatic function. This noninvasive DWI technique is considered suitable for the measurement of both Brownian motion and microvascular perfusion of brain tissues. In the region surrounding EPVS and WMHs, an additional diffusion was detected independent of brain parenchymal diffusion and microvascular perfusion, using non-negative least squares IVIM-MRI spectral diffusion analysis (96). With increasing EPVS and WMH burden, the volume fraction of this additional intermediate diffusion increased (96).



Other Imaging Methods

As a novel MR perfusion imaging technique by using blood as its own tracer, instead of an exogenous contrast agent, arterial spin labeling (ASL) allows noninvasive assessment of cerebral perfusion (97). In terms of the brain glymphatic system, ASL was mainly used to evaluate BBB water permeability (97–99). A recent study utilized a diffusion prepared arterial spin labeling (DP-ASL) MRI approach to quantify the fluid exchange across the BBB [k(w)] among 40 cognitively normal older individuals, and found a positive correlation between BBB k(w) and CSF Aβ42 concentration levels in multiple brain regions (98). Current MRI techniques for detecting water exchange across BBB are summarized in a review paper by Dickie et al. and are divided into three categories. One is ASL-based methods mentioned above, including (1) Multi-TE ASL, (2) Diffusion-weighted ASL, (3) Magnetization transfer weighted ASL, (4) Contrast-enhanced ASL and (5) Phase- contrast ASL; second, contrast-based methods, including (1) Dose ramping at steady state with a varied infusion rate, (2) First pass methods, (3) Water exchange index (WEI) method and (4) Multiple flip angle multi-echo (MFAME)-MRI; third, methods based on the injection of MRI-detectable water tracers, including (1) Indirect detection of 17O-labeled water via its effect on 1H T2 and (2) Indirect detection of 2H-labeled water by proton replacement (100). These may be good alternative methods to study the aquaporin function at the level of capillaries. At the capillary level, the BBB and the glymphatic system have overlapping structural bases, and they may have synergistic and complementary roles in maintaining neuronal stability and the homeostasis of the intracerebral environment.

Chemical exchange saturation transfer (CEST) is a magnetic resonance spectroscopic imaging technique used to detect compounds at low concentrations, two orders of magnitude lower than standard magnetic resonance spectroscopy (MRS) imaging (90). By adding a saturation RF pulse to compounds with exchangeable hydrogen protons, the saturated hydrogen protons are transferred to the free water pool by chemical exchange, which results in a decrease in the free water signal. Information on compounds is thus obtained indirectly by detecting the free water signal changes. This emerging MRI technology can be used to detect body temperature, pH, enzyme activity and metabolites (glucose, glutamate, creatine and inositol) (101). In a porcine model of impaired glymphatic function, intrinsic compounds in the blood, lymph, and CSF were distinguished using CEST MRI at 7 Tesla, and the CEST effect of lymph is extremely significant compared to that of blood and CSF, which the author refers to as the “Lym-CEST” effect (102). In the subsequent animal experiment, this “Lym-CEST” effect was used to assess the impaired status of the glymphatic system in a rat model with unilateral cervical lymph node ligation. Results indicated that the ipsilateral hippocampus had a significantly higher signal intensity than the contralateral hippocampus, and this altered signal was strongly correlated with behavioral scores (102). According to these results, CEST MRI could be a useful tool to analyze metabolites and detect glymphatic function changes in the glymphatic system in vivo. To date, the application of CEST for the analysis of compounds within human brain lymph fluid has not been documented, but this does not prevent its great potential for exploring the glymphatic function and pathogenic mechanisms.

A combination of MRI and other imaging techniques can significantly improve sensitivity and accuracy, and provide a wide range of options for studying the glymphatic system. A combination of in vivo MRI and PET in a 4.2-year-old dog found that the pial-glial basement membranes were significantly thicker in the midbrain compared to other parts of the brain, indicating that CSF influx through perivascular pathway is most efficient in the midbrain (103). This finding was confirmed in a 12-year-old dog using a post-mortem electron microscopy study. This result offers a novel potential target for intrathecal drug delivery. It has been reported that MRI-guided Focused UltraSound (MRgFUS) can disrupt the local BBB integrity and facilitate gadobutrol contrast penetration into the brain parenchyma (104). The accumulation of gadobutrol in the PVS, subarachnoid space, and surrounding large draining veins has been detected in a few patients with AD or amyotrophic lateral sclerosis (ALS) using MRgFUS (104). Ultra-fast Magnetic Resonance EncephaloGraphy (MREG) is a less commonly used route to evaluate glymphatic pulsation mechanisms (105). With this technique, Kiviniemi et al. detected three types of physiological mechanisms that affect CSF pulsations: cardiac, respiratory, and very low frequency pulsations (105). According to another study, near-infrared spectroscopy (NIRS) can be used to study the water dynamics within the human brain, to monitor the brain function over time (including sleep period) and in conjunction with various magnetic neuroimaging techniques, particularly MREG (106). These researches provide novel approaches to noninvasively study glymphatic function in vivo.





CONCLUSION AND OUTLOOK

Enlargement of the perivascular space is considered to be one of the early imaging signs of CSVD and neurodegenerative disease. With the advance in imaging techniques, its pathophysiological mechanisms have been studied in depth. What is known is that the PVS, as the anatomical basis of the glymphatic system, plays a crucial role in removing cerebral waste, participating in water circulation, and maintaining brain homeostasis. Knowledge of the structure, function, influencing factors and associated diseases of this system is also being constantly updated. MRI overcomes the shortcomings of microscopic imaging and provides noninvasive visualization of the whole glymphatic system, which holds great promise for the clinical study of the glymphatic system. It may be useful for the early diagnosis, monitoring, treatment and prognosis of diseases related to the glymphatic system.

In addition to providing an innovative theory of metabolite clearance, future studies of the glymphatic system will have to address many important questions, such as (1) the form of fluid exchange in the glymphatic system, the specific components that can enter the system and the mechanisms of entry, the specific types of waste products that can be removed, and whether iron excretion after cerebral hemorrhage also occurs through this conduit? (2) What are the exogenous regulatory approaches of the system? Research into the intrinsic mechanisms of operation, the factors involved, and how they are regulated needs to be further developed. (3) Its effects on CSF circulation need to be taken into account. The effects on non-neurological diseases need further study. For example, it has been tentatively demonstrated that the development of glaucoma is associated with dysfunction of the cerebral glymphatic system (107). (4) What is the utility of sleep therapy? (5) Can intrathecal drug delivery be an effective route of administration for CNS diseases? What is its safety profile? Can drugs that previously failed to cross the BBB by oral or intravenous routes be administered intrathecally, thus providing new perspectives for the development of new drugs. (6) Given the existence of the lymphatic system in CNS, why is it still rare for intracranial tumors to metastasis to the neck via this route and what are the reasons for this? (7) Longitudinal studies of perivascular spaces enlargement in large samples are still lacking. Is the perivascular spaces burden during childhood and youth associated with the development of AD or any other cognitive decline in the future? The study of the brain glymphatic system opens up new ideas for neurological disease research and brings new treatment strategies for patients, and we believe that with joint efforts, these questions will be overcome one by one.
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Purpose: This study aimed to investigate the dynamic functional connectivity (DFC) pattern in cerebral small vessel disease (CSVD) and explore the relationships between DFC temporal properties and cognitive impairment in CSVD.

Methods: Functional data were collected from 67 CSVD patients, including 35 patients with subcortical vascular cognitive impairment (SVCI) and 32 cognitively unimpaired (CU) patients, as well as 35 healthy controls (HCs). The DFC properties were estimated by k-means clustering analysis. DFC strength analysis was used to explore the regional functional alterations between CSVD patients and HCs. Correlation analysis was used for DFC properties with cognition and SVD scores, respectively.

Results: The DFC analysis showed three distinct connectivity states (state I: sparsely connected, state II: strongly connected, state III: intermediate pattern). Compared to HCs, CSVD patients exhibited an increased proportion in state I and decreased proportion in state II. Besides, CSVD patients dwelled longer in state I while dwelled shorter in state II. CSVD subgroup analyses showed that state I frequently occurred and dwelled longer in SVCI compared with CSVD-CU. Also, the internetwork (frontal-parietal lobe, frontal-occipital lobe) and intranetwork (frontal lobe, occipital lobe) functional activities were obviously decreased in CSVD. Furthermore, the fractional windows and mean dwell time (MDT) in state I were negatively correlated with cognition in CSVD but opposite to cognition in state II.

Conclusion: Patients with CSVD accounted for a higher proportion and dwelled longer mean time in the sparsely connected state, while presented lower proportion and shorter mean dwell time in the strongly connected state, which was more prominent in SVCI. The changes in the DFC are associated with altered cognition in CSVD. This study provides a better explanation of the potential mechanism of CSVD patients with cognitive impairment from the perspective of DFC.

Keywords: cerebral small vessel disease, dynamic functional connectivity, sliding window, clustering analysis, cognitive impairment


INTRODUCTION

Cerebral small vessel disease (CSVD) is a common neurological disease in elderly individuals and is clinically characterized by progressive cognitive impairment, especially executive dysfunction (1). The mechanism of CSVD and the consequential cognitive impairment have been explored from various perspectives (2, 3). Notably, previous studies have tried to explore the underlying pathogenesis of CSVD from the perspective of the brain functional network, indicating that CSVD is a “disconnection syndrome” (3), with the characteristics of extensive structural and functional connectivity disruption in large-scale brain networks, such as the default mode (4–6), dorsal attention (5), frontoparietal control (6) and salience networks (7). Most of these studies were based on resting-state functional MRI (rs-fMRI), which reflects the spontaneous activity of the brain (7). Rs-fMRI has been consistently considered a promising measurement to investigate brain connectivity alterations in both the resting state and during the execution of specific tasks. Nevertheless, increasing evidence has shown that the functional activity of the brain in the resting state is not static but constantly dynamic during scanning (8, 9), and the dynamic fluctuations of brain connectivity analysis could reveal more information that cannot be observed in the static state.

Dynamic functional connectivity (DFC) analysis is widely utilized to explore the time-varying profiles of functional connectivity and has been used in the study of several neurodegenerative diseases (10–17). For example, Fu et al. presented that language, attention, and processing speeds were negatively correlated with weakly connected states and positively correlated with strongly connected states in Alzheimer's disease (AD) patients (10). Moreover, the temporal properties and spatial pattern of the cognitive control network were suggested to serve as biomarkers that could differentiate the stages of AD (11). The changes in DFC strength in different frequency bands were reported to be related to both positive and negative symptoms in patients with schizophrenia (12, 13). The DFC states were also suggested to be associated with cognitive decline in Parkinson's disease, specifically, increased mean dwell time (MDT) in the segregated state and reduced number of transitions between states are associated with dementia in Parkinson's disease (16, 17). These studies presented the valuable roles of DFC analysis in elucidating the mechanisms underlying cognition and mental symptoms. However, few studies have focused on CSVD from the perspective of DFC. A recent functional network study showed that patients with subcortical ischaemic vascular disease (SIVD), which resembles the disease of CSVD, dwelled longer in the weakly connected state, which may be a feature of SIVD (10). However, whether patients with subcortical vascular cognitive impairment (SVCI) and cognitively unimpaired CSVD (CSVD-CU) exhibit similar DFC changes and whether the altered DFC is associated with cognitive impairment in CSVD patients or can be seemed as a biomarker remain unclear.

Herein, the differences in dynamic connectivity between healthy controls (HCs) and patients with CSVD were systematically investigated and the relationships between dynamic connectivity changes with cognitive impairment were also explored. The CSVD patients were hypothesized with a higher proportion and longer MDT in the sparsely connected state, while a lower proportion and shorter MDT in the strongly connected state in CSVD patients, which may be correlated with cognitive impairment.



MATERIALS AND METHODS


Subjects

This cross-sectional study included 67 consecutive CSVD patients recruited from the First Affiliated Hospital of Anhui Medical University between July 2018 and July 2021, with 35 HCs (patient's spouse or other family members) matched by age, gender, and education. The general information, comorbidities, and histories of smoking and drinking were collected from all participants.

The inclusion criteria for CSVD patients were as follows: (a) aged 50–80; (b) presented at least one common symptom of CSVD, including cognitive decline, gait, and balance disorders, mood or sleep disorders, and urinary and stool disorders; or a history of symptomatic stroke (lacunar stroke syndrome, symptoms lasting more than 24 h and occurring more than 6 months before visiting; or transient ischaemic attack lasting <24 h, with limb weakness, semisensory loss or dyskinesia in the preceding 6 months); and (c) met any of the following brain MRI marker criteria for CSVD, such as white matter hyperintensities (WMH), lacunar infarction (LI), and enlarged perivascular spaces (EPVS) using daily routine brain MRI scan (18, 19). The WMH was defined as the hyperintensities on fluid-attenuated inversion-recovery (FLAIR) and was further graded according to the Fazekas scale (20). The Fazekas score was calculated as the sum of periventricular and deep WMH, ranging from 0 to 6. The severity of WMH was categorized as follows: none to mild WMH (Fazekas scale score 0–2) and moderate to severe WMH (Fazekas scale score 3–6) (18); LI was defined as round or ovoid fluid-filled cavities of 3–15 mm on T2 weight and FLAIR images (21). EPVS was defined as small (3 mm) punctate (if perpendicular) and linear (if longitudinal to the plane of scan) hyperintensities on T2 images in the basal ganglia or centrum semiovale, and they were rated on a previously described, validated semiquantitative scale from 0 to 4. The severity of EPVS was categorized as follows: none to mild (grade 0–1) and moderate to severe (grade 2–4) (21).

Then, CSVD with subcortical vascular cognitive impairment (SVCI) was defined as having either mild cognitive impairment or dementia (22) according to impairment in MMSE as follows: MMSE scores were based on the following educational levels of Chinese people: illiteracy ≤ 19, primary school ≤ 22, junior middle school, and above ≤ 26 (23).

The exclusion criteria were as follows: (a) patients with brain tumors or other systemic malignant tumors; (b) history of brain trauma; (c) large area of new infarction with a diameter > 2 cm; (d) dysfunction of liver, kidney, heart, lung, or other vital organs; (e) history of craniocerebral surgery; (f) CT or other imaging examinations of cerebral hemorrhage; (g) acute ischaemic stroke caused by atrial fibrillation and cardiogenic embolism; (h) other CSVD etiologies secondary to heredity, infection, autoimmune inflammation, poisoning, radiation, metabolic encephalopathy, and sporadic cerebral amyloid vascular disease; (i) history of psychiatry disease or history of using psychiatry drugs within the past 3 months; and (g) history of diseases that may affect cognition, such as Parkinson's disease, dementia with Lewy bodies, frontotemporal dementia, and AD. The exclusion and inclusion processes of participants are shown in Supplementary Figure S1.

The present study was approved by the First Affiliated Hospital of Anhui Medical University Subcommittee on Human Studies (Ethics ref. Quick-PJ2021-15-33). Written informed consent was obtained from all study subjects after a full explanation of the procedure.



Total MRI Burden of CSVD

According to the previous study (24), the total MRI burden of SVD was rated from 0 to 4 by counting the presence of 4 traditional MRI features of SVD, including WMH (1 point), LI (1 point), cerebral microbleed (CMB) (1 point) and EPVS (1 point). However, the CMB had not been evaluated in our study due to the lack of susceptibility weighted imaging (SWI) sequences (19). Therefore, the total scores of SVD in our study were 3. The presence of WMH was defined as periventricular Fazekas score = 3 or subcortical Fazekas score ≥ 2 (1 point if present). The presence of LI was defined as the presence of one or more lacunes (1 point if present). The presence of EPVS was counted as 1 point if there were moderate to severe (grade 2–4) EPVS in the basal ganglia.



Neuropsychological Assessment

Cognition assessment of both CSVD patients and HCs was performed by two trained neuropsychological technicians within 1 week after the MRI scan. All participants were evaluated by the Mini-Mental State Examination (MMSE) (25), Montreal Cognitive Assessment (MoCA) (26), Cambridge Cognitive Examination-Chinese version (CAMCOG-C) (27–29), and Activities of Daily Living (ADL) scales (30). The impairments in specific cognition domains were further extracted by the subscores of CAMCOG-C. Moreover, executive function was further assessed using the Stoop Color-Word Test (31) (SCWT-A dot, SCWT-B words, SCWT-C dot-word).



Image Acquisition

All images of participants were collected on a 3.0 Tesla GE Signa HDxt MRI scanner (GE, Milwaukee, WI, USA) with an 8-channel head coil. During the scanning, the participants were instructed to remain quiet, close their eyes, and not think of anything as much as possible. The scanning sequences included high-resolution 3D T1-weighted (3D-T1) structural images, T2 FLAIR images, and resting-state blood oxygen level-dependent (BOLD) fMRI. The 3D-T1 structural images were acquired by employing a spoiled gradient recalled echo sequence with the following parameters: repetition time (TR) = 9.5 ms; echo time (TE) = 3.9 ms; flip angle (FA) = 20°; field of view (FOV) = 256 mm × 256 mm; matrix size = 512 × 512; slice thickness = 1 mm. The parameters of T2 FLAIR images were as follows: TR = 11 s; TE =120 ms; FA = 90; 22 contiguous, 5-mm-thick axial slices; matrix size = 512 × 512; and FOV = 230 × 230 mm2. Functional MRI images were collected using echo-planar imaging (EPI) at 2-s interval sequences with the following parameters: TR = 2,000 ms; TE = 30 ms; flip angle = 80°; FOV = 240 mm × 240 mm; matrix size = 64 × 64; slice thickness = 4 mm; and slice gap = 0.6 mm. The total BOLD duration was 8 min, with a total of 240 time points.



Data Preprocessing

The rs-fMRI data were preprocessed by Data Processing and Analysis for Brain Imaging (http://rfmri.org/dpabi) (32). The following preprocessing steps were taken: (a) the first 10 volumes were removed to allow the signal to reach equilibrium, and the remaining 230 time points were then processed; (b) the remaining volumes were corrected for acquisition time delay between slices; (c) all volumes were then realigned to the mean volume to correct for head motion; (d) functional images were spatially normalized to the Montreal Neurological Institute space with resampled voxel size = 3 × 3 × 3 mm3; (e) detrending was performed to remove the linear trends; (f) temporal bandpass filtering (0.01–0.08 Hz) was used to reduce high-frequency physiology noise and low frequency drift; and (g) white matter, cerebrospinal fluid, and head motion nuisance variables were removed using a Friston 24-parameter model. Participants were excluded if their head motion parameters exceeded 2.5 mm translation and/or 2.5° rotation. The mean framewise displacement (FD) value was calculated by averaging the FD of each subject across the time points, and no significant differences were found between CSVD patients and HCs (p = 0.887). Furthermore, the mean FD value was calculated as an additional motion correction.



Construction of Dynamic Functional Connectivity

The dynamic brain connectome analysis toolbox (http://restfmri.net/forum/ DynamicBC) was applied to compute the DFC. The average time courses were extracted from 90 regions of interest (ROIs) of Anatomical Automatic Labeling atlas (AAL) (excluding the cerebellum) to calculate the functional connectivity, and the widely used sliding window approach was adopted to calculate DFC alterations, with a width of 50 TR (100 s) slides in steps of 1 TR (2 s) according to previous studies. Then, the functional connectivity in each window was calculated, resulting in a time series of functional connectivity matrices (90 × 90) for the next analysis. The average DFC strength was calculated as follows:
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where Z(i, j)t is the value of functional connectivity (Fisher-z transformed) between ROI i and ROI j in time window t, and T is the number of windows (33).



Clustering Analysis

K-means clustering was applied to estimate the reoccurring functional connectivity states over time using the squared Euclidean distance. The optimal number of clusters estimated using the elbow criterion was 3 (k = 3), which was computed as the ratio between the within-cluster distance and between-cluster distances (34). Three temporal properties of the DFC states were evaluated, the fractional windows (proportion of total time window for each state in all participants), MDT (the time the subject stayed in the specific state before changing to another state), and the total number of transitions (the number of changes between the 3 connectivity states).



Validation Analysis

To validate the robustness of the temporal properties, different window sizes (20 TRs, 30 TRs, 40 TRs and 60 TRs) and a range of cluster sizes were applied to retest the results (k = 2, 4, 5 and 6).



Blinding

All assessments were performed by two trained neurologists who were blinded to the subjects' diagnoses. When the two neurologists had questions or disputes about the subject's cognitive function scores or imaging classification, a third experienced neurology expert was invited to make the final decision.



Statistical Analysis

Two-sample t-tests and χ2 tests were used to compare demographic data between the CSVD and HC groups with SPSS version 23.0. A general linear model (GLM) was used to evaluate between-group differences of all metrics extracted from DFC (fractional windows, MDT, number of transitions) with age, gender, education, and mean FD as covariates (Bonferroni correction, P < 0.05). To identify the altered DFC strength between CSVD patients and HCs, two-sample t-tests with age, gender, education, and mean FD as covariates were performed in GRETNA (http://www.nitrc.org/projects/Gretna) (35) with network-based statistics (NBS) correction (edge P < 0.001, component P < 0.05, 1,000 iterations). Partial correlation analysis was conducted between DFC temporal properties and cognition scales in CSVD patients with age, gender, education, and mean FD as covariates (P < 0.05). The Spearman's correlation was conducted between SVD scores and temporal properties (P < 0.05).




RESULTS


Demographics, Clinical and Cognitive Characteristics

The participants' demographic and neuroimaging characteristics are provided in Table 1. For the neuropsychological scale, the general cognitive function of the CSVD patients was worse than that of the HCs, indicated by decreased MMSE and COMCOG-C scores, especially in the SVCI subgroup. In the CAMCOG-C subitems, CSVD patients showed decreased language, memory, praxis, calculation, abstraction, and perception, indicating extensive cognitive impairment. Furthermore, executive dysfunction was found in the CSVD group, as indicated by their worse performance on the SCWT. CSVD scores were presented in Table 2. The SVD scores of 35 HCs were 0, 46 patients with CSVD were scored 1, 17 patients were scored 2, and 4 patients were scored 3.


Table 1. Demographic and clinical data of the CSVD and HC groups.

[image: Table 1]


Table 2. SVD scores for all participants across 3 small vessel disease components.

[image: Table 2]



Dynamic Functional Connectivity State Characteristics

Here, three patterns of structured functional connectivity states recurring during individual scans across subjects were identified (Figure 1). Notably, state I (53.69%) was a more frequent and relatively sparse connected state; state II (27.98%) was a less frequent and stronger interconnected state, and state III (18.33%) was an intermediate pattern. As shown in the above three states, state I occurred most frequently.


[image: Figure 1]
FIGURE 1. The total numbers and percentages of three state occurrences in all subjects. PFR, prefrontal region; FR, other regions of the frontal lobe; PR, parietal region; OR, occipital region; TR, temporal region; SUB, subcortical region.




Temporal Properties Comparison

As shown in Figure 2 and Supplementary Figure S2, state II (39.35%) was more frequently observed than state I (36.09%) and state III (24.56%) in the HCs, while in the CSVD group, state I occurred much more frequently (62.90%) than state II (22.03%) and state III (15.07%). When comparing the fractional windows after correcting for age, gender, education, and mean FD, state II was less frequent in the CSVD group than in the HC group (P = 0.015), and the opposite pattern was observed for state I (P = 0.001). Furthermore, state I was more common in the SVCI group (74.38%) than in the CSVD-CU group (50.33%) (P = 0.021, Bonferroni correction), while state II was less frequent in the SVCI group (12.27%) than in the CSVD-CU group (32.72%) (P = 0.049, Bonferroni correction). In total, the CSVD group exhibited a decreased reoccurrence fraction in state II and an increased reoccurrence fraction in state I compared with those of the HCs.


[image: Figure 2]
FIGURE 2. Comparison of the fractional windows in each state between the CSVD and HC groups as well as among the CSVD subgroups by GLM. GLM, general linear model. * P < 0.05, ** P < 0.01.


Significant differences in the MDT in state I were observed between the CSVD group and HC group after correcting for age, gender, education, and mean FD (P = 0.01). The MDT in state II was shorter in the CSVD group than in the HC group (P = 0.035). Between-group comparisons among CSVD subgroups revealed that SVCI patients spent significantly more time in state I than CSVD-CU patients (P = 0.006, Bonferroni correction) and less time in state II than CSVD-CU patients, but the latter difference was not significant (P = 0.216). Overall, these changes in properties showed that CSVD patients, especially SVCI patients, stayed longer in weakly connected state I and dwelled for a shorter period in strongly interconnected state II (Figure 3). The number of transitions was not significantly different between the CSVD group and HC group or among the CSVD subgroups (Supplementary Figures S3, S4).


[image: Figure 3]
FIGURE 3. Comparison of the mean dwell time in each state between the CSVD and HC groups as well among the CSVD subgroups by GLM. GLM, general linear model. * P < 0.05, ** P < 0.01.




Altered DFC Strength Between the CSVD and HC Groups

When comparing the DFC strength in regions between the two groups, the CSVD group showed greatly decreased internetwork and intranetwork functional activity in the frontal lobe, parietal lobe, and occipital lobe (NBS correction) compared to those in the HC groups (Figure 4).


[image: Figure 4]
FIGURE 4. Comparison of the DFC strengths between CSVD patients and HCs (HCs > CSVD) (NBS correction, edge P < 0.001, component P < 0.05, 1,000 iterations). NBS, network-based statistic.




Validation Analyses

As shown in Figures 5, 6, the additional sliding window lengths were set at 20 TRs, 30 TRs, 40 TRs, and 60 TRs, and the numbers of clusters were set at 2, 4, 5 and 6. The differences in the fractional windows and MDT in state I and state II between the two groups (CSVD and HCs) and among the three groups (CSVD-CU, SVCI, and HCs) were almost consistent, which indicated the stable results of the DFC analysis.


[image: Figure 5]
FIGURE 5. The difference of FW and MDT in different widths of window size among HCs, CSVD-CU, SVCI (20TRs, 30TRs, 40TRs, 50TRs, 60TRs). (A) Comparison of FW between HCs and CSVD by GLM. (B) Comparison of MDT between HCs and CSVD by GLM. (C) Comparison of FW among HCs, CSVD-CU and SVCI by GLM. (D) Comparison of MDT among HCs, CSVD-CU and SVCI by GLM. GLM, general linear model; FW, fractional windows; MDT, mean dwell time. * P < 0.05.



[image: Figure 6]
FIGURE 6. The difference of FW and MDT in different K values among HCs, CSVD, CSVD-CU and SVCI. (K = 2, K = 3, K = 4, K = 5, K = 6). (A) Comparison of FW between HCs and CSVD by GLM. (B) Comparison of MDT between HCs and CSVD by GLM. (C) Comparison of FW among HCs, CSVD-CU and SVCI by GLM. (D) Comparison of MDT among HCs, CSVD-CU and SVCI by GLM. GLM, general linear model; FW, fractional windows; MDT, mean dwell time. * P < 0.05.




Correlation Between Cognition and Temporal Properties

The fractional windows in state I were negatively related to global cognitive function in the CSVD group (Figure 7A), while the fractional windows in state I were positively associated with time consumption when performing the SCWT-A and SCWT-B tests (Figures 7B,C). Clearly, the results showed that a higher frequency in state I was associated with worse executive function. Moreover, the frequency of state II was positively correlated with global cognitive function (Figures 7D,E). In addition, global cognitive function was negatively related to the MDT in state I (Figure 7F) but positively related to the MDT in state II (Figures 7G,H). Furthermore, a significant positive correlation was shown between the MDT in state I and time consumption when performing the SCWT-B test (Figure 7I).


[image: Figure 7]
FIGURE 7. Correlations between the temporal properties with intergroup differences and the cognition scores in the CSVD group. (A) A negative relationship was observed between the percentage of state I and the CAMCOG-C scores. (B) A positive relationship was observed between the percentage of state I and time consumption in SCWT-A performances. (C) A positive relationship was observed between the percentage of state I and time consumption in SCWT-B performances. (D) A positive relationship was observed between the percentage of state II and the CAMCOG-C scores. (E) A positive relationship was observed between the percentage of state II and MoCA scores. (F) A negative relationship was observed between the MDT in state I and CAMCOG-C scores. (G) A positive relationship was observed between the MDT in state I and time consumption in SCWT-B performances. (H) A positive relationship was observed between the MDT in state II and CAMCOG-C scores. (I) A positive relationship was observed between the MDT in state II and MoCA scores. CAMCOG-C, Cambridge Cognitive Examination–Chinese version; SCWT, Stroop Color-Word test; MoCA, Montreal Cognitive Assessment; MDT, mean dwell time.




Correlation Between SVD Scores and Temporal Properties

Here, no statistical significance was shown between the temporal properties and SVD scores of CSVD group in state I, state II, and state III (P > 0.05) (Supplementary Table S1).




DISCUSSION

The extensively used sliding window approach, combined with straightforward metrics of temporal variability and clustering results for DFC analysis, was utilized. Three states of all subjects were identified by k-means clustering analysis (state I: sparsely connected, state II: strongly connected, state III: intermediate pattern). CSVD patients showed a higher percentage of DFC states in weakly connected state I but a lower percentage of DFC states in strongly connected state II. Moreover, patients with CSVD dwelled significantly longer in state I and for a shorter period in state II than HCs. Notably, these alterations were more significant in the SVCI subgroup. The analysis of DFC strength showed that the CSVD group exhibited substantially decreased internetwork functional activity in the frontal-parietal lobe and frontal-occipital lobe and decreased intranetwork in the frontal lobe and occipital lobe. In addition, a negative correlation was found between cognition and the DFC properties in state I in the CSVD group, while the opposite was found in state II.


Altered Temporal Properties of Dynamic Functional Connectivity States

In previous research, hypoconnectivity within several large-scale brain networks in CSVD patients compared with HCs has been reported (36, 37). Similarly, a significant hypoconnected pattern in the DFC clustering analysis of CSVD patients was found in this study, especially in the SVCI subgroup. These results indicated that CSVD could transit into the sparse pattern with a higher probability and dwell longer than the HC group. Hypoconnectivity in state I means widespread disruption of the whole brain network, which might result from the disruption of the focal lesion on the traditional imaging or from the cascade effect that spread from the initial focus to remote brain areas (3). Moreover, similar findings have been reported in other neuropsychiatric diseases, such as depression (38, 39), AD (17, 40), and dementia with Lewy bodies (40), as these patients spent more time in the sparsely connected state. Prior studies have revealed the characteristics of disconnection of structural and functional brain networks at a resting state. Therefore, the increased occurrence and longer duration in state I may indicate severe disruption of the brain networks, which leads to an increase in cognitive impairment. The results obtained in this paper could provide more evidence elucidating the disruption mechanism of CSVD from the perspective of DFC.

State II was characterized by highly integrated connections, which showed tightly positive connectivities within regions. When further comparing the DFC properties in the SVCI and CSVD-CU groups, the SVCI group presented an even lower frequency of state II than the CSVD-CU group. The strongly connected state may play a role in cognition processing (41), decreased fractional window and MDT in strongly connected state in CSVD patients suggested that an important connectivity pattern was disrupted in CSVD patients during spontaneous neural activity. Therefore, the lower percentage of DFC occurrence in state II meant lower efficiency in information conveyance, resulting in disruption of integration in specific cognition domains, finally leading to cognitive impairment. The lower frequency of the hyperconnected state implied decreased information transmission and exchange, which was in line with previous studies, thus showing the disconnection of either structural or functional brain networks in CSVD (42–44).



Altered Average Dynamic Functional Connectivity Strength

The regions with decreased DFC strength were mainly distributed in regions of the frontal lobe, parietal lobe and occipital lobe in CSVD patients, consistent with previous studies (45, 46). In recent decades, disrupted functional activity in the frontal lobe of CSVD patients has been confirmed. The frontal lobe plays pivotal roles in execution and processing and is generally considered to be the initial region involved in the prefrontal-subcortical loop. The frontal-parietal areas are also believed to be associated with several executive control processes related to working memory (45). The decreased DFC strength in the frontal and parietal lobes might be related to reduced flexibility in executive functions, which is in line with a previous study (47). For the occipital lobe, the decreased temporary variability might be associated with impaired visuospatial functions, which have gradually been elucidated to be a vital clinical characteristic (48). Chen et al. reported white matter tract disruption in the inferior frontal-occipital fasciculus in WMH patients, which was in line with our results, indicating the important roles of the occipital lobe in CSVD (49). These results indicated that connectivity impairment in frontal-parietal-occipital areas may be crucial for the pathophysiology of CSVD-related cognitive impairment.



Relationship Between Temporal Properties and Cognition

Both general cognition and the sub-cognition of executive function were negatively correlated with the proportion of fractional windows and MDT in state I, while positively correlated with fractional windows and MDT in state II. Moreover, better cognitive function was associated with a higher MDT in the strongly connected state II in CSVD. The MDT in hypoconnected state I was negatively related to global cognition, which was characterized by CAMCOG-C scores. Executive function exhibited longer time consumption in SCWT performance. The relevant studies have confirmed hypofunctional connectivity in widespread brain networks in CSVD with cognitive impairment (50, 51). General cognition and executive function were negatively correlated with the occurrence of sparse states, which was consistent with our findings (16). The association of cognitive function with altered dynamic functional connectivity has also been demonstrated in other disease studies (10, 52). These results showed that strongly connected state means more efficient information integration and transmission, thus facilitating the cognition process, whereas sparsely connected states have the opposite effect (10, 41). Here, no significant relationship was found between SVD scores and temporal properties, which indicated that the structural alteration was hard to fully explain the aberrant functional activity, even though the temporal properties were associated with cognition. This study may provide a potential mechanism of CSVD with cognitive impairment from the perspective of dynamic functional connectivity.



Validation Analyses

In the validation analyses, the results of this work were well replicated when using various analytical parameters, including different parameters of sliding window lengths and k-means clusters. With the number of clusters increasing, the brain variability between the groups was still readily apparent. These observations indicated that the abnormal temporal features and network topological properties in patients with CSVD remained stable, indicating that these parameters can be used as neuroimaging markers to distinguish patients with CSVD from healthy people as well as to distinguish SVCI patients from CSVD-CU patients. Herein, the findings validate the results obtained by DFC, which were consistent with previous studies and further confirmed the reliability and repeatability of DFC analysis (53, 54).



Limitations

However, the current research still has several limitations. First, the specific differences in DFC according to the different imaging features of CSVD or the severity of cognitive impairment were not investigated due to the relatively small sample size. Moreover, none of the participants underwent susceptibility-weighted imaging or T2* imaging; therefore, the cerebral microbleed information remains unclear. In addition, the widely used sliding-window approach was adopted to extract the dynamics of functional connectivity in the current study. Furthermore, these results should be validated by other methods, such as Bayesian and frequentist methods, in the future. Finally, longitudinal and large sample studies are required to confirm the alteration of DFC in CSVD and its relationship with cognitive impairment.




CONCLUSION

In this study, the temporal property alterations of functional connectivity in CSVD and cognitive impairment analyses were emphatically investigated from the perspective of DFC. The patients with CSVD spent more time in a sparsely connected state and less time in a strongly connected state in all reoccurring states, which might have been associated with cognitive impairment. All the results herein could facilitate a deeper understanding of the potential neural mechanisms of cognitive impairment in CSVD.
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Cerebral small vessel disease (CSVD) and multiple sclerosis (MS) are a group of diseases associated with small vessel lesions, the former often resulting from the vascular lesion itself, while the latter originating from demyelinating which can damage the cerebral small veins. Clinically, CSVD and MS do not have specific signs and symptoms, and it is often difficult to distinguish between the two from the aspects of the pathology and imaging. Therefore, failure to correctly identify and diagnose the two diseases will delay early intervention, which in turn will affect the long-term functional activity for patients and even increase their burden of life. This review has summarized recent studies regarding their similarities and difference of the clinical manifestations, pathological features and imaging changes in CSVD and MS, which could provide a reliable basis for the diagnosis and differentiation of the two diseases in the future.
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INTRODUCTION

Cerebral small vessel disease (CSVD) belongs to a group of diseases involving cerebral arterioles, venules and capillaries. CSVD accounts for about 25% of ischemic stroke, and its etiology remains unclear. The pathogenesis may be related to vascular endothelial injury, hypoperfusion and ischemia, and impaired blood-brain barrier function (1, 2). Currently, CSVD can be divided into 6 categories according to different pathological characteristics: atherosclerosis, cerebral amyloid angiopathy, hereditary vascular diseases [such as cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), Fabry disease, etc.], inflammatory vascular diseases (such as primary angiitis of the central nervous system (PACNS), Susac syndrome, etc.), venous collagen deposition lesion and other types (3, 4). The imaging features included recent small subcortical infarcts, lacune of presumed vascular origin, white matter hyperintensities of presumed vascular origin, perivascular space (PVS), cerebral microbleed (CMB) and brain atrophy. Some patients may obtain CSVD-related symptoms, but many patients lack symptom and the occurrence of such imaging features appears more problematic within individuals above the age of 50. However, after repeated small vessel events, patients often show abnormal gait, numbness of limbs, cognitive decline and etc., which can seriously result in cognitive dysfunction and physical disability. It has been reported that the etiology of 45% patients with dementia is CSVD, which ranks second only to Alzheimer's disease (3, 5). Therefore, a series of complications caused by CSVD bring immeasurable burden and cost to society.

Multiple sclerosis (MS) is an autoimmune disease characterized by inflammatory demyelination of white matter centered on the central nervous system. The etiology and pathogenesis of MS remains to be unknown. In terms of anatomical structure, MRI showed that the white matter lesions of MS were often distributed around the paracele, subcortex, thalamus, brainstem, and others, showing hyperintensity signal lesions on T2-weighted images (6). MS is an important cause of non-traumatic nervous system dysfunction in young people. Epidemiologically, the incidence of MS shows obvious differences in different regions of the world, and the incidence of MS in Europe and America is higher than that in Asia and Africa. The incidence of MS in females is higher than that in males. Usually, the clinical onset age ranges from 20 to 40 years old, and its clinical manifestations are non-specific. The main symptoms include limb numbness, limb weakness, dizziness, ataxia, blurred vision and others, which are often similar to the clinical manifestations of other inflammatory-related diseases and non-inflammatory-related diseases, thus making them difficult to be distinguished. If patients cannot be correctly diagnosed and treated in the early stage of MS progression, more than half of patients will lose their independent exercise ability after 20 years (7, 8). It not only seriously affects the quality of life of patients, but also brings more medical burden to all sectors of society.

In clinical work, CSVD and MS often have similar characteristics in clinical manifestations, imaging features and pathological changes, which brings many difficulties to the identification, early diagnosis and treatment intervention of clinical diseases, and further delays the effective treatment time window of patients. Therefore, it is helpful to improve our diagnosis, comprehensive evaluation and formulate treatment strategies in clinical work through in-depth understanding of the similarities and differences in clinical symptoms, imaging changes and pathological features of these two diseases. This review intends to summarize and discuss the similarities and differences between CSVD and MS from three aspects, such as clinical features, imaging changes, and pathological features, so as to provide a strong basis for the subsequent clinical diagnosis and treatment.



CSVD


Clinical, Pathological, and Imaging Features of CSVD

CSVD refers to a series of clinical, imaging, and pathological syndromes resulting from various etiologies affecting small intracerebral arteries and their distal branches, microarteries, capillaries, microvenules, and small veins. The current definition of CSVD is broader and includes not only the small vessels mentioned above, but also the vascular structures within the brain parenchyma and subarachnoid space 2–5mm surrounding these small vessels (9). CSVD is one of the important causes of white matter lesions. Due to the occult onset and mild symptoms, it is difficult to be diagnosed by screening in clinic. However, repeated cerebrovascular events will eventually result in the limb dysfunction and seriously affect the quality of life. Pathologically, cerebrovascular arteriosclerosis often occurs in CSVD, which is highly correlated with age and vascular risk factors (VRFs) (e.g., hypertension) (10). The results of pathological sections indicated that fibrinoid necrosis in the vascular wall, lipohyalinotic degeneration, atherosclerotic plaque, thickening of vessel wall and narrowing of vascular lumen could all promote the formation of cerebral arteriolar sclerosis. The loss of smooth muscle cells in the vessel wall will lead to the dysfunction of vascular autonomic regulation and the formation of microaneurysms. In view of the fact that arteriosclerosis is a systemic pathological process, similar pathological findings exist in target organs with more small blood vessels, such as retina and kidney (5). Although many previous studies on CSVD have made some achievements, the pathogenesis of CSVD remains to be unclear. Imaging can not only assist the diagnosis of CSVD and reflect the degree of involvement, but also help to understand its pathological basis. However, imaging description has individual heterogeneity (3). Therefore, an expert consensus was organized and drafted by the international working group, which classified the imaging features of CSVD as recent small subcortical infarcts, lacune of presumed vascular origin, white matter hyperintensities of presumed vascular origin, perivascular space (PVS), cerebral microbleed (CMB) and brain atrophy (3, 9) (Figure 1).


[image: Figure 1]
FIGURE 1. Features of CSVD.




Classification of CSVD Based on Imaging
 
Recent Small Subcortical Infarcts

The infarct foci usually smaller than 20mm are considered as the imaging features of recent small subcortical infarcts or acute lacuna infarction. These lesions progress to potential lacunae or white matter hyperintensities without cavities over time, and may also disappear (11). These lacunae are generally round or oval, with a diameter of about 3 to 15mm, and their signal strength is consistent with CSF (3). The blood supply area of perforating arterioles is the predilection site of recent small subcortical infarcts, which can gradually evolve into lacuna and usually appear with white matter hyperintensities in chronic stage, suggesting that lacuna and white matter hyperintensities may have interrelated pathological basis (12). Another distinguishing feature is that in the fluid attenuated inversion recovery (FLAIR), the lesion area can be seen with hyperintensity at the edge, which suggests that the lesion is more likely to be a lacuna than a perivascular space. Multiple perivascular spaces in basal ganglia are called “sieve state,” which is usually related to brain atrophy and brain degenerative disease (3, 5).



Lacune of Presumed Vascular Origin

Lacune of presumed vascular origin are generally small cavities that remain in the brain tissue after removal of the necrotic tissue of a subcortical infarction. Most symptoms lack clear corresponding clinical manifestations and may lead to progressive neurological decline such as cognitive decompensation or even vascular dementia (13), balance disorders, gait disturbances, urinary incontinence and affective disorders after several episodes of mild hemiparesis. The cognitive decrements caused by lacunae are dominated by executive function decrements. For motor impairment, an increased number of lacunae is associated with slower gait speed, wider step base and reduced balance; thalamic and frontal lacunae are associated with slower gait speed, reduced stride length and slower gait frequency (14).



White Matter Hyperintensities of Presumed Vascular Origin

Frontal lobe and parietal lobe are the predilection sites of WMHs (15), and about 80% of white people over 60 years old suffer from WMHs. According to the scope of WMH, it can be divided into three types: focal, initial fusion and extensive fusion (16, 17). The terminal region of WMHs blood supply is the predilection site of WMHs. In the supratentorial region, it is more common in basal ganglia, corona radiata and centrum semiovale (12). In the brain stem position, it is more found in the center of brainstem (18). Previous studies have shown that the progress of WMHs is related to cognitive impairment, behavioral impairment, gait abnormality and urination disorder, and develops with time (4, 19, 20).



PVS

The PVS is an extension of the extracerebral fluid gap surrounding the arteries, small arteries, veins, and small veins. Since the PVS enters from the brain surface or through the brain parenchyma, it can be traced through the lamellar soft meninges (21, 22). As patients age, PVS becomes increasingly evident and especially PVS at the base of the brain (21). Several studies have shown that enlarged PVS is associated with reduced cognitive function (22). The clinical symptoms associated with PVS are still in the exploratory stage. Several cross-sectional studies have found that PVS is associated with reduced information processing speed, reduced executive function, and increased risk of vascular dementia (23). However a meta-analysis that included five large studies found that PVS was not associated with cognitive function in healthy older adults (21). There is limited research on PVS and movement disorders. Previous case reports have suggested that severe striatal area PVS is associated with motor symptoms in Parkinson's disease, possibly because severe PVS affects striatal structure and function, which in turn leads to extrapyramidal symptoms.



CMB

SWI (susceptibility weighted imaging) or GRE (gradient recalled echo) is relatively sensitive to the exploration of cerebral microhemorrhage. The lesions are <5mm in diameter on images, but not visible on other MRI sequences or CT (computed tomography, CT) (24). When complicated with chronic hypertension and atherosclerosis, microhemorrhage usually occurs in deep gray matter, and should be distinguished from calcification, normal blood vessels, iron deposition from other causes, hemorrhagic metastasis and brain trauma (3, 25).



Brain Atrophy

Brain atrophy is also an important imaging manifestation of CSVD, and ventricular enlargement can be seen on imaging. Usually, the T1 sequence is the most suitable for evaluation, and the corresponding rating scale can also be used (26). However, atrophy caused by large vascular infarction, trauma and other focal lesions is not attributed to brain atrophy caused by CSVD (3).




Classification of CSVD Based on Pathological Features
 
Cerebral Amyloid Angiopathy

Based on the pathological characteristics of CSVD, cerebral amyloid angiopathy (CAA) is considered to be a vascular disease caused by β-amyloid protein deposition in the middle and adventitia of cortex and pia mater artery. This disease occurs in the white matter of occipital lobe and frontal lobe. Different from systemic amyloidosis, CAA commonly occurs in middle-aged and elderly people, and the proportion of CAA over 55 years old is as high as 10–40% (27). In addition, 80% of AD patients also coexist with CAA lesions. The pathological features of this disease include the occurrence of hemorrhage foci of different sizes in cerebral lobes, subcortex and cortex with time changes, and the signs of subarachnoid hemorrhage in the past (28). Histochemical staining (such as Congo red staining) showed that β-amyloid protein was deposited on the vascular wall, and the thinning and loosening of the vascular wall, vascular dilatation and perivascular inflammation were another important pathological features of CAA (29). Increased vascular fragility is often one of the important reasons for bleeding tendency. Previous imaging studies suggest that chronic hypoperfusion is one of the risk factors of leukoencephalopathy, Therefore, lobar hemorrhage, non-traumatic subarachnoid hemorrhage and WMH are also common imaging manifestations of CAA (30). According to the revised Boston Diagnostic Criteria, the results of imaging examination are suggestive for diagnosis, but autopsy is still needed to make a definite diagnosis (31, 32).



CADASIL

CADASIL is an autosomal dominant disease associated with a mutation in the NOTCH3 gene on chromosome 19. The incidence rate reaches 2–4/100000, which has no significant correlation with gender. Clinically, it usually occurs at the age of 30–40 years old, with various clinical manifestations, including migraine, recurrent ischemic stroke, progressive cognitive dysfunction in young people and etc. Pathology suggests that the disease is a non-atherosclerotic CSVD without amyloid deposition (33). CADASIL is the most common genetic factor of subcortical vascular dementia. Under electron microscope, granular osmiophilic material (GOM) was found deposited in the smooth muscle layer of pia mater artery and perforator vessels. This abnormal deposition causes the loss of smooth muscle cells, which leads to the narrowing and even occlusion of the official lumen of small blood vessels (34–36).

The imaging features of the disease show a dynamic evolution process with the age of patients. First of all, WMHs can be found in temporal pole in most CADASIL patients around 30 years old, which is a characteristic different from other microangiopathy. At the age of 40, WMHs gradually progressed to the posterior temporal region, frontal region, parietal region, basal ganglia and thalamus (37). Subcortical U-shaped fibers can be involved, and subcortical lacunar infarction can often be found. The outer capsule and corpus callosum are also involved, which are important landmark lesions of CADASIL. At the age of 50, cerebral microhemorrhage appeared in the white matter area of the patient's brain and gradually developed. Subsequently, at the age of 50–60, large areas of WMHs, lacunae and Cerebral microhemorrhage were often seen on imaging examination. Due to the high risk of complications in CADASIL patients, invasive procedures such as angiography should be avoided as much as possible to aggravate the disease progression (36). Since CADASIL is a non-atherosclerotic type of CSVD without amyloid deposition, we further summarized the characteristics of CADASIL, small atherosclerotic CSVD and MS (Table 1).


Table 1. Identification and comparison of CADASIL, small arteriolosclerosis CSVD and MS.

[image: Table 1]



PACNS

PACNS is a kind of CSVD characterized by idiopathic vasculitis, which is more common in patients aged 50–60 years, and its lesions are limited to the white matter area of brain and spinal cord. There is no obvious specific clinical manifestation of this disease, and headache is the common first symptom in clinic (38). Laboratory examination can find that the levels of inflammatory markers and proteins in cerebrospinal fluid are increased. The pathological manifestations of PACNS include inflammation, intimal hyperplasia, small and medium artery occlusion and necrosis and others, which often involve pia mater and cortical vessels (39). Although there are no specific imaging features in PACNS, some imaging features including multiple cortical-subcortical infarction, hemorrhage, enhancement of brain parenchyma and pia mater also provide some evidence for clinical diagnosis of PACNS. Clinical routine angiography can sometimes find multiple stenosis of small and medium-sized vessels, but brain biopsy is the gold standard for the diagnosis of this disease (38, 40).





MS


Clinical Features of MS

MS disease pedigree includes radiologically isolated syndrome (RIS), clinically isolated syndrome (CIS), and clinically diagnosed MS. According to the different characteristics of the course of disease, the clinically diagnosed MS can be classified as follows: relapsing-remitting multiple sclerosis (RRMS); secondary progressive multiple sclerosis (SPMS); primary progressive multiple sclerosis (PPMS); progressive relapsing multiple sclerosis (PRMS). Among them, RRMS is the most common in clinic, while PRMS is the rarest (41).



Pathological Features of MS

Generally, macular demyelination changes in white matter can be found in typical non-specific MS pathology. Classic MS lesions are considered to be slender or oblate lesions, usually distributed around venules (42). This demyelination lesion is thought to be associated with macrophage infiltration, perivascular cuff-like lymphocytes, accumulation of fibrin, and proliferation of reactive microglia. The white matter of MS patients is usually accompanied by abnormal deposition of hair iron, which is related to disease activity and usually deposited in the white matter where perivenous inflammation exists (43).



MS Imaging Features

MRI is the most important tool to assist clinical diagnosis and disease monitoring of MS (44). McDonald criteria revised in 2010 have proposed the spatial and temporal multiplicity of MS lesions: spatial multiplicity requires white matter hyperintensity (WMH) in at least two of the four typical sites: paraventricular, juxtacortical, subtentorial and spinal cord; Multiple timing requires the presence of both enhanced and non-enhanced lesions in a single MRI scan or the discovery of new lesions in follow-up MRI (45, 46). During follow-up, the new white matter hyperintensity of T2 image and the white matter hyperintensity enhanced by contrast medium are related to the activity of inflammation; the average sustainable time of enhancement is about 3 weeks (47).

On MRI, Dawson fingers sign is a classic lesion shape of paraventricular WMH in MS patients, which is usually perpendicular to ventricle, oval and distributed around venules, adjacent to ependyma. This has certain significance for differential diagnosis with non-specific WMHs and CSVD. The lesions of CSVD often appear in the posterior horn of paracele, and similar lesions may appear in MS. In the early stage of MS, specific lesions can be found at the junction of corpus callosum and ependyma. These lesions have both local patchy changes and discrete distribution. We named this distribution feature as “dot-line sign,” which is usually easier to observe on sagittal T2-weighted imaging. This lesion is more likely to appear in the knee and body of corpus callosum (48). Of course, this kind of MS also needs to be differentiated from other types of diseases, including other primary or secondary demyelination diseases [neuromyelitis optica (NMO), acute disseminated encephalomyelitis (ADEM), CADASIL, Susac syndrome, progressive multifocal leukoencephalopathy (PML), etc.]; tumor diseases [lymphoma, glioma, gliomatosis cerbri (GC)-the latter is easily confused with leukoplakia due to its diffuse lesion]; traumatic injury (traumatic/diffuse axonal injury). The corpus callosum lesions of MS were enhanced in the acute phase while the corpus callosum lesions of CADASIL were not usually enhanced. Another typical lesion of MS is that WMHs near cortex involve U-shaped fibers under cortex. Generally, cortical lesions appear in the early stage of MS, which is related to cognitive dysfunction. Cortical lesions are usually smaller, and the contrast is more obvious under double inversion recovery sequence and high magnetic field intensity (49–51) (Figure 2).


[image: Figure 2]
FIGURE 2. Charateristics of multiple sclerosis lesion that that are typical (right) and atypical (left).




Summary of MS

The McDonald diagnostic criteria have suggested spatial and temporal multiplicity in the distribution of MS lesions: spatial multiplicity requires the presence of white matter hyperintensity in at least two of the four typical locations in the paraventricular, subcortical, subepicentral and spinal cord regions; temporal multiplicity requires the presence of both enhancing and non-enhancing lesions on a single MRI scan or new lesions on follow-up MRI (45, 46). New white matter hyperintensities on follow-up T2 image and contrast-enhanced white matter hyperintensities correlate with the activity of inflammation; enhancement can persist for an average of about 3 weeks (47). Dawson's finger sign is the classic lesion pattern of paraventricular white matter hyperintensity in MS patients; these lesions are usually perpendicular to the ventricles, ovoid in shape and distributed around small veins. They are contiguous with the ventricular canal, which is important in relation to the non-specific These lesions are usually perpendicular to the ventricles, ovoid and distributed around small veins (52). Early in MS, specific callosal lesions can be found at the junction of the corpus callosum and the ventricular canal, and these lesions These lesions are both localized and discrete, forming a subcallosal “dotted line sign” that is usually more easily observed on sagittal T2 weighted images in the sagittal plane are more easily observed. Such lesions are more likely to be found in the knee and body of the corpus callosum (48). In MS, the corpus callosum lesions are enhanced in the acute phase, whereas in CADASIL the corpus callosum lesions are usually not enhanced. Proximal cortical white matter hyperintensities in MS patients involve subcortical U-shaped fibers, which is also a classical lesion location. On the other hand, there is a growing awareness of cortical lesions in MS, which may have more prognostic and diagnostic value in the future. The prognostic and diagnostic value of these lesions may increase in the future. For MR spectroscopy, previous studies summarized that patients with MS have shown increased glutamate concentrations in acute MS lesions, indicating hypoxic condition (53–55).

McDonald criteria also included the subtentorial area. Among them, MS occurring in the brainstem has certain characteristics. The lesions are usually located in the periphery of the brainstem (CSVD brainstem lesions are usually located in the middle of the brainstem), and the lesions are asymmetric or located on one side of the brainstem with clear boundaries (56). Cerebellar lesions usually affect larger white matter structures, such as the pontine arm (middle-cerebellar peduncle), although middle-cerebellar peduncle and white matter in cerebellar hemisphere may also be affected. Spinal cord lesions are present in 30 to 40% of CIS cases and up to 90% of clinically confirmed MS patients (52).

MS also often involves cervical spinal cord, such patients are in dangerous condition, and even die in severe cases. Normally, the spinal cord lesions have a clear boundary, which is less than one or two spinal segments in longitudinal direction, <50% of the cross-sectional area of spinal cord in axial plane, and the spinal cord lesions are usually located in the white matter around the spinal cord. Extensive spinal cord swelling is rare. Active lesions may be enhanced, although less frequently than brain lesions. Spinal cord atrophy can be seen occasionally in long course and progressive MS, especially in the upper segment (57). The similar disease of MS in peripheral organs is chronic inflammatory demyelination polyradiculoneuropathy (CIDP), which is a chronic multiphase disease involving peripheral nervous system (PNS).

To sum up, the diagnosis of MS should be based on the comprehensive analysis of patients' clinical data, laboratory examinations and auxiliary examinations, including the analysis of patients' medical history, cerebrospinal fluid components, such as oligoclonal bands (OCB) and intrathecal immunoglobulin G (IgG) synthesis, abnormal visual evoked potential (VEP) and imaging analysis. However, MS is often misdiagnosed due to atypical imaging features. About 25% of patients received MS treatment without suffering from MS. The imaging features of CSVD, NMO and ADEM are often confused with MS (58), but there is still no effective means to distinguish them, which poses great challenges for clinical diagnosis and treatment.




RELATIONSHIP BETWEEN CSVD AND MS

Currently, it is thought that there may be interaction between CSVD and MS, because the progression of CSVD and MS is positively correlated with age. Advanced age means that glial cells may have hypoxia (59), mitochondrial dysfunction (60), iron deposition (61) and other dysfunctions. These changes are obviously related to neurodegenerative changes. Recently, Geraldes et al. summarized that CSVD shares some features with MS and has been shown to contribute to the neuronal damage seen in vascular cognitive impairment (62). In addition, CSVD (35) has been found to be associated with neurodegeneration in young people with VRFs (63), which may also promote age-related neurodegeneration in MS. Therefore, we summarized the main possible reasons for the interaction value between MS and age-related CSVD: (i) the life expectancy of MS patients is longer (64), over 60 years old (65), and the risk of vascular complications is higher; (ii) vascular complications can promote the disease progression of MS (66), shorten the expected survival time (67–69), aggravate WML load and brain atrophy (70); (iii) the focal demyelination lesions in the watershed area of MS (71) are characterized by hypoperfusion and hypoxia (72–74), suggesting that there is an important relationship between the pathology of MS and cerebral artery perfusion. In addition, Lucchinetti et al. previously reported MS lesions divided into four patterns, in which two patterns (I and II) showed close similarities to T-cell-mediated or T-cell plus antibody-mediated autoimmune encephalomyelitis, and the other patterns (III and IV) were highly suggestive of a primary oligodendrocyte dystrophy, reminiscent of virus- or toxin-induced demyelination rather than autoimmunity. The pattern III is distal oligodendrogliopathy which means oligodendrocytic apoptosis due to hypoxia or viral infection (75, 76). Similar observations are reported independent researchers (77, 78). Santiago Martinez Sosa et al. also reported that The deep and periventricular white matter is preferentially affected in several neurological disorders, including CSVD and MS, suggesting that common pathogenic mechanisms may be involved in this injury and considered the potential pathogenic role of tissue hypoxia in lesion development, arising partly from the vascular anatomy of the affected white matter (1); (iv) chronic inflammatory microenvironment of MS can promote CSVD, furthermore, Robin et al. found that shared mechanism of white matter damage in ischemia and MS and reported that inflammation acts in distinct pathways because of the differing nature of the primary insult (79); (v) some MS patients benefit from using drugs targeting microvascular system (80–82). Furthermore, Chitnis et al. reported a case of Balo's concentric sclerosis, a variant of MS, with CADASIL mutation and suggested systematic testing for the CADASIL mutation in patients with a demyelinating presentation consistent with Balo concentric sclerosis or significant restricted diffusion on MRI (83) (Table 1).

The influencing mechanism of CSVD on the imaging features of MS remains to be unclear. It is possible that the increased load of T2 phase lesions in MS patients with VRFs is due to the superposition effect of paraventricular vascular WML, lacuna and microhemorrhage. Similarly, the more severe brain atrophy associated with VRFs in MS patients may also be due to the superposition of VRFs on MS basis (84). Although the previous understanding of MS is that multiple demyelination areas are found in pathological sections, and axons in these areas are relatively preserved, imaging and pathological studies have found that neuron/axon damage can occur at an early stage and is related to active inflammatory activity and demyelination (85, 86). However, age and duration of disease can affect the inflammatory response of WM and gray matter (GM) in lesion and non-lesion areas of MS, and the inflammatory response seems to decrease in elderly patients with longer course of disease (87, 88). In these patients, neurodegeneration may be related not only to persistent low-intensity inflammatory activity, but also to various mechanisms such as energy deficiency, oxidative damage, hypoxia, and energy reserve failure (72). Energy failure is an important concept for MS pathogenesis. Glucose and lactate transporters and connexin gap junctions have a crucial roles for energy transport among glial cells in MS (89–93). Recently, Philips et al. summarized oligodendrocytes transfer energy metabolites to neurons through cytoplasmic “myelinic” channels and monocarboxylate transporters, which allow for the fast delivery of short-carbon-chain energy metabolites like pyruvate and lactate to neurons. These substrates are metabolized and contribute to ATP synthesis in neurons (93). But this deficient process may be a cause of pathogenesis for MS. Age-related pathological processes, such as AD or vascular disease, may amplify the effects of these mechanisms and lead to increased neuronal damage (87).

The presence of CSVD in MS patients may mean an additional blow to the compensatory mechanism. In this case, chronic hypoxia caused by vascular dysfunction and hypoperfusion can cause neuron death and aggravate neurological dysfunction. In neurodegenerative diseases such as AD (94, 95) and vascular cognitive impairment (96), cerebral vascular lesions promote neuronal damage, aggravate pericyte and astrocyte dysfunction caused by chronic hypoperfusion and BBB permeability changes, oxidative stress, inflammation and mitochondrial damage (97). The theory of “blood vessel-neuron-inflammation” centered on NVU dysfunction in neurodegenerative diseases is also applicable to MS (95). Energy deficiency and tissue hypoxia caused by mitochondrial dysfunction in MS will lead to ion disorder and axonal degeneration, and the accompanying CSVD may aggravate this process, especially in watershed area (72). Not only the lesions related to MS and arteries and veins need further study (72), but also the characterization and quantification of CSVD, including the score of arterial wall changes, microbleeding and microinfarction, which is conducive to further exploring the relationship between CSVD and MS. Moreover, Geraldes et al. based on post-mortem study reported that an excess burden of cerebral small vessel disease in multiple sclerosis may explain the link between vascular comorbidity and accelerated irreversibility disability (98).



SUMMARY

In conclusion, this review compares and summarizes the clinical, pathological and imaging features of MS and CSVD and the effect of vascular diseases on MS, which is conducive to deepening our understanding of these two diseases, making correct differential diagnosis and giving patients correct treatment strategies in time.
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Objective: Small and dense low-density lipoprotein (sdLDL) elevation may be among the most sensitive early biomarkers for nascent cardiovascular disease. This study, therefore, investigated the association between visit-to-visit changes in sdLDL and cerebral small vessel disease (CSVD) progression in older individuals, and the influence of Apolipoprotein E (APOE) genotype on this association.

Methods: Between April 2007 and July 2009, 1,143 participants ≥60 years old were recruited from the Shandong region of China, and sdLDL was measured at baseline and at each follow-up visit. White matter hyperintensities (WMHs), lacunes, microbleeds, and enlarged perivascular spaces (EPVSs) were assessed by magnetic resonance imaging. The APOE genotype was determined and participants were stratified as ε4-positive or ε4-negative.

Results: During an average follow-up of 86.0 months, 225 participants (19.7%) developed WMH progression, 193 (16.9%) lacune progression, 170 (14.9%) microbleed progression, and 185 (16.2%) EPVS progression. Compared with patients in the first (lowest) tertile of visit-to-visit mean sdLDL, those in the second and third tertiles demonstrated significantly greater risks of WMH progression (53.5 and 105.3% higher), lacune progression (53.3 and 60.8%), microbleed progression (47.2 and 127.6%), and EPVS progression (54.0 and 135.0%) after adjustment for confounders (all adjusted P values for trends <0.001). Compared with patients in the first tertile of visit-to-visit sdLDL SD, those in the second and third tertiles also demonstrated significantly greater risks of WMH progression (49.9% and 143.6%), lacune progression (75.3 and 178.0%), microbleed progression (12.7 and 64.7%), and EPVS progression (41.7 and 114.6%) after adjustment (all P < 0.001). There were significant and positive visit-to-visit mean sdLDL × visit-to-visit sdLDL SD, visit-to-visit mean sdLD×ε4-positive, visit-to-visit sdLDL SD×ε4-positive, and visit-to-visit mean sdLDL×visit-to-visit sdLDL SD×ε4-positive interactions influencing CSVD progression after confounder adjustment (all P < 0.05).

Conclusion: Large and variable visit-to-visit changes in sdLDL are independent predictors of aggressive CSVD progression, and this association is strongly influenced by APOE ε4 allele genotype.

Keywords: lipid, variability, Apolipoprotein E, risk factor, cerebral small vessel disease


INTRODUCTION

Cerebral small vessel disease (CSVD) is a major contributor to stroke and dementia in older individuals (1, 2). Indeed, CSVD is implicated in 25%−30% of strokes and up to 45% of dementia cases. The MRI hallmarks of CSVD are well-established, namely, white matter hyperintensities (WMHs), lacunes, microbleeds, and enlarged perivascular spaces (EPVSs) (1–3). Nonetheless, the exact etiology of CSVD is not fully understood, which has impeded the development of effective strategies for prevention and control (4).

Elevated serum low-density lipoprotein cholesterol (LDL-C) is widely regarded as the primary risk factor for macroangiopathic cardiovascular diseases, including myocardial infarction and stroke (5, 6), and several guidelines recommend LDL-C-lowering medication as the primary preventive therapy (7–9). However, the efficacy of LDL-C-lowering medications, such as statins, on CSVD progression is still controversial (10–14), possibly due to the paucity of data on the associations between various LDL-C fractions and CSVDs (15).

Low-density lipoprotein cholesterol particles are heterogeneous and fractionated based on size and density into large buoyant and small dense particles (16, 17). The small dense particles, constituting the so-called small and dense low-density lipoprotein (sdLDL) fraction, are more atherogenic than the large buoyant particles due to greater susceptibility to oxidation, higher cell membrane permeability, and reduced affinity for the LDL receptor (17, 18). Therefore, sdLDL has been suggested as a sensitive predictive biomarker for the early diagnosis of cardiovascular diseases, particularly atherosclerosis (17, 19–21). However, the association between sdLDL and CSVD progression remains unclear. In this study, our major objective was to investigate the association between CSVD progression and visit-to-visit changes in mean sdLDL among older individuals.



METHODS


Study Participants and Design

To clarify the role of sdLDL in CSVD progression, 1,143 participants aged ≥60 years old were recruited between April 2007 and July 2009 from the Shandong area of China for a prospective and population-based cohort study (identifier at www.chictr.org.cn/, ChiCTR–EOC−17013598) (10, 22). The exclusion criteria were as follows: history of stroke/transient ischemic attack, Alzheimer's disease, Parkinson's disease, schizophrenia, seizures, claustrophobia, bipolar disorder, myocardial infarction, congestive heart failure, liver and renal diseases, dialysis treatment, drug and alcohol abuse, malignancy, contraindications to MRI, less than two annual sdLDL measurements and one brain MRI assessments during follow-up, and unwilling to provide informed consent.

The research ethics committee of the Institute of Basic Medicine, Shandong Academy of Medical Sciences, Shandong, China approved the study protocol. Each participant provided informed written consent and the study was conducted in compliance with the Declaration of Helsinki.



Follow-UP

As previously described (10, 22), participants were examined at six-month intervals after the baseline measurements with the help of family physicians. Demographic and clinical characteristics including current medications such as antidyslipidemic, antihypertensive, antidiabetic, and antiplatelet drugs were recorded at every clinical visit. Total cholesterol (TCHO), triglyceride, high-density lipoprotein cholesterol (HDL-C), LDL-C, sdLDL, and fasting plasma glucose were assessed at baseline and at annual follow-up visits. After corresponding sdLDL assessments, respectively, white matter hyperintensities, lacunes, microbleeds, and EPVS were determined by MRI at baseline (2007–2009) and at three subsequent visits during the periods 2009–2012, 2013–2015, and 2016–2018.



Measurements of Visit-to-Visit Mean and Variation in SdLDL

Venous blood samples were collected from each participant in the morning after overnight fasting. Blood plasma and mononuclear cells were separated and stored at −80°C for lipid assessment and APOE genotype determination, respectively. Plasma TCHO, triglycerides, HDL-C, LDL-C, and glucose were assessed using routine laboratory methods and sdLDL was determined using an sdLDL “Seiken” kit (Denka Seiken Co. Ltd, Tokyo, Japan) and Hitachi 7600 automatic biochemical analyzer (Hitachi, Japan) (23, 24). The participants received at least two annual sdLDL measurements during follow-up. The mean and SD in sdLDL of each participant were estimated from these serial sdLDL measurements.



Brain MRI Assessment

Neuroimaging markers for CSVD were assessed on 3.0-Tesla scanners (GE Medical Systems, Pittsburgh, PA, USA; GE Systems, Milwaukee, WI, USA; or Siemens Medical, Erlangen, Germany) using protocols described previously (11, 22). Briefly, scans were acquired using T1-weighted 3-dimensional magnetization-prepared rapid gradient echo, T2-weighted 3-dimensional fast spin-echo, fluid-attenuated inversion recover (FLAIR), and T2*-weighted gradient-echo sequences. Montreal Neurological Institute templates were applied to normalize MRIs and then spatial transformation matrices were obtained. The International Consortium for Brain Mapping template for East Asian Brains was used to correct for differences in individual MRI features during the normalization. Images were then smoothed and the variability in local anatomy among subjects was minimized using a Gaussian filter.

White matter hyperintensities volume was computed from periventricular regions (frontal, parietal, occipital, and temporal), subcortical regions (frontal, parietal, occipital, and temporal), basal ganglia, and infratentorial regions on segmented T2-weighted and FLAIR axial images using FreeSurfer. The WMH-to-intracranial volume (ICV) ratio ([WMH (ml)/total intracranial volume (ml)] × 100%) was calculated to normalize individual WMH volumes. Volumetric analysis was conducted using the brain extraction tool of the FSL software package (FMRIB Software Library, Oxford, UK, www.fmrib.ox.ac.uk/fsl, version 4.19). The individual WMH pattern was graded on FLAIR images according to the Fazekas scale as none, punctuate, early confluent, and confluent.

Lacunes, microbleeds, and EPVSs were determined according to the diagnostic criteria defined in STRIVE v1 (STandards for ReportIng Vascular changes on nEuroimaging version 1). A lacune was defined as a 3–15 mm cavity with cerebrospinal-fluid-like signal intensity involving the white matter, internal capsule, basal ganglia, thalamus, or brain stem on a combination of T1-weighted, T2-weighted, and FLAIR images. Microbleeds in the brain parenchyma were defined on T2*-weighted images as oval or round homogenous and hypointense foci of diameter 2–10 mm. Mimics of microbleeds arising from signal averaging of bone, calcifications, and sulcal vessel signals on T2*-weighted images were systematically distinguished and excluded. Enlarged perivascular spaces were defined as visible fluid-filled spaces adjacent to cerebral vessels on T2-weighted and FLAIR images and distinguished from small lacunes of presumed vascular origin.

Each available scan was rated in a side-by-side fashion by experienced neuroradiologists initially blinded to clinical details, and consensus meetings were held to resolve disagreements among raters. A total of one hundred and forty randomly selected MRI scans were scored first to assess interrater and intrarater reliability. The interrater and intrarater coefficients of variation for WMH volume were 0.94 and 0.92, and the weighted Cohen's kappa values were 0.88 and 0.87 for the Fazekas scale, 0.84 and 0.83 for lacunes, 0.85 and 0.83 for microbleeds, and 0.79 and 0.80 for EPVSs, respectively, indicating good reliability.



Identification of CSVD Progression

The progression of each CSVD neuroimaging hallmark was determined from at least two MRI assessments during follow-up. The WMH progression was assessed by volume change and visual rating. The volume change during the follow-up period was defined as the difference between each successive follow-up WMH volume measurement minus the baseline volume, while the visual rating of absence or presence of progression was assessed using the modified Rotterdam Progression scale (scores of 0 and 1, respectively) (25, 26). For lacunes, microbleeds, and EPVSs, progression was defined as the presence of any new lesions on follow-up scans (presence = 1 and absence = 0) (27). The progression of total CSVD burden was defined as the new incident of coexistence of WMH, lacune, microbleeds, and EPVSs in this study. It was rated as 1 if one of the four markers occurred, and the total score ranged from 1 to 4.



Apolipoprotein E (APOE) Genotyping

All participants were genotyped for the APOE rs429358 and rs7412 single-nucleotide polymorphisms by PCR using the TaqMan genotyping kit (Applied Biosystems, Foster City, CA, USA), forward primer 5'-TTG AAG GCC TAC AAA TCG GAA CTG-3', and reverse primer 5'-CCG GCT GCC CAT CTC CAT CCG-3' (11, 28, 29). Participants with the ε2/ε4, ε3/ε4, or ε4/ε4 genotype were categorized as ε4-positive carriers, while participants with the ε2/ε2, ε2/ε3, or ε3/ε3 genotype were categorized as ε4-negative carriers (11, 28).



Statistical Analysis

Participants were divided into three tertiles of visit-to-visit mean sdLDL and sdLDL SD. Variables are presented as mean (SD), median [interquartile range (IQR)], or number (percentage) as appropriate. The normality of continuous variables was determined using the Kolmogorov–Smirnov test. Mean baseline characteristics were compared among groups by one-way ANOVA with post hoc Bonferroni's correction, Kruskal–Wallis test with post hoc Wilcoxon rank-sum test, or chi-square test as indicated. Differences in the trends of WMH volume and WMH-to-ICV ratio were assessed using a linear mixed model and differences in CSVD progression risk by Kaplan–Meier analysis and log-rank test among groups. The hazard ratio (HR) with 95% CI was estimated using the Cox proportional hazards model. Models were initially adjusted for age and sex (model 1). Model 2 adjusted for smoking; alcohol consumption; the initial body mass index, blood pressure, lipids, and fasting plasma glucose at baseline; the histories of hypertension, diabetes, and dyslipidemia; medications; and the initial WMH volume (for the changes in WMH volume analysis) and WMH-to-ICV ratio (for the changes in WMH fraction analysis) at baseline base on model 1. Model 3 adjusted for visit-to-visit mean sdLDL (for the models grouped by the tertile of variability in sdLDL), variability in sdLDL (for the models grouped by the tertile of visit-to-visit mean sdLDL), and APOE genotype. We also conducted an exploratory investigation on the influences of visit-to-visit mean sdLDL×sdLDL SD, visit-to-visit mean sdLD×APOE ε4 genotype, visit-to-visit sdLDL SD×APOE ε4 genotype, and visit-to-visit mean sdLDL×sdLDL SD×APOE ε4 genotype interactions on CSVD progression. Missing data were imputed using chained equations. All statistical analyses were performed using SPSS v.24.0 (SPSS Inc., Chicago, IL, USA). A P < 0.05 (two-tailed) was considered statistically significant for all tests.




RESULTS


Baseline Characteristics

There were 1,309 initial enrolled individuals at baseline in this study. Among them, 69 failed in less than two annual sdLDL measurements and 51 failed in at least one brain MRI assessment during the follow-up period, and 46 failed to identify APOE genotype. Finally, 1,143 participants were eligible and used for further analyses. Table 1 summarizes the baseline characteristics of the eligible participants, including brain MRI parameters and APOE genotype. Supplementary Figure 1 presents the changes in sdLDL during the follow-up period. The median visit-to-visit mean sdLDL was 0.60 mmol/l [IQR, 0.49–0.72 mmol/l] and the median visit-to-visit sdLDL SD was 0.25 mmol/l [0.17–0.34 mmol/l]. The tertiles of visit-to-visit mean sdLDL were <0.53, 0.53–0.66, and ≥0.67 mmol/l and the tertiles for visit-to-visit sdLDL SD were <0.20, 0.20–0.30, and ≥0.31 mmol/l.


Table 1. Participant demographic and baseline clinical characteristics.

[image: Table 1]



Outcomes

During an average 86.0 [IQR, 84.0–90.0] months of follow-up, WMH volume increased by 1.72 [IQR, 1.44–2.03] ml and WMH-to-ICV ratio by 0.14% [IQR, 0.11%−0.17%]. During follow-up, 225 participants (19.7%) developed WMH progression, 193 (16.9%) lacune progression, 170 (14.9%) microbleed progression, and 185 (16.2%) developed EPVS progression. The average of CSVD new burden was 0.67 (IQR, 0–1).



Contributions of Visit-to-Visit Mean SdLDL to CSVD Progression Risk

To examine the contributions of sdLDL to CSVD progression rise, we first compared the trends in WMH volume and WMH-to-ICV ratio changes and CSVD new burden among visit-to-visit mean sdLDL tertile groups (defined in the previous section) and found that compared to the first tertile group, the second and third groups demonstrated significantly greater increases in WMH volume, WMH-to-ICV ratio, and CSVD new burden (all P < 0.05). Furthermore, increases in WMH volume, WMH-to-ICV ratio, and CSVD new burden were significantly greater in the third tertile group than in the second (all P < 0.05), and these differences remained significant after values were adjusted for confounders including baseline WMH volume and baseline WMH-to-ICV ratio (adjusted P values for trends <0.05, Figure 1 and Supplementary Figure 2). Visit-to-visit increases in mean sdLDL were also associated with greater risks of WMH, lacune, microbleed, and EPVS progression. Compared with the first tertile group, the second and third tertile groups showed significantly greater risks of WMH progression (53.5% and 105.3% greater), lacune progression (53.3% and 60.8%), microbleed progression (47.2% and 127.6%), and EPVS progression (54.0% and 135.0%) (all adjusted P values for trends <0.001). The HRs and 95% CIs resulting from analysis model 3 are provided in Figure 2 and Supplementary Table 1.


[image: Figure 1]
FIGURE 1. Differences in WMH volume and WMH-to-ICV ratio changes among tertile groups stratified by visit-to-visit mean sdLDL during the follow-up period. (A) Changes in WMH. (B) Changes in WMH-to-ICV ratio. WMH, white matter hyperintensities; ICV, intracranial volume.



[image: Figure 2]
FIGURE 2. Cumulative hazards of cerebral small vessel disease progression in tertile groups stratified by visit-to-visit mean sdLDL during the follow-up period. (A) Cumulative hazards of WMH progression. (B) Cumulative hazards of new-incident lacunes. (C) Cumulative hazards of new-incident microbleeds. (D) Cumulative hazards of new-incident EPVS. WMH, white matter hyperintensities; EPVS, enlarged perivascular space.




Contributions of Visit-to-Visit SdLDL Variability to CSVD Progression Risk

We also compared the trends in WMH volume and WMH-to-ICV ratio changes and CSVD new burden among tertile groups stratified by the visit-to-visit sdLDL SD, and again found the WMH volume and WMH-to-ICV ratio changes and CSVD new burden were significantly greater in the third tertile group than in the first and second tertile groups, and greater in the second than the first tertile group (all P < 0.05). Furthermore, these differences among tertile groups remained significant after adjustment for confounders including the baseline WMH volume and WMH-to-ICV ratio (all adjusted P values for trend <0.05, Figure 3).


[image: Figure 3]
FIGURE 3. Differences in WMH volume and WMH-to-ICV ratio changes among tertile groups stratified by visit-to-visit sdLDL SD during the follow-up period. (A) Changes in WMH. (B) Changes in WMH-to-ICV ratio. WMH, white matter hyperintensities; ICV, intracranial volume.


Like increased mean sdLDL, greater visit-to-visit sdLDL SD was associated with significantly higher risks of WMH progression (49.9% higher in the second tertile and 143.6% higher in the third tertile group compared with the first), lacune progression (75.3 and 178.0% higher, respectively), microbleed progression (12.7 and 64.7% higher, respectively), and EPVS progression (41.7 and 114.6% higher, respectively), and these increases were still significant after adjustment for confounders (all adjusted P values for trends <0.001). The HRs and 95% CIs resulting from analysis model 3 are provided in Figure 4 and Supplementary Table 1.
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FIGURE 4. Cumulative hazards of cerebral small vessel disease progression in tertile groups stratified by visit-to-visit sdLDL SD during the follow-up period. (A) Cumulative hazards of WMH progression. (B) Cumulative hazards of new-incident lacunes. (C) Cumulative hazards of new-incident microbleeds. (D) Cumulative hazards of new-incident EPVS. WMH, white matter hyperintensities; EPVS, enlarged perivascular space.




Contributions of Interactions Among Visit-to-Visit Mean SdLDL, Visit-to-Visit SdLDL Variability, and APOE Genotype to CSVD Progression Risk

We also identified significant positive visit-to-visit mean sdLDL×visit-to-visit sdLDL SD, visit-to-visit mean sdLDL×APOE ε4 allele, visit-to-visit sdLDL SD×APOE ε4 allele, and visit-to-visit mean sdLDL×visit-to-visit sdLDL SD×APOE ε4 allele interaction effects on CSVD progression after adjustment for confounders (adjusted P values <0.05). The details are shown in Table 2.


Table 2. Interactions among visit-to-visit mean sdLDL, visit-to-visit sdLDL variability, and APOE genotype influencing cerebral small vessel disease progression.
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DISCUSSION

In this prospective longitudinal cohort study, we found that visit-to-visit mean sdLDL and visit-to-visit sdLDL SD were independently associated with the risk of CSVD progression over a mean duration of 86.0 months in older adults. Specifically, greater visit-to-visit mean sdLDL and sdLDL SD predicted more aggressive progression of the CSVD manifestations WMH volume, lacunes, microbleeds, and EPVS. Furthermore, there were significant positive mutual interaction effects of visit-to-visit mean sdLDL and visit-to-visit sdLDL SD and positive interaction effects of both with APOE ε4 genotype on CSVD progression.

The sdLDL faction of LDL is strongly associated with atherosclerotic disease (19, 20, 30, 31), possibly due to the greater susceptibility of sdLDL particles to oxidation, higher cell membrane permeability than other fractions, and lower LDL receptor affinity (17, 18). Several reports have document associations between sdLDL level and both carotid artery intima-media thickness and plaque progression (32–34). The Atherosclerosis Risk in Communities study also found that the risk of coronary artery disease was 1.5-fold higher in individuals with sdLDL in the four quartiles (≥75th percentile) compared to the lowest quartile (20), while a Chinese cohort study with an average 9.5-year follow-up identified sdLDL level as an independent risk factor for major adverse cardiovascular events in hypertensive subjects (24). Here, we extend these findings by demonstrating a significant association of sdLDL with CSVD. To the best of our knowledge, only one previous study has reported an association between sdLDL and a CSVD sign (brain WMH volume) (35) but the cross-sectional design precluded evaluation of an association with disease progression. In the current prospective longitudinal cohort study, we show that long-term sdLDL elevation and greater variability are strongly associated with CSVD progression, particularly in APOE ε4 carriers. We also found that greater visit-to-visit mean sdLDL and sdLDL SD were associated with higher risks of lacune, microbleed, and EPVS progression and WMH volume progression, even after adjustment for multiple confounders including baseline sdLDL, LDL-C, and WMH volume and also lacune, microbleed, and EPVS incidence.

Serum lipid levels and sdLDL levels are influenced by numerous factors, namely, diet, exercise level, medication adherence and dose, season, and mood (18, 36–40). Relationships between high serum LDL-C variability and increased cardiovascular and cerebrovascular disease risks are well established (36, 41–43). Thus, we hypothesized that sdLDL variability would also be closely associated with CSVD progressions, and indeed higher tertile of sdLDL SD predicted WMH, lacune, microbleed, and EPVS progression after adjustment for confounders including visit-to-visit mean sdLDL. In addition, visit-to-visit sdLDL SD interacted synergistically with visit-to-visit mean sdLDL to further increase CSVD risk.

One of the major functions of APOE is to regulate lipid metabolism, especially of TCHO and LDL-C (11, 28, 44). Apolipoprotein E is abundantly expressed in the brain and accumulation on vessel walls is strongly associated with CSVD severity (45–47). Our exploratory analysis showed that the APOE ε4 allele significantly and positively interacted with both higher visit-to-visit mean sdLDL and visit-to-visit sdLDL SD to enhance CSVD progressions risk. Thus, the APOE genotype is an important mediator of the association between serum sdLDL and CSVD progression in older individuals.

The major strengths of this study include the prospective longitudinal cohort design with long-term follow-up and a large sample size. In addition, we examined the effects of both higher long-term mean sdLDL and greater long-term sdLDL variability on CSVD progression and the interaction between these factors and APOE genotype. On the other hand, many critical confounders were not examined, such as lifestyle, diet, season, mood changes, and medication adherence, all of which can significantly influence serum lipid levels and variability (18, 37–40). Second, all participants were of Han ethnicity, so applicability to other ethnicities is uncertain. Third, we did not examine many additional pathogenic factors that could directly influence disease progression or the effects of serum sdLDL, such as oxidative stress, endothelial dysfunction, and inflammatory status.

In conclusion, serum sdLDL level and variation are critical independent and synergistically acting risk factors for CSVD progression in older individuals. Moreover, the APOE genotype strongly influences the association of sdLDL level with CSVD progression. However, further multinational studies involving additional ethnic groups and controlling for factors such as lifestyle, diet, and medication adherence are needed to validate our results.
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White matter hyperintensity of presumed vascular origin (WMH) is a common medical imaging manifestation in the brains of middle-aged and elderly individuals. WMH can lead to cognitive decline and an increased risk of cognitive impairment and dementia. However, the pathogenesis of cognitive impairment in patients with WMH remains unclear. WMH increases the risk of cognitive impairment, the nature and severity of which depend on lesion volume and location and the patient's cognitive reserve. Abnormal changes in microstructure, cerebral blood flow, metabolites, and resting brain function are observed in patients with WMH with cognitive impairment. Magnetic resonance imaging (MRI) is an indispensable tool for detecting WMH, and novel MRI techniques have emerged as the key approaches for exploring WMH and cognitive impairment. This article provides an overview of the association between WMH and cognitive impairment and the application of dynamic contrast-enhanced MRI, structural MRI, diffusion tensor imaging, 3D-arterial spin labeling, intravoxel incoherent motion, magnetic resonance spectroscopy, and resting-state functional MRI for examining WMH and cognitive impairment.
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INTRODUCTION

With the growth in aging populations worldwide and the high incidence of risk factors for cerebrovascular diseases, comorbid neurodegenerative diseases such as Alzheimer's disease (AD) and cerebrovascular diseases are common, resulting in a heavy burden on families and society (1). White matter hyperintensity of presumed vascular origin (WMH) is an imaging marker of cerebral small vessel disease (CSVD) and its common imaging manifestation in the brains of middle-aged and elderly individuals (2, 3). The reported prevalence of WMH varies due to the differences in patient's characteristics, imaging techniques, and rating methods (4). The prevalence of WMH ranges from 39 to 100% and increases with age (5). Of individuals aged 60–70 years, 87% have deep WMH (DWMH), and 68% have periventricular WMH (PVWMH), whereas of individuals aged 80–90 years, 100% have DWMH, and 95% have PVWMH (5). Several factors contribute to the formation of WMH, including age, hypertension, apolipoprotein E ε4 allele, diabetes, hyperlipidemia, race, female sex, smoking, and alcohol consumption (5, 6). Studies have demonstrated that WMH is associated with cognitive decline, dementia, depression, stroke, gait disorder, and urinary system problems (5, 6).

Extensive evidence indicates that WMH is associated with cognitive impairment (4, 7, 8). WMH increases the risk of all-cause dementia, AD, and vascular dementia by 14, 25, and 73%, respectively (8). Notably, the nature and severity of related cognitive impairment depend on the volume and location of WMH and the patient's cognitive reserve (4, 7). Compared to conventional MRI, the application of novel MRI techniques to explore the relationship between WMH and cognitive impairment may facilitate early diagnosis of WMH and predict its progression, which is critical to enhancing our understanding of the pathogenesis of WMH and associated cognitive impairment.



WMH


Definition of WMH

Before 2013, the medical imaging diagnostic terms for WMH were not unified. Wardlaw et al. (2) summarized the terms used in WMH, including leukoaraiosis, white matter lesions, white matter hyperintensity, leukoencephalopathy, and white matter disease. Standards for Reporting Vascular Changes on Neuroimaging (STRIVE) recommended the term “white matter hyperintensity of presumed vascular origin” and defined WMH in 2013. WMH is hyperintense on T2-weighted and T2-fluid attenuated inversion recovery sequences; it may appear as isointense or hypointense (less hypointense than cerebrospinal fluid) on T1-weighted image (T1WI) sequences, depending on the severity of pathological changes and sequence parameters. Notably, lesions of the subcortical gray matter and brainstem should not be classified as WMH, and subcortical hyperintensities can be used as an alternative collective term (2).



Possible Pathogenesis of WMH

The pathogenesis of WMH is complex and multifactorial. Currently, WMH pathogenesis remains unclear. The pathological manifestations of WMH include demyelination, oligodendrocyte apoptosis, axonal damage, and gliosis (9, 10). Several acquired risk factors (such as age and hypertension) interact with WMH susceptibility caused by congenital risk factors (such as the apolipoprotein Eε4 allele), resulting in arterial and venous diseases. Cerebral arteriolar stenosis, arteriosclerosis, and endothelial dysfunction lead to diffuse loss of dynamic cerebral autoregulation.

In contrast, venous collagenosis, such as venous ischemia, periventricular small vein collagen deposition, jugular vein reflux, and pulse wave encephalopathy, causes venous reflux limitation and leads to venous hypertension. The loss of dynamic cerebral autoregulation and venous collagenosis can lead to white matter hypoperfusion, blood–brain barrier (BBB) damage, and ependyma damage. Further, hypoperfusion causes white matter ischemia and damage to the BBB and ependyma, resulting in the leakage of plasma or cerebrospinal fluid components into the brain parenchyma. These cause inflammation and apoptosis, demyelination, oligodendrocyte apoptosis, axonal injury, and gliosis, which may eventually lead to WMH (9, 10).




WMH AND COGNITIVE IMPAIRMENT


WMH Volume and Cognitive Impairment

White matter hyperintensity of presumed vascular origin volume is associated with cognitive impairment, whereby a larger WMH volume is associated with a greater decline in cognitive function (4, 8). Patients with confluent WMH have a greater decrease in annual Mini-Mental State Examination scores; patients with mild cognitive impairment (MCI) and confluent WMH are more likely to develop AD (11). Moreover, WMH volumes are significantly increased in patients with MCI that evolve to AD (12). Studies on the relationship between total WMH volume and cognitive impairment have yet to reach a consensus. Some scholars believe that total WMH volume is negatively correlated with executive function, memory, and speed performance (5, 13, 14). However, Melazzini et al. (15) propose that there is no correlation between total WMH volume and cognitive ability. The presence of WMH does not necessarily lead to cognitive impairment, indicating that patients with WMH may be asymptomatic (16). Decarl highlighted that WMH volume was associated with decreased cognitive scores only when >0.5% of the total intracranial volume (17). These findings suggest that WMH volume is closely associated with cognitive impairment. Nevertheless, the relationship between total WMH volume and cognitive impairment requires further investigation.



WMH and Cognitive Impairment in Different Locations and T1WI Signal Intensity

White matter hyperintensity of presumed vascular origin location is associated with specific cognitive impairment and spatial specificity (7, 8). The correlation between PVWMH and cognitive impairment is stronger than that between PVWMH and DWMH. PVWMH is associated with various types of cognitive impairment, whereas DWMH is negatively correlated with motion speed (8, 14, 15). A possible pathogenic mechanism involves PVWMH-mediated disruption of long-distance white matter connectivity, leading to cognitive decline in several locations. DWMH disrupts short-distance connections and impairs cognitive abilities in specific brain regions (18, 19). One study reported that frontal WMH near the frontal ventricles affected executive function and parieto-temporal WMH near the posterior horns resulted in memory deterioration (14). Kaskikallio et al. demonstrated that the parieto-occipital region was associated with processing speed and speech memory disorders, whereas WMH in the upper deep white matter compromised motor speed performance. Temporal lobe WMH is associated with processing speed impairment, and the processing speed of patients with MCI and AD with temporal lobe WMH is significantly decreased (20).

Recently, Luca et al. (15) employed a novel classification method to classify WMH into four types: T1-hypointense PVWMH, non-T1-hypointense PVWMH, T1-hypointense DWMH, and non-T1-hypointense DWMH. They reported that WMH with T1WI hypointensity was associated with poorer cognitive ability, and WMH with T1WI hypointensity around the ventricle was significantly associated with cognitive impairment. These results suggest that PVWMH is more closely associated with cognitive impairment than DWMH and that WMH in different brain regions is associated with distinct cognitive impairment. WMH with T1WI hypointensity may be the most severe WMH. In this regard, combining the traditional classification of WMH with the location and intensity of lesions in T1WI may be more valuable than previous classification approaches (12, 15).



Changes in WMH and Cognitive Impairment

White matter hyperintensity of presumed vascular origin may progress or regress; these processes may even occur simultaneously (4, 10, 21). The volume and severity of WMH increase over time (4, 5). One study showed that 25.5% of participants had regression of WMH, 19.1% had no change in WMH, and 55.4% had progression of WMH (22). In the 2008 Rotterdam Scan Study, 39% of participants had increased WMH volume within 3.4 years. In the 2009 Oregon Brain Aging Study, 84% of patients developed WMH progression within 9.1 years. Overall, the annual growth rate of WMH volume was 4.4–37.2% (5). When patients with MCI evolved to AD, the T1WI hypointense intensity of paracortical WMH was significantly decreased, and the T1WI hypointense intensity of other regions decreased significantly with age (12). Large-scale longitudinal MRI studies have demonstrated that increased WMH volume can lead to an accelerated decline in cognitive function (4, 10). The mean annual decline in cognitive function is ~2-folds for each standard deviation increase in WMH volume (13). An increase in PVWMH and DWMH volumes is associated with a decrease in Mini-Mental State Examination scores (4, 23). In addition, an increase in DWMH volume is significantly correlated with a change in language fluency score (23), and an increase in PVWMH volume is correlated with a decrease in information processing speed and general cognitive ability (4).

Studies have also reported a reduction in WMH. In a previous study (24), 71 participants (37%) exhibited a decrease in WMH within 1 year. Another study evaluated middle-aged and elderly participants living in the community three times over 9 years. During the first follow-up, 26 participants (9.4%) exhibited a decrease in WMH volume, but only 1 participant (0.4%) exhibited a decrease in WMH volume throughout the follow-up period (21). A recent study reported that 87 patients with subcortical vascular cognitive impairment had WMH progression, and 17 had WMH regression over a 3-year period (25). The cognitive function of the two groups decreased, and there was no difference in the rate of decline of language, visuospatial function, memory, executive function, or general cognitive function. These results may be due to the severe WMH burden at baseline and the small sample size of the study. Although the net amount of WMH was generally reduced in the WMH regression group, severe WMH may have perturbed network connections and continued to progress, resulting in a significant decline in cognitive function (25). These findings suggest that the changes in WMH are non-linear, which can accelerate over time, or their progress may be attenuated or interrupted for various reasons (21). In summary, WMH progression can lead to an accelerated decline in cognitive ability.




APPLICATION OF MULTIMODAL MRI TECHNIQUES FOR WMH AND COGNITIVE IMPAIRMENT


Structural Magnetic Resonance Imaging

White matter hyperintensity of presumed vascular origin, cognitive impairment, and brain atrophy often coexist in older adults. Voxel-based morphometry enables quantitative measurement of the volume of whole-brain white matter and gray matter and accurate analysis of the difference in volume and density of gray matter. Gray matter defects are associated with reduced cognitive function in patients with WMH (26). A recent study demonstrated that WMH was associated with a decrease in gray matter in the middle temporal gyrus, right medial frontal gyrus, and left parahippocampal gyrus (27). This agrees with another study that reported significantly lower cortical and subcortical widespread gray matter density in participants with WMH with cognitive impairment/AD than in control participants; Moreover, white matter volume was significantly different between participants with WMH with cognitive impairment/AD and the control group (26). In addition, Ashwati's results revealed non-unidirectional relationships between WMH burden, gray matter volume, and cognition in MCI. At a high burden, WMH and gray matter volume were negatively correlated, whereas at a low burden, WMH and gray matter volume were positively correlated. The negative correlation between WMH and memory and executive function is regulated by regional gray matter volume (28).

Previous studies have demonstrated that cortical thinning and WMH are associated with cognitive impairment (29, 30). Longitudinal studies have revealed that parietal WMH is associated with left entorhinal cortical and right frontal atrophy, and total WMH volume is associated with cortical thinning in the right frontal and parietal regions. Moreover, cortical thinning is associated with poorer memory (29), and WMH progression is associated with faster cortical thinning (25). These results suggest that WMH may promote brain atrophy, leading to cognitive decline. These data may deepen our understanding of the pathogenesis of cognitive impairment in patients with WMH.



Dynamic Contrast-Enhanced Magnetic Resonance Imaging

Blood–brain barrier dysfunction is one of the pathophysiological mechanisms of WMH (9, 10). Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is widely used as an indicator of WMH, as well as for assessing the functional integrity of the BBB (31). Studies have shown that BBB leakage was greater in patients with WMH than in those without WMH (32, 33). Among participants with higher WMH load, the leakage rate of BBB in normal-appearing white matter (NAWM), WMH, and gray matter was significantly higher (31), and there was no significant difference in the leakage rate of NAWM, WMH, and cortical gray matter (33). Another study found that a lower leakage rate in WMH was associated with a larger WMH volume. This may be due to the decreased perfusion of WMH, which needs further study (34). BBB leakage increased with increased hypertension and the load of WMH and NAWM (35). Higher BBB permeability is associated with higher WMH burden and decreased cognitive ability (31). Higher BBB leakage at baseline was associated with stronger cognitive decline, especially in executive function (32). BBB dysfunction may be the mechanism of CSVD and cognitive impairment. The increase of BBB leakage in the WMH area indicates the deterioration of cognitive function in the future (31, 33, 36). These results suggest that DCE-MRI may help to evaluate the permeability of BBB in WMH and its relationship with cognitive impairment. Impaired BBB integrity may be a key factor in the pathogenesis of WMH and part of a series of pathological processes that eventually lead to cognitive impairment.



Diffusion Tensor Imaging

Diffusion tensor imaging is widely used to evaluate the microstructural integrity of the matter. Common DTI parameters include fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity, and radial diffusivity (37). It is generally believed that lower FA and higher MD reflect poor microstructural integrity of white matter (38, 39). Cognitive function is closely associated with white matter integrity detected by DTI (40, 41). The related injury is not limited to visible lesions but also exists in NAWM around the WMH. Over time, abnormal changes in NAWM precede the progression of WMH, referred to as the WMH penumbra (42). In a study by Zhong et al. (43), patients with WMH underwent DTI and 3D-arterial spin labeling (3D-ASL). The results demonstrated that FA and MD of NAWM were significantly correlated with WMH volume, and multiple linear regression analysis indicated that overall cognitive function was independently correlated with WMH-FA and NAWM-FA but not with cortical cerebral blood flow (CBF). This suggests that the relationship between overall cognitive function and white matter integrity may be closer than that with blood supply.

Cognitive impairment in patients with WMH is associated with the microstructural destruction of various white matter fibers, which may include “disconnection” of cortical-subcortical pathways (40, 41). Yuan et al. (40) reported that compared with that in NAWM and control groups, FA in the WMH group was significantly decreased, and MD was significantly increased. The MD values of the periventricular white matter and corpus callosum in the NAWM group were significantly higher than those in the control group, suggesting the destruction of the nerve fiber bundles. A recent study (39) demonstrated that in patients with WMH, the MD values of several fiber bundles, including the bilateral anterior thalamic radiation, left inferior fronto-occipital fasciculus, right inferior longitudinal fasciculus, and right superior longitudinal fasciculus, were negatively correlated with memory function. The anterior part of the right inferior fronto-occipital fasciculus and the posterior and middle parts of the right inferior longitudinal fasciculus were negatively correlated with Mini-Mental State Examination scores and episodic memory. These results suggest that WMH pathogenesis may be related to the microstructural integrity of the white matter. In this regard, cognitive impairment in patients with WMH may be due to the “disconnection” of cortical-subcortical pathways.



3D-ASL

Cerebral perfusion decreases throughout the life cycle and changes in the early stages of age-related neuropathies (44). 3D-ASL permits non-invasive quantification of CBF and has good reliability and repeatability (45). One study reported that greater WMH severity was associated with lower average CBF of whole-brain white matter and CBF at and around the lesion (42, 46). A quantitative study of CBF in patients with different degrees of WMH using 3D-ASL revealed that CBF in WMH was lower than that in the surrounding tissues, and whole-brain CBF in patients with confluent WMH was 20% lower than that in patients with spotted or newly confluent WMH (47). CBF is significantly reduced in patients with cognitive impairment (48). A longitudinal study reported that a decrease in whole-brain CBF was associated with a decrease in processing speed, and better baseline perfusion was associated with better executive function. A decrease in whole-brain perfusion is also associated with deterioration of brain structure and a decrease in processing speed (44). Brain perfusion may significantly impact the maintenance of white matter integrity in patients with WMH (43). Patients with MCI with WMH exhibit reduced regional cerebral blood flow in the frontal, parietal, and medial temporal lobes and putamen compared to those without WMH (49). The decrease in CBF is related to the volume of WMH (50). Among patients with AD, patients with WMH have less local CBF and a wider range than patients without WMH, especially in the frontal and middle temporal lobes (51). Crucially, a larger volume of WMH is associated with lower whole-brain and cortical CBF (50, 52). In a study on patients with AD and control patients without AD (53), whole-brain CBF and CBF in different brain regions were significantly reduced in the AD group. Meanwhile, whole-brain CBF, PVWMH, and DWMH were positively correlated with Montreal Cognitive Assessment Scale scores.

Arterial spin labeling permits the detection of CBF changes in the penumbra (42). A study compared the penumbra of WMH structure with that of CBF using FLAIR, pulsed arterial spin labeling, and DTI. The variation in DTI parameters extended to 2–9 mm around the WMH, whereas the variation in CBF extended to 13–14 mm. This suggests that the CBF penumbra may be more extensive than the structural penumbra in WMH tissues, with or without microstructural changes (54). Collectively, these results suggest that WMH severity is negatively correlated with CBF, which may contribute to the early diagnosis and prediction of WMH. These data provide help to the pathogenesis of WMH and cognitive impairment in patients with WMH.



Intravoxel Incoherent Motion

Intravoxel incoherent motion enables the simultaneous evaluation of microvasculature and microstructure. Accordingly, this approach provides insight into the interplay between brain tissue and vessels. Moreover, it does not rely on tracer delivery (55, 56). IVIM has revealed increased parenchymal diffusivity and decreased perfusion in patients with CSVD and a correlation between cognitive decline and WMH (56). Sun et al. (55) demonstrated that both PVWMH and DWMH are associated with decreased fast diffusion and increased slow diffusion. An increased perfusion fraction in PWMH is associated with improved cognitive function. The observed association between decreased microvascular perfusion of NAWM and decreased cognitive function supports previous findings that NAWM in CSVD may be affected before pathological abnormalities (i.e., WMH) become apparent and perfusion abnormalities may precede structural abnormalities (57).

Nevertheless, this result is not fully consistent with previously reported results. One study demonstrated that both perfusion volume fraction and parenchymal diffusivity were higher than those in the control group and increased with an increase in WMH burden (58). Further research is warranted to clarify the relationship between perfusion volume fraction and blood flow. Nevertheless, findings from IVIM imaging indicate that increases in perfusion fraction and parenchymal diffusivity in WMH are both associated with disease severity, highlighting the potential of IVIM imaging as a surrogate marker for CSVD.



Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy technology is an MR technology used for the non-invasive evaluation of metabolic changes in brain tissue. 1H-MRS is currently the most widely used method. Its main metabolites are N-acetylaspartate, choline, creatine, and phosphocreatine (59). Reports suggest that cognitive function in patients with WMH is associated with neurometabolite levels (60). One study reported that in patients with vascular cognitive impairment, creatine was significantly correlated with executive function, memory, attention, and overall cognitive scores; N-acetylaspartate was significantly correlated with executive function and overall cognitive scores; changes were observed in metabolic concentrations in both WMH and NAWM (61). The assessment of neurometabolite levels in patients with WMH provides additional information about vascular cognitive impairment and cognitive function, which may not be readily available by measuring WMH volume (61). Another study (62) reported that the N-acetylaspartate/creatine and N-acetylaspartate/choline ratios in WMH were significantly decreased, and cognitive function score was positively correlated with N-acetylaspartate/choline and N-acetylaspartate/creatine ratios in WMH and N-acetylaspartate choline ratios in NAWM. In addition, Xing et al. (60) proposed that the N-acetylaspartate/creatine and choline/creatine ratios in 1H-MRS can be used to diagnose early WMH and evaluate cognitive impairment in patients with WMH. In sum, MRS is a useful technique for the early diagnosis of WMH and cognitive impairment, which may help to elucidate WMH pathogenesis.



Resting-State Functional Magnetic Resonance Imaging

Resting-state functional magnetic resonance imaging reflects the activity of brain regions by relying on MR signals generated by the changes in the blood oxygen levels of brain tissues in the resting state (63). The oxygen extraction fraction (OEF) is an important parameter of brain metabolism and a key biomarker of tissue vitality, detecting oxygen utilization rate to oxygen delivery rate (64). Compared with patients without WMH, patients with WMH have significantly lower CBF values and significantly higher OEF values (65, 66). This may be due to increased oxygen extraction due to abnormally reduced blood flow (67). With the increase of WMH density, CBF decreased, and OEF increased. In addition, in concentric contours close to WMH, OEF gradually increased, and CBF decreased (66). WMH is related to OEF, but it will change due to the existence of cognitive impairment (68). The lower the OEF, the more severe the cognitive impairment, possibly due to reduced oxygen consumption resulting from reduced neural activity (67). The recent studies have shown that WMH is related to OEF, but it will change due to the existence of cognitive impairment (68). The OEF of cognitively impaired subjects was higher than that of those with cognitive integrity. The increase of WMH load in cognitive impairment subjects was significantly correlated with the decrease of OEF, but not in the cognitively intact (68).

The amplitude of low-frequency fluctuations (ALFF) of rs-fMRI signals can be used to detect spontaneous brain activity under physiological conditions. ALFF has been used to study WMH and associated cognitive impairment (69, 70). Cognitive impairment in patients with WMH may be associated with different amplitude fluctuations in rs-fMRI signals (69). A previous study (71) reported the large differences in ALFF predominantly in the posterior cingulate cortex, posterior precuneus, and right inferior temporal gyrus. The ALFF value of the inferior temporal gyrus was significantly higher in the WMH-MCI group than in the WMH-AD and control groups, and the change in ALFF was positively correlated with the executive function score. Moreover, the ALFF value of the temporal posterior cingulate cortex was significantly lower, and the ALFF value of the precuneus was significantly higher in patients with WMH-AD than in the control group. Another study (69) demonstrated that ALFF values in the right inferior occipital gyrus, left precuneus, right superior frontal gyrus, and right superior occipital gyrus were significantly higher in the non-cognitive WMH group than in the normal control group. Further, the ALFF values of the right inferior occipital gyrus, superior occipital gyrus, left middle temporal gyrus, and precuneus were significantly lower in the cognitively impaired WMH group than in the non-cognitively impaired WMH group.

Cognitive impairment in patients with WMH may be associated with abnormal functional connectivity (FC) (72, 73). In one study (73), FC in subcortical nuclei and central cortical areas of cognitive networks was decreased in patients with WMH-MCI, especially in the cingulate cortex. Another study reported that (72), compared with the control group, the MCI group exhibited decreased FC between the precuneus seeds and bilateral lateral temporal cortex, medial prefrontal cortex, posterior cingulate cortex, and parietal lobe. There was a significant regional correlation between WMH volume and default mode network (DMN) FC in the MCI group. FC of the DMN is lower in patients with MCI than in cognitively healthy elderly, and its degree is distinct from that of WMH. These findings suggest that WMH plays a key role in the destruction of DMN in patients with cognitive impairment. In a recent study by Chen et al. (74), participants underwent DTI and rs-fMRI. The results revealed that participants with a higher WMH load had higher FC in the DMN of the medial frontal gyrus and lower FC in the DMN of the thalamus. The increase in radial diffusivity in the white matter bundle between the hippocampus and posterior cingulate cortex was identified as an independent indicator of poor memory. These abnormal FC and structural connections were independently associated with slower processing speed and poor memory. Collectively, these results suggest that OEF, ALFF, and FC obtained by rs-fMRI can be used to explore WMH and cognitive impairment, which may help to deepen our understanding of the pathogenesis of cognitive impairment in patients with WMH.




DISCUSSION AND CONCLUSION

The pathogenesis of WMH is heterogeneous. Studies have shown that the vascular anatomy and pathogenesis of PVWMH and DWMH are different, but ischemia is both involved (9, 10). It should be noted that the smooth halo hyperintensity adjacent to the ventricle is associated with ependymal rupture, ependymal gliosis, and myelin loss but is not caused by ischemia (75). WMH induced by arterial stenosis usually shows dot or patchy hyperintensity with an obvious dividing line. Arteriosclerosis-related WMH is mainly characterized by symmetrical hyperintensity around the basal ganglia. However, venous white matter lesions may have symmetrical cloud patterns around bilateral periventricular (signal intensity is often lower than WMH). Multiple ischemic foci may be caused by asymptomatic cardiogenic embolism; cerebral amyloid angiopathy-related WMH may be unevenly distributed, but it is more likely to occur in the occipital lobe (76).

In conclusion, WMH is closely associated with cognitive impairment, which is related to the location, size, and progression of WMH. In addition, WMH with T1WI hypointensity seems more detrimental than WMH without T1WI hypointensity, and the former is closely related to cognitive impairment. Structural MRI research suggests that WMH may accelerate changes in brain structure, promote neurodegenerative changes, and affect cognitive ability. DTI and 3D-ASL are the useful tools for the early clinical diagnosis and prediction of WMH. Pathogenesis identified by DTI may be related to the integrity of white matter microstructure, whereas 3D-ASL enables CBF quantification. CBF abnormalities in patients with WMH precede microstructural changes, which may be due to the integrity of white matter microstructure requires maintenance of CBF. IVIM imaging indicates that the increase in WMH perfusion fraction and parenchymal dispersion is associated with disease severity. In this regard, IVIM imaging may be harnessed as a novel marker of CSVD. MRS can provide additional information through the evaluation of neurometabolite levels in patients, which is useful for the early diagnosis of WMH and cognitive impairment as well as for understanding the pathogenesis of WMH. Rs-fMRI permits the detection of spontaneous brain activity and FC to explore WMH and cognitive dysfunction.

The research is currently limited to single pathogenic mechanisms, and the relationship between different mechanisms should not be overlooked. Simultaneously, treatment measures are limited by research on pathogenesis. In the future, molecular biology can be harnessed as a bridge in combination with multimodal MRI imaging, neurobiology, and other disciplines to further explore the pathogenesis and treatment of WMH and cognitive impairment by expanding clinical sample sizes, increasing follow-up time, and exploring novel biomarkers.
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Enlarged perivascular spaces (PVS) and white matter hyperintensities (WMH) are features of cerebral small vessel disease which can be seen in brain magnetic resonance imaging (MRI). Given the associations and proposed mechanistic link between PVS and WMH, they are hypothesized to also have topological proximity. However, this and the influence of their spatial proximity on WMH progression are unknown. We analyzed longitudinal MRI data from 29 out of 32 participants (mean age at baseline = 71.9 years) in a longitudinal study of cognitive aging, from three waves of data collection at 3-year intervals, alongside semi-automatic segmentation masks for PVS and WMH, to assess relationships. The majority of deep WMH clusters were found adjacent to or enclosing PVS (waves−1: 77%; 2: 76%; 3: 69%), especially in frontal, parietal, and temporal regions. Of the WMH clusters in the deep white matter that increased between waves, most increased around PVS (waves−1–2: 73%; 2–3: 72%). Formal statistical comparisons of severity of each of these two SVD markers yielded no associations between deep WMH progression and PVS proximity. These findings may suggest some deep WMH clusters may form and grow around PVS, possibly reflecting the consequences of impaired interstitial fluid drainage via PVS. The utility of these relationships as predictors of WMH progression remains unclear.
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Introduction

Enlarged perivascular spaces (PVS) and white matter hyperintensities (WMH) are two of the most common neuroradiological signatures of cerebral small vessel disease (cSVD) (1) in older age, a condition resulting from pathological processes affecting the small arteries, veins, and capillaries in the brain (2). cSVD is identified by the coexistence of microhaemorrhages, WMH, and/or lacunes/lacunar infarcts, usually accompanied by enlarged PVS, in brain magnetic resonance imaging (MRI) scans. PVS are fluid-filled spaces that surround small penetrating blood vessels (1), which provide a route for the clearance of brain waste products (3). When enlarged, they become visible in brain MRI with the appearance of small linear or round structures depending on how they are positioned (i.e., parallel or perpendicular) with respect to the imaging plane. The cause of PVS enlargement is not fully understood but is thought to be related to impaired fluid drainage (4), as a consequence of several pathological processes that affect the cerebral microvasculature, including blood–brain barrier dysfunction, vessel stiffening, and reduced vessel pulsatility (5, 6). MRI-visible PVS, although seen also in scans of healthy adults without cSVD, have been associated with age, vascular risk factors, especially hypertension (7, 8), and WMH (1). WMH, on the contrary, are considered neuropathological features and appear in a wide spectrum of disorders. They have traditionally been associated with de-/dysmyelination processes and axonal degeneration (9), but advances in MRI have revealed that their presence may also reflect changes in interstitial fluid flow and increased water content in the white matter, especially in the earlier stages of cSVD (10). Like PVS, our understanding of WMH pathogenesis is poor, but they are strongly associated with vascular risk factors (11, 12), other imaging features of cSVD (13), cognitive decline, gait disturbance, and an increased risk of stroke and dementia (14).

Although PVS and WMH are commonly seen together in brain MRI scans of cognitively normal older individuals, they are clinically silent, and only a few studies have analyzed their relationship with conflicting results. Thus far, these studies have based their analyses on PVS and WMH severity, as determined by visual rating scores, for which subjectivity may have contributed to the conflicting findings. For instance, two cross-sectional studies found an association between the severity of enlarged PVS with WMH in two different clinical groups: lacunar stroke patients (15) and community-dwelling septuagenarian individuals (16); yet a recent meta-analysis including these studies and six others found no statistically significant associations between the two imaging markers (8).

Computational methods have been developed to quantify a PVS burden from MRI scans, helping to overcome the subjectivity associated with these scoring systems [e.g., (17–22), for mentioning just a few]. A recent study found stronger positive associations between computationally derived PVS metrics and WMH severity than visual scores (23). These cross-sectional associations suggest that widening of PVS might reflect small vessel endothelial dysfunction and impaired interstitial fluid drainage that contributes to a greater WMH burden and accumulating brain damage in aging and cSVD (23). Longitudinal associations between these PVS metrics and WMH have not been studied. However, a high burden of PVS in the basal ganglia (determined by visual rating) has been associated with WMH progression after adjusting for age, sex at birth, and vascular risk factors (24).

There is a growing interest in topological relationships between PVS and WMH. Understanding how PVS and WMH are spatially related to one another in the brain may reveal important insights into their underlying mechanisms and formation. It has been observed that WMH appear to form around PVS in stroke patients (25), typically in the parietal and posterior and lateral temporal regions. A recent study (26) explored the topological associations between WMH and PVS in randomly selected WMH clusters identified in a cross-sectional sample of 136 adults without previous history of stroke, brain trauma, or any neurological or systemic disease and reported that most of the randomly selected deep WMH clusters analyzed were spatially connected to PVS. But longitudinal data are required to directly characterize the within-person temporal dynamics of the processes related to the evolution of WMH and PVS and their possible synergy. The findings from Huang et al. (26), if confirmed in a longitudinal and more heterogeneous sample in terms of vascular disease, would provide further evidence to support a mechanistic link between both cSVD features and reveal whether PVS could predict WMH progression. Being able to identify patients with WMH that are more likely to progress may help to prevent development of associated neurological symptoms and conditions through earlier clinical intervention (27). We hypothesize that in cognitively normal older adults, (1) more deep WMH clusters would probably be spatially close to PVS (than not close) and increase in size around them and (2) those WMH clusters close to PVS, with time, will increase in size more than the WMH clusters that are distant from PVS.



Materials and methods


Subjects and clinical data

We utilized brain MRI, clinical, and demographic data from a randomly selected sample of participants of the Lothian Birth Cohort 1936 Study (https://en.wikipedia.org/wiki/Lothian_birth-cohort_studies), a longitudinal study of cognitive aging comprising community-dwelling individuals from in and around Edinburgh born in 1936. All participants provided written consent to take part in the study under protocols approved by Lothian (REC 07/MRE00/58) and Scottish Multicentre (MREC/01/0/56) Research Ethics Committees. The methods used for MRI acquisition and clinical data in this cohort have been reported previously (28–30). Participants had their first brain MRI scan at the second wave of testing at a mean age of 72.6 years and subsequent MRI examinations spaced at 3-year intervals (30). For this study, we randomly (i.e., using a random number generator function in MATLAB R2019b) selected a sample of 32 participants with brain MRI available for the first three consecutive scanning waves (i.e., a total of 96 individual MRI scans) with high-quality image data. Vascular risk factors, which included presence or absence of hypertension, hypercholesterolaemia, diabetes mellitus, stroke, and history of cardiovascular disease, were self-reported at each wave (30).



Image acquisition

All brain images were acquired at the Western General Hospital of Edinburgh in a GE Signa Horizon HDx 1.5-T clinical scanner (General Electric, Milwaukee, WI) following the research acquisition protocol described in Wardlaw et al. (29) and ensuring full-brain coverage. In brief, the 3D T1-weighted sequence (160 slices) had an acquisition matrix of 192 × 192 and a voxel size of 1 × 1 × 1.3 mm3. The axial T2-weighted fast spin echo sequence (TR/TE = 11,320/102 ms, 80 slices) was acquired with a 256 × 256 matrix and a voxel size of 1 × 1 × 2 mm3. The axial fluid-attenuated inversion recovery (FLAIR) fast spin echo sequence (TR/TE/TI = 9,000/140/2,200 ms, 40 slices) was acquired with a 256 × 192 matrix and a voxel size of 1 × 1 × 4 mm3. The axial T2*-weighted gradient echo sequence (TR/TE = 940/15 ms, 80 slices) was also acquired with a 256 × 192 matrix, but with a voxel size of 1 × 1 × 2 mm3. None of the sequences had an inter-slice gap.



Image processing

Each study participant's image data were processed and checked individually. For each participant, all image sequences from all waves were co-registered to the T2-weighted image acquired in the first scanning wave using rigid-body registration (linear, six degrees of freedom) through FSL-FLIRT (31). We used existent binary masks of WMH from the three waves and PVS in the centrum semiovale from the first imaging wave generated as previously published (23, 32, 33) (Supplementary Figure 1). In brief, for the first scanning wave (i.e., referred hereby as wave 1) WMH masks were generated using a multispectral method that combines T2*-weighted and FLAIR images mapped in the red–green color space and quantised to facilitate a robust thresholding using minimum variance quantisation (32). For the other two waves, WMH binary masks were generated from a statistical analysis of the FLAIR-normalized intensities, seeking full compatibility with the semi-automatic approach applied in the first wave, and a higher level of automation: while in the multispectral approach the Gaussians that describe the intensity distribution of the tissue classes in the FLAIR image were adjusted by the observer aided by a combination with another T2-weighted-based image, in the other this adjustment was performed automatically. In brief, hyperintense voxels on FLAIR were identified by thresholding intensity values equal to 1.69*standard deviation above the mean, using an adjusted implementation from Zhan et al. (34). The resulting hyperintense areas unlikely to reflect pathology (i.e., artifacts and cortex) were removed automatically using a lesion distribution template generated from the segmentation results of the first wave. Further refinement was achieved by applying Gaussian smoothing, followed by the removal of voxels with intensity values below 0.1 and z-scores below 0.95. All WMH masks were checked and manually edited to ensure the segmentation was as accurate as possible. Bland–Altman analyses yielded a mean WMH volume difference (SD) of 0.38 (1.29) ml and an intra-class correlation coefficient of 0.938, in 15 randomly selected individual datasets that were segmented with both implementation approaches. Voxel-wise reliability analyses comparing the WMH masks manually edited after applying both approaches show only scattered differences in the periventricular boundaries and Dice similarity coefficient of 0.6 (SD = 0.128), similar to the published inter-observer differences using the same method (35). No clusters (i.e., of three or more voxels) of differences were identified.

Segmentation masks for PVS in the deep normal-appearing white matter (i.e., excluding the internal and external capsules that are part of the region clinically defined as basal ganglia for the purposes of PVS identification) were generated using a computational method described previously (23, 36), on T2-weighted images. Succinctly, images were resampled from 256 × 256 × 80 to 256 × 256 × 160, using spline interpolation, to perform the PVS segmentation in images with 1-mm3 isotropic voxels. According to Wardlaw et al. (1) and Valdés Hernández et al. (37), PVS were identified as tubular structures with lengths between 3 and 50 mm. Tubular structures in the “isotropic” T2-weighted images were enhanced using the Frangi filter in its 3D version, optimized for this purpose with the parameters described by Ballerini et al. (36), which, according to Ballerini et al. (23), enhances structures with widths above 0.5 and below 2.5 voxels. The output from the filter was thresholded, binarised, and quantified in the region of interest. We used 3D connected component analysis to computationally identify and assess the PVS. Segmentation masks for PVS inside WMH were generated using the same method (i.e., thresholding the output of the 3D Frangi filter) but in a fused image obtained by subtracting the FLAIR image from the T2-weighted image after both being corrected for bias-field inhomogeneities using FSL-FAST (38) and their intensities being normalized. This is to discern whether the low-intensity voxels within the WMH in FLAIR correspond to the PVS-like hyperintense structures identified using the T2-weighted image. Combining sequences to increase distinction of PVS-like structures is a well-established procedure (17, 21). The images were individually checked for noise and other artifacts that would affect accuracy of PVS segmentation. To avoid errors in misclassifying small lacunes resembling PVS as PVS, neuroradiological reports were checked.



Visual assessments

Adjacency/closeness (or not) of PVS with WMH clusters [minimum size 3 mm diameter according to Wardlaw et al. (1)] was recorded while/by visually inspecting all slices where PVS were segmented. Initially, the inspection was done in axial slices, and they were double-checked in all radiological orientations throughout the sample in all waves. All visual assessments, performed with MRIcron v1.0.20190902 (https://www.nitrc.org/projects/mricron/), were blinded to visual rating scores for PVS and WMH and participants' clinical and demographic information. These were repeated by the same observer to ensure a perfect intra-observer agreement [mean differences in PVS count ± 95% confidence interval are equal to −0.207 ± 1.637, intra-class correlation coefficient (ICC) 0.99917 for wave 1 and −0.034 ± 1.361, ICC = 0.99961 for wave 2, see Bland–Altman plot in Supplementary Figure 2]. Deep WMH clusters were defined as regions or voxel clusters of WMH not contiguous with the WMH located in the periventricular lining. Periventricular WMH caps surrounding the horns of the lateral ventricles were counted as deep WMH clusters if they extend more than 13 mm from the ventricular surface into the deep white matter (39). Cross-sectional topological relationships were assessed on the first scanning wave. Each deep WMH cluster was recorded and classified as either “close” or “not close” to a perivascular spaces (PVS) in the first scan in co-registered T2-weighted and FLAIR images after superimposing the PVS and WMH binary masks in different contrasting colors (Figure 1). Deep WMH were defined as “close” to a PVS if their segmentation was overlapping or contiguous with a PVS and “not close” if it was not overlapping or contiguous. Adjacent slices were carefully inspected to ensure not to miss or double-count any PVS. Each deep WMH cluster was also labeled, and the region of the brain it was found in was recorded—either frontal, parietal, temporal, or occipital, determined by examining lobar segmentations from a digital anatomical atlas (40).


[image: Figure 1]
FIGURE 1
 Examples of deep WMH in the baseline scan that would be classified as “close” and “not close” to baseline PVS when determining cross-sectional topological relationships (segmentation masks for WMH in cyan and PVS in yellow, overlaid on FLAIR MRI).


To identify topological relationships longitudinally, the total number of deep WMH clusters was counted again. This time, each was classified according to how their morphology changed relative to baseline PVS between consecutive waves (e.g., waves 1 and 2 and waves 2 and 3) in each participant. A further mask that represented the change in WMH between waves was also overlaid in the FLAIR image to facilitate this assessment (Figure 2). These relationships were defined as follows: “increase around”—deep WMH cluster increased so that more voxels of the WMH mask became contiguous with a PVS; “increase close”—deep WMH cluster previously considered “close” to a PVS, increased in size, but no more of it became contiguous with a PVS (i.e., the adjacency between both—PVS and WMH—masks observed was owed to the same number of voxels as in the previous wave); “increase not close”—deep WMH cluster increased but it was still not contiguous with a PVS; and “no increase”—no visible change in the deep WMH cluster (Figure 2). To avoid WMH cluster change in size being influenced by differences in WMH segmentation algorithms, this was only considered if the change was perceived as nearly having doubled (or halved) or more the original cluster size. Again, all deep WMH clusters counted were recorded according to the lobar brain region.


[image: Figure 2]
FIGURE 2
 Examples of deep WMH for each of the different categories used to determine longitudinal topological relationships (segmentation masks for WMH in cyan, change in WMH in violet, and PVS in yellow, overlaid on FLAIR MRI).




Statistical analysis

A statistical analysis was performed in R (version 3.6.2). First, the counted data per overall individual brain scan were summarized to show the median count and distribution within the sample, per category. Cross-sectional and longitudinal topological relationships were analyzed by calculating percentages per category, both overall and per brain region. To allow a longitudinal analysis of the cross-sectional relationships, a change in count of deep WMH clusters “close” and “not close” to baseline PVS between waves was simplified into a binary variable where “1” indicates an increase in the number of deep WMH clusters and “0” indicates otherwise (i.e., no change or a decrease). A binary logistic regression with random effects was used to model the association between the change in the number of deep WMH clusters and their location relative to a PVS. Random effects accounted for variation between participants and for correlation within participants, i.e., an individual could contribute more than one row of data to the analysis. Data per overall brain were used, and separate models were performed for waves 1–2 and waves 2–3. In addition to unadjusted models, we evaluated models that corrected for sex at birth and vascular risk factors, including hypertension, hypercholesterolaemia, diabetes mellitus, and history of cardiovascular disease, with a maximum of three predictors per model. We estimated our sample size guided by the only study that visually assessed the topological relationships between WMH and PVS (26), which randomly selected 600 deep WMH clusters from a cross-sectional sample for analysis. In our sample, at baseline (i.e., only in wave 1), the total number of deep WMH clusters counted surpasses 600. Resources available for this study allowed us to process data from 29 individuals. Nevertheless, given the exploratory nature of this study, the complexity, and nature of the assessments, to ensure reproducibility, comparability, trustworthiness, and objectivity in the analyses, this estimate was considered appropriate (41). We consider the primary value of this study to be an indication of feasibility. Moreover, although the LBC 1936 Study, which provided data for the current analysis, enrolls 728 individuals in its first MRI scanning wave, it is inappropriate to use own data for a sample size calculation for an analysis with the same data (41).

To further evaluate whether the spatial relationship between deep WMH clusters and PVS could have been (or not) influenced by the PVS burden, we analyzed the R2 value of the univariate linear regression models that had the number of PVS close to WMH clusters as independent variables and the WMH volume at each wave as a dependent variable, and we further compared these with the R2 values of the models that have, instead, the PVS volume and the average PVS size as dependent variables. As R2 measures the strength of the relationship between the set of independent variables and the dependent variable, if the spatial relationship between PVS and WMH is determined by the PVS burden we would expect higher R2 values (i.e., less variance around the fitted line) in the models that relate the PVS burden (i.e., total volume, mean PVS size) to the WMH volume. In addition, we calculated the density of PVS “close” and PVS “not close” to WMH at the three scanning waves and conducted a paired t-test (two-tailed) at each wave comparing the densities of PVS “close” and PVS “not close”. If our hypothesis on the existence of a spatial relationship between deep WMH clusters and PVS is true, the PVS density (i.e., number per ml) close to deep WMH clusters will be greater than (and significantly different from) the PVS density not close to WMH.




Results


Sample characteristics

Data from three participants were excluded due to inaccuracies in their PVS segmentations mainly due to the presence of motion artifacts in the T2-weighted images. One participant was not included in the models performed between waves 1 and 2 as no deep WMH clusters were counted in either of these waves. The mean age of the sample at baseline was 71.87 years (SD = 0.38). The follow-up MRI scans from waves 2 and 3 were obtained three and six years later, respectively (i.e., at a mean age ~75 and 78 years). Table 1 shows the baseline characteristics of the sample including sex at birth, vascular risk factors, and Fazekas visual rating scores of WMH.


TABLE 1 Baseline participant characteristics, n = 29 (CVD = cardiovascular disease).
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Cross-sectional topological relationships

Figure 3 illustrates the variations in the cross-sectional topologies observed. For deep WMH clusters classed as “close” to a PVS, most bordered a PVS with a small area of overlap (Figure 3A). Within deep WMH clusters that were classed as “not close” to a PVS, there was considerable variability in the distance separating them (Figure 3D). Many of these different topologies existed simultaneously in the same participant (Figure 4).


[image: Figure 3]
FIGURE 3
 Examples of the different topological types observed within the “close” vs. “not close” classification used for describing cross-sectional topological relationships. (A–C) show variations within deep WMH classed as “close,” while (D) shows variations within those classed as “not close” (segmentation masks for WMH in cyan and PVS in yellow, overlaid on FLAIR MRI).



[image: Figure 4]
FIGURE 4
 Illustration of several different topological types (circled) existing in the same participant (segmentation masks for WMH in cyan and PVS in yellow, overlaid on FLAIR MRI).


The median count of deep WMH clusters “close” to baseline PVS (i.e., PVS identified at the first scanning wave) was greater than the median count of those “not close” at all time points (Figure 5). The counts were not normally distributed in this sample, with several participants having zero or very low counts of deep WMH clusters (see individual data in Supplementary files). A higher percentage of WMH clusters in wave 1 were found close to PVS (Table 2). In the rest of the waves, this pattern was also observed (wave 1: 77% “close,” 23% “not close”; wave 2: 76% “close,” 24% “not close”; wave 3: n = 69% “close,” 31% “not close”; Figure 6, Table 2). Despite far fewer deep WMH clusters being counted in the parietal and temporal regions than in the frontal region (Table 2), the percentages of these that were found “close” to baseline PVS (i.e., PVS identified at the first wave) were higher than those found “not close” in these regions (Figure 7; e.g., wave 1—frontal: 75% “close,” 25% “not close”; parietal: 81% “close,” 19% “not close”; temporal: 86% “close,” 14% “not close”). The occipital region was not included in Figure 7 as only one deep WMH cluster was counted in wave 1.


[image: Figure 5]
FIGURE 5
 Distribution of counts of deep WMH in waves 1, 2, and 3, found close and not close to baseline (i.e., wave 1) PVS. The points plotted on each boxplot represent a different participant in the sample, and the numbers inside the boxplots correspond to the median count.



TABLE 2 Total number of deep WMH counted across the sample in waves 1, 2, and 3 that were found “close” and “not close” to baseline PVS, per lobar region and overall.
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FIGURE 6
 Percentages of deep WMH in waves 1, 2, and 3 that were found “close” and “not close” to baseline (i.e., wave 1) PVS.



[image: Figure 7]
FIGURE 7
 Percentages of deep WMH in waves 1, 2, and 3 that were found close and not close to baseline PVS in the frontal, parietal, and temporal regions.




Associations between progression of deep WMH clusters and proximity to PVS at wave 1

Between waves 1 and 2, the number of deep WMH clusters changed in 28 participants. There was a median increase of 2 in deep WMH clusters spatially close to baseline PVS (i.e., PVS detected at wave 1) and 1 in those not close. Between waves 2 and 3, the number of deep WMH clusters changed in all 29 participants. The median change in number spatially close to a PVS increased in 10, while the median change for those “not close” increased in 6. Logistic regression models with random effects found no significant associations between progression (defined by an increase in number) of deep WMH clusters and proximity of these clusters to PVS (i.e., either “close” or “not close”) at wave 1. Table 3 shows the odds ratios, 95% confidence intervals, and p-values for all models performed.


TABLE 3 Association between proximity of deep WMH to PVS and deep WMH progression by binary logistic regression with random effects.
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Longitudinal topological relationships

Figure 8 shows the counts of changes in deep WMH clusters' morphology in relation to baseline PVS. The percentages of the different changes between waves 1 and 2 and waves 2 and 3 are displayed in Figure 9 and Table 4. A greater percentage of deep WMH clusters increased in size (waves 1–2: 70% increased and 30% did not increase; waves 2–3: 77% increased and 23% did not increase). Of those that increased, the most frequent change was an increase in size around the location of the already existent (i.e., “baseline”) PVS (waves 1–2: 73% “increased around,” 10% “increased close,” 17% “increased not close”; waves 2–3: 72% “increased around,” 10% “increased close,” 18% “increased not close”). When lobar regions were analyzed separately, these trends were also observed (Figure 10, Table 4). The occipital region was not included in Figure 10 because, as previously referred, only one WMH cluster was identified in this region at wave 1.
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FIGURE 8
 Distribution of counts of deep WMH that increased around, close and not close to baseline PVS, and did not increase between waves 1 and 2 and waves 2 and 3. The points plotted on each boxplot represent a different participant in the sample, and the numbers represent the median count.
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FIGURE 9
 Percentages of deep WMH that increased around, close and not close to baseline PVS, and did not increase between waves 1 and 2 and waves 2 and 3.



TABLE 4 Total number and percentages of deep WMH counted across the sample that increased around, close and not close to baseline PVS, and number of those that did not increase between waves 1 and 2 and waves 2 and 3, per region and overall.
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FIGURE 10
 Percentages of deep WMH that increased around, close and not close to baseline PVS, and did not increase in the frontal, parietal, and temporal regions between waves 1 and 2 and waves 2 and 3.


Although far fewer deep WMH clusters were counted in the parietal and temporal regions compared with the frontal region, we more frequently observed larger WMH clusters forming around multiple PVS in the parietal and posterior temporal regions (Figure 11). Deep WMH clusters in the frontal region were typically smaller in volume with a small area of continuity with a PVS.
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FIGURE 11
 Examples of large deep WMH in the parietal region that were found spatially close to multiple PVS (segmentation masks for WMH in cyan and PVS in yellow, overlaid on FLAIR MRI).




Influence of the PVS burden and WMH cluster size in the spatial relationships found

The PVS volume and mean size did not seem to have influenced the spatial relationships found. As shown in the Supplementary data spreadsheet “PVSandWMHburden_analysis.xlsx,” the R2 value for the linear regression between number of CSO PVS “close” to WMH and WMH volume for the scanning wave 1 was 0.484, for wave 2 it was 0.421, and for wave 3 it was 0.542. On the contrary, the R2 value for the linear regression between CSO PVS volume and WMH volume for wave 1 was 0.0539, and between mean CSO PVS size and WMH volume, it was 0.049, thus indicating that approximately half of the variation in WMH volume at each wave can be rather explained by the number of PVS “close” to WMH instead of by the PVS burden. Similar results were obtained while evaluating the univariate association between the number of PVS considered “close” or “around” WMH that increased from waves 1 to 2 (R2 = 0.581) and from waves 2 to 3 (R2 = 0.512), and the WMH volume at waves 2 and 3, respectively. Paired t-test analysis of the density of PVS “close” vs. “not close” showed significant differences between both variables at all waves [wave 1: mean (SD) PVS “close” = 0.114 (0.103) ml−1, mean (SD) PVS “not close” = 0.0349 (0.0406) ml−1, p = 1.259 × 10−6; wave 2: mean (SD) PVS “close” = 0.140 (0.117) ml−1, mean (SD) PVS “not close” = 0.0450 (0.0560) ml−1, p = 2.443 × 10−7; wave 3: mean (SD) PVS “close” = 0.216 (0.163) ml−1, mean (SD) PVS “not close” = 0.100 (0.113) ml−1, p = 1.133 × 10−8).

To classify the WMH clusters into “big” or “small” while avoiding inter-/intra-observer bias, we looked at the deep Fazekas scores (provided as part of the Supplementary data) given by the neuroradiologist. As defined in Fazekas et al. (49), the deep WMH scores are equal to 1 if small punctate and very few, 2 if bigger and in higher number, and 3 if large and confluent with the periventricular WMH. From the whole sample, only one subject (subject no. 16) has deep Fazekas scores equal to 3 and two subjects (subject nos. 7 and 11) have deep Fazekas scores equal to 2. Therefore, it is unlikely that the spatial relationship between WMH and PVS would have been driven by the size of the WMH clusters.




Discussion

This pilot study in a sample of participants from a community-dwelling Scottish cohort is the first longitudinal study to date that evaluated the topological spatial relationship between PVS and deep WMH clusters. By carefully analyzing data across six years acquired in three equally spaced time points, our study provides further insights into this novel area of research by corroborating the hypothesis that some deep WMH may increase in size and form around PVS, previously inferred from cross-sectional data. Our results, therefore, suggest that in normal aging, WMH formation may be linked to impaired brain clearance mechanisms in addition to the vascular origin referred to in the current literature (42). From our observations, it is possible to infer that worsening interstitial fluid drainage over time can cause further accumulation of fluid in the white matter immediately adjacent to where drainage via PVS was previously impaired. This is consistent with the proposed mediating role of free water in the brain in the association seen between PVS and deep WMH clusters by a previous cross-sectional study (26).

Moreover, our results indicate that the spatial relationships found are not likely to be artificially driven by the PVS volume and mean size or by the size of WMH clusters. Clinical reviews have previously proposed that WMH may preferentially form around PVS (5, 42). Another review that examined the pathological evidence for the failure of the brain clearance mechanisms as a significant cause of the overall pathology found particularly in the aging brain, stated that enlarged PVS reflect impaired interstitial fluid drainage and lead to the development of WMH (43). Our study for the first time provides evidence to support this claim, by analyzing the spatial proximity, distribution, and evolution of WMH in relation to PVS in brain scans from an age-homogeneous cohort representative of normal aging across 6 years within the eight decade of life.

Previously published data on topological relationships observed a marked difference between the percentages of WMH clusters spatially connected and not connected to PVS (26) when compared with those of our study. However, this may be due to several differences in study design. The age of the sample utilized by Huang et al. (26) was younger, with an inter-quartile range of 56–65 years, compared with that of our sample, where participants were aged ~72, 75, and 78 years when relationships were analyzed. As both PVS and WMH are independently correlated with increasing age (44, 45), this may have influenced the differences seen. In terms of vascular disease, our sample is also more heterogeneous as it includes individuals with cardiovascular disease and total Fazekas scores ranging from 1 to 5. Also, different from our study, Huang et al. analyzed a random sample of deep WMH clusters rather than all present. While this was more feasible in a larger sample and allowed better appreciation of relationships in 3D, it may have introduced within-subject sampling error.

Although our longitudinal analysis revealed an increase in size of the WMH clusters close to or overlapping with the PVS identified at the first wave of scanning, our statistical analysis suggests that the number of deep WMH clusters spatially close to PVS was no more likely to increase than those spatially not close and that the location of deep WMH clusters in relation to PVS at the first scan was not a predictor for WMH progression in this sample. There are several possible reasons why no statistically significant associations were found. The baseline scan, obtained at a mean age close to 72 years, already showed most of the WMH clusters being located close to PVS, and most of these clusters experienced a growth over the periods evaluated. Therefore, it is reasonable that they would appear around or close to PVS at follow-up scans without necessarily meaning that the proximity to a PVS was related to their enlargement. The homogeneity of the sample in terms of age compensated the likelihood of biasedness of the adjusted statistical models, as age was not a factor needed to account for. Nevertheless, given the small size of the sample, the number of outcome events per predictor variable was slightly less than the recommended 10 (46). A Binary logistic regression with random effects was chosen because the alternatives were deemed beyond the scope of this study due to the complexity and number of assessments, which such a small sample size would be unlikely to support. A larger study would use more sophisticated analysis methods, such as Poisson's regression, to fully exploit the count nature of the data (47). Defining deep WMH clusters' progression as an increase in their number for statistical analyses was a further limitation as it did not take into account change in volume of individual clusters and the possibility of multiple clusters coalescing into one over time, which was observed in some cases. For such a detailed analysis to be performed computationally, it would have required access to a large “ground-truth” databank currently non-existent. Also, the analysis of the odds of deep WMH clusters close to PVS increasing in number to those not close to PVS is complex as it is unclear what deep WMH clusters not close to PVS represent. Although their appearance is unlikely to be related to the consequences of impaired interstitial fluid drainage, they may be just as likely to increase in number for different reasons.

Another limitation of our study is the relatively low spatial resolution of the images for the assessment of these types of structures (i.e., 1 × 1 × 2 mm3 at 1.5 tesla), which, despite resampling, may have introduced an error in counting the PVS that occur parallel to the axial plane. Relying on segmentation to define the relationships seen, despite improving the reliability and reproducibility in the assessments, meant that accuracy of the data collected was dependent on the accuracy of segmentation, particularly for PVS for which manual edit of each of these small features individually is impractical and highly prone to individual observer's considerations, especially for cases with a high burden of them. Inaccuracies in the segmentation of baseline PVS in this cohort as a whole have been recognized (23), but the sample analyzed was double-checked visually to ensure quality in the analyses. The reliance in the segmentation could have also meant that small increase (or decrease) in the number of voxels (e.g., one or two voxels) recognized by the algorithm could have been considered an actual biological change. The filtering method used in the PVS segmentation is widely recognized for its robustness, and given the image normalization steps also conducted, an artificial increase in the number of connected voxels considered PVS is not highly likely. The change in WMH volume, however, could have been artificially generated by the algorithms, especially given the undefined borders of some lesions and the differences in defining the thresholds by the two methods used to segment them. To overcome this limitation, the change in the WMH cluster size was evaluated visually and considered as such only if this was perceived nearly as two times (or half) or more the original cluster size. Also, it is not clear whether punctate WMH that pathology studies recognize as WMH composed of and characterized by enlarged PVS (48–50) are segmented as PVS, WMH, or both. This may have also affected how accurately deep WMH clusters were classified. Lastly, due to the visual and 3D nature of the assessments, despite the high intra-observer reliability, one cannot discard the possibility of potentially mistaken classification of WMH clusters close to PVS diagonally across slices, or double counting of the same cluster in different planes. Once the segmentations are done, distance from each cluster to PVS masks could have been calculated computationally, for example, using the Euclidean or Manhattan distances, but anyway they would have needed to be checked visually, because to avoid considering PVS proximities to more than one WMH cluster, arbitrary limits would have needed to be imposed, complicating the interpretability of the results.

The fact that only one observer performed the visual assessments limited the sources of variation in the dataset. Counting all deep WMH clusters is very time-consuming, especially in participants with a high WMH burden, so the methodology used here would not be feasible in large samples. Nonetheless, it proved a useful way of obtaining data on topological relationships between deep WMH clusters and PVS, both cross-sectionally and longitudinally, to test our hypotheses. Due to the novelty of this research, there are no reliably annotated data to train any machine learning algorithm to reliably classify large data fully automatically across the whole brain. Existent automatic classifiers that demand less or no data at all have a suboptimal accuracy for being applied in clinical studies or test clinically relevant hypotheses. Therefore, future research should continue to use the methodology developed for this study to generate ground-truth data in a larger sample, reassess the relationships seen, and re-evaluate the utility of the presented paradigm to determine its usefulness in predicting WMH progression. Moreover, future studies should include in the analyses participants with history of previous strokes to investigate differences in tendencies over time (if they exist) between individuals who had a stroke against those who did not. It will be also useful to validate the results against the percentage overlap between segmentation masks for PVS and WMH, which would better take into account differences in volume. As described in Materials and Methods section and in previous publications from this cohort, WMH binary masks separately for periventricular and deep regions are not currently available. Therefore, with the data available at present such computational analysis would have been misleading.

As our findings support the idea that PVS enlargement (i.e., for PVS to be visible in MRI) may precede WMH development, future research on better understanding what causes PVS enlargement would be important. MRI-visible PVS in the centrum semiovale are linked to amyloid deposition (51, 52); therefore, ways to prevent this would be clinically beneficial.



Conclusion

In this pilot study, more deep WMH clusters were found spatially close to a baseline PVS than distant, and more than half progressed with time, increasing around a baseline PVS. Although this sample is very small, these findings support a mechanistic link between these two cSVD features that may improve our understanding of the mechanisms involved in cSVD and WMH development to help reduce and prevent associated symptoms and neurological conditions. Formal statistical comparisons of severity of these two SVD markers yielded no associations between deep WMH clusters progression and the location of these clusters relative to PVS. The sample size should be increased to confirm these associations. Future research should also explore more feasible ways of analyzing these relationships (i.e., automatically) and the causes of PVS enlargement to continue furthering our understanding of the mechanisms involved in cSVD.
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Background and purpose: There have been controversial results in previous studies for the association between intracranial artery stenosis (ICAS) and white matter hyperintensities (WMHs), and the correlation of ICAS with the progression of WMHs is uncertain. The aim of this study was to investigate the association between ICAS and the progression of WMHs.

Methods: In this retrospective longitudinal study, we enrolled 302 patients aged 60 years and older who had received two brain MRI scans with a 3-year interval and was examined by CTA in the first MRI scan. We measured the stenosis of major intracranial arteries by CTA and assessed the progression of WMHs using the modified Rotterdam Progression scale (mRPS). We performed binary logistic regression analyses and established linear regression model to determine the relationship between the degree of ICAS and the progression of WMHs.

Results: A total of 302 patients were enrolled, of which 48.3% experienced WMHs progression. After adjustment for confounding factors, the patients with Grade 2 ICAS had an OR of 2.8 (95% CI 1.4–5.5), and those with Grade 3 ICAS had an OR of 3.0 (95% CI 1.2–7.3) for the progression of WMHs. The ICAS degree remained associated with PVWMHs but had an attenuated relation to SCWMHs. ICAS severity was significantly associated with WMHs progression scores, higher for Grade 3 ICAS [β (SE) = 0.18 (0.18)] followed by Grade 2 ICAS [β (SE) = 0.10 (0.15)] compared with Grade 1 ICAS.

Conclusions: Patients with more severe ICAS are more likely to have WMHs progression and have distinct relevancy to PVWMHs and SCWMHs, which may provide clues for understanding mechanisms of WMHs progression.

KEYWORDS
 intracranial artery stenosis, white matter hyperintensities, magnetic resonance imaging, computed tomography angiography, retrospective longitudinal study


Introduction

White matter hyperintensities (WMHs) are frequently found on brain MRI of older individuals and substantially predict an increased risk of dementia, stroke, mortality, and physical disability (1, 2). Some evidence considers WMHs as small-vessel disease-related lesions (3, 4), but the exact etiology is poorly understood. Proposed mechanisms include that chronic hypoperfusion, diffuse cerebrovascular endothelial failure, and blood-brain barrier alterations (4, 5) alone or simultaneously contribute to the damage of cerebral vessels and parenchyma. Postmortem studies have shown that WMHs correlate with various degrees of demyelination, arteriolosclerosis, and mild gliosis (6). Pathologically, most WMHs lesions are ischaemic in origin.

Inefficient blood supply to brain due to luminal narrowing by atherosclerotic arterial stenosis in the upstream may be contributory to the presence and development of WMHs (7). The correlation between carotid arteriosclerosis and WMHs is still a matter of controversy, even though a large number of studies have been dedicated to identifying it (8). Most of these studies have reported no definitive association between vascular risk factors (VRFs) and WMHs (9). Intracranial- and Extracranial atherosclerosis (ICAS and ECAS) have been suggested to have different pathogeneses. Intracranial arteries might have less opportunity to be hemodynamically compensated by the circle of Willis and is related to weaker cerebral autoregulation, because they are less elastic and result in pressure-passive cerebral blood flow (10). Some cross-sectional studies have suggested that patients with ICAS, rather than ECAS, may particularly have heavier WMHs burden (7, 11, 12), while others failed to demonstrate the relevance (13, 14). Additionally, WMHs may progress insidiously rather than staying unalterable, and the risk factors for progression are uncertain. To our knowledge, only one study assessed the effects of statins on the progression of WMHs, but regrettably, it mentioned no significant correlation between ICAS and the progression of WMHs (15). Further exploration of the relationship between ICAS and WMHs is warranted.

We therefore sought to conduct the present retrospective longitudinal study in patients without acute stroke or ECAS, aiming to determine whether stenosis in major intracranial arteries could serve as a predictor for WMHs progression within a period of 3 years.



Methods


Study population

This study was retrospectively performed on inpatients admitted to the Department of Neurology of Daping Hospital in the city of Chongqing, China, from January 1, 2010 to December 31, 2015. Eligibility criteria included: (1) patients aged 60 years and older; (2) patients who had undergone cerebral magnetic resonance imaging (MRI) scans twice in this period with a 3-year interval; and (3) patients who had been examined by CT angiography (CTA) in the first MRI scan. Exclusion criteria were: (1) patients with a leukoencephalopathy of non-vascular origin (e.g., infectious, toxic, immunological-demyelinating); (2) patients with a diagnosis of brain tumors, acute stroke within 2 weeks, or new stroke during the 3-year interval; (3) patients with a stenosis of ≥20% in the extracranial internal carotid artery and vertebral artery (ECAS); and (4) patients without adequate clinical information. The study protocols were approved by the Institutional Review Board of the Third Military Medical University, and all patients signed written informed consent before the study started.



Clinical assessment

The clinical data were obtained from reliable medical records, physical examinations and structured clinical interview, and consisted of demographic data, medical history, and vascular risk factors (VRFs). The demographic data collected were comprised of age and sex. Each patient's systolic and diastolic blood pressures (BP) were measured using an aneroid sphygmomanometer with a 10-min relaxing. Body mass index (BMI) was measured. Use of anti-hypertensive, antiplatelet agents, statin and anti-diabetic medications, including oral hypoglycemic agents or insulin injection, were ascertained. The VRFs included in our study were hypertension, diabetes, coronary heart disease, dyslipidaemia, previous stroke, and current smoking and alcohol habit. Individuals with hypertension were defined as those with systolic/ diastolic BP measures >140/90 mmHg in three consecutive measurements, or current use of anti-hypertensive agents, or a prior diagnosis of hypertension. Diabetes was defined as fasting blood glucose >7.0 mM or currently undergoing treatment with hypoglycemic medicine or insulin. Coronary heart disease (CHD) was determined by coronary angiography or cardiac CTA after being screened by electrocardiography or echocardiography according to the protocols for cardiac risk assessment. Dyslipidaemia was defined by a total cholesterol concentration >5.2 mM and a low-density lipoprotein cholesterol concentration >3.4 mM. Previous stroke defined by history were confirmed before a definitive diagnosis was made. Current smoking and daily alcohol use were investigated as previously described (16).



CTA scans and determination of ICAS

CTA scanning from the aortic arch to the cranial vessels was performed on a 64-slice CT scanner (Light Speed VCT 64-slice Scanner; General Electric, Milwaukee, WI). Details of the CTA protocols have been reported previously (17). All intracranial artery stenosis in the CTA images were reviewed and calculated as percent stenosis = [(1 – (Dstenosis/Dnormal)] × 100 (Dstenosis = the diameter of the artery at the site of the most severe stenosis, Dnormal = the diameter of the proximal normal artery) (18) by two researchers (Zhong and Zhou) who were blinded to the patients' clinical information and WMHs scoring. The final stenosis percent for each vessel was defined according to the maximum value of all sites if multiple stenotic lesions were simultaneously existent. The vessels inspected include the intracranial internal carotid arteries; the proximal portions of anterior, middle, and posterior cerebral arteries (e.g., A1, M1, and P1, as well as distal segments or the communicating arteries, if present); intracranial vertebral arteries and basilar artery (19). The degree of ICAS was determined according to our previous study (19) and rated as: Grade 1 required stenosis of <20% in any vessel; Grade 3 required stenosis of ≥40% in two or more vessels; Grade 2 was assigned as intermediate lesions, which predominantly included single-vessel disease or multiple low-grade stenosis (20).



MRI scans and WMHs grading

MRI scans were performed using a 3.0 T magnet (MAGNETOM Verio 3.0T; Siemens, Erlangen, Germany) with three high-resolution axial scans, i.e., T1- and T2-weighted and fluid attenuated inversion recovery sequences (FLAIR). The degree of WMHs severity was rated visually on axial FLAIR images by two trained investigators (Li and Cai) blinded to clinical data and ICAS assessment, using both the Age-related white matter changes (ARWMC) scale (range, 0–30) (21) and the four-class modified Fazekas scale (WMHs grade = none, mild, moderate, and severe) stratified separately for periventricular white matter hyperintensities (PVWMHs) and subcortical white matter hyperintensities (SCWMHs) (22). In brief, the ARWMC scale graded WMHs severity by giving scores 0 to 3 in bilateral five brain regions (frontal lobe, parietal-occipital lobe, temporal lobe, infratentorial region, and basal ganglia). PVWMHs were graded as: none, absent; mild, small caps or pencil-thin lining; moderate, large caps or thick smooth halo; severe, irregular PVWMHs extending into the subcortical white matter. SCWMHs were graded as: none, absent; mild, punctuate foci; moderate, beginning confluence of foci; severe, large confluent areas. Standards for Reporting Vascular Changes on Neuroimaging (STRIVE v1) (3) was consulted for identifying WMHs from other signs of cerebral small vessel disease (e.g., recent small subcortical infarcts, lacunes, prominent perivascular spaces and cerebral microbleeds).

Visual rating of WMHs progression was performed in a side-by-side fashion blinded to clinical and image details. WMH progression was rated on FLAIR images against the modified Rotterdam Progression scale (mRPS) (range, 0–9) (23), in which absence or presence of progression (0 and 1, respectively) was rated in three periventricular regions (frontal caps, occipital caps, bands), four subcortical white matter regions (frontal, parietal, occipital, temporal), basal ganglia, and infratentorial region. Progression of WMHs was defined as an increase in one point or more on the 3-year interval, which was further stratified into PVWMHs progression and SCWMHs progression with one point or more in periventricular and subcortical areas on mRPS, separately. The progression of basal ganglia and infratentorial regions was not further studied in the subgroup analysis because the sample size was too small. Disagreements over imaging assessment were resolved by discussion and consensus was reached.



Statistical analysis

The normal distribution of the data for numerical variables was evaluated with the Shapiro–Wilk normality test or Q–Q plot test. In the univariate analyses, continuous variables which were independent and normally distributed were expressed as mean ± SD and analyzed using Student t-test, or were expressed as median and interquartile range and compared using the Mann–Whitney U test when those were not normally distributed; and χ2 tests were analyzed for categorical data. Binary logistic regression analyses with adjustment for age and sex and additionally for VRFs (e.g., hypertension, diabetes, CHD, dyslipidaemia, previous stroke, current smoking and daily alcohol use), and finally baseline WMHs (ARWMC scores) were performed to determine the relationship between ICAS degrees and WMHs progression. Furthermore, a linear regression model was established to describe the associations between ICAS degrees and WMHs progression scores. Then, we reapplied binary logistic regression analyses adjusting for age, gender, VRFs, and baseline PVWMHs or SCWMHs (Fazekas scores) separately to stratify the association of ICAS degrees and PVWMHs or SCWMHs progression. All P-values were two-tailed, and those <0.05 were considered statistically significant. The statistical analyses were performed by using SPSS22.0 for Windows (SPSS Inc., Chicago, IL, USA).




Results


Characteristics of the study participants

From January 1, 2010 to December 31, 2015, a total of 578 patients aged 60 years or above who met the criterion that they received two MRI scans 3 years apart and a CTA examination in their first MRI scan in our center were screened. Among them, the following patients were excluded from this study: 11 patients with leukoencephalopathy of non-vascular origin, 19 with brain tumors, 86 with acute stroke at the first MRI scan within 2 weeks or new stroke during the 3-year interval, 127 with a stenosis of ≥20% in the ECAS and vertebral artery, and 33 patients without complete clinical information or who refused to participate. Finally, a total of 302 patients (139 men and 163 women) with mean age of 69.7 ± 8.2 years were enrolled (flow chart shown in Figure 1). Amongst the enrolled patients, 186 complained of non-specific neurological symptoms (e.g., dizziness, vertigo, and numbness), 17 of headache, 5 of sleep disorders, 6 of cognitive impairment, 33 of Parkinson's disease, 20 of movement disorders, 20 of peripheral neuropathy, and 15 of other neurological conditions. Among them, 146 (48.3%) had a progression of WMHs within 3 years and showed 2.04 ± 1.14 points increase on the mRPS (one-sample t-test: P < 0.001).


[image: Figure 1]
FIGURE 1
 Flow chart of patient screening for the present study.


Characteristics of patients with and without WMHs progression are shown in Table 1. Compared with the patients who had no WMHs progression, those who progressed were older, displayed significantly higher incidence of hypertension and diabetes, and were more likely to have a previous stroke (P < 0.05). The baseline WMHs score (ARWMC scale), proportion of patients who already had PVWMHs and SCWMHs (Fazekas scale) at baseline, and as well as the severity of ICAS were higher in the patients who had WMHs progression compared with those who did not progress (P < 0.001). Unexpected association also appeared with antihypertensive use (P = 0.010).


TABLE 1 Characteristics of patients with and without WMHs progression.

[image: Table 1]



Association between baseline ICAS severity and risk of WMHs progression

We used binary logistic regression analyses to calculate the ORs for ICAS severity with the progression of WMHs, as shown in Table 2. Compared to the patients with Grade 1 ICAS, those with Grade 2 ICAS had an OR of 4.8, and those with Grade 3 ICAS had an OR of 9.4 (unadjusted model in Table 2). The association remained statistically significant after adjusting for age and sex (model 1 in Table 2) with declined ORs [3.7 (95% CI 2.0–6.8) for Grade 2 ICAS; 6.4 (95% CI 2.9–14.2) for Grade 3 ICAS; P < 0.001, separately]. The effect magnitudes were changeless after additional adjustment for VRFs (model 2 in Table 2). It remained significant but with a slightly faded impact when further correcting for baseline WMHs (OR 2.8, 95% CI 1.4–5.5 for Grade 2 ICAS; OR 3.0, 95% CI 1.2–7.3 for Grade 3 ICAS; P < 0.001, separately; model 3 in Table 2). The correlation for age and baseline WMHs (ARWMC scores) with WMHs progression was weaker, but still significant (OR 1.1, 95% CI 1.0–1.1, P = 0.010; OR 1.3, 95% CI 1.2–1.4, P < 0.001; respectively).


TABLE 2 Logistic regression analysis of baseline ICAS severity with risk of WMHs progression.

[image: Table 2]



Effect of baseline ICAS severity on WMHs progression scores on MRPS

Results of the linear regression analysis for ICAS degrees were described in Table 3. Patients with Grade 2 and 3 ICAS, in comparison with Grade 1 ICAS, gained higher increase on mRPS (Figure 2), and showed a significant influence on WMHs progression in univariate linear regression (P < 0.001). Therefore, we performed a multiple linear regression analysis and found that: ICAS severity was significantly associated with WMHs progression scores, higher for Grade 3 ICAS [β (SE) = 0.18 (0.18), P = 0.001] followed by Grade 2 ICAS [β (SE) = 0.10 (0.15), P = 0.044] compared with Grade 1 ICAS; and it remained notably significant in terms of baseline WMHs (ARWMC scores) relating to increase of mRPS scores [β (SE) = 0.53 (0.01), P < 0.001].


TABLE 3 Linear regression for the association between baseline ICAS severity and the WMHs progression scores.

[image: Table 3]
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FIGURE 2
 The proportional frequency of modified Rotterdam Progression scale (mRPS) scores and its distribution with ICAS severity are depicted.




Risk for WMHs progression subtypes associated with ICAS severity at baseline

Presence of WMHs progression was stratified separately into PVWMHs (n = 104), SCWMHs (n = 106), basal ganglia (n = 39), and infratentorial region (n = 5) progress according to mRPS (including coexistence of two or more regions). To search for a detail relationship of ICAS degree with WMHs progression subtypes, we repeated the logistic regression analysis with separate PVWMHs and SCWMHs progression in Table 4 and found that: after adjusting for confounding variables [age, sex, VRFs and baseline WMHs (Fazekas scores of PVWMHs and SCWMHs, respectively)], the ORs associated with Grade 2 and Grade 3 ICAS at baseline were 2.31 (95% CI 1.21–4.39, P = 0.011) and 2.50 (95% CI 1.18–5.32, P = 0.017) for PVWMHs progression, respectively, and remained significant but slightly weakened to 1.92 (95% CI 1.01–3.68, P = 0.048) and 2.47 (95% CI 1.14–5.34, P = 0.022) for SCWMHs progression, respectively. Figure 3 shows several cases with different WMHs and ICAS.


TABLE 4 Risk for progression of PVWMHs and SCWMHs associated with ICAS severity at baseline.
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FIGURE 3
 Several cases with different WMHs and ICAS. (A) mild PVWMHs; (B) moderate PVWMHs; (C) severe PVWMHs; (D) mild SCWMHs; (E) moderate SCWMHs; (F) severe SCWMHs; (G) Grade 1 ICAS; (H) Grade 2 ICAS; (I) Grade 3 ICAS.





Discussion

Although the pathophysiology of WMHs remains hypothetical, there is evidence that WMHs may have correlation with cerebral ischemia. Chronic hypoperfusion of brain parenchyma could render white matter in loss of myelin and axons and tissue rarefaction (24), somewhat analogous to pathological manifestations of WMHs. Reduced cerebral blood flow was found in white matter instead of gray matter among individuals with WMHs and the local circulatory deficiency was related to WMHs volume of the same lobe (25). White matter is particularly vulnerable to hypotension-induced low flow effects because it is supplied by long, non-anastomosing arterioles with deficient autoregulatory capacity. Intracranial arteries, as the vessel most neighboring to upstream, play a critical role in distal perfusion into cerebral small vessels and parenchyma, and exhibit distinct metabolism and relatively blunted autoregulation compared with extracranial arteries for lacking vasa vasorum and external elastic lamina (26). Hence, there have been reasons to believe that ICAS plays a role in the pathogenesis and deterioration of WMHs, which is the purpose of our study.

In our analysis, the progression of WMHs measured by mRPS occurred in 48.3% of Chinese patients and could be trebled by Grade 3 ICAS in 3 years. Remarkably, a dose-response relationship between ICAS degrees and mRPS scores was found additionally in a linear regression, which undoubtedly adds weight to the strong impact of ICAS on WMHs burden increase. In previous cross-sectional studies, greater prevalence of WMHs were elucidated in ICAS rather than ECAS (11) and the former could act as an independent factor associated with greater WMH burden in Korean patients (12), while these were not in agreement with another study in American crowd (14). As a fact, those studies took acute stroke patients as research objects and had no age-matched group with stroke-free participants, which may cause indeterminate validity and inevitably bias for the association. A recent Chinese cohort study found that WMHs were prone to be hemodynamically compromised by the impact of ICAS, but it did not consider the influence of isolated or concurrent extracranial stenosis (7). Regrettably, no study on WMHs progression has been performed so far. Thus, our results provide new insights into understanding the mechanisms underlying WMHs recruitment and the likelihood of ICAS in determining the severity of WMHs progression in ECAS free patients.

We found that more severe ICAS remained relevant with PVWMHs progression but was with an attenuated relation to the SCWMH progression even after adjusting for confounding variables. Periventricular white matter is prone to be more vulnerable to hemodynamic disturbance than subcortical white matter, since this area is supplied by non-collateralizing subependymal arteries with unstable blood supply. However, previous cross-sectional studies showed that SCWMHs gained more influence by chronic hypoperfusion secondary to atherosclerotic stenosis than PVWMHs (12, 27), which were not in complete agreement with our study. Moreover, Sachdev et al. (28) also discovered that the deep white matter and anterior brain regions performed a greater rate of progression. Interestingly, as a notable result in our analysis, baseline SCWMHs themselves manifested a stronger power on WMHs progression than PVWMHs, which corresponds with the results reported by Umemura et al. (29) that higher mRPS scores were found in SCWMHs with relation to baseline SCWMHs severity. These may suggest that PVWMHs and SCWMHs have dissimilar pathogenic mechanisms as the burden of lesions increases.

There are limited longitudinal studies investigating the severity of ICAS in elderly patients with relation to WMHs progression. We used CTA as a non-invasive examination method for the diagnosis and assessment of ICAS to enhance methodological effectiveness. In addition, we categorized WMHs progression into PVWMHs and SCWMHs and found the potential distinctive features between them. ECAS (with a stenosis of ≥20%) was eliminated in our study due to the controversial relationship between carotid stenosis/plaque and WMHs (30) and to avoid confounding interfere with blood flow.

Several limitations to the present study should be addressed. First, as our study retrospectively utilized inpatients from a single center who sought medical service for various reasons, it may be insufficiently representative of community-based cohorts who appear to have fewer risk factors. Nevertheless, the longitudinal data and blinded assessment may strengthen its reliability. An extrapolation to other ethnic individuals could be tested in future studies. Second, although automated assessment of WMHs burden was preferred over a visual scales in single center studies, visual rating scales have proven to be reliable and showed good correlation with volumetrics and interobserver agreement for WMHs assessment (23). We also expect that computerized appraisal procedure would be available in our future studies. Third, a much lower prevalence of ICAS is presented in our study, mainly the Grade 2 ICAS with a prevalence of 23.8% than that of 42.0% reported by Dolan et al. (20) by postmortem. However, the participants who had completed body autopsies had a mean age of 87.6 years at death which was definitely older than that in our study, and the subjects with ECAS and acute stroke who share more risk factors were eliminated from our analysis.

In summary, our results demonstrate the association of ICAS severity to WMHs progression in elderly Chinese patients and additionally have distinct relevancy to PVWMHs and SCWMHs, which may provide clues for understanding atherosclerotic stenosis of relatively large intracranial vessels as an indicator of widespread microvascular lesions and microcirculation defects not only potential responsible vessels resulting in deficit cerebral perfusion. Further studies with a larger sample size are needed to confirm the conclusions and to investigate the role of ICAS in prevention of WMHs progression.
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Patient characteristics All patients (n = 302) WMHs

Non-progression (1 = 156) Progression (n = 146) P

Age (years) 697482 67.0485 72667 <0.001%
Gender (male) 139 (46.0%) 68 (43.6%) 71 (48.6%) 0380
BMI (kg/m?) 236%34 234434 238434 0283
Systolic BP (mmHg) 1360+ 184 1348+ 188 13734180 0236
Diastolic BP (mmHg) 7644 121 7704130 757 £ 110 0378
Hypertension 173 (57.3%) 73 (46.8%) 100 (68.5%) <0.001*
Diabetes 46 (15.2%) 15.(9.6%) 31(212%) 0,005+
Coronary heart disease 84(27.8%) 43 (27.6%) 41(28.1%) 0920
Dyslipidaemia 47 (15.6%) 30 (19.2%) 17 (11.6%) 0.069
Previous stroke 39 (129%) 12(7.7%) 27 (18.5%) 0,005+
Current smoking 23(7.6%) 11(7.1%) 12 (8:2%) 0702
Daily alcohol use 6(20%) 4(26%) 2(14%) 0457
Antihypertensive use 122 (40.4%) 52 (333%) 70 (47.9%) 0010
Anti-diabetic use 37 (123%) 15.(9.6%) 22 (15.1%) 0.149
Antiplatelet use 59 (19.5%) 32(20.5%) 27 (18.5%) 0.658
Statin use 33 (109%) 20(12.8%) 13 (8.9%) 0276
Baseline WMHs-ARWMC scores* 3(0.00-7.00) 0(0.00-3.00) 7 (4.00-10.00) <0.001*
Baseline PVWMHs-Fazekas scores <0.001%
None 124 (41.1%) 105 (67.3%) 19 (13.0%)

Mild 92 (30.5%) 37 (23.7%) 55 (37.7%)

Moderate 59 (19.5%) 11(7.1%) 48 (32.9%)

Severe 27 (8.9%) 3(19%) 24(16.4%)

Baseline SCWMHs-Fazekas scores <0.001
None 138 (45.79%) 111 (71.2%) 27 (18.5%)

Mild 83 (27.5%) 32 (205%) 51(34.9%)

Moderate 54(17.9%) 9(5.8%) 45 (28.8%)

Severe 27 (8.9%) 4(2.6%) 23 (15.8%)

Baseline ICAS <0.001"
Grade 1 178 (58.9%) 123 (78.8%) 55 (37.7%)

Grade2 72 (23.8%) 23(14.7%) 49 (33.6%)

Grade 3 52 (17.2%) 10 (6.4%) 42 (288%)

BMI body mass index; BP, blood pressure; PVWMHs, periventricular white matter hyperintensities; SCWMHs, subcortical white matter hyperintensit racranial

atherosclerotic stenosis.

interquartile range), using Mann-Whitney U test.
Significant variables.

ARWMC scores, Age-related White Matter Changes (ARWMC) rating scale scores; WMHS progression, increase in one point or more on the modified Rotterdam Progression
scale (mRPS).
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Increase around (%) Increase close (%) Increase not near (%) No increase (%) Total (%)

Wave 1-2

Frontal 227(36.09) 33(5.25) 62(9.86) 139 (22.10) 461 (73.29)
Parietal 74 (11.76) 8(1.27) 12(191) 44(6.99) 138 (21.94)
Temporal 17(2.70) 4(0.64) 2(032) 6(0.95) 29 (4.61)
Occipital 1(0.16) 0(0.00) 0(0.00) 0(0.00) 1(0.16)
Overall 319(50.71) 45(7.15) 76 (12.08) 189 (30.05) 629 (100.00)
Wave 2-3

Frontal 283 (36.66) 42(544) 79(1023) 124 (16.06) 528 (68.39)
Parietal 110 (14.25) 17(2.20) 23(2.98) 40(5.18) 190 (24.61)
Temporal 29(3.76) 1(0.13) 4(0.52) 12(1.55) 46 (5.96)
Occipital 3(0.39) 0(0.00) 2(026) 3(039) 8(1.04)

Overall 425 (55.05) 60(7.77) 108 (13.99) 179 (23.18) 772 (100.00)
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OR

(95% CI; p-value)

Unadjusted  Adjusted for sex and
VRE

Wave 1-2

Not close 1.00 1.00

Close 1.93 (0.58-6.83; p = 0.28) 2.4 (0.68-8.82; 0.17)

Wave 2-3

Not close 1.00 1.00

Close 4.05 (0.09-176.00; p = 0.47)  2.00 (0.16-25.10; p = 0.59)

95%

, 95% confidence interval; VRE, vascular risk factors.





OPS/images/fneur-13-889884/fneur-13-889884-t002.jpg
Wave 1
Frontal
Parietal
Temporal

Occipital

Overall
Wave2
Frontal
Parietal
Temporal
Occipital
Ovenall
Wave 3
Frontal

Parietal

Temporal

Close (%)

343 (54.88)
109 (17.44)
25(4.00)
1(0.16)
479 (76.64)

401 (51.87)
146 (18.89)
34(4.40)
3(039)
585 (75.68)

633 (48.14)
206 (15.66)
60(4.56)
10(0.76)
909 (69.12)

Not close (%)

114 (18.24)
26(4.16)
4(0.64)
0(0.00)

146 (23.36)

125 (16.17)
42(543)
14(181)
5(065)

188 (24.32)

264 (20.08)
74(5.63)
42(0.03)
22(1.67)

406 (30.87)

Total (%)

457 (73.12)
135 (21.60)
29 (4.64)
1(0.16)
625 (100.00)

526 (68.05)
188 (24.32)
48(6.21)
$(1.03)
773 (100.00)

897 (68.21)
280(21.29)
102 (7.76)
32(243)

1,315 (100.00)
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Gender

WMH Fazekas scores (median [QR1 QR3])
Diabetes

Hypertension

Hypercholesterolacmia

Stroke

History of CVD

Male/Female
17/12 (58.62%/41.38%)
Deep/Periventricular

12)
1(3.45%)
14 (48.28%)
9 (31.03%)
0(0.00%)
9(31.03%)
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Distribution

MCT1 Expression

Erythrocyte, Endothelial cell

Chinese hamster ovary

Xenopus laevis oocyte

Astrocyte, Oligodendrocyte, Microglia, Neuron
Oligodendrocyte, Astrocyte, Some population of neuron

Time

1992 (17)
1994 (26)
1998 (27)
1999 (28, 29)
2012 (16, 29, 30)
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Clinical characteristics
Age, years, mean (SD)
Male, n (%)
Hypertension, n (%)
Diabtes melitus, 1 (%)
Hyperlipidemia, n (%)
Coronary artery disease, n (%)
Smoking, n (%)
Imaging characteristics
Ipsikateral intraplacue hemorrhage, n (%)
Unilateral intraplaque hemorhage, n (%)
Degree of stenosis

Moderate stenosis, n (%)

Severe stenosis, n (%)

Near-occlusion, 1 (%)
Complete circle of Wills, n (%)
Ipsilateral CSVD score

0,n (%)

1 point, n (%)

2 points, n (%)

3 points, n (%)

4 points, n (%)
Contralateral CSVD score

0,n (%)

1 point, n (%)

2 points, n (%)

3 points, n (%)

4 points, n (%)
Clinical symptoms
Absent/non-specific symptoms, n (%)
TIA amaurosis fugax, n (%)
Stroke, n (%)

Total (n = 108)

66.3(7.2)
92 (€5.2)
73 (67.6)
46 (42.6)
47 43.5)
31(287)
58 (53.7)

33(35.2)
31(287)

16 (14.8)
66 (61.1)
26 (24.1)
39 (36.1)

41(38)
23(21.3)
23(21.3)

14 (13)

7(65)

39 (36.1)

31(287)

23 (21.3)
7(65)
8(7.4)

68(63)
21(19.4)
19 (17.6)

CSVD, cerebral small vessel disease; TIA, transient ischemic attack; n, number; SD,

standard deviation.





OPS/images/fneur-12-731237/fneur-12-731237-t002.jpg
Univariable model Multivariate model

OR (95% Cl) P-value OR (95% Cl) P-value

Age, years 1.07 (1.02,1.12) 0.009 1.06(1.01,1.12) 0.020
Gender
Male 2.14(0.78,5.84) 0.138 1.49(0.58, 4.22) 0.450
Female E L - 12 -
Hypertension 1.81(086,3.79) 0.118 1.71(0.76,3.82) 0.194
Diabetes melitus 0.93(0.47, 1.86) 0.840 = -
Hyperipidemia 069 (0.35, 1.37) 0.289 - -
Coronary artery disease 218 (1.08, 4.60) 0.042 1.67(0.75, 3.72) 0.209
Smoking 1.67 (0.79,8.13) 0.197 - -
Ipsitateral intraplaque 350(1.72,7.52) 0.001 2.98(1.39, 6.40) 0.005
hemorrhage
Degree of stenosis
Near-occlusion 077 (0.25,2.39) 0.651 - -
Severe stenosis 1.15(043,3.07) 0.785 - -
Moderate stenosis 18 = = =

Complete circle of Willis 1.45(0.71,2.94) 0.306 - -

OR, odds raio; Cl, confidence interval.
#Used as reference category.
The bold font indicates that the difference achieved statistical significance.
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BA, Brodmann Area; ALE, Anatomical/Activation Likelihood Estimation; MNJ, Montreal Neurologic Institute; sVCI, subcortical vascular cognitive impairment; HCs, healthy controls; ALFF,
the amplitude of low-frequency fluctuation; ReHo, regional homogeneity; FC, functional connectivity.
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HC (N=35) CSVD (N=67) vx2 Pvalue Cohen's /¢

Age, years 64.80+7.80 67.51+7.52 -1.65 0.1020 -0.344
Female, n (%) 19(54%) 31(46%) 0.591 0.442° 0076
Education, years 919+ 4.49 9.12£367 008 0.936* 0017
BMI, kg/m? 23.46 £ 251 2461283 ~2.025 0.045% -0.422
Alcohol abuse, n (%) 9(26%) 13(19%) 0.541 0.462° -0.073
Current smoking, n (%) 6(17%) 16(24%) 0617 0.432° 0078
Commorbidities
Hypertension, n (%) 13(37%) 30(45%) 0.549 0.459° 0073
Diabetes melltus, n (%) 2(6%) 9(18%) 0.734 0.391° 0.118
Dyslipicaernia, n (%) 5(14%) 11(16%) 0.079 0.779° 0028
CAD, n (%) 2(6%) 11(16%) 1.504 0.220 0.152
MMSE 2771164 25.75+2.90 3713 <0.0012 0774
MoCA 24.06 323 21.51+4.58 2.932 0.004° 0612
CAMCOG-C 89.87 £7.48 83111104 3.250 0.002° 0678
Orientation 962+ 061 921+1.18 1.916 0.058° 0.400
Language 26.72:£2.12 2534 +3.03 2.400 0,018 0500
Memory 18.86 +3.33 1743 +4.31 2,077 0.040° 0.433
Attention 638+ 1.01 6.02:+135 1.364 0.176* 0285
Praxis 11244123 1012 +1.98 3.065 0.003° 0.639
Galculation 207+£023 1924026 2.782 0.006° 0580
Abstraction 641£1.18 558174 2,526 0013 0527
Perception 800+ 103 7124136 3.365 0.0012 0.702
SCWTA(s) 20.78 £ 7.00 24.62:£9.70 —2071 0.0412 -0.432
SCWT-B (5) 23.14 £ 6,69 29144881 -3.532 0.0012 ~0.737
SCWT-C (5) 3508+ 1053 42.36 % 15.77 —2.455 0.016* -0512
ADL 2054+ 1.67 2116£2.79 ~1.208 0.154° ~0.252
Mean FD 0.10 + 005 0.10+0.10 0.142 0.887° 0030
WMH 31.637 <0.001° 0577
None to mild, n (%) 35(100%) 2043%)
Moderate to severe, n (%) 0 38(57%)
U, n (%) 0 16(24%) 9.913 0.002° 0312
EPVS, n (%) 31.637 <0.001° 0577
None to mild, n (%) 35 49(73%)
Moderate to severe, n (%) 0 18 (27%)

BMI, body mass index; CAD, Coronary artery disease; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; CAMCOG-C, Cambridge Cognitive Examination-
Chinese version; SCWT, Stroop Color-Word Test; ADL, activities of dail lving scale; FD, framewise displacement; WIMH, white matter hyperintensity; L, lacunar infarction; EPVS, enlarged
perivascular space. two sample T-test, chi square test.
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SVD scores o 1 2 3

Total, n (%) 35 (34%) 46 (45%) 17 (17%) 4.(4%)

SVD, small vessel disease.
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Condition:CSVD-c group vs. control group

GaMv 84.62%  7692%  89.74% 0.857 <0.05
wmv 7692%  69.23%  8205% 0817 <0.05
GMV+WMV  86.15%  8077%  8974% 0926 <0.05
Condition:CSVD-n group vs. control group

aMv 7439%  67.44%  8205% 0815 <0.05
wmv 7439%  65.12%  84.62% 0.804 <0.05
GMVAWMV  81.71%  69.77%  94.87% 0.891 <0.05
Condition:CSVD-c group vs. CSVD-n group

aMv 68.12%  57.69%  74.42% 0770 <005
wmy 7971%  7308%  83.72% 0815 <0.05
GMVAWMV  81.16%  60.23%  8837% 0.881 <0.05

ACC/SEN/SPE, accuracy/sensitiity/specifiity; AUC, area under the ROC curve. P:
p-values generated by non-parametric permutation testing with 5,000 randomizations.
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Characteristics CsvD-c CSVD-n HC P-value (ANOVA/x?) P-value (post-hoc)

CSVD-c vs. HC CSVD-c vs. CSVD-n CSVD-n vs. HC

Gender 16 M/10F 21 M/22F 17 M/22F 0.359%2 o = -
Age (y) 6708619  66.68+£516 6393887 0.105° - - -
Education (y) 1156£2.81  11.33+268 1297353 00412

smoking 10 (38.5%) 9(20.9%) 10 (25.6%) 027542 - - -
Hypertension 24.(92.3%) 33(883%  12(30.8%) <0.001x2 <0001 0600 <0.001
Treated Hypercholesterolaemia 15 (57.7%) 18(30.29) 5(12.8% 0001x2 0024 <0001 0087
Diabetes Melitus 9(34.6%) 9(209%) 4(10.3%) 0057+2 - - -
Amended CSVD score 4(2,5.25) 2(1,2) 0(0.0) <0.001® <0.001 <0.001 <0.001
WMH 2(1,9 101,2) 0(0.0) <0.001® <0001 0079 <0.001
Lacune 14(53.8%) 3(7.0%) 0(0.0%) <0001x2 <0.001 <0001 0098
MoCA 25484267 2758085 29.22+£327 <0012 <0001 0.001 0,003
AVLT 54.80 + 16.01 64.38 + 9.02 67.83 £ 8.49 <0.0012 <0.001 <0.001 0.126
SDMT 23.96 + 10.62 81.19+755 41.95+17.03 <0.0012 <0.001 0.016 <0.001
sowt 186.67 + 68,53 145.24 + 26.82 134.77 +87.42 <00012 <0001 <0.001 NS.
TMEA+B 332,92 + 170.61 262.60 £ 74.01 208.58 + 90.66 <00018 <0001 0012 0,032
™ 161£013 156014  1.62£0.16 0.187% - - -

X2: chi-square test, 4 one-way analysis of variance (ANOVA) test, ®: Kiuskal-Wallis test. WMH, white matter hyperintensites. MoCA, Montreal Cognitive Assessment; AVLT, sum of
Rey auditory verbal leaming test (N1-7); SDMT, symbol digit modlites test; SCWT, sum of Stroop color-word test (stroop1-3); TMT, the trail-making test; TMT A+B, sum of TMT-A and
TMT-B; TI, total intracranial volume; CSVD-c, CSVD with CMBs group; CSVD-n, CSVD without CMBs group; HC, control group; N.S., not significant.





OPS/images/fneur-13-819055/fneur-13-819055-t002.jpg
Brain regions. Cluster size 2-score of peak MNI coordinates of peak voxel

voxel
x y z
GamMv Right superior frontal gyrus, 271 517 1 43 -2
CSVD-c<control medial orbital
Right inferior frontal gyrus, 22 4.18 50 24 1
triangular part
Left anterior cingulate gyrus 16 416 1 33 29
Left superior frontal gyrus, medial 38 3.80 -2 44 32
GMv Right superior frontal gyrus, 267 482 1 48 -3
CSVD-n<control medial orbital
Left anterior cinguate gyrus 16 436 1 32 30
Left superior frontal gyrus, medial 58 5.00 -2 44 32
wmv Left superior frontal gyrus, medial 50 488 —11 52 18

CSVD-n<control

No significant differences were found between the two CSVD groups.
CSVD-c, CSVD with CMBs; CSVD-n, CSVD without CMBS.

Cluster size: the number of voxels in the (identified significant) cluster. ANOVA and LSD post-hoc test in a pair-wise manner within the areas identified by ANOVA were used to identiy
the GMV and WMV changes between groups with Gaussian random field (GRF) multiole comparison corrections (voxel level p < 0.001, cluster level p < 0.05).
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Risk for PVWMHs progression Risk for SCWMHs progression

Unadjusted Adjusted* Unadjusted Adjusted*

OR (95% CI) I3 OR (95% CI) ? OR (95% CI) P OR (95% CI) I3
Baseline PVWMHs 310 (2.30-4.17) <0.001 2,64 (1.94-3.62) <0.001 - - - -
Baseline SCWMHs - - - - 344 (253-4.67) <0.001 3.08 (2.24-4.22) <0.001
ICAS
Grade 1 1.00 (reference) = 1.00 (reference) 1.00 (reference) 1.00 (reference)
Grade 2 381 (2.12-2.90) <0.001 2.31(1.21-4.39) 0.011 2,83 (158-5.05) <0.001 1.92 (1.01-3.68) 0.048
Grade 3 5.63 (2.90-10.9) <0.001 250 (1.18-5.32) 0017 5.35 (277-10.3) <0.001 247 (1.14-5.34) 0.022

S, intracranial atherosclerotic stenosis.

'MHs, subcortical white matter hyperintensities; IC:
betes, coronary heart disease, dyslipidaemia, previous stroke, current smoking and daily alcohol use) and baseline

PVWMHS, periventricular white matter hyperintensi
“Adjusted for age, sex, vascular risk factors (e.g. hypertension, di
PVWMHs and SCWMHs (measured by Fa: 's scores), respectively.

ion for PVWMHs and SCWMHs, increase in one point or more on the PVWM:
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Univariate linear regression

B (SE) »

Age 0.30(0.01) <0.001
Hypertension 023(0.15) <0.001
Dyslipidaemia ~0.12(0.20) 0032
Previous stroke 0.19(022) 0.001
Bascline WMHs* 0.61(0.01) <0.001
Baseline ICAS

Grade 2 vs. Grade 1 0.13(0.17) <0.001
Grade 3 vs. Grade | 0.36(0.18) <0.001

E, standard error;
ted White Matter C

B, standardized regression coeflicie YMHs, white matter hyperi
nges (ARWMC) rating scale.

‘mRPS) scores.

ion scal

sities; 1C;

Multiple linear regression

B (SE) P
0.06(0.01) 0202
0.05(0.13) 0342

=001 (0.17) 0767
—0.00 (0.19) 0981
0.53 (0.01) <0.001
0.10(0.15) 0.044
0.18(0.18) 0.001

S, intracranial atherosclerotic stenosis.
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Unadjusted Model Adjusted OR (95% CI)

OR (95% CI) P Model 1 P Model 2 I3 Model 3 P
Age L1(1.1-1.2) <0.001 L1(L.1-11) <0.001 L1(L1-11) <0.001 L1(1.0-1.1) 0.010
Hypertension 25(1.5-4.0) <0.001 - - 16(09-2.8) 0116 14(08-26) 0270
Diabetes 25(1.3-49) 0.006 - - 16(07-3.4) 0275 21(09-5.0) 0.105
Previous stroke 2.7(1.3-5.6) 0.007 - - 1.6 (0.7-3.9) 0.254 0.9 (0.3-2.4) 0.818
Baseline WMHs* 14(13-15) <0.001 - - - - 13(12-14) <0.001
Baseline ICAS
Grade 1 1.0 (reference) 10 (reference) 1.0 (reference) 10 (reference)
Grade 2 48(26-8.6) <0.001 37(20-68) <0.001 32(17-62) <0.001 28(1.4-55) 0.003
Grade 3 9.4 (4.4-20.1) <0.001 6.4(2.9-14.2) <0.001 5.1(2.1-12.1) <0.001 3.0(12-7.3) 0.015
Ptrend 35(24-50) <0.001 28(19-4.1) <0.001 25(16-37) <0.001 18(11-28) 0.002
OR, odds , confidence interval; WMHs, white matter hyperinter

Model 1, adjusted for age and sex; Model 2, additionally adjusted for vascular risk factors (e.g. hypertension, diabetes, coronary heart disease, dyslipidaemia, previous stroke, current
smoking and daily alcohol use); Model 3: additionally adjusted for baseline WMHs.
“Baseline WMHs, measured by Age-related White Matter Changes (ARWMC) rating scale; WMHs progression, increase in one point or more on the mo

‘mRPS)

d Rotterdam Progression

scale
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142.290 + 6.484
123591 & 7.598
HL 6.083 + 3.078
HR 6.366 + 3.229

O Mmoo @ >

GT, manual ground truth; Al, linear measurements achieved by 2D model; PCC, Pearson comelation coefficient.

Al

35.036 + 2.686
18.808 £3.172
8014 + 1.536
52970 4+ 3.743
34.147 £ 4.452
142.579 + 5.642
123.862 +6.810
6.365 + 3.233
6.150 + 2.480

t

0.363
1.524
1.867
0.026
-0.16
—1.864
—1.894
0.523
1.729

p-Value

0.717
0.128
0.063
0.979
0.873
0.064
0.059
0.602
0.085

0.584
0.803
0618
0.537
0.779
0.881
0.93

0.68

0.695

p-Value
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<0.001
<0.001
<0.001
<0.001
<0.001
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BG-ePVS (high grade) no. (%)

CSO-ePVS (high grade) no. (%)

BG-ePVS score
CSO-ePVS score
Mean arterial pressure
Pulse pressure

IMT

MMSE

FPG

TG

LDLc

L6

hsCRP

Non-carotid plague group (n = 22)

2124039
9(40.9)
6(27.9)

2568
41.45
102.86 % 10.80
5032+ 9.54
072+ 0.08
2905 1.00
6324026
231 1.80
334+1.03
72.27 £37.55
154+ 114

* represents that the difference is statistically significant.

195028
44.(84.6)
7(135)
4250
3583
104.81 £ 11.64
50.94 £ 15.00
0.80+0.10
2858+ 1.16
625:+£222
195+ 081
342088
69.24 + 26,88
11841.26

Carotid plaque group (n = 52)

x¥t value/ z value

2.167
14.529
2.036
-3.127
-1.085
-0.670
-0.18
-3.415
1.651
0.120
1.204
-0.373
0.392
-1.009

P-value

0.034"
0.000%
0.154
0.001*
0.278
0.505
0.858
0.001*
0.103
0.905
0.232
0.711
0.696
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Variable R P-value
ALPS-index BG-ePVS score —0.242" 0.038"
CSO-ePVS score —0.008 0.960
Systolic pressure 0.059 0.619
Diastolic blood pressure -0.003 0.983
Pulse pressure -0.078 0.509
FPG -0.071 0.649
IMT -0.262" 0.024*
IL-6 0.003 0.980
hsCRP —0.054 0.845
Cholesterol 0.091 0.443
MMSE 0.041 0.730
Age 0.084 0.477

* represents that the difference is statistically significant.
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P-value

Variable Coefficients t-value
Age 0.040 0.345 0.731

MMSE 0.181 1.679 0.119
IMT -0.249 -2.238 0.028*
BG-ePVS score 0.256 2257 0.027*

* represents that the difference is statistically significant.
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Age (year), mean (SD)

Meale sex no. (%)

Current cigarette smoker no. (%)
Hypertension no. (%)

Diabetes no. (%)

Hyperiipidemia no. (%)

Coronary heart disease no. (%)
BMI of 30 or more no. (%)

Non-carotid plaque group (1 = 22)

58.77 £ 71.16
11(50)
5(22.7)

15 (68.2)
7318
21(95.5)
00
3(13.6)

Carotid plaque group (1 = 52)

61.65%6.79
1@1)
15 (28.8)
32(615)
20(385)
41(78.8)
238
368

X3t value/ z value

—1.641
0.582
0293
0.294
0.294
3.139
0.870
1.284

P-value

0.105
0.445
0588
0.587
0.792
0.587
0.351
0.257
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TIWI
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T2FLAR
TIWIC+
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ADC

MRS

PWI/ASL
MRA
Characteristics

ADC, apparent diffusion coefiicient; ASL, arterial spin labeling; DWI, diffusion-weighted imaging; MRA, magnetic resonance angiography; MRI, magnetic resonance imaging; MRS,

Acute stage

Hypointensity

Hyperintensity (bright thickened cortical band)
Hyperintensity

Patchy/inear enhancerent

Hyperintensity

Hypofiso/hyperintensity

Anincreased lactate peak

Hyperperfusion

Meaior vessels dilation normal/stenosis

No-acute stage

Sub-acute phase Chronic stage

Hyperintensity Hypointensity
Hypointensity (black toenail sign) Hyperintensity
Hypo/hyperintensity
No enhancement
Normal
Normal
Anincreased lactate peak
Hypoperfusion
Normal

Lesions mainly distribute in the cerebral cortex and subcortex white matter with a predilection to the posterior brain, not

limited to arterial territories and migratory

magnetic resonance spectroscopy; PWI, perfusion-weighted imaging.
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WMH progression Lacune progression Microbleed progression EPVS progression

HR(95%Cl) P value HR (95% CI) Pvalue  HR(95%Cl)  Pvalue  HR(95%Cl)  Pvalue
Model 1
Visit-to-visit mean sdLDLx 1173 <0.001 1.197 (1.131, <0.001 1.141 (1.074, <0.001 1.191 (1.120, <0.001
visit-to-visit sdLDL SD (1.113,1.236) 1.266) 1.212) 1.267)
Visit-to-visit mean 1.5009 (1.359, <0.001 1.456 (1.300, <0.001 1.593 (1.416, <0.001 1.349(1.191, <0.001
SALDLXAPOE &4 genotype 1.675) 1.631) 1.792) 1.527)
Visit-to-visit sdLDL SD 1.497 (1351, <0.001 1.434 (1282, <0001 1.576(1.395,  <0.001 1298(1.147,  <0.001
XAPOE ¢4 genotype 1.695) 1.605) 1.781) 1.469)
Visit-to-visit mean 1459 (1.115,  <0.001 1.147 (1.008, <0001 1.186(1.136,  <0.001 1.121(1.086,  <0.001
sdLDLxvisit-to-visit sdLOL 1.206) 1.197) 1.239) 1.178)
SD xAPOE ¢4 genotype
Model 2
Visit-to-visit mean 1.445(1.004,  <0.001 1.476 (1.120, <0001 1.482(1.074,  <0.001 1478(1.111,  <0.001
sdLDLxvisit-to-visit sdLOL 1.198) 1.235) 1.199) 1.248)
sD
Visit-to-visit mean 1.604 (1350,  <0.001 1.417 (1.262, <0001 1.560(1.396,  <0.001 1.349(1.190,  <0.001
sdLDLxAPOE 4 genotype 1.674) 1.591) 1.763) 1.530)
Visit-to-visit sdLDL 1.500(1.348,  <0.001 1.421 (1265, <0001 1.575(1.894,  <0.001 1.298(1.145,  <0.001
SDXAPOE ¢4 genotype 1.669) 1.595) 1.778) 1.472)
Visit-to-visit mean 1.460(1.113,  <0.001 1.140 (1.090, <0001 1.188(1.134,  <0.001 1.120(1.067,  <0.001
sdLDLxvisit-to-visit sdLDL 1.210) 1.193) 1.245) 1.176)
SD xAPOEe4genotype
Model 3
Visit-to-visit mean 1.088(1.030,  <0.001 1.063(1.003, 0.039 1.103 (1.035, 0,003 1.139(1.083,  <0.001
sdLDLxvisit-to-visit sdLDL 1.149) 1.127) 1.175) 1.197)
SD
Visit-to-visit mean 1.431(1283,  <0.001 1.204 (1.150, <0001 1510(1.834,  <0.001 1.341(1.188,  <0.001
sdLDLXAPOE &4 genotype 1.596) 1.456) 1.708) 1.513)
Visit-to-visit sdLDL SD 1.396(1.255,  <0.001 1.259 (1.121, <0001 1.488(1.315,  <0.001 1.286(1.140,  <0.001
XAPOE ¢4 genotype 1.554) 1.413) 1.683) 1.451)
Visit-to-visit mean 1.127 (1.081, <0.001 1.083 (1.035, 0.001 1.167 (1.113, <0.001 1.114 (1.063, <0.001
sdLDLxvisit-to-visit sdLDL 1.175) 1.133) 1.224) 1.167)

SD xAPOE ¢4 genotype

Model 1is adjusted for age and sex. Model 2is adjusted for smoking, alcohol consumption, nital body mess index, blood pressure, serum lipids, and fasting plasma glucose at baseline,
and either the initial WMH volume (for WIH volume change analysis) and WiMH-to-ICV ratio (for WMH-to-ICV ratio change analyss) at baseline. Model 3 is adfusted for visit-to-vsit
mean sdLDL (for the models grouped by tertle of saLDL variabilty), variabilty in sdLDL (for the models grouped by visit-to-visit mean sdlLDL terte), and APOE genotype. WIMH, white
matter hyperintensities; EPVS, enlarged perivascular space; HR, hazard ratio; sdLDL, small and dense low-density lipoproteins; SD, standard deviation.
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Al Grouped by tertile of visit-to-visit mean sdLDL Grouped by tertile of visit-to-visit sdLDL SD

(n=1,143)
First tertile Second Third tertile P value First tertile Second Third tertile P value
group tertile group group (n = 378) group (n = tertile group group (n =
(n =384) (n=381) 381) (n=381) 381)

Clinical parameters
Age (years) 67.35 + 5.50 67.15 £ 5.39 67.52 £ 5.59 67.46 £ 5.51 0.611 66.76 + 5.41 67.61 £ 5.43 67.76 + 5.60" 0.024
Female [n (%)) 652 (57.0) 196 (51.0) 205 (53.8) 251 (66.4) " <0.001 217 (67.0) 214 (56.2) 221 (58.0) 0.876
Smoking [n (%)) 368 (32.2) 96 (25.0) 125 (32.8)" 147 (38.9) <0.001 109 (28.6) 122 (32.0) 137 (36.0) 0.004
Alcohol consumption [ 382 (33.4) 109 (28.4) 125 (32.8) 148 (39.2)° 0.007 107 (28.1) 138 (36.2)" 137 (36.0)" 0.026
(%))
Hypertension [n (%)) 797 (69.7) 256 (66.7) 263 (69.0) 278 (73.5) 0111 266 (69.8) 257 (67.5) 274.(71.9) 0.407
Antihypertensive 624 (54.6) 214(85.7) 200 (54.9) 201 (53.2) 0772 212 (55.6) 208 (54.6) 204 (53.5) 0.844
medication [n (%))
Diabetes [ (%)) 172 (15.0) 48 (12.5) 61(16.0) 63(16.7) 0223 53 (13.9) 55 (14.4) 64(16.8) 0.494
Anti-diabetes 159 (13.9) 56 (14.6) 54(14.2) 49(13.0) 0.789 59 (15.5) 51(13.4) 49(12.9) 0.541
medication [n (%))
Dyslipidemia [n (%)] 329 (28.8) 103 (26.8) 107 (28.1) 119 (31.5) 0.341 104 (27.3) 104 (27.3) 121(31.8) 0.201
Antidyslipidemia 80(7.0) 318.1) 26 (6.8) 23(6.1) 0.553 31(8.1) 28(7.3) 21(55) 0.346
medication [n (%))
Antiplatelet medication 99(8.7) 38(09) 32(8.4) 29(7.7) 0538 34(89) 338.7) 32(8.4) 0.967
I (%)
Heart rate (opm) 7012 +£8.11 69.70 +8.12 69.86 + 7.49 70.81 +8.67 0.122 69.13 +£8.26 70.38 + 8.16 70.86 + 7.86" 0.009
Body mass index 2494 +£2.39 24.86 +2.46 24.71+2.43 24.94 2.39' 0.006 25.00+2.35 2478 £2.45 25.08 £2.37 0.304
(kg/m?)
Blood pressure (mm
Hg)
Systolic blood pressure 146.32 + 146.13 + 14551 £ 147.34 £ 16.52 0.267 144.00 £ 146.52 + 148.35 + 0.001

16.53 15.96 15.09 16.72 16.22 16.39*
Diastolic blood 76.69 + 8.08 76.80 = 7.69 76.38 £ 8.35 76.89 + 8.21 0.651 76.04 £8.15 76.77 £7.78 7726 £8.28 0.112
pressure
Biochemical
parameters (mmol/L)
Total cholesterol 472 £0.75 437 £0.70 4.69 £ 0.69" 5.00 + 0.69" ! <0.001 4.52 +£0.75 477 £0.73" 4.86 £0.74" <0.001
Triglycerides 1.60 +£0.52 1.564 £ 0.52 1.57 +£0.50 1.68 + 0.54" i 0.001 157 £ 051 1.61 +£0.52 1.61 £0.54 0.361
HDL-C 1.16 £0.42 1.27 £ 0.49 1.11£0.38" 1.09 +£0.37* <0.001 1.20 £ 0.45 1.16 £0.42 1.11 £ 0.40* 0.019
LDL-C 2.83+£0.69 2.41+£062 2.86 £ 0.60" 324+ 0.57" <0.001 2.61+£0.68 288+ 064" 3.02+ 0.69"‘ <0.001
sdLDL 0.64 0.47 0.63 0.89 + <0.001 0.56 0.69 0.7 <0.001

(0.44,0.89) (0.33,0.65) (0.46,0.81)" (0.67, 1.09)" (0.42,0.72) (0.44,0.90)" (0.46, 1.04)°

FPG 5.66 £ 1.49 5.61+1.41 5.63+1.42 576+ 1.64 0.321 5.63+1.42 5.64+£1.47 5734158 0.545
Brain magnetic
resonance imaging
WMH volume (mL) 4.69 (3.16, 4.19(2.68, 4.63(3.18, 522 (381, <0.001 4.09(2.72, 4.56 (3.08, 5.55(3.92, <0.001

6.16) 5.59) 618" s67)" 5.47) 5.93)" 695"
WMH-to-ICV ratio (%) 0.36 (0.24, 0.31(0.21, 0.36 (0.25, 0.40 (0.30, <0.001 0.31(0.21, 0.35 (0.24, 0.44(0.31, <0.001

0.48) 0.45) 0.48) 052" 0.43) 0.45)" 054y
Incidence of Fazekas 114 (10.0) 27(7.0) 33(87) 541437 0.002 19(5.0) 29(7.6) 661737 " <0001
scale 22 [n (%)]
Incidence of lacunes [n 96 (8.4) 24(6.3) 28(7.3) 4a 1167 0018 15(3.9) 23(6.0) 58152 <0001
%)
Incidence of 71(6.2) 16(4.2) 19(5.0) 3695 0.004 16 (4.2) 19(5.0) 3604 0.005
microbleeds [ (%))
Incidence of EPVS [n 124(10.8) 38(99) 36(0.4) 50(18.2) 0.188 36(9.4) 40 (105) 48(12.6) 0.363
(%)
APOE genotype
#4-positive carriers [n 297 (26.0) 80 (20.8) 105 (27.6) 112 (29.6)" 0.015 81(21.3) 100 (26.2) 116 (30.4)" 0.015
(%)

Compared with the First tertie group.
*P <0.05; compared with the Second tertie group, TP <0.05.

SALDL, small and dense low-density lipoproteins; SD, standard deviation; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; FPG, fasting plasma glucose; WIMH, white matter hyperintensities; ICV,
intracranial volume; EPVS, enlarged perivascular space; APOE, apolipoprotein E.
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Clinical course
Pathological manifestation

Paraventricular

Temporal pole

Corpus callosum
U-shaped fiber bundie
Cortex

Optical nerve
Brainstem

Spine

Laboratory tests

CADASIL

Progressive

Deposition of osmiophilic particles in
vascular smooth muscle
Involved

Early involvement with a characteristic
lesion site

Commonly involved
Involved

Not commonly involved
Not involved

Early stages are less frequently
involved and late stages can involve:

Not involved

Genetic testing

‘Small arteriolosclerosis CSVD

Progressive

Small arteriosclerosis, lipohyalinosis,
fibrinoid necrosis

The lesion is symmetrical and less
likely to be adjacent to the ventricular
canal

Rarely involved

Rarely involved
Not involved
Not commonly involved
Not involved
Central part of the pons:

Not involved

VRFs

Ms

Multiphase course

Small perivenous inflammation

The lesion is asymmetric and often
adjacent to the ventricular canal

Involved

Frequently involved
Involved
Involved
Involved

Peripheral part of the pons (dorsal and
ventral), asymmetric

Focally located in the periphery of the

spinal cord, short segments, posterior and

lateral cords are common
OCB, IgG in the sheath
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Mild WMH Moderate WMH Severe WMH p-value
(=232 (n=24) (n=30)

Demographic data
Age (years) 63.69 & 5.47 64.33 4 6.65 66.43 % 5.07 0.126°
Gender (male/female) 16/16 13/11 18/12 0731
Education (years) 1078 £3.13 11.08 + 3.69 9.10+389 0.078°
Hypertension (yes/no) 6/26 1778 21/9° <0001
Diabetes (yes/no) 3/20 4/20 822 0.199°
Smoking history (yes/no) /27 "t 10/20 0.250°
Drinking history (yes/no) 8/24 3/21 3/27 0.234°
MRI features
Gray matter volume (i) 614.96 + 3854 615,65+ 31.16 626,83 + 57.33 0517
Framewise displacement 0.18:£0.16 0.18+0.10 0.17 £008 0.957¢
Cognitive performance
Global cognitive function 0.28 +0.69 032079 —056 £ 1.19% <0.001°
Processing speed 0.18:£0.88 026+ 089 0391111 0.026°
Executive function 033076 020+095 —052 4 1.08° 0.001¢
Episodic memory 0.34£0.88 0.12 £ 1.00 —0.46 % 0.98° 0.005°
Language 025085 009+ 1.12 ~0.33 % 0.99 0.081°

Kruskal-Walls test.

by2 test.

©One-way analysis of variance.

dSignificant difference between mid WMH and moderate WMH groups.
®Significant difference between mild WMH and severe WMH groups.
!Significant difference between moderate WMH and severe WMH groups.
WMH, white matter hyperintensities.
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Asymptomatic TIA/amaurosis fugax ~ Stroke  P-value
(n=68) (n=21) (n=19)

Ipsikateral 102 0[02] 2[23°  0.003
CSVD score
Intraplaque 22(32.4) 5(238) 11(67.9) 0057
hemorrhage, n
(%)
Degree of 0989
stenosis

Moderate 11(16.2) 3(14.9) 2(105)
stenosis, n (%)

Severe 41(60.3) 13(61.9) 12 (63.2)
stenosis, n (%)

Near- 16 (23.5) 5(238) 5(26.3)
occlusion,
n(%)
Complete 26 (38.2) 7(33.3) 6(31.6) 0.830
circle of Wills,
n (%)

TIA, transient ischemic attack; CSVD, cerebral small vessel disease.

%Patients with stroke had higher osilteral CSVD score than asymptomatic patients
(adjusted p = 0.004) and those with TiA/amaurosis fugax (acjusted p = 0.008).

The bold font indicates that the difference achieved statistical significance.
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Male/female
Age (years), mean  SD

Education (years), mean  SD

Family history, n (%)

Migraine, n (%)

Migraine with aura, n (%)

Migraine without aura, n (%)

WMH volume (cm®), mean = SD (n = 19)
Lacunar volume (cm?®), mean + SD (n = 17)
Microbleeds (number), mean  SD (1 = 6)
O'Sulivan sign, n (%)

HAMD, median IR

HAMA, median  IQR

NIHSS, median  IQR

mRs, median + IQR

MoCA, median  IQR

MMSE, median + IQR

CADASIL (n = 25)

MRI (7 = 21), PET (n = 21)

13/8
48.4 £14.2
87£35
20(95.2)
3(14.8)
2(95)
1(4.8)
783:£56.7
19+18
60£18
9(42.9)
4£6
31
0+1
12
2115
24412

147
46.3 +14.0
8933
21 (100)
3(143)
2(9.5)
1(48)

4£5
31
01
1£2
20+ 11
24+ 11

Controls (n = 42)

MRI (1 = 21), PET (n = 21)

13/8
48.7 £14.3
91+32

3+4
3£1
0+0
0£0
26+3
281

1477
458+ 12.1
93+30

3£3
3£2
0+0
0£0
271
282

p-values

03
0.7
0.01
0.001
0.000
0.001

03
07
0.006
0.001
0.000
0.002

SD and IQR represent standard deviation and interquartie range, respectively. P1 represents p-values of the comparisons between patients and controls in the MRI group, and
p2 represents p-values of the comparisons between patients and controls in the PET group. CADASIL, cerebral autosomal dominant arteriopathy with subcorticel infercts and
leukoencephalopathy; MR], magnetic resonance imaging; PET, positron emission tomography; WIMH, white matter hyperintensities; TIA, transient ischemic attack; HAMD, Hamilton
Depression Scale; HAMA, Hamilton Anxiety Scale; NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin scale; MoCA, Montreal Cognitive Assessment; MMSE,

Mini-Mental State Examination.
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